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Resumo

Doengas lisossomicas (DLs) causam acumulo intracelular de substratos e deficiéncia
no trafego de macromoléculas. O armazenamento do substrato pode impactar uma ou varias
vias que contribuem para o dano celular. Vias morfogénicas e de crescimento como
Hedgehog (Hh), mTOR e insulina estao envolvidas na fisiopatologia das DLs. A via Hh ¢
afetada com expressdo anormal e alteracdes nos niveis e distribuicdo de proteinas Hh.
mTOR pode ter um atraso em sua reativagdo e desregular o término da autofagia e
manuten¢do dos lisossomos. A resisténcia a insulina causada por mudangas nas jangadas
lipidicas também foi descrita em diferentes DLs. Portanto, exploramos como estas vias
podem estar relacionadas, mostrando que uma abordagem de medicina de redes pode ser
uma ferramenta valiosa para o melhor entendimento da patogénese em DLs. Assim,
utilizamos ferramentas de biologia de sistemas para investigar novos elementos associados
com a dilatacdo da aorta em mucopolissacaridoses (MPS). Identificamos genes
candidatos  associados com processos biologicos, incluindo respostas inflamatodrias,
deposicdo de colageno e metabolismo de lipideos que podem contribuir para a patogénese
da dilatagdo da aorta em MPS I e MPS VII. Por ultimo, foram identificados novos genes
candidatos e vias que convergem em mecanismos funcionais envolvidos nos defeitos de
formagdo precoce do circuito neural, no qual podem  indicar pistas sobre 0o
comprometimento cognitivoem pacientes com MPSII. Tais mudancas
moleculares durante o neurodesenvolvimento podem preceder as evidéncias morfologicas
e clinicas, destacando aimportancia do diagnoéstico precoce e do desenvolvimento de novas

drogas.
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Abstract

Lysosomal storage diseases (LSDs) cause intracellular accumulation of substrates
and deficiency in trafficking of macromolecules. The substrate storage can impact one or
several pathways which contribute to cell damage. Morphogenic and growth pathways such
as hedgehog (Hh), mTOR and insulin are involved in the pathophysiology of LSDs. Hh
pathway is affected with abnormal expression and changes in protein levels. mMTOR may
have a delay in reactivation and deregulate termination of autophagy and reformation of
lysosomes. Insulin resistance caused by changes in lipids rafts also has been described in
different LSDs. Therefore, we explored how specific signaling pathways can be related to
specific LSDs, showing that a system medicine approach could be a valuable tool for the
better understanding of LSD pathogenesis. Moreover, we used systems biology tools to
investigate new elements that may be involved in aortic dilatation in Mucopolysaccharidoses
(MPS) syndrome. We identified candidate genes associated with biological processes related
to inflammatory responses, deposition of collagen, and lipid metabolism that may contribute
to pathogenesis of aortic dilatation in the MPS I and MPS VII. Finally, we identified new
candidate genes and pathways that converge into functional mechanisms involved in early
neural circuit formation defects and could indicate clues about cognitive impairment in
patients with MPSII. Such molecular changes during neurodevelopment may precede the
morphological and clinical evidence, highlighting the importance of an early diagnosis and

the development of new drugs.
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1. Introducao

1.1. O lisossomo

Descrito pela primeira vez em 1950 por Christian de Duve, o lisossomo ¢ conhecido
como a principal organela celular capaz de degradar e reciclar residuos celular (Duve2005;
Perera and Zoncu 2016). Nos ultimos anos, o lisossomo atingiu um novo status que destaca
suas multiplas fungdes celulares. A participacao desta organela se estende a diversos papéis
bioldgicos fundamentais & homeostase da célula, incluindo a transdugdo de sinais, morte
celular, homeostase do colesterol, controle metabdlico, autofagia, e exocitose, via na qual
contribui em papéis fisioldgicos especificos, como o reparo de membrana plasmatica,
resposta imune, ¢ remodelacdo dssea e tecidual (Huizing et al. 2008; Parenti et al. 2015;
Ballabio 2016; Perera and Zoncu 2016). Defeitos de degrada¢do, exportacao de catabdlitos
ou defeitos que conduzem a disfun¢@o lisossomica no geral, tem sido implicado em varias
doengas humanas, como cancer, obesidade, doencas neurodegenerativas, infec¢des, e em

doengas lisossomicas (Ballabio 2016).

1.1.1. Biogénese lisossomal

Os lisossomos sao constituidos por uma bicamada lipidica com um pH perto de 4,5.
Os principais componentes presentes nesta organela, incluem hidrolases soluveis, proteinas
de membrana associadas ao lisossomo (LMPs), proteinas integrais lisossomicas de
membrana (LIMPs), organelas relacionadas ao lisossomo (ORL), e outros constituintes
celulares (De Duve 1975; Saftig and Klumperman 2009; Schultz et al. 2011). Em torno de
60 diferentes de enzimas hidroliticas estdo presentes no limen lisossomal, sendo elas:
lipases, proteases e glicosidases - todas estas envolvidas na degradagdo de metabdlitos (Xu
and Ren 2015). Estas proteinas sdo sintetizadas no reticulo endoplasmatico (RE) e
encaminhadas para o complexo Golgi, onde ocorre a modificagdo da maioria das hidrolases
acidas com a incorporagdo de residuos de manose 6-fosfato (M6P), permitindo seu
reconhecimento pelos receptores M6P na rede trans-Golgi, no qual segue o transporte para
o sistema endossomal/lisossomico (Saftig and Klumperman 2009; Schwake et al. 2013).

Além disso, receptores de membrana LIMP-2 ou sortilina sdo responsaveis por transportar
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outras enzimas soluveis e proteinas ndo enzimaticas para os lisossomos de maneira
independente de M6P (Maxfield and Willard 2016; Braulke and Bonifacino 2009).
Hidrolases e LMPs sintetizadas que ndo sdo encaminhadas para a rede trans-Golgi entram
em uma via que as direciona para a membrana plasmatica, onde podem ser guiadas aos

lisossomos via endocitose (Maxfield and Willard 2016).

1.1.2. Vias de degradacio celular

Os lisossomos realizam a degradacdo de uma ampla variedade de macromoléculas,
como proteinas, glicosaminoglicanos, esfingolipidios, oligossacarideos, glicogénio, acidos
nucleicos e lipideos (Parenti et al. 2021). Os processos catabolicos sao mantidos e regulados
por endocitose (fagocitose, pinocitose) e autofagia (macroautofagia e autofagia mediada por
chaperonas-CMA), no qual sdo responsaveis pela entrega de substratos ao lisossomo (Parenti
et al. 2021). O material extracelular atinge o lisossomo por endocitose, internalizado por
vesiculas endociticas na superficie celular formadas pela fissio da membrana plasmatica.
Estas vesiculas passam por uma variedade de endossomos intermediarios, distinguidos pelo
contetdo, composicdo molecular, morfologia e pH (Saftig and Klumperman 2009; Xu and
Ren 2015). Portanto, estas vesiculas atingem diferentes processos de maturagdo para se
tornarem endossomos maduros, também denominados de corpos multivesiculares. Estas
estruturas fundem-se com lisossomos compostos de hidrolases e tornam-se endolisossomos
que medeiam a degradagdo celular (Xu and Ren 2015; Ballabio and Bonifacino 2020).

Por outro lado, os componentes intracelulares e agregados de proteinas sdo
entregues ao lisossomo por meio da autofagia (Figura 1). A autofagia ¢ o mecanismo
celular responséavel por deter e transportar componentes citoplasmaticos e organelas para
reciclagem e degradagdo lisossomal (Kaushik and Cuervo 2012; Parenti et al. 2015). Desta
forma, a autofagia exerce um papel essencial na homeostase celular, regulando a
depuracao intracelular e a reciclagem de multiplas moléculas e componentes celulares,
influenciando no metabolismo energético da célula (Parenti et al. 2021). Esse mecanismo
inicia com a formag¢do de uma vesicula de dupla membrana que resulta em
autofagossomos, estasestruturas encapsulam o conteudo citoplasmatico e se fundem direta
ou indiretamente com endossomos maduros, em seguida, com os lisossomos para
formar os autolisossomos. Estas estruturas sdo responsaveis pela degradacdo dos

substratos autofagicos (Xu and Ren 2015; Perera and Zoncu 2016).
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Figura 1. Principais fung¢des dos lisossomos. O lisossomo € uma organela envolvida em viasde degradacdo
através da autofagia, fagocitose, e autofagia mediada por chaperonas. O lisossomo também tem o papel na
apresentagdo de antigenos durante a reposta imune, homeostase do colesterol, morte celular, ¢ reparo da
membrana plasmatica. SYT7: sinaptotagmina 7. Adaptado de Saftig and Klumperman 2009.
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CMA ¢ um processo de transporte lisossomal regulado por proteinas lisossomicas de
membrana. Este mecanismo permite associar substratos de proteinas citosolicas a membrana
lisossomal, no qual sdo internalizados diretamente nos lisossomos para a degradagdo do
material (Xu and Ren 2015). As proteinas destinadas a degradacdo por CMA apresentam
motivos especificos em sua sequéncia, no qual sdo produzidos por modificagdes pos-
traducionais. A identificagdo desses motivos pela chaperona HSC70 causa o recrutamento
do substrato e o seu transporte para a superficie dos lisossomos (Maxfield and Willard 2016).
Os produtos de degradagdo do lisossomo sdo exportados por proteinas especificas de
membrana (Sagné and Gasnier 2008), ou via trafego de membranas vesiculares (Saftig
andKlumperman 2009). Estes metabolitos sdo usados na geracao de novos componentes €

na resposta energética as necessidades nutricionais da célula.

1.1.3. Exocitose e reparo de membrana

Em contraste as vias de trafego lisossomal que recebem material intra e extracelular,

a exocitose estimula a saida de componentes celulares por meio de eventos de fusdo
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dependentes de Ca2+ e sinaptotagmina 7. A exocitose desempenha papéis fundamentais na
célula, como a defesa contra microrganismos, o crescimento de neuritos durante o
desenvolvimento neuronal em humanos, e reparo da membrana plasmatica apos lesdao
mecanica (Saftig and Klumperman 2009; Perera and Zoncu 2016). H4 dois diferentes
mecanismos de exocitose. Na exocitose constitutiva, fatores de crescimento e citocinas
podem ser liberados continuamente no espago extracelular para a manutenc¢ao do organismo,
independente do lisossomo. Por outro lado, o segundo mecanismo ¢ marcado pela
participagdo direta do lisossomo, consequente a um sinal extracelular que causa o transporte
ativo do material até a membrana (Stenmark 2009; Maxfield and Willard 2016). Neste caso,
o lisossomo pode se movimentar da regido perinuclear para a membrana plasmatica por meio
de microtubulos, estimulado pelo o aumento de Ca+ que leva a fusdo do lisossomo com a
membrana plasmatica, onde pode secretar seu contetido no espago extracelular (Xu and Ren
2015).

Em lesdes celulares, o influxo de Ca2+ causado pelo dano na membrana plasmatica
desencadeia uma resposta rapida de reparo que ¢ fundamental para a sobrevivéncia da célula
(Maxfield and Willard 2016). A exocitose fornece membrana adicional na superficie celular
e gera uma diminui¢do da tensdo na membrana plasmatica, fundamental para a unido e
encerramento da bicamada lipidica. Além disso, o conteudo lisossomal pode fornecer
hidrolases, como a esfingomielinase que fomenta o reparo da célula, convertendo a
esfingomielina da membrana em ceramida (Steinhardt et al. 2000; Maxfield and Willard
2016). A producdo de ceramida desencadeia a via endossomal que elimina os danos

presentes na membrana plasmatica (Tam et al. 2010).

1.1.4. Resposta imune e morte celular

O sistema endossomal-lisossomico ¢ responsavel por diversos processos envolvidos
em infeccdes e respostas imunes no organismo (Figura 1), incluindo a digestdo de
bactériasfagocitadas, liberacdo de antigenos, e o processamento do complexo principal de
histocompatibilidade de classe II (MHC-II) e sua apresentacdo as células T CD4 (Miinz
2012; Marques and Saftig 2019). Durante processos inflamatorios, o sistema endossomal
encaminha proteinas para a degradacdo no lisossomo, gerando um pool de peptideos
apresentados via moléculas MHC-II para a estimulacdo de células T CD4 (Miinz 2012).

Previamente a apresentacdo de antigeno, endossomos maduros liberam proteases para
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processar moléculas MHC II e permitir o recebimento de peptideos desconhecidos.
Antigenos chegam a célula por fagocitose e sdo encaminhados aos endossomo/lisossomos
para serem parcialmente degradados e internalizados na estrutura de MHC-II. A formagao
de microtibulos a partir de compartimentos lisossomais permite a fusdo direta destas
vesiculas com a membrana plasmadtica, e a liberacdo de exossomos contendo MHC II. A
apresentacdo destes peptideos na superficie celular ¢ vital para o reconhecimento pelos
leucocitos, como as células T e consequente ativacao da resposta imune (Chow et al. 2002;
Bousso 2008).

Lisossomos também podem atuar em outros contextos durante a resposta
imunoldgica. Células T e natural killer (NK) do sistema imune possuem lisossomos
secretores, denominados de granulos liticos contendo MHC 11, perforin, ou agente citoliticos,
como a granzima A. Estes granulos sdo secretados para produzir a sinapse imunologica, no
qual consiste na interacdo entre um linfécito e uma célula apresentadora de antigeno,
causando a permeabilizacdo e morte da célula-alvo (Saftig and Klumperman 2009).

Além disso, lisossomos cumprem um papel na morte celular que pode ocorrer durante
a remodelacdo do tecido, resposta imune, envelhecimento, e doengas neurodegenerativas. A
presenga de dano direto ou estresse extracelular, os lisossomos respondem com a
permeabilizacdo de sua membrana (Serrano-Puebla and Boya 2016). Este mecanismo leva
ao bloqueio de fungdes degradativas por endossomos ¢ a liberagao de hidrolases no citosol.
Hidrolases, como catepsinas, podem ativar a via de apoptose dependente ou independente
de caspase, ou mesmo levar a necrose. Neste sentido, hidrolases podem produzir mediadores
que sinalizam morte celular programada ou causar a hidrélise generalizada dos componentes
citoplasmaticos, resultando em necrose celular (Repnik et al. 2014; Maxfield and Willard

2016).

1.1.5. Controle metabolico da célula e regulacdo transcricional do lisossomo

Os lisossomos possuem a capacidade de detectar o estado nutricional da célula por
meio de um mecanismo sensivel a disponibilidade energética no ambiente celular. Este
mecanismo € composto pela proteina quinase alvo mecanicista da rapamicina (mTOR) que
controla processos anabolicos e catabolicos em resposta aos sinais extracelulares e
intracelulares (Zoncu et al. 2011; Pu et al. 2015). Desta forma, o sistema mTOR-lisossomos

¢ capaz de monitorar o estado nutricional intracelular para adaptar seu metabolismo as
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oscilagdes das condi¢des energéticas do momento. A via mTOR ¢ formada pelo Complexo
1 (mTORC1) e 2 (mTORC2) (Kim et al. 2002; Pearce et al. 2007; Saxton and Sabatini 2017).
mTORCI regula o crescimento € o metabolismo celular, promovendo a sintese de proteinas,
nucleotideos, lipidios e o metabolismo da glicose. mTORC2 esta envolvido no controle da
proliferacdo e sobrevivéncia celular, regulando o citoesqueleto, o transporte de ions e a
migragdo celular (Jacinto et al. 2004; Porstmann et al. 2008; Saxton and Sabatini 2017).
Portanto, o complexo mTORCI exerce atividades anabolicas celulares, abolindo as vias de
renovagdo de proteinas, como autofagia, sistemas de ubiquitina-proteassoma e biogénese
lisossomal (Kim et al. 2011; Zhao et al. 2015).

O lisossomo pode se adaptar a diferentes condi¢des, demonstrando que a biogénese
e a funcdo lisossoOmica estdo sujeitas a regulacdo transcricional global (Settembre et al.
2013). O funcionamento do lisossomo requer a transcri¢do coordenada de uma rede de genes
que regulam a biogénese lisossomal. Estes genes apresentam um motivo em comum,
nomeado como elemento de regulagdo e expressao lisossomal coordenada, no qual sdo alvos
dos fatores de transcricio EB (TFEB) e E3 (TFE3) (Martina et al. 2014; Ballabio and
Bonifacino 2020). Ambos TFEB e TFE3 promovem a expressdao de um conjunto genes
envolvidos na regulagdo da autofagia, biogénese lisossomal, atividade de hidrolases
lisossomais, eliminagdo de residuos celulares e metabolismo energético da célula (Sardiello
et al. 2009; Martina et al. 2014; Ballabio and Bonifacino 2020).

Na presenca de nutrientes e fatores de crescimento, mTORCI1 bloqueia vias
catabdlicas por meio da fosforilacdo e inibi¢do da translocagdo nuclear do TFEB, (Settembre
etal. 2011; Saxton and Sabatini 2017; Marques and Saftig 2019). No entanto, o recrutamento
de mTOR na superficie lisossomal ¢ exigida para regular sua ativacdo, destacando o
lisossomo como um hub no controle da homeostase celular (Sancak and Sabatini 2009; Liu
et al. 2017; Ballabio and Bonifacino 2020). Contudo, sob privagdo de nutrientes ou na
auséncia de fatores de crescimento, TFEB provoca o reposicionamento lisossomal
perinuclear, reprimindo a atividade de mTORCI1 e estimulando a atividade lisossomal
(Schultz et al. 2011; Saxton and Sabatini 2017). Portanto, a atividade anabdlica e catabolica
sdo mutualmente antagonicas na célula, em que o aumento da sinalizagdo de mTOR poderia
suprimir as fungdes lisossomais, e vice versa (Zoncu et al. 2011; Ballabio and Bonifacino

2020).
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1.2.  Doengas lisossdmicas

As doencas lisossomicas (DLs) sdo erros inatos do metabolismo que pertencem a um
subgrupo de mais de 70 disturbios hereditarios raros. DLs resultam da disfun¢do do
lisossomo causada por mutacdes em genes que codificam proteinas envolvidas no
funcionamento e manutencdo do sistema lisossdmico, incluindo proteases, lipases,
glicosidases, sulfatases, proteinas de membrana, transporte, modificadoras ou ativadoras
enzimaticas (Platt et al. 2018). DLs sdo desordens monogénicas que afetam 1 em 5000
nascido vivos, em que a maioria € herdada de modo autossdmico recessivo, com excecao de
trés condigdes ligadas ao X (doenca de Fabry, mucopolissacaridose tipo II; doenca de
Danon) (Platt 2018; Platt et al. 2018).

O defeito da atividade de proteinas lisossomais ¢ ndo-lisossomais resulta em mau
funcionamento do lisossomo, e consequentemente, no gradual acimulo intralisossomal de
metabdlitos ou substratos ndo degradados, o que caracteriza a presenca do depdsito celular
(Figura 2) (Futerman and Van Meer 2004). Lisossomos recebem seus substratos através de
vias que levam a degradacdo de moléculas e componentes celulares, como a endocitose e
autofagia. Portanto, o acumulo de macromoléculas especificas ou compostos monoméricos
dentro de organelas do sistema endossomal-autofagico-lisossdmico ¢ uma caracteristica em
comum em DLs (Platt et al. 2012). Os efeitos dessas disfunc¢des sdo indicados por alteragdes
em diversos processos biologicos associados a organela (Bezprozvanny 2009; Vitner et al.
2010).

As DLs apresentam um curso clinico progressivo com alguns sintomas comuns,
incluindo a visceromegalia, anormalidades esqueléticas, problemas cardiacos, defeitos
auditivos, dificuldades motoras, e comprometimento cognitivo. Individuos com DLs podem
apresentar sintomas no inicio da vida, no entanto, muitos sdo clinicamente normais ao
nascimento (Poswar et al. 2019). A idade de inicio e a gravidade dos sintomas pode estar
relacionada com a atividade residual da proteina deficiente, do substrato armazenado, da
linhagem celular afetada pela formacao do depdsito, e outros fatores pouco esclarecidos,
como a regulacao epigenética, genes modificadores, doencas infecciosas, e fatores
ambientais (Platt et al. 2012; Platt et al. 2018). As formas mais graves infantis apresentam
comprometimento cerebral, no qual pacientes podem morrer nos primeiros anos de vida. Em
formas adultas, os sintomas se desenvolvem mais devagar e a deficiéncia geralmente surge

principalmente de sintomas periféricos como a hepatoesplenomegalia, injurias no rim,
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coragdo, e formagao ossea anormal (Platt et al. 2018). Em torno de 70% dos individuos com
DLs apresentam comprometimento do sistema nervoso central (SNC), indicado por sinais
de neurodegeneracao e inflamagao em multiplas regides do cérebro (Futerman and Van Meer

2004; Platt et al. 2018).

Defeito genético que leva a uma atividade proteica alterada
e ao acumulo de substrato na célula

1
1
1
v
Proteina deficiente por mudanga da conformagéao

@

1
1
|
v
Acumulo de substrato na célula e aumento do nimero de lisossomos

v
Disfungdo de outras organelas celulares e processos biologicos

U=
O

1
v

Dano e morte celular

D

Figura 2. Cascata de patogénese em DLs. A presenca de um defeito genético gera mudangasda conformacao
da proteina comprometendo sua fung@o. O resultado da disfun¢do das proteinas ¢ o acimulo de substrato no
lisossomo. Efeitos das alteragdes lisossomais impactam o funcionamento de outras organelas e processos
bioldgicos, desencadeando inflamag&o, dano e morte celular. Adaptado de Platt et al. 2018.

A caracterizagao baseada na proteina ou enzima defeituosa ¢ a abordagem mais util
para a classificagdo das DLs (Futerman and Van Meer 2004). No entanto, estas desordens
podem ser categorizadas pelo tipo de substrato acumulado, ou pelos mecanismos que causam
o depdsito de metabolitos na célula (Tabela 1). Nestes casos, podem envolver a deficiéncia

enzimatica, defeito no transporte, ou modificagao pds tradugao.
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Tabela-1. Doencas lisossomicas

Doenca

Proteina defeituosa

Material de deposito

Mucopolissacaridoses (MPS)
MPS I (Hurler, Scheie, Hurler / Scheie)
MPS II (Hunter)

MPS IIIA (Sanfilippo)

MPS IIIB (Sanfilippo)

MPS IIIC (Sanfilippo)

MPS 1IID (Sanfilippo)

MPS IV A (Morquio-A)

MPS IV B (Morquio-B)

MPS VI (Maroteaux-Lamy)
MPS VII (Sly)

Deficiéncia sulfatase

(Austin)

multipla  de

Sfingolipidoses

Fabry

Farber lipogranulomatose
Gaucher

Doenca de Krabbe
Leucodistrofia metacromatica

Niemann—Pick A ¢ B

Gangliosidose GM1
Gangliosidose GM2 (Tay — Sachs)

Gangliosidose GM2 (Sandhoff)

Oligossacaridoses e glicoproteinoses
Aspartilglucosamintiria

Cistinose

Fucosidose

Sialidose

Glicogenose

Doenga de Pompe

a-Iduronidase
Iduronato-2-sulfatase
Heparan N-sulfatase
N-Acetil-a-glucosaminidase

Acetil-CoA:  o-glucosamida
N-acetiltransferase
N-acetilglucosamina-6-
sulfatase
N-acetilgalactosamina-6-
sulfato-sulfatase
B-Galactosidase

N-acetilgalactosamina-4-
sulfatase (arilsulfatase B)
B-Glucuronidase

Enzima
formilglicina

geradora de

a-Galactosidase A
Ceramidase

B-Glicosidase
Galactocerebrosideo B-
galactosidase

Arilsulfatase A

Sphingomyelinase

B-Galactosidase
B-Hexosaminidase A

B-Hexosaminidase A and B

Aspartilglucosaminidase
Cistinosina
a-Fucosidase

Sialidase

a-glucosidase

Dermatan sulfato e heparan sulfato, GM2, GM3,
SCMAS

Dermatan sulfato e heparan sulfato, GM2, GM3,
SCMAS

Heparan

ubiquitina
Heparan sulfato, GM2, GM3, GD2, colesterol nao
esterificado, SCMAS

Heparan sulfato, GM2, GM3, GD2

sulfato, GM2, GM3, GD2, SCMAS,

Heparan sulfato, GM2, GM3, GD2
Queratan sulfato, condroitina-6-sulfato
Queratan sulfato, oligossacarideos

Dermatan colesterol ndo
esterificado

Heparan sulfato, dermatan sulfato, condroitina-4- e -6-
sulfatos, GM2, GM3, ubiquitina

Heparan sulfato, dermatan sulfato, condroitina-4- e -6-

sulfatos, sulfolipideos

sulfato, GM2, GM3,

Globotriaosilceramida, galabiosilceramida,
globotriaosilsfingosina

Ceramide

Glicosilceramida, GMI1, GM2, GM3, GD3,

glucosilsfingosina
Galactosilceramida, psicosina lactosilceramida

Sulfatida, 3-O-sulfolactosilceramida, lisossulfatida,
gangliotetraosilceramida-bis-sulfato, GM2
Esfingomielina, colesterol, GM2, GM3,
glucosilceramida, lactosilceramida,
globotriaosilceramida

GM1, GA1l, GM2, GM3, glucosilceramida,
oligossacarideos, queratan sulfato

GM2, GA2

GM2, globosideo, oligossacarideos

Aspartilglucosamina
Cistina
Fucose contendo oligossacarideos e antigeno H-

glicolipideo
Sialiloligossacarideos e sialilglicopeptideos

Glicogénio

Portanto, de acordo com a localizacdo da proteina, diferentes mecanismos de

deposito lisossomico podem ser descritos em DLs (Platt et al. 2012). Por exemplo, na
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doenca de Gaucher, mucopolissacaridoses (MPS), ou na doenga de Pompe, a deficiéncia
abrange as enzimas lisossomicas propriamente ditas (Dasouki et al. 2014; Graziano and
Cardile 2015; Vairo et al. 2015). Os defeitos na fosforilagdo de enzimas lisossomicas estao
associados a mucolipidose tipo II e mucolipidosetipo IIIA (Lin and Pitukcheewanont 2012).
Além disso, proteinas alteradas solliveis ndo enzimaticas e proteinas de membrana
lisossdmica estdo deficientes em Niemann-Pick tipo C2 e cistinose, respectivamente
(Elmonem et al. 2016; Evans and Hendriksz 2017).

Infelizmente, o diagndstico pode levar anos para ser realizado na maioria dos
individuos com DLs. Os testes aplicados hoje nos laboratérios, incluem a medi¢do dos
niveis da atividade de enzimas lisossomais, identificacio de metabdlitos nao degradados
em fluidos biologicos, e a deteccdo de mutagdes no DNA (Parenti et al. 2021). O
sequenciamento gendmico com o uso de painéis de genes ou abordagens que abrangem o
sequenciamento de todo o genoma s3o extremamente Uteis para que se alcance o
diagnostico com maior eficiéncia, evitando a execugdo de multiplas anélises bioquimicas
ou reiteradas admissdes hospitalares pelo paciente (Parenti et al. 2021). O transplante de
medula 6ssea ou transplante de células-tronco hematopoiéticas foi o primeiro tratamento
especifico utilizado em DLs antes que houvesse a disponibilidade de novas terapias. Essa
terapia fornece ao paciente células com niveis normais de enzimas lisossomais. Ao longo
do tempo, o uso do corddo umbilical ao invés da medula 6ssea também vem sendo usado
com a inten¢do de diminuir os efeitos colaterais através de uma abordagem menos invasiva
(Platt 2018). Atualmente, outras opg¢des terapéuticas sdo empregadas, como uso de
reposicdo enzimatica por infusdo intravenosa, a reducao de substratos que impede parte da
biossintese de macromoléculas dearmazenamento na célula, ou ainda o uso de moléculas
chaperonas que estabilizam a enzimadeficiente, gerando maior meia vida para a proteina
(Platt 2018).

No entanto, estas estratégias terap€uticas sao ainda ineficientes ou indisponiveis para
a maioria das DLs (Ballabio 2016; Giugliani et al. 2016). Além disso, a transposi¢do da
barreira hematoencefélica pela enzima exdgena para o tecido nervoso continua sendo um
desafio no tratamento destes pacientes. A infusdo de enzimas recombinantes em regides
intracerebroventricular ou intratecal sdo possiveis solucdes para o acometimento neuronal,

estratégia recentemente aprovada para a lipofuscinose cerdide neuronal tipo 2 (Platt 2018).
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1.2.1. Mucopolissacaridoses (MPS)

MPS compdem um grupo de 11 tipos diferentes de DLs (Tabela 1) caracterizadas
pela deficiéncia de enzimas responsaveis pela degradacao de glicosaminoglicanos (GAGs).
O prejuizo da atividade enzimatica nos lisossomos leva ao acimulo de GAGs na célula,
afetando multiplos tecidos (Giugliani 2018; Kubaski et al. 2020). MPS ¢ uma condigado
multissistémica com um espectro clinico que pode variar entre a forma grave e atenuada da
doenga, dependendo do tipo de GAGs acumulado e da variante patogénica presente nos
individuos (Yogalingam et al. 2004; Pollard et al. 2013; McBride and Flanigan 2021).
Manifestagdes clinicas tipicas incluem deformidades esqueléticas, hérnias, degeneragdo
articular, dismorfias faciais, déficit auditivo, obstrucdo das vias aéreas superiores,
hepatoesplenomegalia, disfun¢do cardiaca, e comprometimento do SNC (Stapleton et al.
2018; McBride and Flanigan 2021). O envolvimento cardiaco ¢ uma caracteristica comum
em MPS. Com a exce¢dao de MPS IX, anomalias cardiacas foram reportadas em todos os
tipos de MPS, levando ao risco de morte subita, insuficiéncia cardiaca, e oclusdo
coronariana. Portanto, as disfun¢des cardiacas em MPS sdo consideradas um importante
fator de morbidade e mortalidade nos individuos acometidos, mesmo com a disponibilidade
da terapia de reposicao enzimatica (Braunlin et al. 2011; Poswar et al. 2019). Achados
cardiovasculares, como a hipertrofia cardiaca, reducdo da fun¢do cardiaca, aumento da
camara ventricular esquerda, e dilatagdo da aorta sdo frequentes em MPS. A incidéncia de
dilatagdo da aorta ¢ estimada em até 40% dos pacientes com MPS (Braunlin et al. 2011;
Bolourchi et al. 2016; Poswar et al. 2019).

O envolvimento neuroldgico progressivo com a presenca de comprometimento
cognitivo, dificuldades comportamentais e regressio em marcos de desenvolvimento,
também ¢ frequente em formas mais graves de MPS (Whiteman and Kimura 2017). Lesdes
multifocais ou difusas da substancia branca sao comumente vistas em pacientes com MPS
com comprometimento cognitivo. Espagos perivasculares dilatados sdo observados na
substancia branca periventricular e subcortical. Além disso, pode ocorrer atrofia cerebral
com diminui¢ao do volume do corpo caloso, aumento dos sulcos corticais, € aumento da
producao de liquido cefalorraquidiano (Bigger et al. 2018; Stapleton et al. 2018). Lesdes de
substancia branca e atrofia cerebral sdo associadas ao armazenamento de GAGs em
neurdnios e células gliais, o que pode levar a anormalidades de mielinizacdo e morte

neuronal (Schwartz et al. 2007; Bigger et al. 2018; Viana et al. 2020). Manifestagdes
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neuroldgicas com deterioracdo neuronal e problemas comportamentais sdo identificadas em
diversos tipos de MPS. Além disso, o prejuizo do SNC tende a ser irreversivel, mesmo com
o tratamento por reposicao enzimatica usado em humanos (Schwartz et al. 2007; Scarpa et
al. 2017; Bigger et al. 2018; Viana et al. 2020). Portanto, as MPS sdo descritas como um
grupo heterogéneo de doengas com variada apresentagdo clinica, no qual o
comprometimento cardiaco e neurolégico pode estar presente em pacientes com as formas
mais graves de MPS I, MPS II e MPS VII. A MPS tipo I ¢ uma desordem autossomica
recessiva causada pela deficiéncia de alfa-L-iduronidase (IDUA) levando ao acumulo de
GAGs heparan sulfato (HS) e dermatan sulfato (DS) (Giugliani 2018). MPS I classifica-se
em 3 formas clinicas que impactam na conduta terapéutica, mas praticamente indistinguiveis
do ponto de vista bioquimico. A categorizacao clinica ¢ estabelecida entre a forma grave
(Hurler), que representa em torno de 60% dos pacientes afetados, e as formas atenuadas,
denominadas como Hurler-Scheie e Scheie que abrangem 23% e 13% dos individuos,
respectivamente (Beck et al. 2014). A MPS tipo I tem uma prevaléncia estimada de 1:
100.000 e a idade média de inicio dos sintomas ¢ de 0,9 anos em pacientes Hurler; 3,4 anos
em Hurler-Scheie; e 8,7 anos para a forma Scheie (Moore et al. 2008; Beck et al. 2014). Os
principais achados clinicos s3o dismorfias faciais, hepatoesplenomegalia, anormalidades
esqueléticas, limitagdo articular, baixa estatura e, na forma grave, pode ocorrer o declinio
cognitivo (Poswar et al. 2019).

MPS tipo II, também conhecida como sindrome de Hunter, ¢ uma doenga recessiva
rara ligada ao X. A sindrome de Hunter ¢ causada por variantes patogénicas no gene
iduronato-2-sulfatase (IDS) que levam a reducdo de sua atividade da enzimatica (Beck
2011). A diminui¢ao da atividade da proteina IDS afeta a sua funcdo de degradagdo de
GAGs, resultando no acimulo DS e HS dentro de células e tecidos (Beck 2011). MPS II tem
uma prevaléncia estimada em 1-9 em 1.000.000 nascidos vivos, ¢ a idade de inicio,
severidade da doenga e progressdo ¢ muito varidvel entre individuos do sexo masculino.
Manifestagdes como a obstrucdo das vias aéreas, deformidades esqueléticas, e
cardiomiopatia estdo presentes (Baechner et al. 2005; Wraith et al. 2008). MPS 1II ¢
classificada em duas formas clinicas, de acordo com a presenca ou auséncia de
comprometimento cognitivo: ndo neuropatica e neuropatica com presenga de manifestacoes
neurologicas, geralmente presentes na primeira ¢ segunda década de vida (Whiteman and

Kimura 2017).
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MPS tipo VII, também conhecida como doenga de Sly, apresenta prevaléncia <1:
1.000.000 nascidos vivos. MPS VII é causada por variantes patogénicas no gene GUSB,
gerando deficiéncia da enzima lisossomal B-glucuronidase (Muenzer 2004). O deposito de
GAGs heparan sulfato, condroitina sulfato e dermatan sulfato nas células estdo associados
com macrocefalia, hidrocefalia, dismorfias faciais, hepatoesplenomegalia, anormalidades
nas valvulas cardiacas, hérnias, e deficiéncia intelectual progressiva (Platt et al. 2018). MPS
sdo causadas por variantes patogénicas que compdem enorme heterogeneidade molecular,
incluindo mutacdes nonsense, splicing alternativo, indels, e rearranjos complexos que
parcialmente explicam a variabilidade clinica encontrada em individuos afetados (Muenzer
2004; Beck et al. 2014; Mohamed et al. 2020). As formas graves podem ser causadas por
uma mudanca mais significativa na estrutura das proteinas com perda da atividade da
enzima, enquanto variantes patogénicas em formas atenuadas tendem a afetar em menor grau
a estrutura da proteina com a manutencao da atividade enzimatica residual (Kato et al. 2005;
Beck et al. 2014; Mohamed et al. 2020). No entanto, durante a pratica clinica, a dosagem
enzimatica nao € confidvel para diferenciar a forma grave da atenuada.

Além disso, € dificil prever o fenotipo em MPS por analise de variantes patogénicas.
Por exemplo, grandes alteragdes estruturais sdo frequentemente descritas em pacientes com
uma apresentacao clinica mais grave, enquanto as substituicdes de um tnico par de bases
estdo envolvidas em um amplo espectro de gravidade da doenca (Kosuga et al. 2016;

Josahkian et al. 2021).

1.2.2. Substratos acumulados em MPS

MPS ¢ marcada pela deficiéncia de hidrolases envolvidas na degradagdo GAGs
(Muenzer 2004). GAGs s3o polissacarideos 4acidos lineares, altamente carregados,
comumente ligados covalentemente aos proteoglicanos na membrana celular ou distribuidos
na matriz extracelular (MEC) (Linhardt 2003; Linhardt and Toida 2004). Duas classes de
GAGs sao encontradas em MPS, nao sulfatado como o acido hialurdnico, e os sulfatados,

incluindo HS, DS, queratan sulfato (KS), e condroitina sulfato (Figura 3) (Muenzer 2004).
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Figura 3. Tipos de glicosaminoglicanos. Adaptado de Gandhi, 2008.

As cadeias de GAGs sao formadas por unidades com repeti¢cdes de dissacarideo, cada
unidade contém acido uronico (acido D-glucordnico ou acido L-idurénico) e amino agucar
(D-galactosamina ou D glucosamina) (Gandhi and Mancera 2008). Estruturalmente, os
GAGs podem se diferenciar pelo tipo de hexosamina, hexose ou unidade de acido
hexur6nico ou pela ligacdo glicosidica entre essas unidades (Sasisekharan and
Venkataraman 2000; Gandhi and Mancera 2008). GAGs podem ser encontrados em diversos
tipos de tecidos em maior ou menor nivel. O 4cido hialurénico é comumente encontrado no
liquido sinovial, humor vitreo, e MEC do tecido conjuntivo. No caso da condroitina sulfato,
¢ frequentemente encontrada na cartilagem, tendao, ligamento e aorta. DS ¢ mais abundante
na pele, vasos sanguineos, e valvulas cardiacas. O polissacarideo KS ¢ observado na coérnea
e cartilagem, enquanto o HS, ¢ amplamente difundido no espago extracelular e nas
superficies celulares (Gandhi and Mancera 2008). Os proteoglicanos de HS (HSPGs) tém
um envolvimento central na patogénese na maioria das MPS (Giugliani 2018). HSPGs sdo
complexos moleculares que consistem em uma proteina central que carrega cadeias de HS
(Kirkpatrick and Selleck 2007). Estes sao categorizados em trés diferentes classes:
proteinas transmembranas (sindecanos); proteinas ancoradas a glicosilfosfatidilinositol

(glipicans); e proteinas secretadas na MEC (perlecano,agrina e colageno tipo XVIII) (Iozzo
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and Schaefer 2015; De Pasquale and Pavone 2019). Sindecanos e glipicans sao
encontrados na superficie celular, no qual podem ser clivados pela enzima heparanase em
oligossacarideos de menor comprimento de cadeia (Iozzo and Schaefer 2015). HSPGs
podem mediar func¢des entre a MEC e membrana celular em diversas vias de sinalizagdo,
influenciando na homeostase do tecido, proliferacdo celular, migracdo, adesdo,
diferenciagdo, sobrevivéncia, ou em processos patoldgicos, como mecanismos de defesa e

inflamacao (Kirn-Safran et al. 2009; De Pasquale and Pavone 2019) (Figura 4).

Proliferacdo celular

Diferenciacao Migracéo
HSPGs
7 2 N\
Homeostase do tecido Mecanismos de defesa
Inflamagao Sobrevivéncia
Adeséo

Figura 4. Processos biologicos e patologicos regulados por proteoglicanos heparan sulfato (HSPGs).
Adaptado de Matsuo and Kimura-Yoshida 2014; De Pasquale and Pavone 2019.

Portanto, HSPGs realizam suas funcgdes interagindo com diversas moléculas,
incluindo quimiocinas, citocinas, fatores de crescimento, morfoégenos, componentes da
MEC, enzimas e proteinas de adesdo (Capila and Linhardt 2002; Gandhi and Mancera 2008;
Billings and Pacifici 2015). HSPGs localizados na superficie celular podem servir como co-
receptores para a sinalizagdo de fatores de crescimento, em que estas moléculas podem
induzir mudancas conformacionais do ligante e/ou receptor ou servir como um molde para
aproximacao ligante-receptor (Figura 5) (Kirkpatrick and Selleck 2007; De Pasquale and
Pavone 2019). Estes HSPGs podem também sofrer clivagens por metaloproteinases (MMPs)
ou heparanases e provocar a liberacdo de cadeias de HS que contribuem no transporte ou
movimento de fatores de crescimento associados ao ambiente extracelular (Matsuo and
Kimura-Yoshida 2014; De Pasquale and Pavone 2019). HSPGs na superficie celular podem
mediar a endocitose e o trafego vesicular. Também podem se comportar como receptores
endociticos que sofrem endocitose induzida por ligantes, como exossomos, peptideos, virus,
lipoproteinas, fatores de crescimento e morfégenos que podem adentrar a célula por esta via

(Christianson and Belting 2014; De Pasquale and Pavone 2019). No caso de HSPGs
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presentes na MEC, estes podem funcionar como reservatorios de moléculas de sinalizagdo e
liberando-as conforme a necessidade de células-alvo. Além disso, podem ser comportar
como barreira para fatores de crescimento ou morféogenos, inibindo sua difusao em longas
distancias ao longo do espaco extracelular (Matsuo and Kimura-Yoshida 2014). E por conta
de interagdes entre células adjacentes e componentes da MEC, HSPGs exercem papel na via
de adesao celular.

Portanto, os HSPGs controlam tanto a formagao de gradientes de morfogenos, fatores
de crescimento, e outras moléculas de sinalizagdo, quanto a sua distribuicao, sinalizagdo e
trafego intracelular. Por exemplo, HSPGs pode induzir ou inibir a sinalizacdo de hedgehog
(Hh), influenciando a formacao de gradiente de Hh por meio de oscilagdes nos niveis de

expressao de HSPGs na célula (Gallet et al. 2008; De Pasquale and Pavone 2019).
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Figura 5. Diferentes fungdes de proteoglicanos heparan sulfato (HSPGs) no controle da transdugdo de
moléculas sinalizadoras. HSPGs localizados na superficie celular desempenham fung¢des de co-receptores,
mediadores de endocitose, enquanto HSPGs distribuidos na MEC cumprem papéis de reservatorio, barreira,
ou transporte de moléculas de sinalizagdo. Adaptado de Matsuo and Kimura-Yoshida 2014.

Desta forma, HSPGs exercem fungdes essenciais em diversos tecidos, inclusive no
SNC, participando de processos do neurodesenvolvimento, como a neurogénese,

orientagao do axonio, e na formacao de sinapses (Gallet et al. 2008; Poulain 2015).
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1.3.  Fisiopatologia das doencas lisossdmicas

DLs sdo desordens mendelianas causadas por mutagdes em um unico gene, mas
apresentam tragos complexos, podendo gerar diferentes cursos da doenga em individuos
afetados. Os mecanismos moleculares subjacentes a deficiéncia proteica afeta diferentes
processos associados aos lisossomos e tém sido profundamente investigados (Levine and
Kroemer 2008; Ballabio and Gieselmann 2009; Schultz et al. 2011; Ballabio and Bonifacino
2020). DLs sao marcadas pelo acumulo intra-lisossomal de substratos, causa primaria da
doenca, mas a presenga de um amplo espectro clinico em individuos afetados indica a
perturbacdo de multiplas vias bioquimicas e celulares secundérias. O acimulo de substrato
pode impactar vias varias vias metabdlicas, além disso, substratos secundarios podem gerar
defeitos em vias secunddrias e terciarias e gerar um dano tecidual (Futerman and Van Meer
2004; Schultz et al. 2011; Platt et al. 2018). O impacto destas perturba¢des acarreta em
alteragdes da expressdo génica que, em ultima andlise, contribuem para o dano e morte
celular (Figura 6). Todavia, qualquer um destes eventos pode ser a causa do prejuizo
celular (Futerman and Van Meer 2004; Schultz et al. 2011). No entanto, a identificacdo
destes mecanismos de patogénese que englobam variadas vias subjacentes e o seu real
impacto emDLs, ainda ¢ pouco esclarecido (Futerman and Van Meer 2004; Schultz et al.

2011; Fiorenzaet al. 2018).

1.3.1. Defeitos na autofagia, mitofagia, homeostase lipidica e sinalizagdo de calcio

Ao longo dos anos, estudos demonstraram o protagonismo do lisossomo no
funcionamento da célula, o que explica a gama de processos bioldgicos alterados em DLs.
Neste sentido, inimeros eventos patogénicos secundarios podem ser desencadeados pelo
acimulo de substrato na célula. Defeitos na autofagia sdo amplamente reportados em DLs
(Lieberman et al. 2012). O bloqueio autofagico ocorre por conta da incapacidade de fusao
entre autofagossomos e lisossomos ou hiper ativacdo desse mecanismo, resultando no
acimulo de autofagossomos e morte celular (Vitner et al. 2010; Ballabio and Bonifacino
2020). Além disso, o acimulo de macromoléculas em endossomos e autolisossomos pode
impedir a liberagdo de enzimas catabdlicas normais e inibir a sua atividade, resultando no

acumulo de substratos secundarios (Platt et al. 2012).
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Defeito genético que leva a uma atividade proteica alterada
e ao acumulo de substrato na célula

Processos celulares alterados - Via (s) bioquimica secundaria

B [y .

Prejuizo tecidual  Z —»> Expressao génica alterada

\ Via (s) bioquimica terciari

\ s

amE
O =

————— > Dano e morte celular +-----=--=-

Figura 6. Modelo esquematico da fisiopatologia das DLs. O aciimulo de substrato ndo metabolizado pode
perturbar a expressdo génica e alterar vias secundarias e terciarias, causando dano celular e tecidual.
Adaptado de Futerman and Van Meer 2004; Platt et al. 2018.

O acumulo de substratos secundarios pode ser frequente em diversos DLs. Por
exemplo, MPS sdo caracterizadas pelo acimulo desubstrato primario de GAGs e substratos
secundarios, como gangliosideos, colesterol, beta amiloide, tau, e a proteina a-sinucleina
(Parker and Bigger 2019). Desta maneira, além de causar dano ao sistema endossomico-
autofagico lisossomico, o deposito de substratosprimarios e secundarios podem impedir o
correto funcionamento de organelas relacionadasao lisossomo, como mitocondrias, reticulo
endoplasmatico e complexo de Golgi (Platt et al.2012). Por exemplo, prejuizos no sistema
autofagico causam o acumulo de mitocondrias disfuncionais, afetando as fungdes
lisossomais, como a geracdo de espécies reativas de oxigénio e o impedimento da
acidificagdo do lumen lisossomal pela bomba acida V-ATPaseque depende do ATP gerado

pela mitocondria (Stepien et al. 2020). Danos mitocondriais geram excesso de calcio
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mitocondrial, diminui¢do do potencial de membrana e diminui¢do do consumo de oxigénio
(Lim et al. 2015; Parenti et al. 2021). Portanto, o prejuizo da mitofagia (via de degradagdo
das mitocondrias) e estresse oxidativo sdo caracteristicas comumente compartilhadas entre
DLs (Stepien et al. 2020).

Algumas DLs podem mostrar o trafego de lipideos alterados, em que o depdsito de
colesterol nos lisossomos pode ser frequentemente relatado. Desequilibrios na homeostase
do colesterol sdo causados pelo comprometimento de rotas de exportacdo do colesterol
lisossomal realizado por proteinas especificas, ou o acimulo de colesterol pode ser resultado
de defeitos do proprio trafego lisossomal (Luo et al. 2017; Marques and Saftig 2019).
Defeitos na sinalizagdo intracelular de calcio também podem estar implicados na
patogénese de DLs. As causas podem depender do tipo de substrato acumulado e suas
interagdes com canais ou bombas de célcio especificas. As consequéncias para a célula,
podem incluir o aumento da liberagdo de calcio no RE, alteragdo do fluxo de célcio na
mitocondria, e reducdo do depdsito de célcio no lisossomo que prejudica a fusdo e o trafego

lisossomal na célula (Vitner et al. 2010; Parenti et al. 2021).

1.3.2. Disfungdo em vias do desenvolvimento

Com a relevancia do lisossomo no funcionamento celular, mesmo enzimas ou
proteinas com fungdes relativamente periféricas na célula, quando deficientes sdo capazes
de gerar distarbios em importantes vias de sinaliza¢ao envolvidas com eventos morfogénicos
e de crescimento do organismo e impactar negativamente multiplos tecidos em individuos
afetados (Fiorenza et al. 2018). O acumulo de substrato no ambiente intracelular e
extracelular pode gerar perturbagdes em vias morfogénicas e de crescimento, como Hh,
insulina, mTOR. Hh ¢ envolvida em funcdes mitogénicas e morfogénicas, estimulando a
proliferagdo celular e regulando eventos-chave durante processos de desenvolvimento,
respectivamente. Estes processos sdo conservados em animais € envolvem o crescimento e
padronizagdo morfologica de embrides multicelulares (Simpson et al. 2009; Petrova and
Joyner 2014). Hh ¢ uma via de sinalizacdo essencial na regulagao da diferenciacao celular e
homeostase do tecido (Lee et al. 2016). Além disso, a via Hh controla a polaridade do SNC,
padrao neural, e a homeostase das células-tronco em tecidos adultos (Dessaud et al. 2008;

Petrova and Joyner 2014). O mau funcionamento desta via foi descrito em diferentes tipos
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de MPS (Kingma et al. 2015; Peck et al. 2015; Costa et al. 2017), distirbios cuja
caracteristica comum ¢ o prejuizo na degradacdo de GAGs. Em condi¢des normais, HS
ligam-se a proteoglicanos que funcionam como co-receptores localizados adjacentes aos
cilios primadrios, estrutura formada por uma protrusdo da membrana plasméatica baseada em
microtibulos necessaria para a transducdo de sinal de Hh durante o desenvolvimento
embriondrio e neuronal em vertebrados (Goetz and Anderson 2010). Portanto, GAGs
associados a proteoglicanos na MEC, funcionam como co-receptores onde desempenham
funcdes na comunicagdo intercelular por meio da distribuicdo de proteinas difusiveis e
promovem a ligacdo e sinalizagdo de Hh (Capila and Linhardt 2002; Linhardt and Toida
2004; Witt et al. 2013). No entanto, defeitos na sinalizacdo desta via (Figura 7),
consequenteao acimulo de substratos na célula e MEC sao descritos em MPS e Niemann-
Pick tipo C (Tabela 2). Alteragdes da expressdo génica ou dos niveis e distribuicdo de
proteinas Hh foram observadas e associadas a manifestagdes clinicas importantes nestas
condi¢des, incluindo a diminuicdo do crescimento 6sseo e anormalidades cardiovasculares

(Kingma etal. 2015; Peck et al. 2015; Costa et al. 2017).
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Figura 7. Perturbagdes na via Hh por acumulo de colesterol e GAGs nos lisossomos e na matriz extracelular.
Adaptado de Kingma et al. 2015; Costa et al. 2017.
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Lisossomos podem regular o metabolismo energético da célula. Mas em condigdes
patoldgicas, a deficiéncia da funcdo lisossomal pode ser causada pelo acumulo de substratos
na cé¢lula e gerar perturbacdes nos mecanismos de autofagia e ativagdo de mTOR (Figura
8)(Ko et al. 2005; Koike et al. 2005; Fukuda et al. 2006; Settembre et al. 2008). Defeitos
na reativagdo ou desequilibrios na atividade de mTOR, sdo observados em diversas formas
de DLs (Tabela 2), impedindo que lisossomos realizem suas fun¢des de adaptagdo as
condi¢gdes ambientais, como a disponibilidade de nutrientes (Cao et al. 2006; Yu et al.

2010; Ivanova et al. 2015; Bartolomeo et al. 2017; Lim et al. 2017).

Tabela 2. Alteragdes na sinalizacao de Hh, mTOR e insulina.

DDL Via desregulada Referéncia

MPS I Hh e mTOR (Kingma et al., 2016; Yu et al., 2010).

MPS 11 Hh (Costa et al., 2017).

MPS VII Hh e mTOR (Peck et al., 2015; Kingma et al., 2016; Bartolomeo et al., 2017)
NPC Hh ¢ insulina (Canterini et al., 2017; Formichi et al., 2018; Vainio et al., 2005).
JNCL mTOR (Cao et al., 20006).

FD mTOR (Yu etal., 2010).

Cistinose mTOR (Ivanova et al., 2016).

KD mTOR. (Inamura et al., 2018; Narayanan et al., 2009)

GD mTOR e insulina (Ghauharali-van der Vlugt et al., 2008; Langeveld et al., 2008; Brown et al., 2019)
PD mTOR. (Lim et al., 2017)

DDL (doenga de deposito lisossdmico); MPS I (Mucopolissacaridose tipo I); MPS II (Mucopolissacaridose
tipo II); MPS VII (Mucopolissacaridose tipo VII); NPC (Niemann-Pick tipo C); JNCL (lipofuscinoses
cerdides neuronais juvenil); FD (doenca de Fabry); KD (doenca de Krabbe); GD (doenca de Gaucher); PD
(doenca de Pompe).

Lisossomos também podem estar envolvidos na patofisiologia de distarbios
metabdlicos em algumas DLs, caracterizado por mecanismos associados ao surgimento de
diabetes e obesidade (Ballabio and Bonifacino 2020). Fatores de crescimento, como a
insulina podem ativar a via mTOR. A insulina ¢ um hormoénio anabolico essencial na
captacao de glicose e armazenamento energético no organismo. A insulina ¢ secretada pelas
células B no pancreas e atua por meio do receptor de insulina (IR), um receptor de tirosina
quinase de membrana (Tokarz et al. 2018). A autofosforilacao de IR ocorre com a ligacao

da insulina em jangadas lipidicas na membrana celular, transduzindo o sinal para vias
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metabdlicas e mitogénicas (Ikonen and Vainio 2005). As jangadas lipidicas sdo
microdominios localizados na membrana plasmatica enriquecidos em fosfolipidios
saturados, esfingolipidios, glicolipidios, GAGs e colesterol (Sezgin et al. 2017). Estas
estruturas na membrana sdo primordiais para a ativacdo de moléculas a jusante durante a
sinalizacdo, atuando na ativagdo do receptor, captacdo endocitica e direcionamento do IR
(Simons and Gruenberg 2000; ITkonen and Holttd-Vuori 2004; Vainio et al. 2005; Fuller
2010). Portanto, a composicao modificada da membrana celular causada por perturbacdes
nas jangadas lipidicas, pode gerar defeitos na sinalizacdo de insulina (Figura 8) (Bickel
2002; Fuller 2010). Neste sentido, o acimulo de substrato extracelular pode provocar o
prejuizo na reativacdo de IR em Niemann-Pick tipo C (Vainio et al. 2005), e captacdo de

glicose e resisténcia insulinica na doenca de Gaucher (Langeveld et al. 2008).
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Figura 8. Defeitos na sinalizagdo de insulina e mTOR causado pelo acimulo de substratos no lisossomo,
vacuolos autofagicos e no ambiente extracelular. Adaptado de Cao et al. 2006;Yu et al. 2010.

1.3.3. Vias inflamatorias

O sistema autofagico-lisossdmico tem importante papel anti-inflamatorio e de defesa
na célula, mas podem estar comprometidos em DLs. Defeitos na autofagia podem provocar
o acimulo de mitocondrias e induzir proteinas que ativam o inflamassoma por meio da

produgdo de espécies reativas de oxigénio (ROS) e DNA mitocondrial. Também pode haver
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prejuizo do mecanismo de remogao de estruturas agregadas do inflamassoma pela autofagia,
que eliminam substancias ativas e reduzem a resposta inflamatéria (Shi et al. 2014; Simonaro
2016). Além disso, o dano em vias fagociticas pode impedir a morte de bactérias ingeridas
pela célula, consequentemente, aumentar a suscetibilidade a infec¢des bacterianas em
pacientes com a doenga de Gaucher, por exemplo (Marodi et al. 1995; Marques and Saftig
2019). Durante a resposta imune, a ativagao de macrofagos causada pelo acaimulo de lipideos
na doenca de Gaucher, pode resultar na liberagdo de citocinas, como TNF-a e IL-1b
(Francesco, 2013). Nestas condi¢des, os lisossomos podem regular a liberagdo de citocinas
mediada por inflamassoma e o metabolismo de lipideos (Simonaro 2016).

A autofagia pode ser desencadeada pela sinalizacdo de receptores toll like-4
(TLR4) ativados por lipopolissacarideos de bactérias gram-negativa (Simonaro 2016). A
ativacdo desse receptor estd associada com uma cascata inflamatdria observada na doenga
de Fabry, em que a liberagao de citocinas incluindo IL-6, IL-1b e TNF-a pode ser reduzida
usando anticorpo bloqueador de TLR4 (De Francesco et al. 2013). Além disso, TLR4 pode
se ligar a diversos outros tipos de substratos acumulados em DLs, incluindo GAGs,
glicoesfingolipideos e gangliosideos (Jou et al. 2006; Simonaro 2016). Em condig¢des
normais, diversas quimiocinas podem interagir com GAGs na MEC ou na membrana celular
(Linhardt and Toida 2004; Peterson et al. 2004). No entanto, o acumulo de GAGs pode
causar a elevacgdo de citocinas em modelos de MPS através da ligagcdo ao receptor TLR4, e
desencadear uma cascata inflamatdria responséavel pela liberacdo de multiplas citocinas,
quimiocinas e ativacdo do sistema complemento (Simonaro et al. 2008; Simonaro et al. 2010;
Baldo et al. 2011). Estes eventos inflamatorios (Figura 9), podem levar a permeabilizacio
da membrana lisossomal com a liberagao de catepsina B e outras proteases, ¢ gerar alteracdes
na homeostase idnica. Além disso, evidéncias implicam que a ativagdo da resposta imune
inata em MPS desempenha um papel na patogénese envolvida em anormalidades dsseas e
cardiacas, incluindo a dilatagdo da aorta (Simonaro et al. 2008; Baldo et al. 2011; Parker and
Bigger 2019).

No cérebro, o acumulo de HS pode mimetizar lipopolissacarideos, e desencadear a
sinalizagdo do receptor TLR4 na micrdglia em pacientes com a forma neuropética de MPS
(Ausseil et al. 2008; Wilkinson et al. 2012). No entanto, processos de neurodegeneragdo em
MPS podem ter envolvimento de vias inflamatdrias alternativas ativadas cronicamente

(Ausseil et al. 2008). Portanto, o acimulo de HS em conjunto com substratos secundarios de
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armazenamento e a disfun¢do autofagica podem desencadear outras vias neuroinflamatdrias
independentes de TLR4, e contribuir com a morte de células neuronais em MPS (Parker and

Bigger 2019; Viana et al. 2020).
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Figura 9. Processo inflamatério em DLs. HSPG pode interagir com receptores TLR4 e desencadear uma
resposta inflamatéria. O depdsito de HS leva ao aumento da atividade da heparanase e gera fragmentos de HS
que tem o potencial de se ligar a TLR4 ¢ desencadear uma cascata inflamatoria. HSPGs e fragmentos de HS
sdo endocitados e degradados em endolisossomos. Fragmentos de HS podem ser liberados por conta da
disrupg@o do lisossomo e ativar diretamente o inflamassoma. Adaptado de Simonaro et al. 2010; Parker and
Bigger 2019.

Em resumo, o aciimulo de substratos em DLs pode desencadear diversas vias
inflamatorias locais, como o cérebro, ou de forma sistémica. O processo inflamatorio pode
ter como causa primaria o armazenamento de macromoléculas na célula, ou ainda, ser
consequente a uma disfungdo secundaria do sistema autofagico-lisossomico, comumente

alterado em DLs (Simonaro 2016).

1.3.4. Vias do neurodesenvolvimento em MPS

GAGs ligados a proteoglicanos, exibem funcdes fisioldgicas na superficie celular
relacionadas a sinalizagdo celular, disponibilidade de fatores de crescimento, citocinas e
morfogenos. Os GAGs estdo envolvidos com a motilidade e adesao celular e comunicagao

intercelular por meio da interagdo com proteinas na membrana celular (Smock and Meijers
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2018). No entanto, GAGs nao digeridos no tecido neural, envolvendo mecanismos
inflamatorios e de neurotoxicidade, t€ém sido associados com alteragdes cognitivas graves
em individuos com MPS (Giugliani et al. 2014). Os proteoglicanos de HS funcionam como
co-receptores e a degradacdo anormal de fragmentos de HS afeta vias de sinalizagdo
essenciais e a atividade neuronal (Hoche et al. 2014; Bigger et al. 2018; Gaftke et al. 2020).
O actimulo de GAGs em neuronios e células gliais estd associado com lesdes na substancia
branca e atrofia cerebral, afetando o processo de mielinizacao. Além disso, anormalidades
como o aumento dos dendritos das células de Purkinje no cerebelo, expansao do citoplasma,
e diminui¢do de células nervosas no cortex estdo associados com o deposito de GAGs
(Schwartz et al. 2007; Bigger et al. 2018).

A 1nativacao da sintese de HS ou de enzimas modificadoras de HS em modelos de
camundongos, causa defeitos de desenvolvimento no prosencéfalo e erros de orientagdo de
axonio (De Pasquale and Pavone 2019). A via de orientagdo do axdnio ou axon guidance ¢
responsavel pelo processo de fiagdo neuronal, no qual os axdnios sdo alongados e atingem
seus tecidos-alvo para formar jungdes sinapticas (Russell and Bashaw 2018). Esses eventos
ocorrem durante o neurodesenvolvimento, e sdo responsdveis por conectar o cérebro e a
medula espinhal ao sistema nervoso periférico. Em condigdes normais, a interagdo entre
moléculas de sinalizacdo e receptores da superficie celular expressos nos cones de
crescimento resulta no crescimento do axonio € no colapso do cone de crescimento. As
interrup¢gdes na montagem desses circuitos neurais afetam o crescimento axonal e o
desenvolvimento cognitivo em humanos (Russell and Bashaw 2018; Manzoli et al. 2021).
Evidéncias mais recentes indicam alguns mecanismos lisossomais essenciais durante o
neurodesenvolvimento. Lisossomos podem ser encontrados em todos os compartimentos
neuronais, incluindo dendritos, soma e axonio. A apresentacdo e disponibilidade de
receptores pode ser modulado pelo sistema endossomal-autofagico-lisossomico que regula
a endocitose dos receptores da membrana celular e contribui para a remodelagdo axonal,
gerando crescimento de axonio e reduzindo a estabilidade pré-sinaptica (Crawley and Grill
2021). Portanto, endossomos podem regular o trafego de receptores endocitados durante o
crescimento do axodnio (Figura 10). A via endossomal-lisossomal pode destinar estas
proteinas a degradagdo ou reciclar estes receptores para que retornem a membrana celular
(Winckler and Choo Yap 2011; Manzoli et al. 2021). Além disso, o transporte lisossomal

pode percorrer longas distdncias ao longo de axdnios contribuindo com a homeostase do
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cone de crescimento através de sua atividade degradativa, distribuicdo de proteinas de
sinalizacdo e adesdo celular, e transporte retrogrado de autofagossomos na porg¢ao distal do

axonio (Farias et al. 2017; Manzoli et al. 2021).
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Figura 10. Sistema endossomal-autofagico-lisossdmico na orientacdo do axonio. O sistema endossomico-
lisossdmico controla a disponibilidade de receptores, trafego de receptores endocitados, e distribuigdo de
proteinas de sinalizagdo. Adaptado de Manzoli et al. 2021.

Portanto, disfung¢des da autofagia e o armazenamento de autofagossomos nos axonios
podem resultar em perturbagdes do cone de crescimento (Crawley and Grill 2021; Manzoli
et al. 2021). O transporte lisossomal ao longo do axénio com a reciclagem do conteudo
celular prejudicada ou a auséncia de moléculas de sinalizacdo e adesdo disponiveis pelo
sistema autofagico-endossdmico afetam o desenvolvimento do axdnio, levando a disturbios
do SNC em humanos (Crawley and Grill 2021; Manzoli et al. 2021). Defeitos na
remodelacdo e orientacdo do axdnio causam anormalidades nas conexdes sinapticas e no
desenvolvimento do circuito neuronal, observados em doencas congénitas com
manifestagdes neurologicas (Manzoli et al. 2021). Danos no SNC estao presentes em formas
neuropaticas de MPS. Estes individuos manifestam déficit cognitivo e retrocesso nos

principais marcos de desenvolvimento infantil (Whiteman and Kimura 2017). Portanto,

37



anormalidades do sistema lisossomico-autofagico frequentemente observadas em DLs,
podem gerar desequilibrios na regulagdo de genes que controlam a migracao e o crescimento
dos axonios associados a patogénese do declinio cognitivo em MPS (Lemonnier et al. 2011;

Parente et al. 2012; Salvalaio et al. 2017).
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2. Objetivos

2.1.  Objetivo Geral

2.1.1. Investigar os mecanismos de patogénese em doengas lisossomicas (DLs)

utilizando uma abordagem de biologia de sistemas.

2.2.  Objetivos especificos

2.2.1. Revisar vias morfogénicas e de crescimento envolvidas em DLs.
2.2.2. Analisar dados de expressao gé€nica de diferentes tipos de Mucopolissacaridose.
2.2.3. Identificar vias de regulacdo e patogénese envolvidas nas Mucopolissacaridoses.

2.2.4. Construcdo de redes de interacdes entre proteinas com dados do interatoma
humano.

2.2.5. Investigacao topoldgica das proteinas localizadas nas redes.
2.2.6. Analise de processos bioldgicos subjacentes as proteinas estudadas.

2.2.7. Geragdo de modelos moleculares potencialmente envolvidos na patogénese de
DLs.
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3. Resultados

Os resultados estao divididos em trés capitulos apresentados em forma de artigos cientificos.
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3.1. Capitulo I: Corréa T, Feltes BC, Giugliani R and Matte U (2021) Disruption of
morphogenic and growth pathways in lysosomal storage diseases. WIREs Mech Dis 13:1—
16. https://doi.org/10.1002/wsbm.1521
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Abstract

The lysosome achieved a new protagonism that highlights its multiple cellular
functions, such as in the catabolism of complex substrates, nutrient sensing,
and signaling pathways implicated in cell metabolism and growth. Lysosomal
storage diseases (LSDs) cause lysosomal accumulation of substrates and defi-
ciency in trafficking of macromolecules. The substrate accumulation can
impact one or several pathways which contribute to cell damage. Autophagy
impairment and immune response are widely studied, but less attention is paid
to morphogenic and growth pathways and its impact on the pathophysiology
of LSDs. Hedgehog pathway is affected with abnormal expression and changes
in distribution of protein levels, and a reduced number and length of primary
cilia. Moreover, growth pathways are identified with delay in reactivation of
mTOR that deregulate termination of autophagy and reformation of lyso-
somes. Insulin resistance caused by changes in lipids rafts has been described
in different LSDs. While the genetic and biochemical bases of deficient pro-
teins in LSDs are well understood, the secondary molecular mechanisms that
disrupt wider biological processes associated with LSDs are only now becom-
ing clearer. Therefore, we explored how specific signaling pathways can be
related to specific LSDs, showing that a system medicine approach could be a
valuable tool for the better understanding of LSD pathogenesis.

This article is categorized under:
Metabolic Diseases > Metabolic Diseases>Molecular and Cellular

Physiology

KEYWOR DS
Hh pathway, insulin, LSDs, mTOR, systems medicine

Since first described in 1950 by Christian de Duve, the lysosome was presented as an organelle capable of degrading
and recycling cellular waste (de Duve, 2005). In recent years the lysosome achieved a new status that highlights its mul-
tiple cellular functions, such as in the catabolism of complex substrates, plasma membrane repair, immune response,
nutrient sensing, and signaling pathways implicated in cell metabolism and growth (Matte & Pasqualim, 2016; Parenti
et al., 2015). The cross-talk between lysosomes and other related organelles is essential during these biological pro-
cesses. For instance, lysosomes are necessary for the maturation of phagosomes to phagolysosomes that occurs in
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pathogen phagocytosis. Moreover, the macroautophagy relies on the fusion between lysosomes and autophagosomes to
generate autolysosomes (Marques & Saftig, 2019). The lysosomal biogenesis also depends on interactions with the
endomembrane system, in which lysosomal proteins are synthesized in the endoplasmic reticulum and transported
through the Golgi complex to the trans-Golgi network. This process is pivotal for sorting the intraluminal and
membrane-bound proteins that form the lysosomes (Marques & Saftig, 2019). Such intricate interactions may suffer
imbalances in pathological conditions affecting the lysosomes. This is the case of lysosomal storage diseases (LSDs) that
arise when the intralysosomal accumulation of substrates or deficiency in trafficking of macromolecules occurs and
subsequently impairs lysosomal function (Platt et al., 2018) (Box 1).

The molecular mechanisms by which a primary protein deficiency disrupts the biological processes associated with
the lysosomes have been deeply investigated in recent years (Ballabio & Gieselmann, 2009; Levine & Kroemer, 2008;
Schultz et al., 2011). The main altered biological processes in LSDs include (i) regulation of lysosomal pH; (ii) synaptic
release; (iii) endocytosis; (iv) vesicular maturation; (v) autophagy; (vi) exocytosis; (vii) Ca?>" homeostasis; (viii) nutrient
sensing; and (ix) lipid homeostasis (Bezprozvanny, 2009; Marques & Saftig, 2019; Vitner et al., 2010). Therefore, the ini-
tial substrate accumulation can impact one or several pathways which ultimately contribute to cell damage
(Futerman & Van Meer, 2004). Therefore, it is necessary to expand, beyond substrate accumulation, the understanding
of the pathogenic mechanisms underlying LSDs. Despite most studies so far focused on autophagy impairment and
immune response, there is recent growing interest in the signaling pathways affected in the LSDs (Ballabio &
Gieselmann, 2009; Fiorenza et al., 2018; Schultz et al., 2011). Deficient enzymes or proteins with relatively peripheral
functions in the cell are capable of generating disturbances in the signaling pathways associated with morphogenic and
growth events in the body and negatively impacting various organs in affected individuals.

In this review, we provide a brief overview of Hh, mTOR, and insulin signaling pathways, potentially involved in
LSD. We describe associations between substrate accumulation and impairment in morphogenic and growth pathways
and its impact on the pathophysiology of LSDs. Table 1 summarizes the key findings detailed below.

1 | HEDGEHOG (Hh) SIGNALING PATHWAY

Genetic screens identified Hh, named after the short and “spiked” appearance of the Hh mutant in Drosophila larvae
(Varjosalo & Taipale, 2008). The Hh genes are categorized into three subgroups: (i) desert hedgehog, fundamental for
testis development and peripheral nerve sheath formation; (ii) Indian hedgehog (Ihh), that coordinates differentiation,
bone and cartilage growth, and is partially co-expressed with (iii) Sonic hedgehog (Shh), the most studied of the Hh pro-
teins, which plays a role in the zone of polarizing activity in the limb bud and floor plate in the neural tube (Briscoe &
Thérond, 2013; Echelard et al., 1993; Jessell, 2000). Hh proteins present N-terminal “Hedge” domain and a C-terminal
“Hog” domain. The Hh signaling pathway is involved with mitogenic and morphogenic functions, regulating key events
during developmental processes like growth and patterning of multicellular embryos (Petrova & Joyner, 2014; Simpson
et al., 2009). The Hedge domain is responsible for its signaling activity, which emerges as one of the essential pathways
regulating cell specification, differentiation, and tissue homeostasis (R. T. H. Lee et al., 2016). It is initially expressed in
the notochord and floor plate in the specification of cell types within the neural tube (Echelard et al., 1993). In addition,
the Hh pathway regulates central nervous system polarity, neural patterning, and controls stem cell homeostasis in
adult tissues (Dessaud et al., 2008; Machold & Fishell, 2002; Petrova & Joyner, 2014). The deregulation of the Hh path-
way may occur in LSDs and has been described in different mucopolysaccharidoses (MPS), a group of disorders whose
common hallmark is an impairment on the degradation of glycosaminoglycans (GAGs). Proteoglycan-attached GAGs
function as co-receptors located adjacent to the primary cilia under normal conditions, promoting Hedgehog
(Hh) binding and signaling (Kingma et al., 2016; Tebani et al., 2019; Witt et al., 2013).

1.1 | GAGs catabolism failure impairing Hh pathway

The GAGs are constituents of the extracellular matrix, generally associated with proteoglycans, where they play a cru-
cial role in the intercellular communication through the distribution of diffusible proteins and mediating ligand-
receptor binding, as well as receptor recycling (Capila & Linhardt, 2002; Linhardt & Toida, 2004; Smock &
Meijers, 2018). Heparan sulfate proteoglycans function as co-receptors and have been involved in the signal transduc-
tion of Hh (Witt et al., 2013), either stimulating or inhibiting its activity (Williams et al., 2010) (Figure 1). Inactivation
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BOX 1 Lysosomal Storage Diseases

LSDs are a group of more than 60 rare hereditary metabolic disorders. The total or partial loss of function of a
particular protein leads to the accumulation of specific macromolecules or monomeric compounds within the
endosomal—lysosomal system (Platt et al., 2012). The LSDs have a progressive course, and some common clini-
cal signs and symptoms are visceromegaly, skeletal abnormalities, cardiac problems, hearing defects, motor dif-
ficulties, and cognitive impairment. However, phenotypic characteristics depend on the specific protein
affected, on the specific mutations, on the kind of stored substrate and in the tissues and organs mostly affected
(Marques & Saftig, 2019; Poswar et al., 2019).

Mucopolysaccharidosis type I (MPS I). Disorder caused by the alpha-L-iduronidase deficiency leading to the
accumulation of glycosaminoglycans heparan sulfate and dermatan sulfate (Giugliani, 2012). MPS I has an esti-
mated prevalence of 1:100,000 and the median age at onset of 0.9 years in Hurler patients and 3.4 and 8.7 years
in patients with Hurler—Scheie and Scheie phenotypes (Beck et al., 2014; Moore et al., 2008). The main clinical
findings are facial features, hepatosplenomegaly, skeletal abnormalities, joint limitation, short stature and, in
the severe form, cognitive decline (Poswar et al., 2019).

Mucopolysaccharidosis type II (MPS II). Also known as Hunter syndrome, is a rare X-linked recessive disor-
der caused by deficient activity of the enzyme iduronate-2-sulfatase. This enzyme is responsible for the catabo-
lism of glycosaminoglycans dermatan sulfate and heparan sulfate. Clinical features include airway obstruction,
skeletal deformities, cardiomyopathy, and neurologic impairment. The prevalence estimates in 1-9:1,000,000,
and the median age at onset of the main symptoms is 6 years old (Baehner et al., 2005: Wraith et al., 2008).

Mucopolysaccharidosis type VII (MPS VII). Also known as Sly disease, presents a prevalence of <1:1,000,000
and onset infantile and late infantile. MPS VII is caused by mutations in the GUSB gene, encoding the enzyme
B-glucuronidase (Muenzer, 2004). There is storage of the GAGs heparan sulfate, chondroitin sulfate, and
dermatan sulfate, leading to macrocephaly, hydrocephalus, coarse facial features, hepatosplenomegaly, heart
valve abnormalities, hernias and, in most cases, progressive intellectual disability (Platt et al., 2018).

Niemann-Pick type C (NPC). Neurodegenerative disorder characterized by the accumulation of non-
esterified cholesterol and sphingolipids within the late endosomal/lysosomal compartment (Infante et al., 2008;
Vanier, 2014). The prevalence is 1-9:100,000 and the age at onset in early infancy (<2 years) to adolescent/adult
onset (215 years) (Patterson et al., 2013; Vanier, 2010). This disorder is caused by mutations in the NPC1 or
NPC2 genes, which encode for proteins that mediate the transport of cholesterol from endosomes/lysosomes
(Kwon et al., 2009; Te Vruchte et al., 2004).

Juvenile neuronal ceroid lipofuscinoses (JNCLs). A frequent cause of neurodegeneration among young
patients with onset of symptoms between 5 and 10 years and with a prevalence for all forms of CCL of
1:100,000 (Mink et al., 2013; Teixeira et al., 2003). Caused by mutations in the endosomal/lysosomal membrane
protein encoded by the CLN3 gene. Affected patients typically present deteriorating vision, seizures, decline of
cognitive abilities, and motor failure in JNCLs (Williams et al., 2006).

Fabry disease (FD). X-linked innate error disease with a prevalence of 2—5/100,000, caused by a deficiency
in glycosphingolipid catabolism (Platt et al., 2018). The defect in the enzyme alpha-galactosidase generates to
systemic accumulation of glycosphingolipids (Nance et al., 2006; Pereira et al., 2007). Patients can manifest
abnormalities as progressive renal failure, cardiac disease, cerebrovascular manifestations, neuropathy, and
skin lesions, among other abnormalities. The mean age at the onset of this symptom in patients is before
10 years old (Branton et al., 2002; Schiffmann, 2009).

Cystinosis (CTNS). Characterized by the accumulation of cysteine within cells, due to a defect in the cysteine
transport across the lysosomal membrane. The most affected organs are the kidneys and the eyes, in which chil-
dren develop renal proximal tubulopathy between 6 and 12 months of age. The present a prevalence of 1—
9:100,000 (Servais et al., 2008).

Krabbe disease (KD). Caused by mutations in the GALC gene, which encodes the enzyme responsible for
catalyzing the breakdown of galactosylceramide, a lipid present in myelinating oligodendrocytes and Schwann
cells. KD is a severe neurological condition, which results in demyelination in the nervous system and subse-
quent cognitive and motor decline (Graziano & Cardile, 2015; Inamura et al., 2018). The prevalence of KD is
estimated at 1/100,000 and presents onset infantile and juvenile (Moser, 2006; Platt et al., 2018).

@ WIREs........... WILEY | 2
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Gaucher disease (GD). Type I Gaucher disease is a glycosphingolipid storage disorder with a prevalence of
2:100,000, caused by mutations in the gene encoding for the enzyme glucocerebrosidase that causes deficiency
in degradation of glucosylceramide into glucose and ceramide (Corssmit et al., 1995, Langeveld et al., 200S;
Platt et al., 2018). Type I GD is the chronic non-neurological form characterized by organomegaly, bone abnor-
malities and cytopenia, and commonly exhibit symptoms during adolescence. Types II and III include progres-
sive brain involvement, more severe in Type II with the onset of symptoms during early infancy (Platt
etal., 2018).

Pompe disease (PD). Also known as glycogen storage disease type II, PD is a glycogen storage disease caused
by deficiency of lysosomal acid-a-glucosidase encoded by the GAA gene. The disorder has a prevalence of
2.5:100,000, which leads to the intralysosomal accumulation of glycogen, mainly in the heart, skeletal, and
smooth muscle. The disease presents onset infantile and adult, and the main clinical symptoms are hypotonia,
progressive weakness, hepatomegaly and cardiac and respiratory failure (Dasouki et al., 2014; Platt et al., 2018).

TABLE 1 Alterations in Hh, mTOR, and insulin signaling
LSD Molecular defect Phenotype Reference
MPS 1 Changes in distribution of GAGs Decreased bone growth. Kingma et al. (2016)
and Ihh protein levels in
chondrocytes.
Impaired mTOR reactivation and Enlarged and long-lasting Yu et al. (2010)
defective lysosome reformation. autolysosomes.
MPS I Reduction of Shh signal Defects in heart ventricle Costa et al. (2017)
transduction. development and trabeculation.
MPS VII Abnormal expression of Thh. Shortening of bones. St-Jacques et al. (1999), Metcalf
et al. (2009). Peck et al. (2015), Kingma
etal. (2016)
Increased mTORCI activity. Impaired chondrocyte function and Bartolomeo et al. (2017)
bone growth.
NPC Reduction of Ptchl and Smo protein ~ Reduced number and length of Canterini et al. (2017), Formichi
levels. primary cilia. etal. (2018)
Changes in composition of lipid Receptor activation of insulin is Vainio et al. (2005)
rafts. impaired.
INCL Increase in autophagy and decrease Maturation of autophagic vacuoles Cao et al. (2006)
of mTOR activity and lysosomes are impaired.
FD Impaired mTOR reactivation and Enlarged and long-lasting Yu et al. (2010)
defective lysosome reformation. autolysosomes.
Cystinosis ~ Delay in mTORC1 reactivation. Late endosomes/lysosomes enlarged Ivanova et al. (2016)
and clustered in the perinuclear
area.
KD Disruption of lipid rafts and Developmental defects and impaired Inamura et al. (2018), Narayanan
deficiency of the activation of myelin formation. et al. (2009)
mTOR.
GD Accumulation of GM3 in lipid rafts. Lower insulin-mediated glucose Ghaubharali-van der Vlugt et al. (2008),
uptake and insulin resistance. Langeveld et al. (2008)
mTOR hyperactivity. Defect in autophagic flux. Brown et al. (2019)
PD Defect in activation of mTOR. Autophagic build-up. Limetal. (2017)

Note: FD, Fabry disease; GD, Gaucher disease; JNCL, juvenile neuronal ceroid lipofuscinoses; KD, Krabbe disease; LSD, lysosomal storage disease; MPS 1,

mucopolysaccharidosis type I; MPS II, mucopolysaccharidosis type II; MPS VII, Mucopolysaccharidosis type VII; NPC, Niemann-Pick type C; PD, Pompe

disease.
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Proteoglycan

FIGURE 1 Model for the theoretical contribution of macromolecules in the Hedgehog (Hh) pathway alterations. The accumulation of
glycosaminoglycans and heparan sulfate proteoglycans in the extracellular matrix, as well as lysosomal cholesterol (chol) and GAGs
engorgement, may disturb the Hh pathway (see text for more details)

of HS biosynthetic or HS modifying enzymes affects Hh activity in mouse models resulting in developmental defects of
the forebrain, in axon guidance errors, and in abnormalities of bone development (Bandari et al., 2015; De Pasquale &
Pavone, 2019).

MPS patients exhibit severe spine deformities, including progressive kyphoscoliosis and spinal cord compression
(Lampe & Lampe, 2018; Muenzer et al., 2009). An imbalance of chondrocyte hypertrophic differentiation rate during
the process of cartilage to bone transition was shown in MPS VII dogs, leading to a delay in the endochondral bone for-
mation (Smith et al., 2012). It is important to note that the timing and rate of chondrocyte differentiation during bone
formation are regulated by secreted growth factors, such as bone morphogenctic proteins and the Ihh pathway
(Vortkamp et al., 1996). Thh is also a key regulator of chondrocyte proliferation (Long et al., 2001), and abnormal
expression has been reported in the pathophysiology of shortening of bones seen in MPS VII mice (Kingma et al., 2016;
Metcalf et al., 2009; Peck et al., 2015; St-Jacques et al., 1999).

The transcript factor Sox9 is regulated by Ihh and is considered essential in chondrocyte differentiation (Sugita
etal., 2013). mRNA analysis shows the aberrant persistence of Sox9 protein in MPS VII dogs (Peck et al., 2015). Kingma
et al. (2016) observed changes in the distribution of GAGs and Thh protein levels in chondrocytes from MPS 1 patients
and growth plates in mice with decreased bone growth (Kingma et al., 2016). Therefore, these studies suggest that GAG
alters Thh signaling cascade and impair chondrocytes to progress from proliferation to hypertrophy, causing a delay in
the formation and consequent bone abnormalities in MPS I and VII (Akiyama et al., 2002; Kingma et al., 2016; Peck
etal., 2015).

Shh is an essential signaling factor during the heart's development and regeneration (Dyer & Kirby, 2009; Wang
et al., 2015). In the MPS II mouse model, the loss of iduronate-2-sulfatase activity may cause a reduction of Shh signal
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transduction. These animals present defects in heart ventricle development and trabeculation with electrophysiological
abnormalities such as prolonged P-R interval at postnatal stages before any considerable accumulation of GAGs in the
lysosomes (Costa et al., 2017).

1.1.1 | Primary cilium and cholesterol homeostasis

The primary cilium is a microtubule-based plasma membrane protrusion and constitutes an organelle required for opti-
mal Hh signal transduction during embryonic and neuronal development in vertebrates (Goetz & Anderson, 2010)
(Figure 1). Mutations that lead to defects in the composition and structure of the primary cilia are associated with abnor-
mal cerebellar morphogenesis and intellectual disability (Aguilar et al., 2012; J. H. Lee & Gleeson, 2010). Cholesterol plays
a key role in Shh modulation and in the formation and maintenance of primary cilia. Indeed, a modification by covalent
addition of cholesterol is required during Shh protein activity. The absence of this modification by cholesterylation results
in stimulation delay and fails to activate signaling in downstream molecules in the Shh pathway (Porter et al., 1996; Xiao
etal., 2017). Moreover, the deficiency in lipid metabolism and traffic result in problems in the formation of primary cilia,
including the proliferation of cerebellar granule neuron precursors in Niemann-Pick type C (NPC), a disease caused by
intracellular cholesterol trafficking (Formichi et al., 2018; Vanier, 2014; Willemarck et al., 2010).

Reduced number and length of primary cilia are seen in human NPC patient's fibroblasts when compared to con-
trols, with a reduction of Ptchl and Smo protein levels (Canterini et al., 2017; Formichi et al., 2018). In normal condi-
tions, these proteins are located on the primary cilium and in the absence of Ptch, Smo inhibition occurs, inactivating
the Shh signaling pathway. However, during pathway activation, the Shh protein binds to Ptch allowing the activation
of Smo that in turn liberates the Gli transcription factor from its inhibitory protein Sufu, leading to the activation of
downstream genes (Jiang & Hui, 2008; R. T. H. Lee et al., 2016). Therefore, cilia abnormalities in NPC may disrupt Shh
pathway that ultimately contributes to the cerebellar hypoplasia seen in patients (Canterini et al., 2017; Formichi
et al., 2018).

2 | mTOR SIGNALING PATHWAY

Mammalian or mechanistic target of rapamycin (mTOR) displays serine/threonine-protein kinase activity that controls
biosynthetic and catabolic processes in response to extracellular and intracellular signals, including nutrients, oxygen
availability, and growth factor signaling (Sebgupta et al., 2010). The recruitment of mTOR in the lysosomal surface is
necessary to regulate its activation/inactivation, evidencing a linear relationship between mTOR and the lysosomal
function (Lim et al., 2017; Sancak et al., 2010). The mTOR pathway is formed by Complex 1 (mTORCI1) and
2 (mTORC2) (D. H. Kim et al., 2002; Pearce et al., 2007; Saxton & Sabatini, 2017). While mTORCI1 regulates cell growth
and metabolism, promoting the synthesis of proteins, nucleotides, lipids, and glucose metabolism, mTORC?2 is associ-
ated with the control of proliferation and survival, regulating cytoskeletal rearrangement, ion transport and cell migra-
tion (Jacinto et al., 2004; Porstmann et al., 2008; Saxton & Sabatini, 2017).

mTORCI1 signaling is closely related to cellular anabolic activities, suppressing protein turnover pathways such as
autophagy, ubiquitin-proteasome systems, and lysosomal biogenesis (J. Kim et al., 2011; J. Zhao et al., 2015). Moreover,
mTORCI can promote the maintenance of mitochondrial oxidative function, enhance respiration by generating a com-
plex with the transcription factors PPARY coactivator 1a, and regulate the expression of mitochondrial genes coordinat-
ing their transcriptional programs (Cunningham et al., 2007; Zoncu et al., 2011). A more comprehensive review of
mTOR's importance in mitochondrial functions can be found in Morita et al. (2015). Lysosome biosynthesis requires a
coordinated transcription of the gene network regulating lysosomal biogenesis. These genes have a common motif,
called coordinated lysosomal expression and regulation element, which is a target of transcription factor EB (TFEB)
(Sardiello et al., 2009). mTORC]1 phosphorylates and inhibits the nuclear translocation of the TFEB, which promotes
the expression of a dozen genes involved in lysosomal biogenesis and the autophagy process (Saxton & Sabatini, 2017;
Settembre et al., 2012). In normal conditions, under nutrient deprivation or in the absence of growth factors, TFEB pro-
motes perinuclear lysosomal repositioning, repressing mTORCI1 activity and stimulating autophagy (Saxton &
Sabatini, 2017; Schultz et al., 2011). The disturbance of lysosomal function caused by substrate accumulation can gener-
ate perturbations in cellular networks that spread through proteins, causing dysfunctions in autophagy and mTOR, fre-
quently seen in LSDs (Fukuda et al., 2006; Ko et al., 2005; Koike et al., 2005; Settembre et al., 2008).

47



CORREA i @ WIRES MECHANISMS OF 'Ii[-‘ASZ_WI L EY ! Of 16
2.1 | Dysfunction of mTOR in LSDs

Studying lymphoblastoid and cerebellar cells established from homozygous C/n3 knock-in mice in juvenile neuronal
ceroid lipofuscinosis (JNCL), Cao et al. (2006) observed an increase in autophagy and a significant decrease in mTOR
activity. Besides that, morphological analyses showed that the maturation of autophagic vacuoles and lysosomes is
impaired when compared to wild-type organelles (Cao et al., 2006). mTORCI regulates the termination of autophagy
and reformation of lysosomes, but this control is disrupted in cell lines derived from patients with MPS I, and Fabry dis-
ease (Yu et al., 2010). Studies in epithelial cells obtained from cystinotic patients show that the delay in mTORCI reac-
tivation is due to its change of cellular location during starvation (Ivanova et al., 2016). In normal conditions, mnTORC1
is dissociated into the cytoplasm, where it remains inactive during starvation, but in cells from patients with cystinosis
mTORCI1 does not dissociate from the late endosomal/lysosomal vesicles clustered in the perinuclear area (Ivanova
et al., 2016; Sancak & Sabatini, 2009).

Possible answers to the delay in reactivation of mTOR in LSDs involve the loss of function of proteins as the bat-
tenin, deficient in JNCL, which plays a role in autophagic vacuole maturation toward the lysosome, leading to a defi-
ciency in the maturation of vacuoles to degradative autolysosomes. The inefficiency in autophagic vacuole cargo turn
over in the cell can stimulate nutrient deprivation and suppress mTOR signaling, leading to upregulation of autophagy
(Cao et al., 2006; Ivanova et al., 2016) (Figure 2). In this sense, the reduced availability of amino acids is a result of the
deregulation of its production via autophagic degradation of proteins and subsequent decrease of mMTORCI] activity, or
the increased autophagic process could inhibit mMTORCI activity, since autophagy and mTORC1 pathways are mutually
antagonistic (Sancak et al., 2010; Wong et al., 2012). Otherwise, substrates may be directly involved in the deficiency of
mTOR activity. For instance, the accumulation of galactosylsphingosine can disrupt lipid rafts during development of
membrane microdomains and affect the activation of mTOR in oligodendrocytes isolated from mouse brain with
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FIGURE 2 Model for the possible involvement of macromolecules in the mTOR and insulin pathway alterations. The accumulation of
sphingolipids and cholesterol in the extracellular matrix may affect insulin signaling. Also, the increased autophagy induction due to
decreased mTORC]1 appears to be common in LSDs (see text for more details)
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Krabbe disease (Inamura et al., 2018; Narayanan et al., 2009) (Figure 2). Moreover, one study brought impressive results
involving Rag GTPases, proteins that mediate amino-acid signals, and subsequent activation of mTORC1 (E. Kim
et al., 2008). Amino acids induce the translocation of mTORCI to lysosomal membranes, where the Rag GTPases are
anchored (Sancak et al., 2010). Knock-out of Rag proteins in cardiomyocytes was associated with LSDs phenocopies,
including the increase of autophagy initiation, but with a defective autophagy flux (Y. C. Kim et al., 2014). Therefore,
studies indicate that the deregulation of mTOR and the defect in autophagy can be a common finding among many
LSDs. Possible new strategies in therapeutic intervention through mTORC1 modulation begin to be further investigated
(Ivanova et al., 2016). Examples demonstrate that the reactivation of mTOR inhibits autophagy and initiates lysosome
reformation in normal rat kidney cells (Yu et al., 2010). Also, the reactivation of mTOR by knockdown of tuberous scle-
rosis 2 protein or arginine was able to reverse muscle atrophy and remove the autophagic build-up in muscle cells from
a mice model of Pompe disease (Lim et al., 2017) (Box 1).

In contrast, the increased mTORCI1 activity was observed in chondrocytes of the MPS VII model with (3-
glucuronidase deleted. The enhanced mTORCI1 activity and lysosomal dysfunctions were associated with impaired
chondrocyte function and bone growth in a mouse model MPS VII (Bartolomeo et al., 2017). Furthermore, mTOR
hyperactivity has been identified in the pluripotent stem cell model of Gaucher disease. Interestingly, pharmacological
inhibition of glucosylceramide can reverse mTORC1 hyperactivation, indicating that the increase in mTORCI signaling
is mediated by the accumulation of glycosphingolipids (Brown et al., 2019). Therefore, these data support the idea that
the uncontrolled mTORCI1 activity in pathological conditions is not only a consequence of the dysregulation of
autophagy, but also the abnormal deposit of substrates in the cell can directly affect its activity.

3 | INSULIN SIGNALING AND SPHINGOLIPIDS

Insulin is the primary anabolic hormone that promotes the deposition of carbon energy in the body, and one of its pri-
mary functions is glucose uptake and energetic storage for the cells in the body (Tokarz et al., 2018). Insulin is a peptide
hormone secreted by B-cells in the pancreas, and it acts through the insulin receptor (IR), a membrane tyrosine kinase
receptor. The binding of insulin to the cell membrane allows the autophosphorylation of its receptor on tyrosine resi-
dues, transducing the signal to metabolic and mitogenic pathways (Ikonen & Vainio, 2005; Saltiel & Kahn, 2001). Insulin
signal transduction can be hampered by altered membrane composition due to disturbances in lipid rafts (Bickel, 2002;
Fuller, 2010). Lipid rafts are plasma membrane microdomains required to effectively activate downstream molecules by
transmembrane receptors, influencing hitting receptor activation, endocytic uptake, and receptor routing (Fuller, 2010;
Ikonen & Vainio, 2005; Simons & Gruenberg, 2000; Vainio et al., 2005). These highly dynamic and transient entities are
enriched in saturated phospholipids, sphingolipids, glycolipids, GAGs, and cholesterol (Sezgin et al., 2017).

3.1 | Insulin resistance in LSDs

GM3 is a ganglioside constituent of lipid rafts that modulate receptor-mediated signal transduction (Kabayama
et al., 2007; Sekimoto et al., 2012). In cellular and animal models of TNF-a induced insulin resistance, an increase in
GM3 synthesis has been observed (Kabayama et al., 2007; Tagami et al., 2002). Besides, pharmacological depletion of
GM3 reverted the effect of TNF-a on insulin-dependent tyrosine phosphorylation of IRS-1 signaling (Tagami
et al., 2002). Moreover, the addition of exogenous GM3 led to the suppression of tyrosine phosphorylation of IRS-1 and
reduced glucose uptake, demonstrating that GM3 mimics the effects of TNF-a on insulin signaling (Kabayama
et al., 2007). Finally, mice unable to synthesize GM3 show an increase in insulin sensitivity, indicating that GM3 can
negatively regulate insulin signaling (Yamashita et al., 2003; H. Zhao et al., 2007) (Figure 2). An increase in plasma con-
centration of GM3 is observed in type I Gaucher disease, a sphingolipidosis caused by the accumulation of
glucosylceramide due to glucocerebrosidase deficiency. The secondary increase of GM3 in glucocerebrosidase deficiency
may be a compensatory mechanism with consequent lower insulin-mediated glucose uptake and higher peripheral
insulin resistance in Gaucher patients, probably caused by the accumulation of GM3 in lipid rafts of myocytes and adi-
pocytes (Ghauharali-van der Vlugt et al., 2008; Langeveld et al., 2008).

The NPCI gene was previously associated with early-onset and morbid adult obesity by GWAS study (Meyre
et al., 2009). Indeed, weight gain and metabolic changes associated with insulin resistance were supported in a mouse
model with haploinsufficiency of NPCI (Jelinek et al., 2011). Moreover, the receptor activation of insulin is also
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FIGURE 3  Systems biology strategies for studying lysosomal storage 4 N\
disease. Multiple methodologies are used to produce omics data and

generate networks that allow the investigation of biological aspects of
these disorders. Algorithms can infer disease genes, pathways that

contribute to disease pathophysiology, and new pharmacological targets.
Study model adapted from Argmann et al., (2016)
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impaired in NpcI™~ hepatocytes, and IR levels are upregulated in these mice, probably due to changes in the composi-
tion of lipid rafts compared to control (Vainio et al., 2005) (Figure 2).

3.2 | Perspective

While the genetic and biochemical bases of deficient proteins in LSDs are well understood, the secondary molecular
mechanisms that disrupt broader biological processes associated with LSDs are only now becoming more apparent.
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Substrate accumulation can impact primary and secondary pathways to alter gene expression and tertiary biochemical
pathways (Futerman & Van Meer, 2004). Questions about how lysosomal function is affected by storage, independent
of the primary substrate, or how the substrates deposit affects cell signaling flow, are still open and need to be investi-
gated (Platt et al., 2012). Thus, investigating altered signaling pathways during pre- and post-deposition of the substrate
will allow new insights to understand their impact on lysosomal functions. This paper explored how specific signaling
pathways can be related to specific LSDs, showing that a systematic approach could be a valuable tool for a better
understanding of LSD pathogenesis.

The use of network science in medicine allows the analysis and the understanding of various biological processes,
with nodes identifying a biological entity as a protein and edges representing the relationships between entities
(Loscalzo et al., 2017). Therefore, systems biology tools allow identifying new genes responsible for different diseases by
examining their cellular networks' relationships (Loscalzo et al., 2017). Topological analyses show significant molecular
similarities as gene co-expression, shared clinical and pathobiological characteristics, and high comorbidity in the over-
lap of diseases in the interactome (Loscalzo et al., 2017; Menche et al., 2015). The analysis demonstrated that proteins
associated with inborn errors of metabolism (IEM) tend to locate in the same network neighborhood in the human
interactome (Woidy et al., 2018). Furthermore, proteins associated with specific disease groups, such as lysosomal disor-
ders, form homogeneous clusters distant from other proteins related to IEM (Woidy et al., 2018). If there is a proximity
between LSDs in the human interactome, systems biology approaches will allow integrating multi-omics data, and the
knowledge about lysosomal diseases could help to identify molecular perturbations associated with pathways and new
biomarkers for the development of novel therapeutic strategies (Argmann et al., 2016; Caldera et al., 2017; Woidy
et al., 2018) (Figure 3).

The endosomal-autophagic-lysosomal system's engorgement alone cannot explain the clinical spectrum of manifes-
tations found in LSD patients. Studies discussed here show that abnormalities in signaling pathways can affect lyso-
some reformation, autophagic flow, glucose uptake, and tissue morphogenesis in several LSDs. In the last years, the
idea that pathogenicity was only derived from a mutation in a single gene leading to the storage of a specific single sub-
strate has been changed to a more comprehensive view that allows a better knowledge of the complex underlying
mechanisms by which the accumulation of substrates broadly affects the cellular function in these disorders. A broad
understanding of these processes may help develop more effective therapeutic strategies for the LSDs.
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Abstract

Mucopolysaccharidoses are caused by a deficiency of enzymes involved in the degradation of glycosaminoglycans. Heart
diseases are a significant cause of morbidity and mortality in MPS patients, even in conditions in which enzyme replace-
ment therapy is available. In this sense, cardiovascular manifestations, such as heart hypertrophy, cardiac function reduction,
increased left ventricular chamber, and aortic dilatation, are among the most frequent. However, the downstream events
which influence the heart dilatation process are unclear. Here, we employed systems biology tools together with transcrip-
tomic data to investigate new elements that may be involved in aortic dilatation in Mucopolysaccharidoses syndrome. We
identified candidate genes involved in biological processes related to inflammatory responses, deposition of collagen, and
lipid accumulation in the cardiovascular system that may be involved in aortic dilatation in the Mucopolysaccharidoses I
and VII. Furthermore, we investigated the molecular mechanisms of losartan treatment in Mucopolysaccharidoses I mice
to underscore how this drug acts to prevent aortic dilation. Our data indicate that the association between the TGF-b sign-
aling pathway, Fos, and Collal proteins can play an essential role in aortic dilation’s pathophysiology and its subsequent
improvement by losartan treatment.

Keywords Aortic dilatation - MPS I - MPS VII - TGF-b - Fos - Collal

1 Introduction a common abnormality of progressive GAG accumulation,
leading to a multisystemic dysfunction [2]. MPS patients’
Mucopolysaccharidoses (MPSs) comprise a group of lyso-  clinical manifestations include intellectual disability, skel-

somal storage disorders caused by a deficiency of enzymes  etal deformities, dysmorphic facial characteristics, impair-
involved in glycosaminoglycans’ degradation (GAGs).  ment of the central nervous system, hearing deficit, organo-
Although there are nine types of MPS [1], all of them share =~ megaly, pulmonary, and cardiac dysfunction [3, 4]. However,

the disease’s clinical findings and severity depend on the

type of accumulated GAG and the specific genetic mutation

Thiago Corréa and Bruno César Feltes have contributed equally to present in the individual [5-7].
this work.

Except for MPS IX, cardiac anomalies were reported in
Supplementary Information The online version contains all MPS types, W.ith the potential to cause 'sudden death,
supplementary material available at https://doi.org/10.1007/s1253 death by heart failure, and coronary occlusion [8-11]. In
9-020-00406-3. MPS, cardiovascular manifestations are common and include
heart hypertrophy, cardiac function reduction, increased left
ventricular chamber, and aortic dilatation [12]. The overall
incidence of aortic root dilatation (ARD) was estimated to
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collagen alteration, and elastin laminae fragmentation
[12, 17]. The proposed pathogenesis model consists of
the binding of GAG to the Toll-like receptor 4 (TLR4),
triggering an inflammatory cascade that culminates in the
liberation of several cytokines, chemokines, and activation
of the complement system [18-20]. However, the down-
stream events which influence the heart dilatation process
are unclear [14, 16]. Hence, the elucidation of common
mechanisms shared between cardiac anomalies in MPS
and other heart pathologies may increase these patients’
therapeutic options.

In previous studies, it was shown that aortic dilatation
is present in animal models MPS I and VII, and it was
established that the process of aortic dilation shares com-
mon features among both disorders [20, 21]. Furthermore,
losartan treatment seems to prevent aortic dilation in MPS
I mice, but the molecular mechanisms by which losartan
acts were not investigated [22].

In this study, we applied an integrative analysis using
data from the MPS VII mouse model that can be consid-
ered a model of aortic dilation in other forms of MPS.
Using systems biology tools and transcriptomic data, we
investigated potential new elements involved during aortic
dilatation in MPS syndrome. Our network analysis brings
new insights for identifying relevant genes/proteins and
suggests the identification of new possible therapeutic
targets.

2 Materials and Methods

2.1 Gene Expression Data

Transcriptomic data were gathered from the matrix file
GSE30657 (available at Gene Expression Omnibus (GEO)
[http://www.ncbi.nlm.nih.gov/geo]), published by [20], from
microarray analysis of ascending aortas of healthy vs. MPS
VII mice at six months of age. Groups were formed by three
normal mice, three MPS VII mice with dilated aortas, and
two MPS VII mice with non-dilated aortas. We used only
differentially-expressed genes (DEGs) of normal vs. dilated
aorta of MPS VII mice among the different groups.

The GEOquery package [23] for the R platform was
employed to download the raw data. The dataset was submit-
ted to background correction and normalization preprocess-
ing using the packages lumi [24] and beadarray [25]. After

preprocessing, the dataset was analyzed by the arrayQuali-
tyMetrics [26] package to access the sample quality informa-
tion. Finally, the package limma [27] was employed to find
DEGs analysis. DEGs were obtained by applying a filter of
logFC>1 and p-value<0.05, with the Benjamini—-Hochberg
test for FDR correction.

3 Network Design

The protein—protein interaction (PPI) metasearch engine
STRING 10.0 [http://string-db.org/] was used to create PPI
networks based on the DEGs obtained from the previous step.
The parameters used in STRING were, as follows: (i) medium
degree of confidence of 0.400, with 1.0 being the highest level
of confidence; (ii) 500 proteins in the first and second shell;
and (iii) all prediction methods enabled, except for text mining
and gene fusion. The STITCH database 5.0 [http://stitch.embl.
de] was used to identify predictive interactions among different
proteins and losartan. The parameters used were: (i) medium
degree of confidence of 0.400; (ii) ™ shell no more than ten
interactors and **°°™ shell: none; and (iii) all prediction meth-
ods enabled. The final PPI network obtained by STRING and
STITCH was analyzed in Cytoscape V.3.7.2 [28].

4 Centrality Analysis

A centrality analysis was conducted to access the most topo-
logically relevant genes and identify new pivotal targets in
the PPI network. Tree significant parameters of network cen-
tralities (node degree, closeness, and betweenness) were calcu-
lated to determine hub-bottlenecks (H-B) nodes from the PPI
network using the Cytoscape plugin CentiScaPe 3.2.1 [29].
Betweenness measures the numbers of shortest paths that pass
through a node, which are intermediate between neighbors
rank higher. Nodes with high betweenness values are consid-
ered bottlenecks [30]. Closeness Centrality identifies relevant
nodes that can communicate quickly with other nodes of the
network. Degree centrality is defined by the number of links
directly connected to a node. Nodes with high degree values
are called hubs and are involved in many network interactions
[31, 32]. Equations (1), (2), and (3) describe how the node
degree, closeness, and betweenness centralities are calculated,
respectively:

Cd(i)= deg(i), (1)
where the degree centrality is calculated by node 7 [30].
Cclo(i) :71,

2
Zf? dist(i, j) @

where dist (i, j) represents the distance or the shortest path
p between the nodes i and j [30].

L0, ()
1 = ’ 3
cli) i O 3)

where j,k (1) is the number of shortest paths between nodes j

patdhk hateass ﬁ@@gsila@ﬁiddj,k is the total number of shortest
k [33].
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5 Clustering and Gene Ontology (GO)
Analysis

The MCODE algorithm was employed to identify densely
connected regions in the final Cytoscape network [34]. The
algorithm uses a vertex-weighting scheme based on the clus-
tering coefficient, Ci, which measures ’cliquishness’ of the
neighborhood of a vertex. Equation (4) describes how the
cluster score is calculated:
2n

Ci= ,

kilki = 1) @
where ki is the vertex size of the neighborhood of vertex
i and n is the number of edges in the neighborhood [34].
The PPI modules generated by MCODE were studied by
focusing on influential bioprocesses using the Biological
Network Gene Ontology (BiNGO) 3.0.3 Cytoscape plugin
[35]. The degree of functional enrichment for a given clus-
ter and category was quantitatively assessed using a hyper-
geometric distribution. Multiple test correction was imple-
mented by applying the algorithm [36] at a significance level
of p<0.05.

6 Construction H-B Subnetwork

We selected our H-B in protein—protein interaction data from
a previously curated human interactome [37]. To generate
the subnetwork, we extracted only the H-B in the interac-
tome and its first direct neighbors. Network measures were
calculated using the Cytoscape tool Network Analyzer.
Cytoscape V.3.7.2 was used for the drawing and coloring
of both networks.

7 Molecular Pathway Reconstruction

The Cytoscape plugin PathLinker 1.4.2 [38] was employed
to identify and reconstruct the signaling pathway of inter-
est. The app computes the k shortest paths that connect any
source to any target in the network and create a table with
the shortest paths’ rank. The H-B (Fos, Hadc5, Plau, Fcerlg,
Collal, Pdgfb, Cfd) in the chemo-biology network was
selected as source and target in paths, and the protein—pro-
tein interactome [39] was used as a background network.
The parameters used in Pathlinker were: (i) k: 50 (number
of paths the user seeks); (ii) edge penalty: 1; and (iii) edge
weight: weight probabilities that consider the edge weights
as a multiplicative, resulting result in the k highest cost paths
[38].

8 Results
8.1 Networks and Topological Analysis

Gene expression analysis of the dilated aorta group resulted
in 202 DEGs (Supplement Table 1). However, the STRING
database presented data for 199 proteins for the current
input. Finally, the PPI network was composed of 1149
nodes (proteins) and 23,424 edges (interactions). Centrality
analyses were carried out to identify the most topologically
relevant H-B nodes, in which 217 were identified. Out of
these, 16 (Lgals3bp, Igf2, Lpxn, Pdgfb, Tyrobp, Myh9, Cfd,
Collal, Plau, Cendl, Fos, Acsll, Aldh3bl, Fcerlg, Hspa2,
and Dac5) are DEGs. A typical workflow employed in this
study can be found in Fig. 1.

9 Clustering and GO Analysis

Once generated, clusters were selected according to bio-
processes, mostly related to immunological processes
and the cardiovascular system. The most relevant GO
terms (Supplement Tables 3-5) were associated with the
immune system, such as (i) leukocyte activation; (ii) com-
plement activation; and (iii) chemotaxis. Additionally, the
bioprocesses related to the cardiovascular system were: (i)
heart development; (ii) myofibril assembly; (iii) positive reg-
ulation of smooth muscle cell proliferation and; (iv) striated
muscle cell differentiation. We excluded GO terms unrelated
to the studied disease or that were too general (e.g., regula-
tion of the biological process, signaling process, or response
to endogenous stimulus) and anything below a significance
value of 1073

10 H-B Subnetwork
Interactome

and Human

Different measures were calculated and compared between
the H-B subnetwork and the human interactome curated by
Menche et al. (2015) (Fig. 2a). The clustering coefficient
(Cl) indicates which nodes tend to cluster together, allowing
the detection of densely connected regions in sizeable pro-
tein—protein interaction networks. Therefore, the CI defines the
tendency of proteins to form clusters or modules in the inter-
actome [40]. The H-B subnetwork’s average clustering coef-
ficient was 0.35, higher than the human interactome (cl, 0.17)
(Fig. 2b). The subsequent analysis measured the diameter that
determines the distance between two nodes [41]. We found a
diameter of 7 for the H-B subnetwork and 13 for the human
interactome. Lastly, the average shortest path length was used
to detect the expected distance between all pairs of nodes that
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offers a measure of a network’s navigability [40]. The average
shortest path length was 2, 92 for the H-B subnetwork and 3,
58 for the human interactome. These results support that H-B
DEGs tend to locate close to each other in a specific region in
the human interactome.

11 Molecular Pathway Reconstruction

In an attempt to investigate the connections between H-B and
losartan, interaction data from the STITCH database were
used, allowing the identification of the interactions between
Fos, Collal, and losartan in the chemo-biology network
(Fig. 4a). Investigating connections between our H-B and
associated signaling pathways, we identified Fos, Smad4, and
Collal with the highest path score (Fig. 4b).

12 Discussion

This study sought to identify genes and molecular pathways
that could contribute to aortic dilatation in MPS using a sys-
tems biology approach and expression analysis. To measure
the importance of DEGs in MPS in the PPI network, we exam-
ined the network’s topological properties using centrality and
clustering analyses. The consequence of a disease phenotype
is not limited to the deficient protein, but the perturbations
that spread through connections with other proteins located
in underlying cellular networks [42—44]. Hence, systemic
approaches allow looking beyond the deficient protein that
causes lysosomal storage diseases.

Moreover, disease-associated proteins are not located ran-
domly in the interactome. Still, they tend to interact with each
other creating a disease module with perturbations result-
ing from a pool of genes associated with the disease [37,
45, 46]. In this sense, network measures of the H-B subnet-
work (Fig. 2c) indicate that our H-B tend to locate to the same
network neighborhood in the human interactome [45], which
implies that the H-B are more likely to be involved in regular
cellular functions, and its disruption results in the pathophysi-
ology of the disease [43]. Many H-Bs also were identified with
high closeness centrality value in the network (Supplement
Table 2). The model described in Network Medicine supports
our hypothesis, where proteins usually found interacting with
each other in the same illness happens more frequently than
expected by chance [37, 43, 47].

13 H-B Associated with the
Recruitmentof B Cells, Production
of Inflammatory Mediators,
Adherence and Migration Cellular

Once the disease module has been identified, we investi-
gated candidate pathways involved in cardiac dysfunction
in MPS. Genes from the immune system are frequently
related to cardiovascular diseases in MPS I and MPS VII
mice models [20, 48, 49]. The accumulation of undegraded
GAGs in the heart can trigger an inflammatory process
through the recruitment of macrophages. Macrophages
secrete enzymes that degrade the extracellular matrix
(ECM) in pathological situations, leading to aortic dilata-
tion [20, 22, 50]. In this sense, processes involving plasma
activation proteins in acute inflammation, complement
activation, B cell-mediated immunity, regulation of leu-
kocyte activation, regulation of interleukin-6 production,
and response to lipopolysaccharide were some of the GO
terms present in our protein—protein network (Supplement
Tables 3-5).

Topological analyses allow identifying proteins in
the network, which can play an essential role in a bio-
logical process [29, 31, 51]. From the H-B identi-
fied, Fcerlg, Ccndl, and Plau were overexpressed
while Fos underexpressed in dilated aortas of MPS VII
mice (Fig. 1). Fos is a well-recognized AP-1 transcrip-
tion factor with an influential role in signal transduction,
cellular proliferation, and phospholipids synthesis [52].
Macrophages lacking Fos exhibit enhanced production
of proinflammatory cytokines and increased apoptosis
[53]. The absence of Fos led to the reduction of IL-10 and
enhanced TNF and IL-6 in response to LPS [53]. Interest-
ingly, the TLR4 activation by GAG generates an inflamma-
tory response through the activation of the LPS signaling
pathway, which results in processes involving the produc-
tion of TNF and IL-6 in aortas from MPS VII mice and
dogs [18, 48]. Therefore, the downregulation of Fos could
lead to the production of inflammatory mediators associ-
ated with aortic dilatation in MPS.

Fcerlg, Plau, Ccndl, Mmp2, and Mmp3 proteins are
the first direct neighbors of Fos in the PPI-network (data
not shown), which were also genes overexpressed in the
expression analysis. Mmps are proteases with known col-
lagen and elastase activity, resulting in aortic dilatation in
MPS [21]. In this sense, the H-B Plau, a plasminogen acti-
vator urokinase, controls ECM by activating Mmps by con-
verting plasminogen into plasmin, regulating cell migra-
tion and adhesion in inflammatory processes [21, 54].
Besides, the recruitment of B cells involves Fcerlg, which
encodes the Fc receptor, and its depletion reduces the
infarct region in mice [55, 56]. Cardiac alterations are also
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related to the overexpression of Ccndl that triggers the
hyperplasia of cardiomyocytes in the embryonic mutant
hearts [57] and cardiac hypertrophy in rats [58]. There-
fore, the proteins mentioned above interact directly with
each other, are located in the disease module indicated by
our topological measures (Fig. 2c), share inflammatory
bioprocesses involved in aortic dilatation in MPS. Fig-
ure 3a summarizes the suggested mechanism for such
interaction.

14 Complement Activation and
Lipid Accumulation

GAGs can directly activate complement proteins C3 and
C5 through the signal transduction of TLR4 [20, 59]. The
H-B complement factor D (Cfd) was overexpressed in aortic
dilatation. Cfd is essential for activation of the complement
system’s alternative pathway, and it is considered a risk
marker for coronary heart disease [60]. The contribution
of Cfd in the emergence of cardiac abnormalities may be
associated with a pathologic process that leads directly to
elastin fragmentation or indirectly produces aortic dilatation
in MPS VII [20].

Moreover, cardiomyopathies are related to the accumula-
tion of lipids in the heart [61]. The H-B Cfd is inversely cor-
related with HDL cholesterol ratio, positively associated with
insulin levels, glucose, and diastolic pressure [60], which
are bioprocesses identified in our GO analyses (Supplement
Tables 3-5). In this sense, the H-B Acsl1, found overex-
pressed in aortic dilatation in mice (Fig. 1), catalyzes the
conversion of long-chain fatty acids into acyl-coAs [61].
Expression of Acsl1 was increased in patients’ peripheral
blood with acute myocardial infarction, which can be con-
sidered a molecular marker for this condition [62]. The H-B
Cfd and Acsll suggest functional relations between activa-
tion of the complement system and lipid accumulation, nec-
essary conditions found in heart dysfunction [63] (Fig. 3b).
Overexpression of Cfd in the aortic tissue contributes to
cardiac remodeling during the inflammatory process and,
together with Acsll, may be associated with marked lipid
accumulation in aortic dilatation [20, 60, 64].

15 Cardiovascular
Remodelingand
Deposition of Collagen

During the cardiac tissue’s morphogenesis and mainte-
nance, an adequate balance between ECM degradation and
synthesis is required since the lack of control in the ECM
maintenance can lead to cardiac dilatation [65]. While
the Collal and Pdgfb were overexpressed, Hdac5 was
underexpressed in dilated aortas. Collagen, type I, alpha 1

(Collal), was associated with heart dysfunction in a heart
failure rat model when overexpressed [66]. In mice, both
mRNA and protein expression of Collal and Mmps in heart
tissues were enhanced by continuous infusion of angiotensin
II, whereas cardiac fibrosis was attenuated by angiotensin
IT type I receptor blockade. Therefore, effects, such as the
increase of collagen deposition in the mouse heart, by angio-
tensin II were inhibited with losartan [67, 68].

Furthermore, the overexpression of the Pdgfb in trans-
genic mice was associated with fibrosis and cardiac
hypertrophy [69]. The increase of hypertrophy also was
seen in response to pressure overload in knockout mice
for Hdac5 [70]. In this sense, the H-B Hdac5 was observed to
repress the expression of genes that promote cardiac hyper-
trophy [71] (Fig. 3c¢). Xu and collaborators demonstrated
that Hdac2 was overexpressed, and the Hdac5 and Hdac9
down-regulated in the myocardial hypertrophy rat model.
However, differences in expression levels were attenuated
with valsartan use, causing a reduction of myocardial hyper-
trophy compared with controls [72].

Interestingly, it has been demonstrated that the use of
another angiotensin II type 1 receptor antagonist, such as
losartan, can reduce aortic dilation and normalize cardiac
hypertrophy in mice MPS 1 [22, 73]. Therefore, the data
suggest a possible perturbation in the interactions between
the H-B located in a specific region of the human interac-
tome, culminating in hypertrophy and dilation of the aorta in
MPS. The modulation of expression of these genes could be
further investigated as potential targets involved in losartan’s
therapeutic effect in MPS [72].

16 Angiotensin Receptor Blockade and H-B

Losartan is a blocker of the angiotensin receptor that has
been shown to improve aortic dilation in MPS I mice [22].
Data from the STITCH database showed losartan interac-
tions with Fos and Collal (Fig. 4a), which is interesting
since treatment with losartan causes a decreased expression
of Col1al mRNA in atrial myocyte and fibroblast from mice
[74, 75]. Besides, Fos levels are increased in the paraven-
tricular nuclei in the rat brain after losartan administration
[76].

The beneficial effects of losartan are supposedly by
antagonism of transforming growth factor TGF-f [22].
TGF-p is one pathway of multiple transcriptional pro-
grams with effects in ECM homeostasis, vascular remode-
ling, blood pressure regulation, and immune response [77].
TGF-p can modulate the expression of the transcription
factor Fos and the corepressor Hdac5 through Ras/ERK/
MAPK signaling [78, 79]. Positive regulation of MAP-
KKK and regulation of ERK1 and ERK2 cascade were
identified by GO analysis in clusters encompassing these
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proteins (Supplement Tables 3—4). Moreover, TGF-$ and
BMP signaling exerts crosstalk with cytokine signaling
and induces JAK-STAT signaling [80]. Markers associated
with elastin fragmentation and aortic dilation are prob-
ably overexpressed with the activation of STAT proteins,
induced by the accumulation of GAGs in lysosomes [21].
JAK-STAT cascade and STAT proteins are seen in cluster
3 (Supplement Table 5).

Investigating connections between our H-B and their
associated signaling pathways, we identified Fos, Smad4,
and Collal with the highest path score (Fig. 4b). Smad4
is a member of signal transduction proteins activated by
TGF-b family receptors and coreceptors family as BMP
ligands. Smad4 forms complexes that translocate to the
nucleus to control target genes’ activity [80, 81]. Smad4
is essential for cardiac mesoderm formation in human
embryonic stem cells, and the knockout in mouse cardio-
myocytes results in cardiac hypertrophy and heart failure
[82, 83]. Therefore, our data indicate that the association
between the TGF-b signaling pathway, Fos, and Collal
proteins could play an essential role in the pathophysi-
ology of aortic dilation in MPS VII and its subsequent
improvement by losartan treatment in MPS I [22].

17 Conclusion

This work allowed the refining and prediction of genes
with potential involvement in aortic dilatation in MPS VII
through network analysis. We identified candidate genes
with potential contributions to the aortic dilatation in MPS
VII with a systemic approach to gene expression data by
the PPI and chemo-biology network. Moreover, pathways
involved in cardiac remodeling during the inflammatory
process, deposition of collagen, and lipid accumulation
affect the cardiac tissue’s morphogenesis and maintenance
in the MPS I and VII. The scarcity of expression data in
databases has generated few studies focusing on MPS until
now. However, the limitation of available expression data
can be partially solved using system biology strategies that
may provide a better understanding of the pathophysio-
logical mechanisms underlying these disorders, allowing
them to investigate new therapeutic approaches.

Author Contributions TC, BCF, and UM conceived and designed the
study, TC and BCF formal analysis, data curation, and wrote the manu-
script. EG and GB helped in analyzing data. UM, and BCF revised
the manuscript. All authors read and approved the final version of the
manuscript.

Funding T.C. was supported by Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnologico (CNPq). B.C.F. was also supported by
CNPq (151680/2019-1).

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Giugliani R (2012) Mucopolysacccharidoses: From understanding
to treatment, a century of discoveries. Genet Mol Biol 35:924—
931. https://doi.org/10.1590/S1415-47572012000600006

2. Stapleton M, Arunkumar N, Kubaski F et al (2018) Clinical pres-
entation and diagnosis of mucopolysaccharidoses. Mol Genet
Metab 125:4-17. https://doi.org/10.1016/j.ymgme.2018.01.003

3. Muenzer J (2004) The mucopolysaccharidoses: a heterogeneous
group of disorders with variable pediatric presentations. J Pediatr
144:27-34. https://doi.org/10.1016/j.jpeds.2004.01.052

4. Stapleton M, Hoshina H, Sawamoto K et al (2019) Critical review
of current MPS guidelines and management. Mol Genet Metab
126:238-245. https://doi.org/10.1016/j.ymgme.2018.07.001

5. Matte U, Yogalingam G, Brooks D et al (2003) Identification
and characterization of 13 new mutations in mucopolysaccha-
ridosis type I patients. Mol Genet Metab 78:37—43. https://doi.
0rg/10.1016/S1096-7192(02)00200-7

6. Yogalingam G, Guo X-H, Muller VJ et al (2004) Identification
and molecular characterization of alpha-L-iduronidase muta-
tions present in mucopolysaccharidosis type I patients undergo-
ing enzyme replacement therapy. Hum Mutat 24:199-207. https
://doi.org/10.1002/humu.20081

7. Pollard LM, Jones JR, Wood TC (2013) Molecular charac-
terization of 355 mucopolysaccharidosis patients reveals 104
novel mutations. J Inherit Metab Dis 36:179—187. https://doi.
org/10.1007/s10545-012-9533-7

8. Lin HY, Lin SP, Chuang CK et al (2005) Mucopolysaccharidosis
I under enzyme replacement therapy with laronidase—a mortality
case with autopsy report. J Inherit Metab Dis 28:1146—1148. https
://doi.org/10.1007/s10545-005-0211-x

9. Martins AM, Dualibi AP, Norato D et al (2009) Guidelines for the
management of mucopolysaccharidosis type 1. J Pediatr. https://
doi.org/10.1016/j.jpeds.2009.07.005

10. Imundo L, LeDuc CA, Guha S et al (2011) A complete deficiency
of Hyaluronoglucosaminidase 1 (HYAL1) presenting as familial
juvenile idiopathic arthritis. J Inherit Metab Dis 34:1013-1022.
https://doi.org/10.1007/s10545-011-9343-3

11. Poswar FdO, de Souza CFM, Giugliani R, Baldo G (2019) Aortic
root dilatation in patients with mucopolysaccharidoses and the
impact of enzyme replacement therapy. Heart Vessels 34:290—
295. https://doi.org/10.1007/s00380-018-1242-1

12. Braunlin EA, Harmatz PR, Scarpa M et al (2011) Cardiac disease
in patients with mucopolysaccharidosis: presentation, diagnosis
and management. J Inherit Metab Dis 34:1183—1197. https://doi.
org/10.1007/s10545-011-9359-8

13. Bolourchi M, Renella P, Wang RY (2016) Aortic root dilatation
in mucopolysaccharidosis I-VII. Int J Mol Sci 17:3-9. https://doi.
org/10.3390/ijms17122004

14. Bigg PW, Baldo G, Sleeper MM et al (2013) Pathogenesis of
mitral valve disease in mucopolysaccharidosis VII dogs. Mol
Genet Metab 110:319-328. https://doi.org/10.1016/j.ymgme
.2013.06.013

15. Jurecka A, Tylki-Szymanska A (2015) Enzyme replacement ther-
apy: lessons learned and emerging questions. Expert Opin Orphan
Drugs 3:293-305. https://doi.org/10.1517/21678707.2015.10174
69

66


https://doi.org/10.1590/S1415-47572012000600006
https://doi.org/10.1016/j.ymgme.2018.01.003
https://doi.org/10.1016/j.jpeds.2004.01.052
https://doi.org/10.1016/j.ymgme.2018.07.001
https://doi.org/10.1016/S1096-7192(02)00200-7
https://doi.org/10.1016/S1096-7192(02)00200-7
https://doi.org/10.1002/humu.20081
https://doi.org/10.1002/humu.20081
https://doi.org/10.1007/s10545-012-9533-7
https://doi.org/10.1007/s10545-012-9533-7
https://doi.org/10.1007/s10545-005-0211-x
https://doi.org/10.1007/s10545-005-0211-x
https://doi.org/10.1016/j.jpeds.2009.07.005
https://doi.org/10.1016/j.jpeds.2009.07.005
https://doi.org/10.1007/s10545-011-9343-3
https://doi.org/10.1007/s00380-018-1242-1
https://doi.org/10.1007/s10545-011-9359-8
https://doi.org/10.1007/s10545-011-9359-8
https://doi.org/10.3390/ijms17122004
https://doi.org/10.3390/ijms17122004
https://doi.org/10.1016/j.ymgme.2013.06.013
https://doi.org/10.1016/j.ymgme.2013.06.013
https://doi.org/10.1517/21678707.2015.1017469
https://doi.org/10.1517/21678707.2015.1017469

42 Interdisciplinary Sciences: Computational Life Sciences (2021) 13:34-43

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Baldo G, Tavares AMV, Gonzalez E et al (2017) Progressive heart
disease in mucopolysaccharidosis type I mice may be mediated by
increased cathepsin B activity. Cardiovasc Pathol 27:45-50. https
://doi.org/10.1016/j.carpath.2017.01.001

Lew WYW, Bayna E, Molle ED et al (2013) Recurrent expo-
sure to subclinical lipopolysaccharide increases mortality and
induces cardiac fibrosis in mice. PLoS ONE 8:1-11. https://doi.
org/10.1371/journal.pone.0061057

Simonaro CM, D’Angelo M, He X et al (2008) Mechanism of
glycosaminoglycan-mediated bone and joint disease: implica-
tions for the mucopolysaccharidoses and other connective tissue
diseases. Am J Pathol 172:112—122. https://doi.org/10.2353/ajpat
h.2008.070564

Ausseil J, Desmaris N, Bigou S et al (2008) Early neurodegenera-
tion progresses independently of microglial activation by heparan
sulfate in the brain of mucopolysaccharidosis I1IB mice. PLoS
ONE. https://doi.org/10.1371/journal.pone.0002296

Baldo G, Wu S, Howe RA et al (2011) Pathogenesis of aortic
dilatation in mucopolysaccharidosis VII mice may involve com-
plement activation. Mol Genet Metab 104:608—619. https://doi.
org/10.1016/j.ymgme.2011.08.018

Ma X, Tittiger M, Knutsen RH et al (2008) Upregulation of
elastase proteins results in aortic dilatation in mucopolysac-
charidosis 1 mice. Mol Genet Metab 94:298-304. https://doi.
org/10.1016/j.ymgme.2008.03.018

Gonzalez EA, Tavares AMV, Poletto E et al (2017) Losartan
improves aortic dilatation and cardiovascular disease in muco-
polysaccharidosis 1. J Inherit Metab Dis 40:311-312. https://doi.
org/10.1007/510545-017-0014-x

Sean D, Meltzer PS (2007) GEOquery: a bridge between the Gene
Expression Omnibus (GEO) and BioConductor. Bioinformatics
23:1846—1847. https://doi.org/10.1093/bioinformatics/btm254
Du P, Kibbe WA, Lin SM (2008) lumi: a pipeline for processing
Illumina microarray. Bioinformatics 24:1547—1548. https://doi.
org/10.1093/bioinformatics/btn224

Dunning MJ, Smith ML, Ritchie ME, Tavaré S (2007) Beadarray:
R classes and methods for Illumina bead-based data. Bioinformat-
ics 23:2183-2184. https://doi.org/10.1093/bioinformatics/btm311
Kauffmann A, Gentleman R, Huber W (2009) arrayQualityMet-
rics—a bioconductor package for quality assessment of micro-
array data. Bioinformatics 25:415-416. https://doi.org/10.1093/
bioinformatics/btn647

Smyth GK (2005) limma: Linear models for microarray data. In:
Gentleman R, Carey VJ, Huber W, Irizarry RA, Dudoit S (eds)
Bioinformatics and computational biology solutions using R and
Bioconductor. Springer, New York, pp 397420

Shannon P, Markiel A, Ozier O et al (2003) Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res. https://doi.org/10.1101/gr.1239303.metab
olite

Scardoni G, Petterlini M, Laudanna C (2009) Analyzing biological
network parameters with CentiScaPe. Bioinformatics 25:2857—
2859. https://doi.org/10.1093/bioinformatics/btp517

Pavlopoulos GA, Secrier M, Moschopoulos CN et al (2011) Using
graph theory to analyze biological networks. BioData Min 4:1-27.
https://doi.org/10.1186/1756-0381-4-10

Yu H, Kim PM, Sprecher E et al (2007) The importance of bot-
tlenecks in protein networks: correlation with gene essentiality
and expression dynamics. PLoS Comput Biol 3:713-720. https://
doi.org/10.1371/journal.pcbi.0030059

Menche J, Guney E, Sharma A et al (2017) Integrating personal-
ized gene expression profiles into predictive disease-associated
gene pools. NPJ Syst Biol Appl. https://doi.org/10.1038/s4154
0-017-0009-0

Kitsak M, Havlin S, Paul G et al (2007) Betweenness centrality
of fractal and nonfractal scale-free model networks and tests on

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

real networks. Phys Rev E 75:5. https://doi.org/10.1103/PhysR
evE.75.056115

Bader GD, Hogue CWV (2003) An automated method
for finding molecular complexes in large protein interac-
tion networks. BMC Bioinformatics 4:1-27. https://doi.
org/10.1186/1471-2105-4-2

Maere S, Heymans K, Kuiper M (2005) BiNGO: a cytoscape
plugin to assess overrepresentation of gene ontology categories
in biological networks. Bioinformatics 21:3448-3449. https://doi.
org/10.1093/bioinformatics/bti551

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical approach to multiple testing. J Royal Stat Soc B
57:289-300. https://www jstor.org/stable/2346101

Menche J, Sharma A, Kitsak M et al (2015) Uncovering disease-
disease relationships through the incomplete interactome. Science
(80-) 347:841. https://doi.org/10.1126/science.1257601

urali TM, Gil DP, Law JN (2017) The PathLinker app: Connect
the dots in protein interaction networks. F1000Research 6:58
Ritz A, Poirel CL, Tegge AN et al (2016) Pathways on demand:
automated reconstruction of human signaling networks. NPJ Syst
Biol Appl. https://doi.org/10.1038/npjsba.2016.2

Barabasi AL, Oltvai ZN (2004) Network biology: Understanding
the cell’s functional organization. Nat Rev Genet 5:101-113. https
://doi.org/10.1038/nrg1272

Watts DJ, Strogatz SH (1998) Strogatz - small world network
Nature. Nature 393:440—442

Schadt EE (2009) Molecular networks as sensors and drivers
of common human diseases. Nature 461:218-223. https://doi.
org/10.1038/nature08454

Barabasi AL, Gulbahce N, Loscalzo J (2011) Network medicine: a
network-based approach to human disease. Nat Rev Genet 12:56—
68. https://doi.org/10.1038/nrg2918

Caldera M, Buphamalai P, Miiller F, Menche J (2017) Interac-
tome-based approaches to human disease. Curr Opin Syst Biol
3:88-94. https://doi.org/10.1016/j.coisb.2017.04.015

Woidy M, Muntau AC, Gersting SW (2018) Inborn errors
of metabolism and the human interactome: a systems medi-
cine approach. J Inherit Metab Dis 41:285-296. https://doi.
0rg/10.1007/s10545-018-0140-0

I1 GK, Cusick ME, Valle D et al (2007) The human disease net-
work. Proc Natl Acad Sci U S A 104:8685-8690. https://doi.
org/10.1073/pnas.0701361104

Feldman I, Rzhetsky A, Vitkup D (2008) Network properties of
genes harboring inherited disease mutations. Proc Natl Acad Sci
U S A 105:4323-4328. https://doi.org/10.1073/pnas.0701722105
Metcalf JA, Linders B, Wu S et al (2010) Upregulation of elastase
activity in aorta in mucopolysaccharidosis I and VII dogs may be
due to increased cytokine expression. Mol Genet Metab 99:396—
407. https://doi.org/10.1016/j.ymgme.2009.12.003

Khalid O, Vera MU, Gordts PL et al (2016) Immune-mediated
inflammation may contribute to the pathogenesis of cardio-
vascular disease in mucopolysaccharidosis Type 1. PLoS ONE
11:e0150850. https://doi.org/10.1371/journal.pone.0150850
Sleeper MM, Fornasari B, Ellinwood NM et al (2004) Gene
therapy ameliorates cardiovascular disease in dogs with muco-
polysaccharidosis VII. Circulation 110:815-820. https://doi.
org/10.1161/01.CIR.0000138747.82487.4B

Newman MEJ (2006) Modularity and community structure
in networks. Proc Natl Acad Sci 103:8577-8582. https://doi.
org/10.1073/pnas.0601602103

Alfonso Pecchio AR, Cardozo Gizzi AM, Renner ML et al (2011)
c-Fos activates and physically interacts with specific enzymes of
the pathway of synthesis of polyphosphoinositides. Mol Biol Cell
22:4716-4725. https://doi.org/10.1091/mbc.E11-03-0259
Maruyama K, Sano GI, Ray N et al (2007) C-fos-deficient mice
are susceptible to Salmonella enterica serovar typhimurium

67


https://doi.org/10.1016/j.carpath.2017.01.001
https://doi.org/10.1016/j.carpath.2017.01.001
https://doi.org/10.1371/journal.pone.0061057
https://doi.org/10.1371/journal.pone.0061057
https://doi.org/10.2353/ajpath.2008.070564
https://doi.org/10.2353/ajpath.2008.070564
https://doi.org/10.1371/journal.pone.0002296
https://doi.org/10.1016/j.ymgme.2011.08.018
https://doi.org/10.1016/j.ymgme.2011.08.018
https://doi.org/10.1016/j.ymgme.2008.03.018
https://doi.org/10.1016/j.ymgme.2008.03.018
https://doi.org/10.1007/s10545-017-0014-x
https://doi.org/10.1007/s10545-017-0014-x
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1093/bioinformatics/btn224
https://doi.org/10.1093/bioinformatics/btn224
https://doi.org/10.1093/bioinformatics/btm311
https://doi.org/10.1093/bioinformatics/btn647
https://doi.org/10.1093/bioinformatics/btn647
https://doi.org/10.1101/gr.1239303.metabolite
https://doi.org/10.1101/gr.1239303.metabolite
https://doi.org/10.1093/bioinformatics/btp517
https://doi.org/10.1186/1756-0381-4-10
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1371/journal.pcbi.0030059
https://doi.org/10.1038/s41540-017-0009-0
https://doi.org/10.1038/s41540-017-0009-0
https://doi.org/10.1103/PhysRevE.75.056115
https://doi.org/10.1103/PhysRevE.75.056115
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1093/bioinformatics/bti551
https://www.jstor.org/stable/2346101
https://doi.org/10.1126/science.1257601
https://doi.org/10.1038/npjsba.2016.2
https://doi.org/10.1038/nrg1272
https://doi.org/10.1038/nrg1272
https://doi.org/10.1038/nature08454
https://doi.org/10.1038/nature08454
https://doi.org/10.1038/nrg2918
https://doi.org/10.1016/j.coisb.2017.04.015
https://doi.org/10.1007/s10545-018-0140-0
https://doi.org/10.1007/s10545-018-0140-0
https://doi.org/10.1073/pnas.0701361104
https://doi.org/10.1073/pnas.0701361104
https://doi.org/10.1073/pnas.0701722105
https://doi.org/10.1016/j.ymgme.2009.12.003
https://doi.org/10.1371/journal.pone.0150850
https://doi.org/10.1161/01.CIR.0000138747.82487.4B
https://doi.org/10.1161/01.CIR.0000138747.82487.4B
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1091/mbc.E11-03-0259

Interdisciplinary Sciences: Computational Life Sciences (2021) 13:34-43

43

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

infection. Infect Immun 75:1520-1523. https://doi.org/10.1128/
1A1.01316-06

Alfano D, Franco P, Vocca I et al (2005) The urokinase plasmi-
nogen activator and its receptor role in cell growth and apoptosis.
Thromb Haemost 93:205-211. https://doi.org/10.1160/TH04
Takaya N, Katoh Y, Iwabuchi K et al (2005) Platelets activated by
collagen through the immunoreceptor tyrosine-based activation
motif in the Fc receptor y-chain play a pivotal role in the devel-
opment of myocardial ischemia-reperfusion injury. J Mol Cell
Cardiol 39:856-864. https://doi.org/10.1016/j.yjmcc.2005.07.006
Srikakulapu P, Hu D, Yin C et al (2016) Artery tertiary lymphoid
organs control multilayered territorialized atherosclerosis B-cell
responses in Aged ApoE-/- mice. Arterioscler Thromb Vasc Biol
36:1174-1185. https://doi.org/10.1161/ATVBAHA.115.306983
Araujo AC, Marques S, Belo JA (2014) Targeted inactivation
of cerberus like-2 leads to left ventricular cardiac hyperplasia
and systolic dysfunction in the mouse. PLoS ONE. https://doi.
org/10.1371/journal.pone.0102716

Giraud MN, Fliick M, Zuppinger C, Suter TM (2005) Expres-
sional reprogramming of survival pathways in rat cardiocytes
by neuregulin-18. J Appl Physiol 99:313-322. https://doi.
org/10.1152/japplphysiol.00609.2004

Hajishengallis G, Lambris JD (2010) Crosstalk pathways between
toll-like receptors and the complement system. Trends Immunol
31:154-163. https://doi.org/10.1016/.it.2010.01.002

Prentice RL, Zhao S, Johnson M et al (2013) Proteomic risk mark-
ers for coronary heart disease and stroke: validation and mediation
of randomized trial hormone therapy effects on these diseases.
Genome Med. https://doi.org/10.1186/gm517

Chiu HC, Kovacs A, Ford DA et al (2001) A novel mouse model
of lipotoxic cardiomyopathy. J Clin Invest 107:813—822. https://
doi.org/10.1172/JC110947

Boyle EA, Li Y1, Pritchard JK (2017) An expanded view of com-
plex traits: from polygenic to omnigenic. Cell 169:1177-1186.
https://doi.org/10.1016/j.cell.2017.05.038

Goldberg 1J, Trent CM, Schulze PC (2012) Lipid metabolism
and toxicity in the heart. Cell Metab 15:805-812. https://doi.
org/10.1016/j.cmet.2012.04.006

Yang L, Yang Y, Si D et al (2017) High expression of long
chain acyl-coenzyme a synthetase 1 in peripheral blood may be
a molecular marker for assessing the risk of acute myocardial
infarction. Exp Ther Med 14:4065—4072. https://doi.org/10.3892/
etm.2017.5091

Cleutjens JPM, Creemers EEJM (2002) Integration of con-
cepts: cardiac extracellular matrix remodeling after myocar-
dial infarction. J Card Fail 8:344-348. https://doi.org/10.1054/
jcaf.2002.129261

Yim J, Cho H, Rabkin SW (2018) Gene expression and gene asso-
ciations during the development of heart failure with preserved
ejection fraction in the Dahl salt sensitive model of hypertension.
Clin Exp Hypertens 40:155-166. https://doi.org/10.1080/10641
963.2017.1346113

Tian HP, Sun YH, He L et al (2018) Single-stranded DNA-binding
protein 1 abrogates cardiac fibroblast proliferation and collagen
expression induced by angiotensin II. Int Heart J 59:1398-1408.
https://doi.org/10.1536/ihj.17-650

Siddesha JM, Valente AJ, Sakamuri SSVP et al (2013) Angioten-
sin II stimulates cardiac fibroblast migration via the differential
regulation of matrixins and RECK. J Mol Cell Cardiol 65:9-18.
https://doi.org/10.1016/j.yjmcec.2013.09.015

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Gallini R, Lindblom P, Bondjers C et al (2016) PDGF-A and
PDGF-B induces cardiac fibrosis in transgenic mice. Exp Cell
Res 349:282-290. https://doi.org/10.1016/j.yexcr.2016.10.022
Chang S, McKinsey TA, Zhang CL et al (2004) Histone dea-
cetylases 5 and 9 govern responsiveness of the heart to a sub-
set of stress signals and play redundant roles in heart develop-
ment. Mol Cell Biol 24:8467-8476. https://doi.org/10.1128/
mcb.24.19.8467-8476.2004

Monovich L, Koch KA, Burgis R et al (2009) Suppression of
HDAC nuclear export and cardiomyocyte hypertrophy by novel
irreversible inhibitors of CRM1. Biochim Biophys Acta Gene
Regul Mech 1789:422-431. https://doi.org/10.1016/j.bbagr
m.2009.04.001

Xu WP, Yao TQ, Jiang YB et al (2015) Effect of the angiotensin ii
receptor blocker valsartan on cardiac hypertrophy and myocardial
histone deacetylase expression in rats with aortic constriction. Exp
Ther Med 9:2225-2228. https://doi.org/10.3892/etm.2015.2374
Osborn MJ, Webber BR, McElmurry RT et al (2017) Angiotensin
receptor blockade mediated amelioration of mucopolysaccharido-
sis type I cardiac and craniofacial pathology. J Inherit Metab Dis
40:281-289. https://doi.org/10.1007/s10545-016-9988-z

Chen Y, Lasaitiene D, Gabrielsson BG et al (2004) Neonatal losar-
tan treatment suppresses renal expression of molecules involved
in cell-cell and cell-matrix interactions. J Am Soc Nephrol
15:1232-1243. https://doi.org/10.1097/01.ASN.0000123690
.75029.3F

Tsai CT, Lai LP, Hwang JJ et al (2008) Renin-angiotensin system
component expression in the HL-1 atrial cell line and in a pig
model of atrial fibrillation. J Hypertens 26:570-582. https://doi.
org/10.1097/HJH.0b013e3282f34a4a

Crews EC, Rowland NE (2005) Role of angiotensin in body fluid
homeostasis of mice: effect of losartan on water and NaCl intakes.
Am J Physiol Regul Integr Comp Physiol 288:638—644. https://
doi.org/10.1152/ajpregu.00525.2004

Zacchigna L, Vecchione C, Notte A et al (2006) Emilinl links
TGF-B maturation to blood pressure homeostasis. Cell 124:929—
942. https://doi.org/10.1016/j.cell.2005.12.035

Kang JS, Alliston T, Delston R, Derynck R (2005) Repression
of Runx2 function by TGF-f through recruitment of class II his-
tone deacetylases by Smad3. EMBO J 24:2543-2555. https://doi.
org/10.1038/sj.emboj.7600729

Molina JR, Adjei AA (2006) The Ras/Raf/MAPK path-
way. J Thorac Oncol 1:7-9. https://doi.org/10.1016/s1556
-0864(15)31506-9

Derynck R, Budi EH (2019) Specificity, versatility, and control of
TGF-b family signaling. Sci Signal. https://doi.org/10.1126/scisi
gnal.aav5183

Massagué J, Seoane J, Wotton D (2005) Smad transcription fac-
tors. Genes Dev 19:2783-2810. https://doi.org/10.1101/gad.13507
05

Wang J, Xu N, Feng X et al (2005) Targeted disruption of Smad4
in cardiomyocytes results in cardiac hypertrophy and heart fail-
ure. Circ Res 97:821-828. https://doi.org/10.1161/01.RES.00001
85833.42544.06

Xu J, Gruber PJ, Chien KR (2019) SMADA4 is essential for human
cardiac mesodermal precursor cell formation. Stem Cells 37:216—
225. https://doi.org/10.1002/stem.2943

68


https://doi.org/10.1128/IAI.01316-06
https://doi.org/10.1128/IAI.01316-06
https://doi.org/10.1160/TH04
https://doi.org/10.1016/j.yjmcc.2005.07.006
https://doi.org/10.1161/ATVBAHA.115.306983
https://doi.org/10.1371/journal.pone.0102716
https://doi.org/10.1371/journal.pone.0102716
https://doi.org/10.1152/japplphysiol.00609.2004
https://doi.org/10.1152/japplphysiol.00609.2004
https://doi.org/10.1016/j.it.2010.01.002
https://doi.org/10.1186/gm517
https://doi.org/10.1172/JCI10947
https://doi.org/10.1172/JCI10947
https://doi.org/10.1016/j.cell.2017.05.038
https://doi.org/10.1016/j.cmet.2012.04.006
https://doi.org/10.1016/j.cmet.2012.04.006
https://doi.org/10.3892/etm.2017.5091
https://doi.org/10.3892/etm.2017.5091
https://doi.org/10.1054/jcaf.2002.129261
https://doi.org/10.1054/jcaf.2002.129261
https://doi.org/10.1080/10641963.2017.1346113
https://doi.org/10.1080/10641963.2017.1346113
https://doi.org/10.1536/ihj.17-650
https://doi.org/10.1016/j.yjmcc.2013.09.015
https://doi.org/10.1016/j.yexcr.2016.10.022
https://doi.org/10.1128/mcb.24.19.8467-8476.2004
https://doi.org/10.1128/mcb.24.19.8467-8476.2004
https://doi.org/10.1016/j.bbagrm.2009.04.001
https://doi.org/10.1016/j.bbagrm.2009.04.001
https://doi.org/10.3892/etm.2015.2374
https://doi.org/10.1007/s10545-016-9988-z
https://doi.org/10.1097/01.ASN.0000123690.75029.3F
https://doi.org/10.1097/01.ASN.0000123690.75029.3F
https://doi.org/10.1097/HJH.0b013e3282f34a4a
https://doi.org/10.1097/HJH.0b013e3282f34a4a
https://doi.org/10.1152/ajpregu.00525.2004
https://doi.org/10.1152/ajpregu.00525.2004
https://doi.org/10.1016/j.cell.2005.12.035
https://doi.org/10.1038/sj.emboj.7600729
https://doi.org/10.1038/sj.emboj.7600729
https://doi.org/10.1016/s1556-0864(15)31506-9
https://doi.org/10.1016/s1556-0864(15)31506-9
https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1161/01.RES.0000185833.42544.06
https://doi.org/10.1161/01.RES.0000185833.42544.06
https://doi.org/10.1002/stem.2943

3.3. Capitulo III: Corréa T, Poswar F and Santos-Rebougcas CB (2021) Convergent
molecular mechanisms underlying cognitive impairment in mucopolysaccharidosis type II.

Metab Brain Dis. https://doi.org/10.1007/s11011-021-00872-8

69


https://doi.org/10.1007/s11011-021-00872-8

Metabolic Brain Disease

ORIGINAL ARTICLE M)

Check for
updates

Convergent molecular mechanisms underlying cognitive impairmentin
mucopolysaccharidosis type 11

Thiago Corréa' @ - Fabiano Poswar? @ - Cintia B. Santos-Reboucas?

Received: 3 September 2021 / Accepted: 2 November 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Mucopolysaccharidosis type II (MPS 1I) is a lysosomal storage disorder caused by pathogenic variants in the iduronate- 2-
sulfatase gene (IDS), responsible for the degradation of glycosaminoglycans (GAGs) heparan and dermatan sulfate. IDS
enzyme deficiency results in the accumulation of GAGs within cells and tissues, including the central nervous system (CNS).
The progressive neurological outcome in a representative number of MPSII patients (neuronopathic form) involves cogni-
tive impairment, behavioral difficulties, and regression in developmental milestones. In an attempt to dissect part of the
influence of axon guidance instability over the cognitive impairment presentation in MPS II, we used brain expression data,
network propagation, and clustering algorithm to prioritize in the human interactome a disease module associated with the
MPS 1II context. We identified new candidate genes and pathways that act in focal adhesion, integrin cell surface, laminin
interactions, ECM proteoglycans, cytoskeleton, and phagosome that converge into functional mechanisms involved in early
neural circuit formation defects and could indicate clues about cognitive impairment in patients with MPSII. Such molecular
changes during neurodevelopment may precede the morphological and clinical evidence, emphasizing the importance of an
early diagnosis and directing the development of potential drug leads. Furthermore, our data also support previous hypotheses
pointing to shared pathogenic mechanisms in some neurodegenerative diseases.

Keywords MPS II - Cognitive impairment - Axon guidance - Extracellular matrix - Signaling pathways

Introduction

Mucopolysaccharidosis type 11 (MPS II; Hunter syndrome;
OMIM 309900) is a rare X-linked lysosomal storage disorder
caused by pathogenic variants in the iduronate-2-sulfatase
gene (IDS), responsible for the degradation of the glycosa-
minoglycans (GAGs) heparan and dermatan sulfate (Beck
2011). Deficiency of enzyme activity results in the accumu-
lation of partially digested GAGs within cells and tissues,
including the central nervous system (CNS) (Beck 2011).
Hunter syndrome is the most frequent type of MPS in Brazil
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(Josahkian et al. 2021b), with an incidence of 1/92,000 to
1/500,000 live births, depending on the geographical loca-
tion (Wraith et al. 2008; Kingma et al. 2015; Mohamed et al.
2020). The IDS gene, located at Xq28, contains nine exons
that covering approximately 24 kb (Wilson et al. 1993).
More than 670 IDS pathogenic variants have been registered
in the Human Gene Mutation Database, including missense,
nonsense and splicing variants, as well as indels, gross dele-
tions, and complex rearrangements (HGMD, 2021).

The huge molecular heterogeneity of IDS variants
partially explains the clinical variability in individuals
with MPS II, which present multisystemic and progressive
symptoms (Mohamed et al. 2020). The main clinical
manifestations include short stature, hepatosplenomegaly,
umbilical/inguinal hernias, skeletal abnormalities, upper
respiratory tract dysfunction and recurrent respiratory
infections, cardiac valve disease, and neurological
dysfunctions, such as carpal tunnel syndrome,
hydrocephalus, deafness, and spinal cord compression
(Beck 2011; Giugliani et al. 2014; Whiteman and Kimura
2017). The onset of symptoms occurs between 12 to
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18 months (severe form) or from 2 to 4 years old (attenuated
form) (Wraith et al. 2008). Severe forms can be caused by
a change in the tertiary structure of the IDS protein with
loss of IDS enzyme activity, while pathogenic variants in
attenuated forms tend to affect partially the protein structure
with the maintenance of residual enzyme activity (Kato
et al. 2005; Mohamed et al. 2020). However, it should
be noted that clinically, enzymatic activity is not reliable
to differentiate the severe form from the attenuated one,
as also seen in MPSI. Moreover, it is difficult to predict
the phenotype in MPS II. For example, large structural
alterations are frequently described in patients with a
more severe clinical presentation, while single base pair
substitutions are involved with a broad spectrum of disease
severity (Kosuga et al. 2016; Josahkian et al. 2021a).

There are two clinical forms in MPS 11, according to the
presence or absence of progressive neurological involve-
ment: non-neuronopathic and neuronopathic with the pres-
ence of cognitive impairment, behavioral difficulties, and
regression in developmental milestones (Whiteman and
Kimura 2017). Multifocal or diffuse white matter lesions
are commonly seen in MPS II patients with cognitive
impairment. Dilated perivascular spaces are observed in
periventricular and subcortical white matter. Furthermore,
brain atrophy with enlargement of the cortical sulci and
increase of cerebrospinal fluid production are recurrent
features in patients with MPS II (Bigger et al. 2018).
White matter lesions and brain atrophy are the result of
GAG storage in neurons and glial cells, which can lead
to myelination abnormalities. At the cellular level, the
brain accumulation of GAGs results in enlargement of
Purkinje cell dendrites in the cerebellum, expansion of
neuronal cytoplasm, reduction of nerve cells in the cortex,
and development of meganeurites in the cerebral cortex
(Schwartz et al. 2007; Bigger et al. 2018). The cognitive
impairment in individuals with the severe neuronopathic
form has been associated with undigested GAGs in neural
tissue, involving inflammatory and neurotoxicity mecha-
nisms (Giugliani et al. 2014).

The accumulation of GAGs alters the regulation of lyso-
somal pH, synaptic release, endocytosis, autophagy, and
exocytosis. The GAGs reside on the extracellular matrix and
are generally associated with proteoglycans, which display
physiological functions on the cell surface related to cell sign-
aling, availability of growth factors, cytokines, and morpho-
gens. GAGs are involved with cell motility and adhesion, and
intercellular communication through the spatial distribution
of diffusible proteins (Smock and Meijers 2018; Corréa et al.
2021). Inactivation of heparan sulfate (HS) biosynthetic or HS
modifying enzymes in mouse models leads to developmental
defects in the forebrain and axon guidance errors (De Pasquale
and Pavone 2019). HS proteoglycans function as co-receptors

and the abnormal degradation of HS fragments affects essen-
tial signaling pathways and neuronal activity (Hoche et al.
2014; Bigger et al. 2018; Gaffke et al. 2020; Corréa et al.
2021).

Evidence about the influence of axon guidance defects
in the onset of neurological dysfunction in patients with
MPS 1I is increasingly emerging. The axon guidance
pathway is responsible for the neuronal wiring process,
in which axons are elongated and reach their target tis-
sues to form synaptic junctions (Russell and Bashaw
2018). These events connect the brain and spinal cord
with the peripheral nervous system during neurodevelop-
ment. The interaction between signaling molecules and
cell surface receptors expressed on growth cones results
in axon outgrowth and growth cone collapse. Disruptions
in the assembly of these neural circuits affect axonal
growth and cognitive development in humans (Russell
and Bashaw 2018; Manzoli et al. 2021).

Recent findings also indicate essential lysosomal mecha-
nisms during neurodevelopment. The endosomal autophagy
system contributes to axonal remodeling, generating axon
growth, and reducing presynaptic stability (Crawley and
Grill, 2021). The presentation and availability of receptors
can be modulated by the endosomal-lysosomal pathway,
which regulates the endocytosis of cell membrane receptors.
However, abnormal autophagy and storage of autophago-
somes in the axons can result in growth cone perturbations
(Crawley and Grill, 2021; Manzoli et al. 2021). Inhibition
of lysosomal transport along the axon with impaired cell
content recycling or the absence of signaling and adhesion
molecules available by the endosomal-autophagy system
affect axon development, leading to CNS diseases in humans
(Crawley and Grill 2021; Manzoli et al. 2021). Differentially
expressed genes (DEGs) in the brains of MPS II and MPS
VII mice indicate a contribution of axon orientation defects
in neurological abnormalities (Parente et al. 2012; Salvalaio
et al. 2017). In this sense, the four molecule families that
participate in the axon guidance pathway exhibit altered
brain expression in MPS II mice, compared to controls.
Therefore, imbalances in the fine-tuning regulation of genes
that control axon migration and growth can cause cognitive
decline in MPS II (Salvalaio et al. 2017).

Here, we investigated the impact of axon guidance insta-
bility over the cognitive impairment presentation observed
in the neuronopathic form of MPS II. Through brain
expression data, each DEG was analyzed from the per-
spective of its interactions in the human interactome. We
identified new candidate genes and pathways that converge
into functional aspects involved in the strict relationship
between defects in neural circuit formation and cognitive
impairment in MPS II.
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Methods
Differentially expressed genes in MPS Il

There are few transcriptomic studies in MPS II reported
so far. However, due to the evolutionary gene conservation
between humans and mice, Ids- knockout mice models are
considered useful to investigate the pathogenesis of the dis-
ease and evaluate treatment in preclinical studies (Gaffke
et al. 2020). Therefore, DEGs were recovered from brain
RNA-seq data in an MPS II mouse model at 9 months old
(Salvalaio et al. 2017). We considered upregulated genes
and downregulated genes (Supplementary Tables S1 and
S2) in the cerebral cortex of Ids knockout mice versus the
cerebral cortex of wild-type mice and genes in the midbrain,
diencephalon, and hippocampus of Ids knockout mice versus
the midbrain, diencephalon, and hippocampus of wild-type
mice. A total of 1,611 DEGs with a p-value < 0.05 and log?
ratio£0.7 were recovered.

Human Interactome and ITGA5
Subnetworkconstruction

The human interactome, which contains 17,185 nodes and
420,534 edges, was generated using the STRING — Human
Protein Links — High Confidence (Score > = 0.7) pro- tein—
protein interaction network. The human interactome was
recovered from the Network Data Exchange (NDEx) (Pratt
et al. 2015). The ITGAS5-subnetwork was created by
extracting interactions concerning its first neighbors.
Cytoscape V.3.8.2. software (Shannon et al. 2003) was
used for data visualization and calculation of centrality
parameters.

Gene-disease associations and centrality
parameters

To measure the impact of DEGs in human diseases, we
used DisGeNET, which integrates data from UNIPROT,
CGI, ClinGen, Genomics England, CTD (human sub-set),
PsyGeNET, and Orphanet databases (Pifiero et al. 2021).
The Z-scores for the observed values (Viorar) 0f the absolute
number of genes and CNS/mental diseases were obtained
by comparing the brain network and random networks. The
calculation was performed according to the equation:

Z — score = Vi — mean Vigndom
{ }
stand deviation Viy,,iom

The equation points to the mean (Vindom) and stand-
ard deviation (Vrndom) of the random expectation for each
random network. Z-scores > 1.6 (p-value < 0.05) were con-
sidered significant, as described by Woidy and colleagues

(2018). Spearman's correlation coefficient was used to cal-
culate the statistical relationship between centrality param-
eters (degree and betweenness) from the human interac-
tome and the number of associated discases for each gene
in the brain network.

Hierarchical ontology network and enrichment
analysis

CyCommunityDetection V1.12.0 (Singhal et al. 2020)
was employed to detect multiscale communities and
functional enrichment for brain network by identifica-
tion of densely connected regions with the Community
Detection APplication and Service (CDAPS). We used the
HiDeF algorithm for community detection and generation
of a hierarchical network, whereas gProfiler was used for
functional enrichment analysis with a minimum overlap (p-
value < 0.05). The communities of the hierarchical network
were classified by biological processes, and the orthogonal
edge router layout was employed using yFiles V1.1.1.
CTD:genes-pathways associations (Davis, 2019) through
NDEx Integrated Query (Pratt et al. 2015) and the
webserver Enrichr (Kuleshov et al. 2016) were employed
in the ITGA5-subnetwork to identify enriched pathways
with adjusted p-value < 0.05. The gene-set libraries
included KEGG, Reactome, and WikiPathways databases.

Gene expression during brain
development and
neurodevelopmental/neurodegenerative
conditions

RNA-seq and expression microarray data on human brain
development were collected from BrainSpan (Tebbenkamp
et al. 2014). Data throughout the course of human brain
development were recovered from dorsolateral prefron-
tal cortex (DFC), ventrolateral prefrontal cortex (VFC),
anterior (rostral) cingulate (medial prefrontal) cortex
(MFC), and orbital frontal cortex (OFC). Statistical anal-
ysis was initially performed using the Shapiro-Wilk test
to investigate the distribution of values. Parametric data
were treated using RM one-way ANOVA and paired t-test.
Friedman and Wilcoxon's tests were applied to nonpara-
metric data. Only p-values < 0.05 were considered statisti-
cally. Additionally, we used the GEO signatures of DEGs
for diseases via Harmonizome platform available at https://
maayanlab.cloud/Harmonizome/ (Rouillard et al. 2016)
to retrieve altered genes in neurodevelopmental/neurode-
generative conditions available in the datasets with a fold
change cutoff of 0.6 (upregulated) and -0.6 (downregu-
lated) for the 23 genes in the network of genes-pathways
associations.
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Prioritization of candidate genes and
disease modules

We selected candidate genes related to the term “cognitive
impairment”, according to the Human Phenotype Ontology
(HPO) database (Kohler et al. 2021). These genes were used
as a seed to recover the most relevant neighborhood proteins
by propagating the network through the diffusion algorithm
(V. 1.6.1) (Carlin et al. 2017). Network propagation can esti-
mate the distance between different proteins and recognize
a community with closely related nodes (Carlin et al. 2017).
The proximity between genes related to cognitive impair-
ment and neighborhood nodes was evaluated using 60 as a
maximum diffusion rank value.

Candidate disease modules were identified using the
Cytoscape ClusterMaker V.1.3.1 plugin (Morris et al. 2011).
Modules were recognized by the k-medoid algorithm, a
method associated with k-means clustering that minimizes
the distance between points by partitioning the dataset into
k groups or modules (Morris et al. 2011). Minkowsky's dis-
tance metric algorithm was used in conjunction with brain
development RNA-seq and microarray data as network node
attributes for cluster generation.

DEGs-miRNA and transcription factor networks
The experimentally validated DEGs-miRNA interactions

data were collected from miRTarBase V.8.0 and TarBase
V.8.0 and transcription factors from ENCODE via the

NetworkAnalyst web interface (Xia et al. 2014). The DEGs-
mirRNA network contained 664 nodes (25 seed genes; 859
has-mirRNAs) and 1,927 interactions. Only the mirRNAs of
the hub (> 14 connections) were filtered. The transcription
factors network was composed of 252 nodes (19 seed genes;
233 transcription factors) and 553 interactions. Only TFE3
and its first neighbors were collected due to its prominence
in lysosomal functions. A workflow of the methodologies
used in the study can be seen in Supplementary Figure S1.

Results and Discussion

Neurological conditions were
representativein the brain network

The brain network resulting from DEGs in MPS II com-
prised 1,321 proteins and 3,421 interactions from the human
interactome. To measure the impact of the brain network
in human diseases, we used random networks to compare
the number of diseases and genes associated with CNS dis-
eases and mental disorders. The number of genes related to
CNS and mental disorders in the brain network was larger
than in random expectations with an average z-score of 9.1,
indicating enrichment of genes with an essential role in the
brain (Fig. 1A). Proopiomelanocortin or beta-melanocyte
stimulating hormone (POMC) and acetylcholinesterase
(ACHE) were the genes with the highest number of asso-
ciated diseases with 98 and 70 connections, respectively.
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The complete list of genes can be found in Supplemental
Table S3. Similarly, the frequency of CNS and mental dis-
orders was higher in the brain network than in random net-
works with an average z score of 4.5 (Fig. 1B). Schizophre-
nia was the disease with the highest number of associated
genes (97). Brain disorders, in which alterations in the axon
guidance process have been reported, were also evidenced,
such as gaze palsy, familial horizontal, with progressive sco-
liosis; Joubert syndrome; and Duane retraction syndrome
(Manzoli et al. 2021). The configuration of the brain network
indicates a representative expression dataset with many dis-
ease genes involved in CNS function and development that
could not have arisen by chance.

Centrality parameters, such as degree and betweenness,
are commonly used to identify candidate disease genes.
The degree is defined by the number of connections of a
specific node (protein) in the network, which may display
multiple cellular functions. Proteins with a high degree are
considered hubs in the network. Betweenness represents the
number of nonredundant shortest paths that pass through
a node of interest with the capacity to create a bridge for
communication between distant nodes, thus these proteins
are known as bottlenecks (Girvan and Newman 2002). We
identified a low positive correlation between topologi-
cal characteristics in the brain network and the number of
CNS and mental diseases with a degree value of r = 0.20
(Fig. 1C) and a betweenness value of r = 0.26 (Fig. 1D).
Essential human genes tend to encode hub proteins with
relevant expression in most tissues. Contrariwise, disease
genes are more often located in peripheral regions of the net-
work (Goh et al. 2007). This evidence supports our findings
of the lack of correlation between disease genes and topo-
logical analysis over an evolutionary perspective. Pathogenic
variants in genes with central topological parameters (hubs
and bottlenecks) can impact regions that are extensively
interconnected in the network, affecting neurodevelopment
or essential physiological functions in humans (Goh et al.,
2007; Yu et al., 2007).

A hierarchical neuro-network model of MPS II

To better elucidate the functional context in which DEGs
affect neurodevelopment in MPS 11, we used multiscale com-
munity and functional enrichment methods for the identifi-
cation of densely connected regions in the brain network,
composed of high-confidence protein—protein interactions
and biological processes in hierarchical relationships. We
recognized densely interconnected protein clusters repre-
sented by nodes with significant enrichment in neurological
processes (Fig. 2). This approach allowed predicting clusters
of proteins in the network related to specific cellular func-
tions and mechanisms.As expected, we found significant
pathways related to brain function and development. The

axon guidance process (p-value = 5.70 X 1072%) (Fig. 2A)
showed strong associations with pathways involved in
various steps of axonal growth and pathfinding processes,
including netrin-activated signaling (p-value = 1.13 X 10~
%), ephrin signaling (p-value = 1.15 X 1071%), and neural
crest cell migration (p-value=6.20 X 107®). There is also
a connection between the axon guidance processes and the
synaptic transmission module (Fig. 2B) through posterior
midgut development (p-value = 2.44 X 107%). Chemical
synaptic transmission (p-value=4.43 X 107'27) cluster con-
nected with bioprocesses involved in neuronal develop-
ment (Fig. 2C), such as neuroblast division (p-value = 9.84
X 107%) and Wnt signaling (p-value = 1.80 X 1071%). Fur-
thermore, chemical synaptic transmission interacts with
the neurotransmitter activity module (Fig. 2D) by neuronal
system (p-value = 1.92 X 107%?) and with the vesicle path-
ways (Fig. 2E), through the clathrin-coated endocytic vesicle
(p-value=2.24 X 10~%). Endocytosis and trafficking of axon
guidance receptors are essential for human neurological
development (Pasterkamp, 2021). The clathrin-coated endo-
cytic vesicle (p-value = 2.24 X 107%) was connected with
clathrin binding (p-value = 1.02 X 1077), which participates
in the endosomal trafficking pathway. Evidence is emerg-
ing on the importance of autophagy mechanisms for human
neurodevelopment. Autophagy contributes to the growth of
axons and reduces presynaptic stability (Crawley and Grill
2021). Genes involved in the cellular autophagy-phagosome
process (TUBAS, PRKAA1, RRAGB, ITGA5) are present in
most of the clusters described above. The proper neurodevel-
opment depends on the maintenance of these mechanisms.
Activated receptors can be endocytosed and sorted into
other compartments in neurons by endosomes; the content
is forwarded to degradation or return to the cell surface
(Pasterkamp and Burk 2021). Therefore, this hierarchical
network suggests that secondary pathways triggered by the
accumulation of GAGs may alter the internalization and
transport of neurotransmitters, as observed in the decrease
of glial glutamate transporters in human brain tissue with
MPS II (Hamano et al. 2008). Moreover, highlights the close
relationship between the endosomal-autophagy system and
neurodevelopment pathways.

Disease module from axon guidance network

There are several DEGs involved in the axon guidance
pathway (Salvalaio et al. 2017), but identifying a specific
subset of genes that interact with each other and, conse-
quently, contribute to cognitive impairment in this context
is an approach that has not yet been carried out. The inter-
face between functional and topological data retrieved by
network analysis may suggest a relevant phenotype associ-
ated with a specific region in the human interactome. The
axon guidance network (Fig. 3A) was composed of 122
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Fig. 2 Hierarchical ontology network. Communities in the hierarchi-
cal network A axon guidance; B synaptic transmission; C neuronal
development; D neurotransmitter activity; and E vesicle pathway

proteins and 273 interactions in the axon guidance mod-
ule (Fig. 2A). To identify proteins with greater influence on
neurological aspects, we applied a supervised propagation
network method with genes previously associated with cog-
nitive impairment (ROBO3, NIPAL4, ALOX12B, RTN4R,
A2M, TTPA, PDGFB) within the network, according to the
HPO database (Kohler et al. 2021) (Fig. 3B). Among these
genes, PDGFB (platelet-derived growth factor subunit b)
is the most connected, and ROBO3 (roundabout guidance
receptor 3) belongs to the axon guidance pathway.

Presynaptic
depolagization

are represented by biological processes with a minimum overlap (p-
value < 0.05). The orthogonal edge router layout was employed
using yFiles V1.1.1

Importantly, there is a significant increase in HS concen-
trations in individuals with the neuronopathic form, when
compared to patients with the attenuated phenotype in MPS
IT (Okuyama et al. 2021). The accumulation of partially
digested GAGs within cells and the extracellular matrix can
cause perturbations in crucial biological functions, affect-
ing the cellular networks responsible for the development
of the cerebral cortex. Therefore, we recovered expression
data from cortex structures during brain development to
identify candidate genes involved in the pathophysiology
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Fig. 3 Prioritization of candidate module and genes. A axon guidance
network with 122 nodes and 273 edges. In the network, proteins are
nodes connected by interactions or edges. B Diffusion rank through
cognitive impairment proteins. C RNA-seq and expression microar-
ray during the human brain development and statistical analysis by
cortex regions and age. Values are shown in RPKM (reads per kilo-

of cognitive impairment in MPS II (Fig. 3C). NCK2 (NCK
adaptor protein 2) and A2M (alpha-2-macroglobulin) were
the most expressed among the axon guidance and cognitive
impairment genes throughout this developmental period,
respectively. We found statistical significance when com-
paring mean expression between different regions of the cor-
tex. The dorsolateral prefrontal (MCF) showed a difference
in the expression levels of all genes when compared to the
orbital frontal (OFC; p<0.001) and ventrolateral prefrontal
(VCF; p = 0.0003) region. Statistical differences in cortical
regions were also observed when we limited the analysis to
axon guidance genes. Finally, we compared the expression
of both groups at two periods during brain development.
As expected, genes responsible for neural circuits forma-
tion have a more prominent expression in the early stages of
development (p = 0.0388). Furthermore, an inverse pattern
was identified during the analysis of total genes (p<0.0001;

base of exon model per million mapped reads). D Disease module
recognized by the k-medoid algorithm. Cytoscape V.3.8.2. software
was used for the visualization of networks. DFC: dorsolateral prefron-
tal cortex; VCF; ventrolateral prefrontal cortex; MFC: anterior (ros-
tral) cingulate (medial prefrontal) cortex; OFC: orbital frontal cortex;
PCW: postconceptional week; MOS: months

Fig. 3C). These data indicate that genes expressed during
early stages of human cortex development have potential
involvement in the pathogenesis of MPS II. The gene expres-
sion imbalance could lead to impairment of axon guidance
and be irreversible under treatment.The use of the k-medoid
algorithm, in conjunction with brain development gene
expression data as network node attributes, resulted in the
identification of a potential disease module in the interac-
tome (Fig. 3D).

This module consists of many nodes associated with
the axon guidance process (COL9A2, ROBO3, ITGAS5,
GRB10, SEMA3A, YES1, SOS1, COL5A1, COL6A2, NTN1,
UNC5C, SLIT3, RET, VAV3) and cognitive impairment
(TTPA, PDGFB, ALOX12B, NIPAL4, ROBO3). Many of
these genes participate in adhesion mechanisms, organiz-
ing matrix components, and cell-surface mediated signal-
ing that direct axon extension, cell growth, and migration
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during neurodevelopment (Manzoli et al. 2021). In particu-
lar, ITGA5 (integrin subunit alpha 5) encodes a receptor
that mediates cell adhesion to the extracellular matrix or
other cells by cytoskeleton activity and several signaling
molecules (Wang et al. 2018). ITGA5 is an integrin that
plays a role in axon guidance and phagosome processes.
Integrins are intermediates in cell-cell and cell-matrix adhe-
sive interactions from early stages to mature tissue, in which
glycosaminoglycans are their substrate for signaling in the
cell-matrix (De Pasquale and Pavone 2019; Swinehart et al.
2020). Disease modules may suggest hypothetical models
that explain the condition heterogeneity, capturing genes and
pathways, even in Mendelian diseases such as MPS II. In
this sense, ITAGS could indicate pathways and other genes
affected by GAG accumulation within cells and the extracel-
lular matrix, commonly affected in MPS.

Disturbances in extracellular matrix
structureand cell surface signaling

To better understand the impact of ITGA5 gene deregula-
tion, a subnetwork was generated to identify its first neigh-
bors in the interactome (Fig. 4A). The ITGAS5 subnetwork
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comprised 87 nodes and 1,220 edges in a highly stringent
protein—protein interaction network, indicating strongly con-
nected proteins. Several biological processes related to the
development of axons and signaling pathways originating
on the cell surface and extracellular matrix have been inter-
connected in a functional network (Fig. 4B). As expected,
various integrins (ITGB1, ITGB3, ITGA2, ITGAV, ITGA9,
ITGA10, ITGAT) were present in the subnetwork, as well as
a large number of proteins that exhibit different functions
in extracellular matrix glycoproteins (LICAM, LAMCI,
LAMA1, FLNA, LAMA2, FBN1, LAMBI) (Stelzer et al.
2016). Furthermore, many genes are associated with cog-
nitive impairment (COL18A1, COL4A1, LAMAI1, FLNA,
L1CAM, LAMA2, FBN1), according to the HPO database
(Kohler et al. 2021).

These results indicate that the functions performed by
these genes may be compromised in patients with the neu-
ronopathic form of MPS II, thus affecting cell adhesion, dif-
ferentiation, neuronal migration, signaling, and neurite out-
growth due to the influence of GAG accumulation in the cell
membrane during neurodevelopment. Therefore, our data
suggest that the accumulation of GAGs in the cell can cause
perturbations in the interactome and consequently affect
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Fig. 4 ITGA5 in the context of human interactome. A ITGAS5 subnetwork with 87 nodes/proteins and 1,220 edges/interactions. B Genes-path-
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essential pathways, such as focal adhesion (p-value = 2.20
X 107%%), integrin cell surface interactions (p-value=2.13
X 107%?), laminin interactions (p-value = 4.70 X 107%°),
ECM proteoglycans (p-value = 9.91 X 107"%), regulation
of actin cytoskeleton (p-value = 1.27 X 107'®), and phago-
some (p-value=8.39 X 10'") (Fig. 4C). Exposure to exog-
enous HS fragments leads to activation of integrin-based
focal adhesions (FA) in neural stem cells of MPS III type
B. FAs cause cell anchoring in the extracellular matrix, and
its stimulation by HS can impair cell polarization and ori-
ented migration in MPS III type B (Bruyére et al. 2015). In
addition, alterations of FAs and ECM gene expression were
associated with migration and neurite outgrowth defects in
a pluripotent stem cell model from a patient with mucopoly-
saccharidosis type [-Hurler (Lito et al. 2020). HS proteogly-
cans function as co-receptors and are crucial components in
the cell surface and ECM in the brain (Maeda et al. 2011).
Furthermore, extracellular matrix dysfunctions have been
identified in various types of MPS (Gaffke et al. 2020), for
example, during bone development in the mucopolysac-
charidosis type I model before morphological modifica-
tions in bone and joints (Heppner et al. 2015). Moreover,
the primary storage in neurons causes neuroinflammation
and may contribute to the progression of neurodegenera-
tion in MPS (Fecarotta et al. 2020). Therefore, the abnormal
accumulation of HS fragments associated with impairment
of biological processes related to the development of axons
and signaling pathways on the cell surface and extracellular
matrix suggests that these substrates affect essential steps of
the early stages of neurodevelopment in the neuronopathic
forms of MPS 1II.

Common disturbances between MPS Il and
centralnervous system diseases

We recovered DEG signatures to determine whether genes
from the disease module or within the [TGA5 subnetwork
could exhibit disturbances in transcriptomic studies of
conditions associated with impaired autophagy—phago-
some mechanisms, frequently reported in MPS. We found
several DEGs in Huntington’s disease, multiple sclerosis,
bipolar disorder, and Rett syndrome when compared to con-
trols. Importantly, all these diseases can show impairment
of autophagic-phagosome mechanisms and the presence
of common phenotypes, such as cognitive impairment, in
some patients (Sbardella et al. 2017; Croce and Yamamoto
2019; Scaini et al. 2019; Misrielal et al. 2020). The most
frequent dysregulated gene (GRB10) is a growth factor
receptor-bound protein that interacts with several signaling
molecules, and receptor tyrosine kinases, including the Eph
receptor involved in axon guidance processes (Stein et al.
1996; Wick et al. 2003). GRB10 is differentially expressed in
Huntington’s disease (Fig. 5SA), multiple sclerosis (Fig. 5B),

and bipolar disorder (Fig. 5C). In the disease module, we
found many genes that encode collagen proteins: COL9A2,
COL5A1, and COL6A2. Collagens are structural tissue com-
ponents that can act as cell-binding proteins in the extracel-
lular matrix, including covalent bonds to GAGs during the
axonal outgrowth (Erdman et al. 2002). Furthermore, ITGA5
is differentially expressed in multiple sclerosis and Rett
syndrome (Fig. 5D). Integrins are cell adhesion molecules
implicated in the transport of cells of the immune system
with key functions in immune cell migration in the inflamed
nervous system during multiple sclerosis (Kawamoto et al.
2012). Integrins also play a role in dendritic development
(Swinehart et al. 2020) and abnormalities in dendritic mor-
phology were observed in a Rett syndrome mice model
(Rietveld et al. 2015). ROBO3 and TTPA were the genes
related to cognitive impairment that were up-regulated in
multiple sclerosis and bipolar disorder, respectively. ROBO3
is a member of the roundabout (ROBO) family composed
of four major components (ROBO1-4) that regulate neurite
outgrowth, growth cone, and axon fasciculation (Jen et al.
2004). ROBO proteins are regulated by lysosomal degrada-
tion, and signal transduction can occur through interaction
with HS proteoglycans that act as co-receptors in Slit-Robo
signaling (Fukuhara et al. 2008; Manzoli et al. 2021). Patho-
genic variants in ROBO3 involve abnormal axon guidance
and cognitive impairment in horizontal gaze palsy and pro-
gressive scoliosis syndrome (Jen et al. 2004; Chan et al.
2006; Volk et al. 2011; Manzoli et al. 2021). Therefore, we
hypothesized that the accumulation of HS proteoglycans
could affect ROBO protein signaling during essential phases
of neurodevelopment in MPS II.

Perturbations in gene expression were observed in the
same diseases of the CNS seen in the brain network, when
we analyzed the ITGAS5 subnetwork. All differentially
expressed genes are involved in axon guidance mechanisms.
Furthermore, many genes associated with cognitive impair-
ment were identified: LAMA1, FLNA, and FBN1 were dys-
regulated in Huntington's disease (Fig. 5A), COL4A1 and
ACTB in multiple sclerosis (Fig. 5B), PLAU and LAMA? in
bipolar disorder (Fig. 5C), and ACTB again in Rett syndrome
(Fig. 5SD). As expected, many integrins interact with ITGA5
in the subnetwork, but some of them show altered expression
in the following conditions: ITGB1 (Huntington’s disease
and Rett syndrome), ITGAV and ITGA9 (Huntington’s dis-
ease), and ITGA5 (multiple sclerosis and Rett syndrome).
The members of the Integrin family are receptors that play
arole in cell adhesion and perform functions in axon growth
and pathfinding through interaction with several signaling
molecules (Manzoli et al. 2021). Integrins encoded by these
genes participate in autophagy-phagosome-axon guidance
pathways (Jassal et al. 2020), indicating a strict contribution
to the pathogenesis of neurodevelopmental abnormalities.
In this sense, the degradative dysfunction of the lysosomal
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Fig. 5 Genes and regulators in four neurodegenerative conditions.
Differentially expressed genes with a fold change cutoff of 0.6 (upreg-
ulated) and -0.6 (downregulated) in A Huntington’s disease; B mul-
tiple sclerosis; C bipolar disorder; D Rett syndrome. Genes from the

or the absence of lysosomal-mediated delivery of morpho-
gens, growth factors and adhesion molecules can affect lyso-
somal transport within the axon and alter the stability of
the growth cone and turnover (Farias et al. 2017; Manzoli

axon guidance network are represented by rectangles in light blue,
and the ITGAS subnetwork in dark blue. E Network of the DEG-
miRNA interactions with 22 nodes and 60 edges. F TFE3 and their
interactions with axon guidance proteins

et al. 2021). Besides that, we found altered expression in
several genes that encode laminins: LAMB1 (Huntington’s
disease and multiple sclerosis), LAMAT (Huntington’s dis-
ease), LAMCI (multiple sclerosis and bipolar disorder), and
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LAMA? (bipolar disorder). Laminins belong to a group of
glycoproteins and, through interaction with components of
the extracellular matrix, play a role in cell adhesion, signal-
ing, neurite growth, migration, and organization of the archi-
tecture of the cerebral cortex during embryonic development
(Virtanen et al. 2003).

Taken together, our data corroborate previous studies
(Hamano et al. 2008; Fecarotta et al. 2020; Manzoli et al.
2021), pointing to commonly altered mechanisms between
MPS 1II and neurodegenerative diseases. Furthermore, we
indicate collagens, integrins, and laminins necessary for
axonal outgrowth, dendritic development, and migration of
immune cells with potential involvement in these pathogenic
conditions.

Potential key regulators involved in the
neurologicphenotype in the MPS II

We investigated the miRNAs that target the DEGs in neu-
rological diseases as a potential therapeutic strategy for
MPS II. Among the 22 DEGs, 16 were targeted by hsa-mir-
124-3p, 15 by hsa-mir-1343-3p and hsa-mir-16-5p, and 14
by hsa-mir-1-3p (Fig. 5E). The degree of centrality indicated
that the genes ACTB, SEMA3A, FLNA, and COL4A1 were
connected by the four miRNAs. Furthermore, TTPA and
SLIT3 were targeted only by hsa-mir-124-3p and hsa-mir-
1343-3p, respectively.

Hsa-mir 124-3p is involved in the negative regulation
of microglial cell activation and the neuroinflammatory
response associated with the pathogenesis of neurodegen-
erative disorders, including amyotrophic lateral sclerosis
and Huntington’s disease (Han et al. 2020). Interestingly,
the inhibition of hsa-mir 1343-3p was capable of upregu-
lating the expression of ATG7 and promote autophagy in
thyroid cancer cells (Qin et al. 2020). Autophagy can also be
regulated by hsa-mir 1-3p and cause a decrease in the accu-
mulation of toxic protein in mammalian cells (Nehammer
etal. 2019). These findings converge with the idea of disrup-
tion in autophagy regulators during axonal development and
not necessarily loss of central components of this mecha-
nism (Crawley and Grill 2021). Already, hsa-mir -16 is an
inhibitor of amyloid precursor protein, B-amyloid peptides
production, and Tau phosphorylation in cells (Parsi et al.
2015). The overexpression of hsa-mir 16-5p decreases amy-
loid B-induced loss of viability and generation of apoptosis
in a cell model of Alzheimer’s disease (Zhang et al. 2020).
Biomarkers, such as a-synuclein, an important component
of Lewy bodies in Parkinson's disease, and whose accumu-
lation is also seen in MPS II brains, is a putative target of
hsa-mir -16 in vivo (Hamano et al. 2008; Parsi et al. 2015;
Fecarotta et al. 2020). Finally, we found interactions between
TFE3 and LAMC1, SOS1, and YEST filtered in the transcrip-
tion factors network (Fig. 5F). TFE3 is a transcription factor

capable of regulating lysosomal homeostasis and immune
response, stimulating autophagy, lysosomal biogenesis, and
clearing of cellular detritus in a cellular model of a lysoso-
mal storage disorder (Martina et al. 2014). Altogether, these
data point to key regulators involved in the pathogenesis
of MPS 1II that could act as potential therapeutic targets to
prevent neurological consequences in MPSII. Furthermore,
these results ratify the close relationship between axon guid-
ance genes, regulators of lysosomal mechanisms, and the
neuroinflammatory response associated with the neurologic
findings in MPS 1L

Conclusion

Our data indicate that undigested GAGs in the extracellular
matrix can lead to impairment of the integrin involved in
signaling axon guidance and vesicular pathways that inte-
grate the development of neural circuitry during the early
stages of neurodevelopment. These alterations can precede
the morphological and clinical presentation in the neu-
ronopathic form, highlighting the importance of neonatal
screening. We also identified gene expression imbalances in
a specific cluster in the interactome that can be associated
with cognitive impairment in MPS II patients. Furthermore,
we pointed out the shared pathogenic mechanisms between
MPS II and neurodegenerative diseases and explored poten-
tial therapeutic targets involved in autophagic regulation that
could delay neuronal dysfunction in the initial stages of the
disease. Experimental studies are needed to validate these
findings.
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4. Discussao

Como aspectos da fungdo lisossdmica sdo afetados pelo deposito, ou como o
acumulo de macromoléculas afeta o fluxo de sinalizagdo celular e o seu impacto no
organismo, sdo questdes ainda em aberto a serem exploradas. Portanto, investigar vias de
sinalizagdo envolvidas na funcao lisossomica e¢ do seu papel central na célula no
contexto da patofisiologia das DLs, podera trazer novos insights capazes de compreender
e modular a fungdo lisossomica de forma sensivel e seletiva (Ballabio 2016). Estudos
focados em estabelecer correlagdes fenotipo-gendtipo em DLs, restritos as mutagdes
descritas, demonstram-se incapazes de obter uma visdo global dos efeitos destas
desordens. Portanto, ¢ importante notar que abordagens mais amplas, utilizando
ferramentas de biologia de sistemas, possam oferecer um entendimento mais coerente da
patogénese em DLs, uma vezque a funcdo lisossdmica também pode ser delineada por
redes de proteinas por meio de suasinteragdes (Ballabio 2016). A patofisiologia em DLs
nao pode ser considerada apenas o resultado de mutacdo em um Unico gene que leva ao
acimulo de substrato primario, mas passa pelo reconhecimento de mecanismos
complexos subjacentes pelos quais o acimulo de substratos afeta amplamente a funcao
celular nesses disturbios. Além disso, as opgdes terap€uticas atualmente disponiveis sao
pouco eficientes, sobretudo quando hé prejuizo do SNC (Futerman and Van Meer 2004;
Ballabio 2016). Logo, aprofundar na compreensdo dos mecanismos relacionados a
patogénese em DLs, pode ser um importante recurso para suportar novas estratégias

terapéuticas.

4.1.Vias morfogénicas e de crescimento

A fisiopatologia das DLs vem sendo investigada ao longo de décadas, tendo
emergido associagdes entre acimulo de substrato e prejuizo em vias morfogénicas e de
crescimento, com evidéncias que tentam justificar alguns dos fendtipos presentes neste
grupo de doencas. Por exemplo, deformidades da coluna, como a cifoescoliose
progressiva e compressao da medula espinhal sdo frequentemente observadas em MPS

(Muenzer et al. 2009; Lampe and Lampe 2018).
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A via de sinalizacdo Hh estimula a proliferagdo celular e o desenvolvimento
tecidual, regulando eventos fundamentais durante processos de desenvolvimento, como
crescimentoe padroniza¢ao de embrides (Simpson et al. 2009; Petrova and Joyner 2014).
Alteragdes naexpressao de Ihh estdo associadas ao encurtamento 6sseo em camundongos
com MPS VII (Metcalf et al. 2009; Peck et al. 2015; Kingma et al. 2016), visto que
proteinas Ihh regulama proliferagdo e a taxa de diferenciacao de condrécitos (Vortkamp et
al. 1996; Long et al. 2001). O estudo de Kingma et al. (2016) também observou mudancas
nos niveis da proteinalhh em condrdcitos de pacientes e em camundongos com MPS I
com crescimento 6sseo diminuido (Kingma et al. 2016). Desta maneira, estes trabalhos
sugerem que GAGs possam alterar a cascata de sinalizagdo de Ihh e afetar o
desenvolvimento dos condrocitos durante a progressao entre proliferagdo e hipertrofia,
resultando em anormalidades 6sseas em MPS I e VII (Akiyama et al. 2002; Peck et al.
2015; Kingma et al. 2016). Além disso, o colesterol também pode desempenhar um papel
na sinalizacdo da via Hh, especificamente na modulacao da atividade da proteina sonic
hedgehog (Shh) e na formagdao e manutencao doscilios primarios (Xiao et al. 2017). O
cilio primario ¢ uma estrutura localizada na membranaplasmatica envolvida na transducdo
de sinal da via Hh (Goetz and Anderson 2010). A diminuicdo dos niveis das proteinas
Ptchl ¢ Smo, envolvidas na sinalizacdo desta via, foi observada em fibroblastos de
individuos com NPC (Niemann-Pick tipo C) que expressaram reducao do numero e
comprimento dos cilios primarios (Canterini et al. 2017; Formichi et al. 2018).

A sinalizagdo de vias de crescimento como mTOR e insulina podem ser afetadas
peloacimulo de substratos na célula em diversas DLs. Perturbacdes em lipofuscinose
cerdide neuronal juvenil (JNCL) sdo marcadas pelo aumento da autofagia, mas com
vacuolos e lisossomos autofagicos imaturos e uma diminui¢do na atividade de mTOR
(Cao et al. 2006).0 controle de mTOR sobre mecanismos de autofagia também pode ser
prejudicado em células de individuos com MPS I e doenga de Fabry (Yu et al. 2010).
Evidéncias em pacientes com cistinose indicam que a perda desse controle pode ocorrer
por ndo dissociagiode mTORCI de vesiculas endossomicas/lisossomais concentradas na

regido perinuclear (Sancak and Sabatini 2009; Ivanova et al. 2016).
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Outras possiveis respostas para o atraso na reativagdo de mTOR envolvem a
perda de funcdo de proteinas como a battenina, deficiente em JNCL, associada com a
maturacao do vacuolo autofagico, resultando no prejuizo na maturacao destes vacuolos
em autolisossomos degradativos. A ineficiéncia destes mecanismos pode levar a
privagdo de nutrientes e suprimir a sinalizagdo de mTOR, gerando uma regulagdo
positiva da autofagia (Cao et al. 2006; Ivanova et al. 2016). Por outro lado, ha a
possibilidade de substratos poderem estar diretamente envolvidos na deficiéncia da
atividade de mTOR em DLs. Por exemplo, o deposito anormal de galactosilsfingosina
em oligodendrocitos de camundongo com doenga de Krabbe pode alterar as jangadas
lipidicas e afetar a ativagdo de mTOR (Narayanan et al. 2009; Inamura et al. 2018). Além
disso, o knock-out de proteinas Rag, quecontrolam a atividade de mTORCI, ¢ capaz de
gerar fenocopias de DLs em cardiomiocitos, incluindo o aumento da iniciacdo da
autofagia, mas com prejuizo do fluxo de autofagico (Kim et al. 2014).

O acuimulo de substratos como os gangliosideos pode prejudicar a sinalizagdo de
insulina em DLs. O gangliosideo GM3 presente em jangadas lipidicas pode modular a
transducdo de sinal mediado por receptores em diversas condigdes fisiologicas
(Kabayama et al. 2007; Sekimoto et al. 2012). Todavia, em condi¢des patologicas, €
observado um aumento da sintese de GM3 em modelos animais de resisténcia a insulina
(Tagami et al. 2002; Kabayama et al. 2007). A adigdo de GM3 exogeno pode levar a
supressao da fosforilagdo da tirosina do substrato do receptor de insulina (IRS-1) e a
reducdo da captacdode glicose (Kabayama et al. 2007). O papel de GM3 na regulacao
negativa da sinalizagdo da insulina foi demonstrada por camundongos incapazes de
sintetizar GM3 que expressaram um aumento na sensibilidade a insulina (Yamashita et
al. 2003; Zhao et al. 2007). Portanto, o acimulo de GM3 em jangadas lipidicas de
midcitos e adipocitos em pacientes com a doencga de Gaucher € associado a menores taxas
de captagdo de glicose mediada pela insulina e resisténcia a insulina (Langeveld et al.
2008). Além disso, a ativacdo do receptor de insulina (IR) também ¢ defeituosa em
hepatocitos Npcl-/- de camundongos, onde os niveis de IR sdoregulados positivamente.
Estas alteragdes possivelmente ocorrem devido a mudangas na composicao das jangadas

lipidicas, fundamental para a correta transducdo de sinal da insulina (Vainio et al. 2005).
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4.2. Vias inflamatorias

Perturbagdes em processos imunoldgicos também podem ser vistas em DLs.
Anormalidades em vias inflamatdrias sdo observadas em pacientes com dilatagdo da
aorta em MPS. Defeitos na via de degradacdo dos GAGs levam ao espessamento da
aorta, infiltragdo de macréfagos, alteracdo do coldgeno e fragmentacdo das laminas de
elastina (Braunlin et al. 2011). O mecanismo de patogénese sugerido consiste na ligacao
de GAGs ao receptor TLR4, desencadeando uma cascata inflamatoria que culmina na
liberagdo de diversas citocinas, quimiocinas e ativacdo do sistema complemento
(Simonaro et al. 2008; Baldo et al. 2011). Portanto, o acimulo de GAGs nao degradados
no coracao pode desencadear um processo inflamatorio por meio do recrutamento de
macrofagos. Estas células secretam enzimas que degradam a MEC em condigdes
patologicas, resultando na dilatagdo da aorta (Sleeper et al. 2004; Baldo et al. 2011;
Gonzalez et al. 2017).

Com a integracdo de dados de expressdo e interagdes proteina-proteina, nosso
trabalho permitiu identificar potenciais genes e processos biologicos subjacentes a estes
mecanismos envolvidos na disfun¢ao cardiaca em MPS. Neste sentido, nos identificamos
um enriquecimento funcional de genes diferencialmente expressos em MPS VII em
processos que envolvem proteinas de ativagdo plasmatica na inflamagao aguda, ativagao
docomplemento, imunidade mediada por células B, regulacdo da ativagdo leucocitaria,
regulacdo da producdo de interleucina-6 e resposta ao lipopolissacarideo. Com as
analises topoldgicas, identificamos nos com alta centralidade com altos valores de
degree e betweenness na rede. Estas proteinas podem ter um grande numero de
conexdes, ou ainda, serem essenciais para a transmissao do fluxo de informag¢ao na rede
(Newman 2006; Yu et al. 2007; Scardoni et al. 2009). Dentre estas proteinas,
investigamos o fator de transcricdo AP-1 (Fos) com papel na transduc¢do de sinal,
proliferacao celular e sintese de fosfolipidios(Alfonso Pecchio et al. 2011), subexpresso
em aortas dilatadas de camundongos MPS VII. Macrofagos sem Fos exibem liberacdo de
citocinas pro-inflamatorias e apoptose aumentada(Maruyama et al. 2007), sugerindo que
a regulagdo negativa de Fos pode levar a producdo de mediadores inflamatorios

associados a dilatagdo da aorta em MPS.
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Além disso, Fos interagiu diretamente com diversas outras proteinas (Fcerlg,
Plau, Ccend1, Mmp2 e Mmp3) em nossa sub-rede presente no interatoma humano. Todas
estas proteinas sao codificadas por genes superexpressos em nossos dados. As proteases
Mmps apresentam atividade colagenase e elastase, e seus desequilibrios génicos estdo
associados com a dilatacdo da aorta na MPS (Ma et al. 2008). Plau controla a MEC por
meio da ativagdo do Mmps ao converter o plasminogénio em plasmina, regulando a
migracao e adesdo celular em processos inflamatérios (Alfano et al. 2005; Ma et al.
2008). Além disso, Fcerlg estd envolvido no recrutamento de células B, em que a sua
deplecdo diminui a regido de infarto em camundongos (Alfano et al. 2005; Srikakulapu
et al. 2016). As alteragdes cardiacas também estdo relacionadas a superexpressiao de
Cendl que desencadeia a hiperplasia de cardiomiocitos em coragcdes mutantes
embrionarios (Araujo et al. 2014) e hipertrofia
cardiaca em ratos (Giraud et al. 2005).

Portanto, as proteinas descritas acima, interagem diretamente entre si em um
modulo especifico na rede e podem compartilhar bioprocessos inflamatérios envolvidos
na dilatagdoda aorta em MPS. GAGs podem desencadear uma resposta inflamatoria por
meio da ativagdoda via de sinaliza¢do do LPS, a qual resulta em processos que envolvem
a producdo de TNFe IL-6 em aortas de camundongos MPS VII e caes (Simonaro et al.
2008; Metcalf et al. 2010), e liberagdo de proteinas do complemento C3 e C5 por meio
da ativagdo de TLR4 (Hajishengallis and Lambris 2010; Baldo et al. 2011). O gene CFD
(fator D do complemento) superexpresso ¢ fundamental para a ativagdo da via alternativa
do sistema complemento e ¢ considerado um marcador de risco para doenga cardiaca
coronaria (Prentice et al. 2013). Desta forma, Cfd pode estar associado a um mecanismo
patologico que gera a fragmentagdo da elastina ou produz dilatagdo aortica de forma
indireta (Baldo etal. 2011).

Em condigdes fisiologicas, ¢ necessario um equilibrio adequado entre a
degradacgao e a sintese da MEC durante a morfogénese e manutencdo do tecido cardiaco,
mas alteracdes neste controle podem contribuir para a dilatacdo do tecido cardiaco
(Cleutjens and Creemers 2002). O colageno tipo I alfa 1 (Collal) é associado com a
disfun¢ao cardiaca em modelo de rato com insuficiéncia cardiaca quando superexpresso

(Yim et al. 2018).
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Além disso, a superexpressdo de Pdgfb em camundongos transgénicos foi
associadacom fibrose e hipertrofia cardiaca (Gallini et al. 2016). O aumento da hipertrofia
também foiobservado em resposta a sobrecarga de pressao em camundongos knockout
para Hdac3, subexpresso em nossa analise (Chang et al. 2004), indicando que Hdac5
pode reprimir a expressao de genes que promovem a hipertrofia cardiaca (Monovich et al.
2009). No entanto, a normalizacdo dos niveis de expressdo de Hdac5 com o uso de
valsartan, pode levar a umaredugdo da hipertrofia miocardica em modelo animal (Xu et
al. 2015). Além disso, ¢ observado que o uso de outro antagonista do receptor da
angiotensina II tipo 1, como o losartan, pode reduzir a dilatagdo adrtica e normalizar a
hipertrofia cardiaca em camundongos com MPS I (Gonzalez et al. 2017; Osborn et al.
2017).

Redes compostas de proteinas e moléculas quimicas mostraram interacdes do
losartan com Fos e Collal, o que ¢ interessante uma vez que o tratamento com losartan
causauma diminui¢ao da expressdo do mRNA de Collal no midcito atrial e fibroblasto
de camundongos (Chen et al. 2004; Tsai et al. 2008). Além disso, os niveis de Fos estdo
aumentados nos nucleos paraventriculares do cérebro de ratos apds a administragdo de
losartan (Crews and Rowland 2005). Os efeitos benéficos do losartan sdo sugeridos pelo
antagonismo do fator transformador de crescimento TGF-f3 (Gonzalez et al. 2017). TGF-
B éuma via que influencia a homeostase da MEC, remodelagdo vascular, regulacdo da
pressdo arterial e resposta imunologica (Zacchigna et al. 2006). O TGF-f3 pode modular a
expressdodo fator de transcricdo Fos e do co-repressor Hdac5 por meio da sinaliza¢do
Ras/ERK/MAPK (Kang et al. 2005; Molinaand Adjei 2006), indicando alvos e seu papel

namelhora do tratamento com o losartan.

4.2 Vias do neurodesenvolvimento

Prejuizos em vias do SNC sdo frequentemente observados em DLs, portanto,
com ouso de dados de expressdo cerebral sob a perspectiva de suas interacdes no
interatoma humano, nds investigamos o impacto de vias do neurodesenvolvimento no

comprometimento do SNC observado em formas neuropaticas de MPS II.
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Neste trabalho, identificamos novos genes candidatos e vias que convergem em
aspectos funcionais envolvidos na estreita relacdo entre defeitos na formagao do circuito
neural e comprometimento cognitivo em MPS II. Em nossas andlises topologicas,
medimospossiveis correlagdes entre dados de centralidade e nimero de doengas mentais
para cada gene em nossa rede cerebral. Identificamos uma correlagdo positiva baixa para
degree r=0,20¢ betweenness r=0,26. Isto pode ser explicado pelo modelo de que genes
essenciais tendema codificar proteinas em posi¢des centrais € com expressao relevante na
maioria dos tecidos. Por outro lado, genes de doencas estdo mais frequentemente
localizados em regides periféricas da rede (Goh et al. 2007). Sob uma perspectiva
evolutiva, variantes patogénicas em genes com parametros topologicos centrais podem
impactar regides que estdo amplamente interconectadas na rede, afetando o
neurodesenvolvimento ou fungdes fisiologicas vitais em humanos (Goh et al. 2007; Yu
et al. 2007).

Vias associadas a funcdo e desenvolvimento cerebral foram enriquecidas em
nossos dados, mostrando a presenca de mecanismos endossomal-autofagicos e de
orientacdo de axonios. A autofagia contribui para o crescimento dos axdnios e reduz a
estabilidade pré-sinaptica (Crawley and Grill 2021). Os genes envolvidos nos processos
de autofagia- fagocitose celular (TUBAS, PRKAAI, RRAGB, ITGAS) estao presentes na
maioria dos clusters formados por bioprocessos, sendo que o neurodesenvolvimento
depende da manutencdo desses mecanismos. Os receptores ativados podem ser
endocitados e classificados em outros compartimentos nos neurdnios pelos endossomos;
o conteudo ¢ encaminhado para degradacdo ou retorno a superficie celular (Pasterkamp
and Burk 2021). Portanto, nossos dados sugerem que vias secundarias desencadeadas
pelo acimulo de GAGs podem alterar a internalizagdo e o transporte de
neurotransmissores, conforme observado nadiminui¢ao dos transportadores de glutamato
glial no cérebro de individuos com MPS II (Hamano et al. 2008). Identificamos um
modulo especifico na rede com diversos nds relacionados com processo de orientacao do
axonio e deficiéncia cognitiva.

Muitos desses genes participam de mecanismos de adesdo, organizagdo de
componentes da matriz e sinalizacdo mediada pela superficie celular que direciona a
extensdo do axonio, o crescimento celular e a migracao durante o neurodesenvolvimento

(Manzoli et al. 2021). Em particular, /TGAS5 (subunidade alfa 5 da integrina) codifica um
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receptor que medeia a adesdo celular a matriz extracelular ou outras células pela
atividade do citoesqueleto e varias moléculas de sinalizagdo (Wang et al. 2018). ITGAS
¢ uma integrina que desempenha um papel na orientacdo dos axdnios e nos processos do
fagossomo. As integrinas sdo intermedidrias nas interagdes entre célula-célula e matriz
celular desde os estagios iniciais até o tecido maduro, no qual GAGs sdo seu substrato
paraa sinalizagdo na matriz celular (De Pasquale and Pavone 2019; Swinehart et al.
2020).

Estes modulos especificos podem ser associados a doenga e sugerir modelos
hipotéticos que explicam a heterogeneidade da condigdo, capturando genes e vias,
mesmo em doencas mendelianas como a MPS II. Desta maneira, ITAGS5 poderia
indicar mecanismos afetados pelo acimulo de GAGs na matriz extracelular, comumente
prejudicadaem MPS. ITGAS e seus vizinhos imediatos no interatoma humano foram
enriquecidos paravias como a adesdo focal, interacdes de integrina da superficie
celular, e atividade deproteoglicanos na MEC. A exposi¢do a fragmentos de HS
exodgenos leva a ativagdo deaderéncias focais baseadas em integrina (FA) em células-
tronco neurais de MPS III tipo B. FAs causam ancoragem celular na matriz extracelular,
e sua estimulagdo por HS pode afetara polarizacdo celular e a migra¢do orientada em
MPS 11 tipo B (Bruyere et al. 2015). Alémdisso, alteracdes da expressao génica de FAs e
MEC foram associadas a defeitos de migragaoe crescimento de neuritos em um modelo de
células-tronco pluripotentes de um paciente commucopolissacaridose tipo I-Hurler (Lito et
al. 2020). Disfunc¢des da matriz extracelular foramidentificadas em varios tipos de MPS
(Gaffke et al. 2020). Portanto, o acimulo anormal defragmentos de HS associado ao
comprometimento de processos biologicos relacionados aodesenvolvimento de axdnios
e vias de sinalizacdo na superficie celular e na matriz extracelular sugere que esses
substratos possam afetar etapas essenciais dos estagios iniciaisdo neurodesenvolvimento
em formas neuropaticas de MPS II.

Perturbagdes no transcriptoma foram encontradas em condi¢des neuroldgicas
com disturbios em mecanismos de autofagia-endossomos e prejuizo cognitivo, incluindo
doenca de Huntington, esclerose multipla, transtorno bipolar e sindrome de Rett.
Multiplos genes diferencialmente expressos associados com o declinio cognitivo em
humanos foram identificados em comum nestas condi¢cOes. Neste sentido, nossos

resultados corroboram estudos anteriores, os quais descrevem mecanismos comumente
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alterados entre MPS II e doencas neurodegenerativas (Hamano et al. 2008; Fecarotta et al.
2020; Manzoli et al. 2021).No6s identificamos perturbacdes na expressdo de colagenos,
integrinas e lamininas necessarias para crescimento axonal, desenvolvimento dendritico
e migragdo de células do sistema imunologico, no qual podem apresentar potencial
envolvimento nessas condigdes. Além disso, alguns destes genes regulados por miRNAs
especificos, podem atuar como potenciais alvos terapéuticos para prevenir parte das

consequéncias neurologicas em MPS II.

5. Conclusdes

Neste trabalho usamos abordagens de biologia de sistemas para investigar os
mecanismos de patogénese em doencas lisossomicas (DLs). Nos sugerimos modelos
englobando genes evias celulares para explicar parte dos processos fisiopatologicos em
DLs. Inicialmente, verificamos o envolvimento de vias morfogénicas e de crescimento
impactadas pelo acimulo de substrato celular em diferentes DLs em um artigo de revisao.
Revisitamos evidéncias indicando perturbagdes na sinalizagdo de insulina, Hedgehog e
mTOR em modelos animais ¢ humanos. Além disso, geramos modelos de patogénese
associados com processos inflamatérios e dilatagdo da aorta em MPS I e MPS VII. Por
fim,identificamos genes e vias envolvidas em defeitos na formag¢ao do circuito neural que
podem convergir em processos bioldgicos potencialmente envolvidos com o declinio
cognitivo emMPS II. No entanto, a falta de dados de expressdo génica em humanos e a

baixa cobertura do interatoma humano sdo importantes limitagdes deste trabalho.
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7. Anexos
Nesta se¢do estdo incluidas produgdes bibliograficas produzidas durante o
periodo do doutorado de autoria principal, mas nao diretamente ligadas ao tema principal

da tese.
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Abstract

Cri-du-chat syndrome (CdCs) is one of the most common contiguous gene syndromes, with an incidence of 1:15,000
to 1:50,000 live births. To better understand the etiology of CdCs at the molecular level, we investigated
theprotein—protein interaction (PPI) network within the critical chromosomal region 5p15.3—p15.2 associated with
CdCs using systemsbiology. Data were extracted from cytogenomic findings from patients with CdCs. Based on clin-
ical findings, molecular characterization of chromosomal rearrangements, and systems biology data, we explored
possible genotype—phenotype correlations involving biological processes connected with CdCs candidate genes.
We identified biological processes involving genes previously found to be associated with CdCs, such as TERT,
SLC6A3, and CTDNND?2, as well as novel candidate proteins with potential contributions to CdCs phenotypes, in-
cluding CCT5, TPPP, MED10, ADCY2, MTRR, CEP72, NDUFS6, and MRPL36. Although further functional analy-
ses of these proteins are required, we identified candidate proteins for the development of new multi-target genetic
editing tools to study CdCs. Further research may confirm those that are directly involved in the development of

CdCs phenotypes and improve our understanding of CdCs-associated molecular mechanisms.
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Introduction

Cri-du-chat syndrome (CdCs, OMIM 123450) is one
of the most common contiguous gene syndromes, with an
incidence of 1:15,000 to 1:50,000 live births (Niebuhr,
1978; Duarte et al., 2004). Although Sp deletion is clini-
cally and genetically well described, the phenotypic vari-
ability observed among patients with the deletion suggests
that additional modifying factors, including genetic and en-
vironmental factors, may impact patients’ clinical manifes-
tations (Nguyen et al., 2015). The classic phenotype of
CdCs encompasses a cat-like cry, facial dysmorphism, mi-
crocephaly, psychomotor delays, and intellectual disability
(Overhauser et al., 1994). However, the clinical spectrum
and severity of the disease depend of the size of the deleted
chromosomal region (Smith et al., 2010). Around 80% of
individuals with CdCs exhibit de novo terminal deletions,
and 5% exhibit interstitial deletions, where the deletion is
most commonly inherited (Mainardi, 2006). In this sense,
approximately 10—15% of the deletions result from an un-

Send correspondence to Mariluce Riegel. Servico de Genética
Médica, Hospital de Clinicas de Porto Alegre, Rua Ramiro Barcelos
2350, 90035-903 Porto Alegre, RS, Brazil. E-mail:
mriegel@hcpa.edu.br.

balanced parental translocation (Mainardi, 2006), whereas
complex genomic rearrangements, such as mosaicism, de
novo translocation, or ring chromosomes, comprise fewer
than 10% of cases (Perfumo et al., 2000).

Previous studies looking for phenotype—genotype
correlations through determination of deleted regions on 5p
have described critical regions related to increased suscep-
tibility for cat-like cry, speech delay, facial dimorphism,
and intellectual disability (Overhauser et al., 1994; Church
et al., 1997; Marinescu et al., 1999; Mainardi et al., 2001;
Zhang et al., 2005; Elmakky et al., 2014). Although studies
differ in the actual contribution of these critical regions to a
particular phenotype, they allow that refinement of genes
under hemizygous conditions may contribute to the patho-
genesis of CdCs (Mainardi, 2006; Damasceno et al., 2016).
Candidate genes, such as TERT, MARCH6, CTNND2, and
SLC6A3, are considered dose-sensitive or conditionally
haploinsufficient (i.e., a single copy of these genes is insuf-
ficient to ensure normal functioning in individuals with
CdCs) (Nguyen et al., 2015). Haploinsufficiency of the
genes mentioned above has been implicated in telomere
maintenance dysfunction, cat-like cry, intellectual disabil-
ity, and attention-deficit/hyperactivity disorder, respective-
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ly (Wuetal.,2005; Du et al., 2007; Hofmeister et al., 2015;
Tong et al., 2015).

Even with the increasing resolution of cytogenetic
techniques and the large amount of information available in
databases, the investigation of contiguous gene syndromes
remains a challenge. Studies have attempted to characterize
genomic rearrangements and establish genotype—pheno-
type correlations through the identification of critical re-
gions of susceptibility to CdCs, candidate genes, and ha-
ploinsufficiency-related altered mechanisms implicated in
CdCs phenotypes (Lupski and Stankiewicz, 2005; Nguyen
et al., 2015). Therefore, in this study, to better understand
the etiology of CdCs at the molecular level, we applied an
integrative approach that combines conventional cytoge-
netic techniques, chromosomal microarray analysis
(CMA), and systems biology tools to elucidate the probable
molecular mechanisms underlying the clinical conditions
present in CdCs.

Subjects and Methods

Study design and sample selection

This is a retrospective cytogenomic integrative analy-
sis involving results of a series of cases. Clinical and cy-
togenomic data were extracted from six patients with CdCs
enrolled in the Brazilian Network of Reference and Infor-
mation in Microdeletion Syndromes (RedeBRIM) project
(Riegel et al., 2014, 2017; De Souza et al., 2015; Dorfman
et al., 2015). The patients were regularly reevaluated over
several years. Psychomotor development assessments were
based on personal observations, school performance, and
parent information. Daily abilities and skills, such as lan-
guage, social interactions, concentration/attention, impul-
siveness, motor control, perception, and learning and mem-
ory were recorded and published by our group elsewhere
(Damasceno et al., 2016). The five most frequent groups of
clinical findings were selected and registered in the present
study. This study has been approved by the Ethics Research
Committee of Hospital de Clinicas de Porto Alegre
(HCPA), followed the Declaration of Helsinki, and the
standards established by the author’s Institutional Review
Board.

Cytogenomic Small Region of Overlap (SRO)

The deletions were mapped by whole genome ar-
ray-CGH using a 60-mer oligonucleotide-based microarray
with a theoretical resolution of 40 kb (8 60K, Agilent Tech-
nologies Inc., Santa Clara, CA). Labeling and hybridization
were performed following the protocols provided by Agi-
lent 2011. The arrays were analyzed using a microarray
scanner (G2600D) and Feature Extraction software (ver-
sion 9.5.1) (both from Agilent Technologies). Image analy-
ses were performed using Agilent GenomicWorkbench Li-
te Edition 6.5.0.18 with the statistical algorithm ADM-2 at
a sensitivity threshold of 6.0. The detailed cytogenomic

187

profiles of the patients analyzed in this study were pre-
sented by our group elsewhere (Damasceno et al., 2016).
Based on it, the chromosomal SRO was determined.

Network design

The protein—protein interaction (PPI) metasearch en-
gine STRING 10.0 (http://string-db.org/) was used to cre-
ate PPI networks based on genes located in the SRO. The
list of genes was obtained from the human assembly of Feb-
ruary 2009 (GRCh37/hg19) (Kent et al., 1976; von Mering
et al., 2005). The parameters used in STRING were: (i) de-
gree of confidence, 0.400, with 1.0 being the highest level
of confidence; (ii) 500 proteins in the 1 and 2" shell; and
(iii) all prediction methods enabled, except for text mining
and gene fusion. The final PPI network obtained through
STRING was analyzed using Cytoscape 3.5 (Shannon et
al., 2003). Non-connected nodes from the networks were
not included.

Clustering and GO analysis

The MCODE tool was used to identify densely con-
nected regions in the final Cytoscape network. The analysis
was based on vertex weighting by the local neighborhood
density and outward traversal from a locally dense seed
protein to isolate the highly clustered regions (Bader and
Hogue 2003). The PPI modules generated by MCODE
were further studied by focusing on major biology-asso-
ciated processes using the Biological Network Gene Ontol-
ogy (BiNGO) 3.0.3 Cytoscape plugin (Maere et al., 2005).
The degree of functional enrichment for a given cluster and
category was quantitatively assessed (p-value) using a hy-
pergeometric distribution. Multiple test correction was also
implemented by applying the false discovery rate (FDR) al-
gorithm (Benjamini and Hochberg 1995) at a significance
level of p < 0.05.

Centralities

Two major parameters of network centralities (node
degree and betweenness) were used to identify H-B nodes
from the PPI network using the Cytoscape plugin Centi-
ScaPe 3.2.1 (Scardoni et al., 2009). The node degree cen-
trality indicates the total number of adjacent nodes that are
connected to a unique node. Nodes with a high node degree
are called hubs and have central functions in a biological
network (Scardoni et al., 2009). Furthermore, we also ana-
lyzed the betweenness score, which corresponds to the
number of shortest paths between two nodes that pass
through a node of interest. Thus, nodes with high
betweenness scores, compared to the average betweenness
score of the network, are responsible for controlling the
flow of information through the network topology (New-
man, 2006; Scardoni et al., 2009). These nodes are called
bottlenecks and are normally related to the control of infor-
mation between groups of proteins (Scardoni ef al., 2009).
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Availability of data and materials

All data generated or analyzed during this study are
included in this published article and its supplementary in-
formation files (Tables S1 - S17).

Results

The main clinical findings of six patients with CdCs
selected to this study are presented in Figure 1. Intellectual
disability (6/6 patients), learning difficulties (6/6 patients),
multiple congenital abnormalities (6/6 patients), hyperac-
tivity/impulsiveness (5/6 patients), and heart defects (4/6
patients) were the most frequent findings (Figure 1).
Among the samples, three were from males, with ages
ranging from 6 to 38 years, and three were from females,
with ages ranging from 7 to 20 years.

Intellectual Disability

Learning Difficulties

Multiple Congenital Abnormalities

Hyperactivity/Impulsiveness

Clinical findings

Heart Defects

Cri-du-chat syndrome

Cytogenomic data analysis MR

Six de novo terminal deletions that ranged in size
from approximately 11.2 Mb to 28.6 Mb, with breakpoints
from 5p15.2 to 5p13 were mapped. The analysis of CMA
profile data revealed a small region of overlap (SRO) of
10.8 Mb encompassing the bands 5p15.33—p15.2. The ap-
proximate genomic position of the SRO is chr5:527552—
11411700, comprising 44 genes according to the UCSC
genome browser human assembly of February 2009
(GRCh38/hg19) (Figure 2).

Networks and topological analysis

Overall, the scale-free network was composed of
2284 nodes (proteins) and 83340 edges (interactions) (Fig-
ure 3). Centrality analyses were carried out to identify
hub-bottlenecks (H-B), the most topologically relevant no-
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Figure 1 - Summary of clinical findings of the six individuals in the study according to Damasceno et al. (2016).
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STRING were used to construct networks using Cytoscape software. (A) The primary network is composed of 2284 nodes and 83,340 edges. Red nodes
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Red nodes are candidate proteins (CCT5, TPPP, MED10, ADCY2, MTRR, CEP72, NDUFS6, MRPL36, CTNND2, TERT, and SLC6A3) and immediate

neighbors from SRO.

des. The network hubs (nodes with an above average num-
ber of connections) and betweenness (total number of non-
redundant shortest paths going through a node or edge) in-
dicate the most critical points in a biological network (Yu et
al., 2007). In our analysis, we observed 273 H-B nodes in
the SRO network. Furthermore, we performed a cluster
analysis that identified 16 major cluster regions above our
cutoff score, and gene ontology (GO) analyses were per-
formed in the identified modules.

Clusters taken into consideration for further analysis
were those containing major proteins related to CdCs and
deleted in all patients according to Espitiro Santo (2016),
namely those containing combinations of SLC6A3,
SRD5A1, CCT5, ADCY2, TAS2R1, MED10, MTRR,
SLC12A7, CEP72, NDUFS6, MARCH6, LPCATI,
NKD2, CTNND2, TERT, CLPTM1L, MRPL18, MRPL36,
UBE2QLI1, PAPD7, and TPPP (Figure 4). In addition, the
TERT protein was a commonly clusterized protein, and all
clusters containing TERT were selected. Clusters that did
not contain multiple combinations of the CdCs protein tar-

gets mentioned above, TERT, were excluded from the final
analysis.

The most relevant GO terms are listed in Table S1.
The main observed terms were: (i) nervous system-
associated processes, such as development, synapsis, and
learning; (ii) aging; (iii) double-strand break repair; (iv)
regulation of apoptosis/cell death; (v) telomere mainte-
nance; (vi) senescence; (Vvii) response to cytokine stimulus;
(viil) regulation of interleukin (IL)-1; (ix) hormone
biosynthetic processes, especially androgen biosynthesis;
and (x) regulation of the NF-IB/II_B pathway. The die
number of GO terms associated with each cluster can be
found in Figure 5. Our analysis excluded GO terms that
were not associated with significant biological processes
related to the disease, or that were too general (e.g., regula-
tion of biological process, signaling process, or response to
endogenous stimulus).

113



190

Cri-du-chat syndrome

Hormone Biosynthesis and Signaling Pathway:

Immune System and Inflammatory Response:

GO Terms

Neuronal Developmental and Function-|

%

N S © &

Bioprocesses Frequency %

Cellular Death

Immune System and Inflammatory Response:

GO Terms

Neuronal Developmental and Function

Hormone Biosynthesis and Signaling Pathway

° > S ® 5

0

Bioprocesses Frequency %

Figure 4 - Subnetworks derived from clustering analysis. Red nodes are target proteins. (A) Cluster 1, with Ci = 94,369, composed of 509 nodes and
24,064 edges. Target proteins: SLC6A3, SRD5A1, CCTS, ADCY2, and TAS2R1. Below, summary of the bioprocess frequency identified in the PPI net-
work (B) Cluster 8, Ci=23,208, contains 471 nodes and 5477 edges. Target proteins: SLC6A3, TERT, and TPPP. Below, summary of the Bioprocess fre-

quency identified in the PPI network.

Regulation of NF-KappaB Transcriptor Factor/I-KappaB Kinase/NF-KappaB —
Androgen Metabolism and Signaling —
Response to Interleukin-1—|

Steroid Hormone Receptor Signaling Pathway —
Response to Cytokine Stimulus —

Negative Regulation of Apoptosis/Cell Death —

GO Terms

Senescence —

Telomere Maintenance —|

Bioprocesses Enrichment

DoubleStand Breck Repar -

Aging/Cell Aging—

NewrogenasisNervous System Devioprent |

T T T T T T T
v X © % N NG \bx \‘o

Number of Clusters

Figure 5 - Summary of the bioprocess enrichment identified in the PPI network. The colored horizontal bars show GO terms frequently present in the ana-

lyzed clusters.

Discussion

CdCs patients are traditionally diagnosed based on a
detailed clinical evaluation and cytogenetic investigations.
Furthermore, some studies have shown the importance of
characterizing the genomic position of the critical chromo-

somal region associated with CdCs for a better understand-
ing of genotype—phenotype correlations (Wu et al., 2005;
Zhang et al., 2005; Damasceno et al., 2016). Network-
based approaches may contribute to the identification of
specific genes distributions in a given disease and reveal
common molecular mechanisms among genes affected by
the condition. Furthermore, genes associated with the same
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illness have been observed to interact with each other more
frequently than expected by chance (Barabasi et al.,2011).

Interaction between SLC6A3 TPPP and CCT5 and
Processes related to neuronal development and
function in CdCs

In this study, the constructed networks and topologi-
cal analysis, such as those in clusters 1 and 8 (Figures 2 and
4), showed interactions between SLC6A3, TPPP, and
CCTS5, genes which are located in the SRO, and interac-
tions between processes related to neuronal development
and function in CdCs. The GO analysis of clusters 1 and 8
indicated the presence of proteins deleted in hemizygous
individuals in our study that are related to the regulation of
glutamatergic and dopaminergic synaptic transmission, ca-
techolamine uptake involved in synaptic transmission, and
norepinephrine secretion and neurogenesis. Changes in
patterns of neuronal activity modulated by dopamine and
noradrenaline in the cortico-striatal region of the brain are
able to influence the emergence of disturbances, such as at-
tention deficit hyperactivity disorder (ADHD) (Del Campo
etal.,2011; Cummins et al., 2012). Interestingly, ADHD is
present in about 70% of children with CdCs (Nguyen et al.,
2015), and, in our study, hyperactivity was present in five
out of the six subjects (Figure 1). SLC6A3, a dopamine
transporter, regulates extracellular dopamine, is responsi-
ble for the reuptake of dopamine, and functions to balance
levels of neuronal dopamine (Gizer et al., 2009). Defi-
ciency of this protein can lead to the accumulation of dopa-
mine in the cytosol, with deleterious effects (Sotnikova et
al., 2005). These effects may be associated with hyper-
locomotion, stereotyped behaviors, and hyperactivity, as in
Slc6a3 KO mice (Giros et al., 1996; Pogorelov et al., 2005;
Lohr et al., 2017), or decreased immobility, as in Slc6a3"~
mice (Perona ef al., 2008). Therefore, SLC6A3 can be pro-
posed as a good target on subsequent functional analyses
that could increase the mechanistic knowledge related to
those CdCs phenotypes. Interestingly, we observed that
TPPP is among the direct neighbors of SLC6A3 in cluster 8
(Figure 4). TPPP functions in tubulin polymerization and
microtubule stabilization (Vincze et al., 2006). TPPP plays
an important role in pathological conditions through the
co-enrichment and co-localization of TPPP and <esynr
clein in human brain inclusions, such as in Parkinson’s dis-
ease (Olah and Ovadi, 2014). Through the polymerization
of the tubulin polymer, TPPP contributes to the extension
of peripheral axons in sensory neurons (Aoki ef al., 2014).
Changes in the expression of TPPP are associated with the
phenotypes of depression and anxiety following early life
stress in humans (Montalvo-Ortiz et al., 2016). Therefore,
these results identified by network analysis suggest an im-
portant perturbation between the proteins SLC6A3 and
TPPP generating neural changes in CdCs individuals.
SLC6A3 also interacts with the H-B CCTS5 in cluster 1, in
which processes related to cognition, memory, and learning
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can be found (Figure 4, Table S2). The protein CCTS5 is
involved in cilia morphogenesis and neurodegenerative
processes, and its deficiency may cause neurodegenerative
diseases, such asspastic paraplegia (Bouhouche et al.,
2006; Posokhova ef al., 2011), supporting the GO results.
Individuals with spastic paraplegia may present with atro-
phy of the spinal cord and defects in the upper limbs. These
results indicate that SLC6A3, CCTS and TPPP show im-
portant connection. Thus, we could consider that disruption
of these interactions may change the processes related to
neuronal development and function underlying in some pa-
tients with CdCs.

Interplay between of genes in the SRO and
behavioral and cognitive impairment

The proteins encoded by CTNND2, TERT, and
MEDI0, which are located in the SRO determined in this
study (Figure 2), are commonly deleted in CdCs and inter-
act in several modules associated with neuronal develop-
ment/function and cellular death, specifically clusters 3, 5,
6, 8,10, and 11 (Tables S4, S5, S6, S7, S9, S11 and S12).
This suggests an interplay between genes in the SRO and
behavioral and cognitive impairment. These genes are ex-
pressed during important periods of embryonic and neu-
ronal development (Yui et al., 1998; Kwon et al., 1999; Ho
etal.,2000). CTNND?2, considered a bottleneck in our anal-
ysis, encodes o-catenin, a component of adherens junction
complexes (Kosik et al., 2005) that regulates spine mor-
phogenesis and synapse function in hippocampal neural
cells during development (Arikkath ez al., 2009). o-Catenin
is stabilized by N-cadherin, which binds to PDZ domain
proteins in the post-synaptic compartment at synapse junc-
tions and regulates spine architecture during hippocampal
development and the differentiation of neurons via down-
stream effectors that bind to actin in the cytoskeleton (Ko-
sik et al., 2005; Yuan et al., 2015). Among the bioprocesses
investigated in the protein interaction network, we identi-
fied the negative regulation of the Wnt receptor signaling
pathway. Through Wnt signaling, o-catenin prevents Rho
GTPase signaling, modulating the Ras superfamily in cy-
toskeletal reorganization (Lu ef al., 2016). Perturbations in
this pathway, observed after depletion of o-catenin, may
contribute to functional neurological alterations (Arikkath
etal.,2009). In this sense, the loss of a copy of CTNND2 in
CdCs may be associated with intellectual disability, read-
ing problems (Medina et al., 2000; Belcaro et al., 2015;
Hofmeister et al., 2015), learning difficulties, and autism
spectrum disorder (ASD) (Asadollahi et al., 2014) (Figure
1). The interplay of o-catenin with cadherin suggests its in-
fluence on Wnt/ {~-catenin signaling (Lu ef al., 2016),
increases keloid cell proliferation and inhibits apoptosis
through its interaction with telomerase (Yu et al., 2016).
This mechanism perhaps explains the enrichment of the
negative regulation of apoptosis process in the GO analysis
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(Figure 5). In addition, reduction in MEDI10 levels en-
hances Wnt signaling and is required for the expression of
developmentally regulated genes (Kwon et al., 1999; Lin et
al., 2007). The H-B MEDI10 is crucial for DNA-binding
factors that activate transcription via RNA polymerase 11
(Sato et al., 2003). Lastly, the telomerase reverse transcrip-
tase, encoded by TERT, which behaved as an H-B, was the
most clusterized protein (Tables S15 and S17). The hemi-
zygosity of TERT has been associated with shorter te-
lomeres in lymphocytes from CdCs patients and contrib-
utes to the phenotypic changes seen in the syndrome
(Zhang et al., 2003). However, another study with 52 indi-
viduals affected by CdCs showed that the telomere length
in CdCs patients was within the normal range, though the
average was shorter than that in normal controls (Du et al.,
2007). These data suggest that the contribution of TERT to
CdCs may involve alterations in other biological processes
or pathways. For instance, TERT can exert protective ef-
fects. Under dietary restriction conditions, TERT accumu-
lates in the mouse brain, leading to reductions in free radi-
cals in the mitochondria, DNA damage, and apoptosis
through the inhibition of the mTOR cascade (Miwa et al.,
2016). These processes were present in all clusters except 1
and 13 (Tables S2 and S14).

Therefore, analyses of centrality suggest that the defi-
ciency in CTNND2, TERT, and MED1( genes expression
during important stages of development may affect pro-
cesses related to neurogenesis and the regulation of apopto-
sis and DNA repair, being inherent in the cognitive and
behavioral impairments seen in CdC patients (Figure 1).

Control of NF-kB transcription factor/interleukin 1
and inflammatory response

In several clusters, GO analysis identified processes
related to the immune system and inflammatory response.
Considering this, we explored the control of the NF- B
transcription factor/IL-1 and the inflammatory response.
The appearance of respiratory and intestinal infections dur-
ing the first years of life is common in patients with CdCs,
though it has been rarely discussed (Mainardi, 2006). Pro-
cesses related to immune response-activating signal trans-
duction, response to IL-1, leukocyte activation, and regula-
tion of the I B kinase/NF- B cascade, which has an
important role in inflammation (Deacon and Knox 2018),
were observed in our study, especially in clusters 1, 2, 3, 5,
6,7,8,9,10, 11, and 12 (Figure 5, Tables S2-S4 and S6-
S13). With the use of telomerase inhibitors and te-
lomerase-targeting small interfering RNAs, it has been
found that H-B TERT reduces TNF- o -induced chemokine
expression in airway smooth muscle cells (SMCs) (Deacon
and Knox, 2018). Another protein involved in the immune
response is adenylyl cyclase (ADCY?2), which is also an
H-B according to the centrality analysis. This protein cata-
lyzes the formation of cyclic adenosine monophosphate
(cAMP) from adenosine triphosphate (ATP), involving va-

Cri-du-chat syndrome

rious signal transduction pathways. ADCY2 regulates the
production of IL-6 in inflammatory processes and enhances
its expression in SMCs (Bogard et al., 2014; Jajodia et al.,
2016). In addition, single-nucleotide polymorphisms in
ADCY?2 have been associated with severe chronic obstruc-
tive pulmonary disease (Hardin ef al., 2012).

These data suggest that the presence of specific path-
ways related to the immune response can be affected by
genes commonly deleted in CdCs (Figure 5). These results
bring new insights into the pathogenesis of the syndrome,
in an attempt to explain the emergence of recurrent respira-
tory and intestinal infections during the first years of life in
individuals with CdCs (Mainardi, 2006).

Association between genes in SRO and congenital
malformations.

Regarding the association between genes in the SRO
and the multiple congenital malformations observed in
CdCs, the network analysis demonstrated interactions be-
tween MTRR, CEP72, NDUFS6, MRPL36, and MED10 in
clusters 2 and 4, in which the GO analysis identified pro-
cesses related to DNA repair, cell cycle control, cellular
death, and mitochondrial ATP synthesis, and electron
transport (Figure 5). MTRR encodes a methionine synthase
reductase that is fundamental for the remethylation of ho-
mocysteine, which regenerates functional methionine syn-
thase via reductive methylation. Individuals with neural
tube defects (NTDs) exhibit elevated homocysteine con-
centrations (Steegers-Theunissen ef al., 1993; Zhu et al.,
2003; Cheng et al., 2015). The protein MTRR emerged as a
bottleneck in our protein interaction network. Heterozy-
gous mutations that lead to MTRR deficiency have been
implicated in homocysteine accumulation, resulting in ad-
verse reproductive outcomes and congenital heart defects
inmice (Zhu et al.,2003; Li et al., 2005). Therefore, defects
in the activity of MTRR could be associated with frequent
clinical manifestations of CdCs, such as cardiac abnormali-
ties. Furthermore, neurodevelopmental disorders such as
primary microcephaly are associated with mutations in pro-
teins that interact with the centrosomes, such as the CEP72
(Kodani et al., 2015), which was considered an H-B in our
analysis. CEP72 regulates the localization of centrosomal
proteins and bipolar spindle formation (Oshimori et al.,
2009). Therefore, CEP72 is involved in centriole duplica-
tion and biological processes such as control of the cell cy-
cle, and deficiency of this protein may contribute to dys-
morphic phenotypes in CdCs (Figure 1).

Another protein in cluster 2 was the H-B NDUFS6, an
accessory subunit of the mitochondrial chain NADH dehy-
drogenase (Murray et al., 2003). Deletion of NDUFS6 or
mutation of its Zn-binding residues blocks a late step in
complex I assembly (Kmita ef al., 2015). Mutations in this
protein may also cause lethal neonatal mitochondrial com-
plex I deficiency (Kirby et al., 2004) and fatal neonatal lac-
tic acidemia (Spiegel ef al., 2009). Besides these proteins,
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MRPL36, a component of the ribosomal subunit (Williams
et al.,2004), emerged as a hub in our network of protein in-
teractions. Decreases in MRPL36 prevent the correct fold-
ing and assembly of translation products, leading to rapid
degradation of these molecules and defects in the bio-
genesis of respiratory chain complexes in the mitochondria
(Prestele et al., 2009). Therefore, the hub MRPL36 may
contribute to oxidative stress-related processes found in
cluster 2 (Table S3) and may be associated with excess
apoptosis and NTDs (Yang et al., 2008).

Excessive apoptosis in fetal central nervous tissues
can cause NTDs by decreasing the number of cells in the
neural folds or by physical disruption of the dorsal midline,
consequently resulting in embryonic dysmorphogenesis
(Chen et al., 2017; Lin et al., 2018). Furthermore, the H-B
MEDI10, located in clusters 2 (Figure 4), 3, and 4, regulates
heart valve formation in zebrafish (Just ef al., 2016). In ad-
dition, network analysis demonstrated an interaction be-
tween MEDIO0 and the protein encoded by
MED24/TRAP100, located on chromosome 17. MED24 is
necessary for enteric nervous system development in ze-
brafish (Pietsch, 2006). Together, these findings contribute
to our understanding of the emergence of congenital heart
defects, microcephaly, and occasional abnormalities such
as agenesis of the corpus callosum, cerebral atrophy, and
cerebellar hypoplasia, which may be present in CdCs.

Conclusion

The possibility of using microarrays to characterize
chromosomal rearrangements has led to several studies
aimed at establishing genotype-phenotype correlations in
several contiguous gene deletion syndromes, and some of
them have proposed the regions of susceptibility to each
specific condition. However, no consensus has been rea-
ched on the exact identity of the genes and cell signaling
pathways involved in promoting these symptoms, as e.g. in
the CdCs. This is the first study to explore the interaction
network of the proteins encoded in the critical region asso-
ciated with CdCs by combining cytogenomic data and sys-
tems biology tools. This study identified and demonstrated
the biological processes involving genes previously found
to be associated with CdCs, such as TERT, SLC6A3, and
CTDNND?. Furthermore, through analysis of the protein
interaction network, we identified other possible candidate
proteins, including CCT5, TPPP, MEDI10, ADCY2,
MTRR, CEP72, NDUFS6, and MRPL36, with potential
contributions to the phenotypes observed in CdCs. Further
functional analysis of these proteins is required to fully un-
derstand their involvement and interplay in CdCs. Addi-
tional research in this direction may confirm those that are
directly involved in the development of the CdCs pheno-
type and improve genotype—phenotype correlations.
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Ring chromosome 20 (r20) is characterized by intellectual impairment, behavioral disorders, and refractory epilepsy. We
report a patient presenting nonmosaic ring chromosome 20 followed by duplication and deletion in 20q13.33 with
seizures, delayed neuropsychomotor development and language, mild hypotonia, low weight gain, and cognitive deficit.
Chromosomal microarray analysis (CMA) enabled us to restrict a chromosomal segment and thus integrate clinical and
molecular data with systems biology. With this approach, we were able to identify candidate genes that may help to
explain the consequences of deletions in 20q13.33.In our analysis, we observed five hubs (ARFGAP1, HELZ2, COL9A3,
PTK6, and EEF1A2), seven bottlenecks (CHRNA4, ARFRP1, GID8, COL9A3, PTK6, ZBTB46, and SRMS), and two H-B
nodes (PTK6 and COL9A3). The candidate genes may playan important role in the developmental delay and seizures
observed in r20 patients. Gene ontology included microtubule-based movement, nucleosome assembly, DNA repair, and
cholinergic synaptic transmission. Defects in these bioprocesses are associated with the development of neurological
diseases, intellectual disability, neuropathies, and seizures. Therefore, in this study, we can explore molecular
cytogenetic data, identify proteins through network analysis of protein-protein interactions, and identify new candidate

genes associated with the main clinical findings in patients with 20q13.33 deletions.

1. Introduction

Ring chromosomes are rare structural rearrangements
in humans, exhibiting an estimated frequency of 1 in
25,000 recognized conceptions [1] and approximately 1
in 30,000-60,000 births [2]. The ring formations are
generally de novo, being only 1% inheritable [3-5]. Ring
chromosome20 (r20), which was first described in 1972
[6], is a syndrome characterized by refractory epilepsy,
intellectual impair- ment, and behavioral disorders.
Facial dysmorphism or other congenital malformations
are rarely reported. r20 patients may present normal
development until seizure onset, with the cognitive-
behavioral decline being observed later, which suggests
that the syndrome can be considered an epileptic
encephalopathy [7, 8]. Most likely, r20 formation is

the result of intrachromosomal fusions from the direct
union of unstable telomeres or the occurrence of two
breaks, one in each chromosomal arm, resolved by the
junction of the telomere ends of both arms, short and
long, forming a circular structure [9, 10]. In the latter
case, deletions, du- plications, and/or inversions usually
occur at the chromo- somal ends [11, 12]. The diagnosis
of ring chromosome 20 syndrome requires
identification of ring formation by conventional
cytogenetic techniques with the complement of
chromosomal microarray analysis to detect small losses
and gains in genetic material.

There are fewer than 20 cases described in the
literature of patients carrying subtelomeric deletions in
20q13.33 [13-18]. Common manifestations of these
individuals in- clude skeletal and growth
abnormalities, behavioral
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problems, developmental delay, and seizures [19].
However,there are at least three factors that impair the
clinical characterization of affected individuals and the
identifica- tion of causal genes. First, there are notably
few individuals molecularly characterized with high-
resolution techniques. Second, there is no pattern
regarding the presence of specificclinical manifestations
in 20q13.33 deletions. Third, the significance of the ring
morphology or chromosomal du- plications in clinical
abnormalities is unknown. These fac- tors hinder efforts
to explain the pathogenesis of 20q13.33 deletions and
the probable molecular mechanisms involved in the
phenotypic presentation of these individuals.

In this report, we describe an individual carrying a
ring chromosome 20 with duplication and deletion in
20q13.33. The integration of cytogenetic, clinical, and
protein-proteininteractions data enabled us to identify
genes that help to explain how the patient’s phenotype
is affected by the 20q13.33 deletion present on the
ring chromosome.

2. Case Presentation

The proband is female, aged 2 years and 8 months, and is
the only daughter of nonconsanguineous parents. The
35-year- old father and the 29-year-old mother
reported gestation with high blood pressure and
cesarean section with a ges- tational age of 41 weeks.
The girl was born with a weight of 2860 g, length of 45
cm, and cephalic perimeter of 33 cm. The first convulsion
of the child was manifested at 15 days of life as a
generalized epileptic crisis, which was repeated 24
hourslater. At 21 days, new seizures were characterized
as focal seizures with secondary generalization and
treatment with phenobarbital. The first neuropediatric
assessment occurred at 4 months, showing delayed
neuropsychomotor devel- opment, mild hypotonia, low
weight gain, and cephalic perimeter of 36 cm (< 3 Z
scores). The electroencephalo- gram, cranial resonance,
and screening tests for inborn errors of metabolism
were unchanged. The child was re- ferred for genetic
evaluation. At the age of examination, the patient
showed some facial dysmorphic features as enlarged
nasal dorsum, bulbous nasal tip, short columella, and
long nasolabial filter. The treatment with phenobarbital
was ef- ficient with control of the epileptic seizures for
approxi- mately 1 year, when it presented
decompensation of the convulsive conditions, making it
necessary to change the anticonvulsant to
oxcarbazepine and levetiracetam. The child started
walking independently at 26 months, and at 2 years and
6 months of age, the child presented delayed motor
development and language and high cognitive deficit.
Karyotyping from the proband was performed
on
metaphase spreads prepared from peripheral blood
samples.The chromosomal analysis was conducted after
GTG banding at 550-band resolution, and at least 100
cells were analysed (Figure 1A). The karyotype showed
results 46,XX,r(20). The parental karyotype was normal.
At least 100 cells from each individual were analyzed.
The DNA sample from the child was investigated using
chromosomal microarray analysis (CMA) with a 60-mer
oligonucleotide- based microarray with a theoretical
resolution of 40 kb(8 x 60 K, Agilent Technologies Inc.,
Santa Clara, CA, USA).
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The images were analyzed using Cytogenomics v 2.0 and
2.7with the statistical algorithm ADM-2 and a sensitivity
threshold of 6.0 (Figure 1B). It is recommended to
provide confirmation of CMA results with other
methods such as FISH or real-time PCR, especially for
the refinement of breakpoints of structural
chromosomal abnormalities. The authors pursued to
perform it; but unfortunately, there is nosample left of
this patient anymore, and the family is not available to
obtain a new sample. The protein-protein in- teraction
(PPI) metasearch engine STRING 10.0 (http:// string-
db.org/) was used to create PPI networks based on40
genes and gene predictions located in the deleted region
from our patient (Figure 2A). The list of genes was
obtained from CMA analyses and subsequent research
into the hu- man assembly of February 2009
(GRCh37/hg19) [20, 21]. The parameters used in
STRING were (i) degree of confi- dence, 0.400, with 1.0
being the highest level of confidence;

(ii) 500 proteins in the 1st and 2nd shell; and (iii) all
pre- diction methods enabled, except for textmining and
gene fusion. The final PPI network obtained through
STRING was analyzed using Cytoscape 3.5 [22]. The
MCODE tool was used to identify densely connected
regions in the final Cytoscape network. The PPI modules
generated by MCODE were further studied by focusing
on major biology-associ- ated processes using the
Biological Network Gene Ontology (BiNGO) 3.0.3
Cytoscape plugin [23]. The degree of func- tional
enrichment for a given cluster and category was
quantitatively  assessed (p value) wusing a
hypergeometric distribution. Multiple test correction
was also implemented by applying the false discovery
rate (FDR) algorithm [24] at a significance level of p <
0.05. Finally, two major parameters of network
centralities (node degree and betweenness) were used
to identify hub-bottleneck (H-B) nodes from the PPI
network using the Cytoscape plugin CentiScaPe 3.2.1
[25].

3. Discussion

The underlying biological mechanism in individuals
with ring 20 has not been determined. Hypotheses
include (i) gene silencing by the influence of telomere
position; (ii) uniparental disomy of chromosome 20; (iii)
deleted genes inthe chromosomal segment, or (iv) effect
of ring instability incellular functions [26]. In this study,
we investigated ge- notype-phenotype correlations
through deleted genes in 20q13.33 using systems
biology approaches to explain the associated clinical
spectrum in our patient. With this ap- proach, we
identified candidate genes that may be involved in the
pathophysiology of ring chromosome 20. To measure
the importance of the protein-protein interaction
network of genes located in the deleted region (Figure
1B), we examined the topological properties of the
network using centrality analyses.

The proteins ARFGAP1, HELZ2, and EEF1A2
presented a high node degree in the network. These
nodes are con- sidered hubs and have central functions
in a biological network [25]. ARFGAP1 serves as a
regulator of vesicular trafficking of proteins [27]. HELZ2
is a helicase that acts as a transcriptional coactivator
[28]. EEF1A2 promotes the GTP-dependent binding of
aminoacyl-tRNA during protein
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Figure 1: (A) Chromosome banding showing the chromosome 20 pair, with a normal chromosome and the other on the ring (20).
(B) CMA profile of chromosome 20 showing the hybridization pattern. The genomic segment with a gain of ~302,774 kb
(61,142,577-61,445,350) isshown (vertical blue band). The arrow indicates the shift of the median ratio log? to +1.0. The segment with
loss of ~1.4 Mb (61,472,348-62,872,839) is demonstrated (vertical red band). The arrow indicates the shift of the median ratio
log? to - 1.0.

Cluster

Figure 2: PPI network. A list of 40 genes and gene predictions was obtained from the human assembly of February 2009
(GRCh37/hg19) (Table S12). Interaction data from STRING were used to construct networks using cytoscape software. (A) The
primary network is composed of 1,572 nodes (proteins) and 54,925 edges (interactions). (B) The secondary network is composed
of 794 nodes and 16,805 edges; yellow nodes are candidate proteins with data available in string (ZGPAT, HELZ2, EEF1A2,
TNFRSF6B, ZBTB46, DIDO1, ARFGAP1, RTEL1, SRMS, GMEB2, YTHDF1, PTK6, GID8, BIRC7, COL9A3, COL20A1, KCNQ2,
ARFRP1, and CHRNA4). (C) Cluster 2, with

Ci 40,863, is composed of 510 nodes and 10,388 edges. Nodes with green borders are considered hubs; orange are bottlenecks;
and red arehub bottlenecks.

biosynthesis and plays a role in the regulation of actin
function and cytoskeletal structure. EEF1A2 knockout

CHRNA4, ARFRP1, GID8, and SRMS were the nodes
identified as bottlenecks in the network. ARFRP1 plays a

miceshowed degeneration of neurons in the spinal cord
and brainstem [29], and heterozygous mutations in the
gene were associated with intellectual disability,
developmental delay, autistic behaviors, and epilepsy
[30, 31]. Therefore, the EEF1A2 protein may be a good
candidate to explain some of the symptoms present in
individuals with deletion 20q13.33.

role in membrane trafficking between the trans-Golgi
network and endosomes. GID8 is a nuclear retention
factor for [-catenin during Wnt signaling, and SRMS
nonreceptor- type tyrosine kinases are a BRK family of
kinases (BFKs) involved in the proliferation or
differentiation of kerati- nocytes [32-34]. CHRNA4
encodes alpha-4 nicotinic

124



Case Reports in Genetics

Number of genes

0 10 20 30 40
1
] DNA repair Corr p val. 5,03E - 06
R}bosomg Corr p val. 4,36E -
biogenesis Cell-

matrix adhesion
Integrin-mediated signaling
pathwaySteroid hormone receptor
signaling pathwayAndrogen receptor
signaling pathway Collagen fibril
organization

08Corr p val. 1,07E
10
Corr pval. 5,71E -
14Corr p val. 1,31E = 09
Corr p val. 2,07E -
12Corr p val. 6,42E - 06

Figure 3: Summary of the bioprocess enrichment identified in cluster 2. The colored horizontal bars show GO terms frequently

present.

acetylcholine receptor subunits, and different mutations
in the gene cause autosomal dominant nocturnal frontal
lobe epilepsy (ADNFLE) [35, 36]. CHRNA4 is a known
gene associated with epilepsy in ring 20 patients [26].
Bottlenecks are related to the control of information
between the in- teractions in the network [25, 37];
therefore, the identifi- cation of CHRNA4 already linked
to the syndrome phenotype indicates that the
haploinsufficiency of these bottlenecks could play a role
in the development of our patient’s phenotype.

Hub-bottlenecks (H-B) are nodes with a high degree
and betweenness score. Among the nodes classified as
H-B are two proteins, PTK6, another member of BFK,
interacts directly with SRMS in the network. PTK6
functions as an intracellular signal transducer in
epithelial tissues, con- tributing to the migration,
adhesion, and progression of the cell cycle [38, 39].
COL9A3 is a structural component of hyaline cartilage,
and mutations in the gene are associated with multiple
epiphyseal dysplasia [40, 41].

Genes associated with the same illness have been

ob- served to interact with each other more frequently
thanpredicted by chance [42]. Therefore, we performed
cluster analysis to examine densely connected regions
in the final network and observe these novel candidate
genes localized in 20q13.33 [43]. We analyzed a total of
11 clusters (data notshown). Interesting relationships
were found; for example, the proteins HELZ2, EEF1A2,
DIDO1, YTHDF1, PTKs,
COL9A3, and COL20A1 interact with one another in
cluster2 (Figure 2C). Many of these genes are deleted in
nonmosaic ring chromosome 20, and the clinical
abnormalities iden- tified in these individuals include
findings also seen in our patient as seizures, intellectual
disability, and developmental delay [8]. Ring
chromosome 20 is associated with refractory epilepsy,
behavioral problems, and mild-to-severe cognitive
impairment. De novo microdeletion of 20q13.33 is
associ- ated with intellectual disabilities, developmental
delay, speech and language delay, seizure, and
behavioral problemssuch as autistic spectrum disorder.
However, there is no pattern of abnormalities that
would arouse clinical suspicion of a r(20) or de novo
20q13.33 microdeletion [19].

Functional enrichment analysis in the clusters
revealed that the candidate genes were enriched in
several biological processes, including microtubule-
based movement, nucle- osome assembly, DNA repair,
and cholinergic synaptic transmission (Tables S1-S11).
Defects in these bioprocesses are associated with the
development of neurological diseases, intellectual
disability, neuropathies, and seizures [44-48]. In
addition, such bioprocesses as cell-matrix adhesion
and

integrin-mediated signaling were identified (Figure 3).
These pathways are involved in neural stem cell
differentiation, neuronal migration, neuroplasticity,
maturation, and function of synapses in the peripheral
and central nervous system and may have an important
contribution to the emergence of intellectual disability
and seizures in humans [49-51]. The biological
processes involving candidate genes denote the
heterogeneity of pathways disrupted by 20q13.33
deletions.

The ring chromosome associated with subtelomeric
deletions and duplications can confound and limit geno-
type-phenotype correlations. In fact, the circular
structure of a ring chromosome, as described in this
report, can change the ordinary 3D conformation of the
chromatin in various ways and thus alter the expression
of the genes present in the ring chromosome. The
presence of an amplification iden- tified in our ring
chromosome analysis hinders efforts to determine its
impact on the patient’s phenotype. The du- plication can
be seen as a consequence of the mechanism of ring
formation; in this case, an inverted duplication may be
stabilized not only through telomere healing and
telomere capture but also through circularization in the
chromosomal ring [12]. Recently, chromothripsis and
chromoanasynthesis have been proposed as two
independent mechanisms that could explain the
combination of deletions and duplications on the same
chromosome. Indeed, various molecular ap- proaches,
including whole genome sequencing, have shown that
the concomitance of amplification, deletion, and ring
chromosomes can be the result of a more complex rear-
rangement with respect to a ring chromosome with only
theloss of extremities [52, 53]. In this case, it is expected
that the final phenotype of the proband is not only the
result of the abnormal dosage of deleted genes but also
of the altered expression of duplicate genes present in
two copies.
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BiNGO in Cluster 4. Table 5: list of GO terms identified
by BINGO in Cluster 5. Table 6: list of GO terms
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terms identified by BiNGO in Cluster 7.
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Table 8: list of GO terms identified by BiNGO in Cluster
8. Table 9: list of GO terms identified by BiNGO in
Cluster 9. Table 10: list of GO terms identified by BINGO
in Cluster 10. Table 11: list of GO terms identified by
BiNGO in Cluster 11.Table 12: list of genes located in the
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20q13.33. (Supplementary Materials)

References

[1] P. A. Jacobs, “Mutation rates of structural chromosome

(2]

[10]
[11]

[12]

[13]

[14]

[15]

rearrangements in man,” American Journal of Human Ge-
netics, vol. 33, no. 1, pp. 44-54, 1981.

G. Kosztolanyi, “The genetics and clinical characteristics
of constitutional ring chromosomes,” Journal of the
Association of Genetic Technologists, vol. 35, no. 2, pp.
44-48, 2009.

G. Kosztolanyi, “Does “ring syndrome” exist? An analysis
of 207 case reports on patients with a ring autosome,”
Human Genetics, vol. 75, no. 2, pp. 174-179, 1987.

G. Kosztolanyi, K. Méhes, and E. B. Hook, “Inherited ring
chromosomes: an analysis of published cases,” Human
Ge- netics, vol. 87, no. 3, pp. 320-324, 1991.

J. Knijnenburg, A. van Haeringen, K. B. M. Hansson et al,,
“Ring chromosome formation as a novel escape
mechanism in patients with inverted duplication and
terminal deletion,” European Journal of Human
Genetics, vol. 15, no. 5, pp. 548-555, 2007.

L. Atkins, W. L. Miller, and M. Salam, “A ring-20 chromo-
some,” Journal of Medical Genetics, vol. 9, no. 3, pp. 377-
380,1972.

A. Vignoli,
chromosome
20 syndrome: a link between epilepsy onset and neuro-
psychological impairment in three children,” Epilepsia,
vol. 50, no. 11, pp. 2420-2427, 2009.

L. K. Conlin, W. Kramer, A. L. Hutchinson et al., “Molecular
analysis of ring chromosome 20 syndrome reveals two
distinctgroups of patients,” Journal of Medical Genetics, vol.
48, no. 1, pp. 1-9, 2011.

A. Vazna, M. Havlovicova, and Z. Sedlacek, “Molecular
cloning and analysis of breakpoints on ring chromosome
17 ina patient with autism,” Gene, vol. 407, no. 1-2, pp.
186-192, 2008.

S. W. Maluf, Citogen‘etica Humana, Artmed, Porto Alegre,
Brazil, 2011.

M. J. McGinniss, H. H. Kazazian Jr., G. Stetten et al,
“Mechanisms of ring chromosome formation in 11 cases
of human ring chromosome 21,” American Journal of
Human Genetics, vol. 50, no. 1, pp. 15-28, 1992.

E. Rossi, M. Riegel, ]. Messa et al., “Duplications in addition
toterminal deletions are present in a proportion of ring
chro- mosomes: clues to the mechanisms of formation,”
Journal of Medical Genetics, vol. 45, no. 3, pp. 147-154,
2007.

M. A. Aldred, S. Aftimos, C. Hall et al., “Constitutional de-
letion of chromosome 20q in two patients affected with
albright hereditary osteodystrophy,” American Journal of
Medical Genetics, vol. 113, no. 2, pp. 167-172, 2002.

M. Balasubramanian, E. Atack, K. Smith, and M. ]. Parker,
“Anovel de novo 20q13.32-q13.33 deletion in a 2-year-
old child with poor growth, feeding difficulties and low
bone mass,” Journal of Human Genetics, vol. 60, no. 6, pp.
313-317, 2015.

F. Bené A. Bottani, F. Marcelli et al., “A de novo 1-1.6
Mb subtelomeric deletion of chromosome 20q13.33 in a
patient with learning difficulties but without obvious
dysmorphic

M. P. Canevini, F. Darra et al, “Ring

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

features,” American Journal of Medical Genetics Part A,
vol. 1434, no. 16, pp. 1894-1899, 2007.

M. Béri-Deixheimer, M.-]. Gregoire, A. Toutain et al.,, “Ge-
notype-phenotype correlations to aid in the prognosis of
individuals with uncommon 20q13.33 subtelomere
deletions: a collaborative study on behalf of the
“Association des Cytogénéticiens de Langue Francaise”,”
European Journal of Human Genetics, vol. 15, no. 4, pp.
446-452, 2007.

A. E. Roberts, G. F. Cox, V. Kimonis, A. Lamb, and M. Irons,
“Clinical presentation of 13 patients with subtelomeric
rearrangements and a review of the literature,” American
Journal of Medical Genetics, vol. 1284, no. 4, pp. 352-363,
2004.

F. Shabtai, E. Ben-Sasson, S. Arieli, and J. Grinblat, “Chro-
mosome 20 long arm deletion in an elderly malformed
man,” Journal of Medical Genetics, vol. 30, no. 2, pp. 171-
173,1993.

R. N. Traylor, D. L. Bruno, T. Burgess et al., “A genotype-
first approach for the molecular and clinical
characterization of uncommon de novo microdeletion of
20q13.33,” PLoS One, vol. 5, no. 8, Article ID e12462,
2010.

W.]. Kent, C. W. Sugnet, T. S. Furey, and K. M. Roskin, “The
human genome browser at UCSC W,” Journal of Medicinal
Chemistry, vol. 19, no. 10, pp. 1228-1231, 1976.

C. von Mering, L. J. Jensen, B. Snel et al,, “STRING: known
and predicted protein-protein associations, integrated
andtransferred across organisms,” Nucleic Acids Research,
vol. 33,pp. D433-437, 2005.

P. Shannon, A. Markiel, O. Ozier et al, “Cytoscape: a
software environment for integrated models of
biomolecular interac- tion networks,” Genome
Research, vol. 13, no. 11, pp. 2498-2504, 2003.

S. Maere, K. Heymans, and M. Kuiper, “BiNGO: a cytoscape
plugin to assess overrepresentation of gene ontology
cate- gories in biological networks,” Bioinformatics, vol.
21, no. 16, pp. 3448-3449, 2005.

Y. Benjamini and Y. Hochberg, “Controlling the false dis-
covery rate: a practical and powerful approach to
multiple testing,” Journal of the Royal Statistical Society:
Series B (Methodological), vol. 57, no. 1, pp. 289-300,
1995.

G. Scardoni and C. Laudanna, “Centralities based analysis
of complex networks,” in New Frontiers in Graph Theory, Y.
Zhang, Ed, InTech, London, UK, 2002,
http://www.intechopen.com/ books/new-frontiers-in-
graph-theory/centralities-based-analysis-of-networks.

R. D. Daber, L. K. Conlin, L. D. Leonard et al,, “Ring chro-
mosome 20,” European Journal of Medical Genetics, vol.
55, no. 5, pp. 381-387, 2012.

I. Huber, M. Rotman, E. Pick et al.,, “[33] Expression, puri-
fication, and properties of ADP-ribosylation factor (ARF)
GTPase activating protein-1,” in Methods in Enzymology,
vol. 329, pp. 307-316, no. 1995, Elsevier Inc., Amsterdam,
Netherlands, 2001.

T. Tomaru, T. Satoh, S. Yoshino et al., “Isolation and char-
acterization of a transcriptional cofactor and its novel
isoform that bind the deoxyribonucleic acid-binding
domain of peroxisome proliferator-activated receptor-
gamma,” Endo- crinology, vol. 147, no. 1, pp. 377-388,
2006.

L. A. Griffiths, ]. Doig, A. M. D. Churchhouse et al.,, “Hap-
loinsufficiency for translation elongation factor eEF1A2
in aged mouse muscle and neurons is compatible with
normal function,” PLoS One, vol. 7, no. 7, Article ID
e41917, 2012.

C. Bischoff, S. Kahns, A. Lund et al, “The human
elongation factor 1 A-2 gene (EEF1A2): complete
sequence and

126


http://downloads.hindawi.com/journals/crig/2020/5957415.f1.xlsx
http://downloads.hindawi.com/journals/crig/2020/5957415.f1.xlsx
http://www.intechopen.com/books/new-frontiers-in-graph-theory/centralities-based-analysis-of-networks
http://www.intechopen.com/books/new-frontiers-in-graph-theory/centralities-based-analysis-of-networks
http://www.intechopen.com/books/new-frontiers-in-graph-theory/centralities-based-analysis-of-networks
http://www.intechopen.com/books/new-frontiers-in-graph-theory/centralities-based-analysis-of-networks

(31]

[32]

[33]

[34]

35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

characterization of gene structure

activity,”

Genomics, vol. 68, no. 1, pp. 63-70, 2000.

J. Nakajima, N. Okamoto, ]. Tohyama et al., “De novo EEF1A2
mutations in patients with characteristic facial features,
in- tellectual disability, autistic behaviors and epilepsy,”
Clinical Genetics, vol. 87, no. 4, pp. 356-361, 2015.

Y. Kawachi, H. Nakauchi, and F. Otsuka, “Isolation of a cDNA
encoding a tyrosine kinase expressed in murine skin,” Ex-
perimental Dermatology, vol. 6, no. 3, pp. 140-146,
1997.

Y. Lu, S. Xie, W. Zhang et al.,, “Twal/Gid8 is a -
catenin

nuclear retention factor in Wnt signaling and colorectal
tu-morigenesis,” Cell Research, vol. 27, no. 12, pp.
1422-1440,

2017.

R. K. Goel, M. Paczkowska, J. Reimand, S. Napper, and
K. E. Lukong, “Phosphoproteomics analysis identifies
novel candidate substrates of the non-receptor tyrosine
kinase, src- related kinase lacking c-terminal regulatory
tyrosine and N-terminal myristoylation sites (SRMS),”
Molecular & Cel- lular Proteomics, vol. 17, no. 5, pp. 925-
947, 2018.

R. Combi, L. Dalpra, M. L. Tenchini, and L. Ferini-Strambi,
“Autosomal dominant nocturnal frontal lobe
epilepsy,”

Journal of Neurology, vol. 251, no. 8, pp. 923-934, 2004.
Y. Chen, L. Wu, Y. Fang et al,, “A novel mutation of the
nicotinic acetylcholine receptor gene CHRNA4 in
sporadic nocturnal frontal lobe epilepsy,” Epilepsy
Research, vol. 83, no. 2-3, pp. 152-156, 2009.

M. E. ]. Newman, “Modularity and community structure in
networks,” Proceedings of the National Academy of
Sciences,

vol. 103, no. 23, pp. 8577-8582, 2006.

K. E. Lukong, D. Larocque, A. L. Tyner, and S. Richard,
“Tyrosine phosphorylation of Sam68 by breast tumor
kinase regulates intranuclear localization and cell cycle
progression,”Journal of Biological Chemistry, vol. 280, no.
46, pp. 38639- 38647, 2005.

W.-S. Shin, H. J. Shim, Y. H. Lee et al., “PTK6 localized at the
plasma membrane promotes cell proliferation and
migration through phosphorylation of Eps8,” Journal of
Cellular Bio- chemistry, vol. 118, no. 9, pp. 2887-2895,
2017.

M. Czarny-Ratajczak, ]. Lohiniva, P. Rogala et al, “A
mutation in COL9A1 causes multiple epiphyseal
dysplasia: further evidence for locus heterogeneity,” The
American Journal of Human Genetics, vol. 69, no. 5, pp.
969-980, 2001.

C.Jeong, ]. Y. Lee, J. Kim et al., “Novel COL9A3 mutation in
afamily diagnosed with multiple epiphyseal dysplasia: a
case report,” BMC Musculoskeletal Disorders, vol. 15, no. 1,
pp. 1-6, 2014.

A.-L. Barabasi, N. Gulbahce, and ]. Loscalzo, “Network
medicine: a network-based approach to human
disease,”

Nature Reviews Genetics, vol. 12, no. 1, pp. 56-68, 2011.
J. Menche, A. Sharma, M. Kitsak et al, “Uncovering
disease- disease relationships through the incomplete
interactome,” Science, vol. 347, no. 6224, Article ID
1257601, 2015.

A. Friedman, C. ].
“Cholinergic
dysfunction in temporal lobe epilepsy,” Epilepsia, vol.
48,no. s5, pp. 126-130, 2007.

P. J. McKinnon, “DNA repair deficiency and neurological
disease,” Nature Reviews Neuroscience, vol. 10, no. 2,

pp. 100-112, 2009.

M. A. M. Franker and C. C. Hoogenraad, “Microtubule-

and promoter

Behrens, and U. Heinemann,

[47]

[48]

[49]

[50]

[51]

[52]

Case Reports in Genetics

based transport-basic mechanisms, traffic rules and role
in neuro- logical pathogenesis,” Journal of Cell Science, vol.
126, no. 11, pp. 2319-2329, 2013.A. J. Lopez and M. A.
Wood, “Role of nucleosome remodeling in
neurodevelopmental and intellectual  disability
disorders,” Frontiers in Behavioral Neuroscience, vol. 9,
pp. 1-10, 2015.

M. Du, J. Li, R. Wang, and Y. Wu, “The influence of
potassium concentration on epileptic seizures in a
coupled neuronalmodel in the hippocampus,” Cognitive
Neurodynamics, vol. 10, no. 5, pp. 405-414, 2016.

D.]J. Webb, H. Zhang, D. Majumdar, and A. F. Horwitz, “a5
integrin signaling regulates the formation of spines and
synapses in hippocampal neurons,” Journal of Biological
Chemistry, vol. 282, no. 10, pp. 6929-6935, 2007.

C. S. Barros, S. J. Franco, and U. Muller, “Extracellular
matrix: functions in the nervous system,” Cold Spring
Harbor Per- spectives in Biology, vol. 3, no. 1, Article ID
a005108, 2011.

X. Wu and D. S. Reddy, “Integrins as receptor targets for
neurological disorders,” Pharmacology & Therapeutics,
vol. 134, no. 1, pp. 68-81, 2012.

P. Ly and D. W. Cleveland, “Rebuilding chromosomes after
catastrophe: emerging mechanisms of chromothripsis,”
Trends in Cell Biology, vol. 27, no. 12, pp. 917-930,
2017.

L. Nazaryan-Petersen, ]. Eisfeldt, M. Pettersson et al,
“Rep- licative and non-replicative mechanisms in the
formation of clustered CNVs are indicated by whole
genome character- ization,” PLoS Genetics, vol. 14, no. 11,
Article ID e1007780, 2018.

127



MEDIATORS
INFLAMMATION

Journal of

Gastroenterology :
Diabetes

Research and

-
International Journal

Endocrinolog

Journal of
mmunology

T I

Hindawi

Submit your manuscripts
atwww.hindawi.com

BioMed
L Regeay
Journal of

Obesit

-
i

Evidence-Based :
Stem Cel Is Complementary 1 e Journal of
Internationa andAlternative " Oncolog

Journal of

Ophthalmolog

Parkinson’
sDisease

Computational and
Mathematical
Methodsin Medicine

Behavioura Oxidative Medicine
| es andCellular Longevity

128


https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/
https://www.hindawi.com/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jir/

7.3. Artigo III. Corréa T, Poswar F, Feltes BC and Riegel M (2020) Candidate Genes
Associated with Neurological Findings in a Patient with Trisomy 4pl16.3 and
Monosomy 5pl15.2. Front Genet 11:1-8. https://doi.org/10.3389/fgene.2020.00561

129


https://doi.org/10.3389/fgene.2020.00561

1' frontiers
in Genetics

CASE REPORT
published: 17 June 2020
doi: 10.3389/fgene.2020.00561

OPEN ACCESS

Edited by:
Nagwa Elsayed Afify Gaboon,
Ain Shams University, Egypt

Reviewed by:

Maria Isabel Melaragno,
Federal University of S&o Paulo,
Brazil

Rita Genesio,

University of Naples Federico Il,
Italy

*Correspondence:
Mariluce Riegel
mriegel@hcpa.edu.br

Specialty section:

This article was submitted to
Genetic Disorders,

a section of the journal
Frontiers in Genetics

Received: 06 December 2019
Accepted: 11 May 2020
Published: 17 June 2020

Citation:

Corréa T, Poswar F, Feltes BC and
Riegel M (2020) Candidate Genes
Associated With Neurological
Findings in a Patient With Trisomy
4p16.3 and Monosomy 5p15.2.
Front. Genet. 11:561.

doi: 10.3389/fgene.2020.00561

®

Check for
updates

Candidate Genes Associated With
Neurological Findings in a Patient
With Trisomy 4p16.3 and Monosomy
5p15.2
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In this report, we present a patient with brain alterations and dysmorphic features
associated with chromosome duplication seen in 4p16.3 region and chromosomal deletion
in a critical region responsible for Cri-du-chat syndrome (CdCS). Chromosomal microarray
analysis (CMA) revealed a 41.1 Mb duplication encompassing the band region 4p16.3—p13,
and a 14.7 Mb deletion located between the bands 5p15.33 and p15.1. The patient’s
clinical findings overlap with previously reported cases of chromosome 4p duplication
syndrome and CdCS. The patient’s symptoms are notably similar to those of CdCS
patients as she presented with a weak, high-pitched voice and showed a similar
pathogenicity observed in the brain MRI. These contiguous gene syndromes present with
distinct clinical manifestations. However, the phenotypic and cytogenetic variability in
affected individuals, such as the low frequency and the large genomic regions that can
be altered, make it challenging to identify candidate genes that contribute to the
pathogenesis of these syndromes. Therefore, systems biology and CMA techniques were
used to investigate the extent of chromosome rearrangement on critical regions in our
patient’s phenotype. We identified the candidate genes PPARGC1A, CTBP1, TRIO, TERT,
and CCT5 that are associated with the neuropsychomotor delay, microcephaly, and
neurological alterations found in our patient. Through investigating pathways that associate
with essential nodes in the protein interaction network, we discovered proteins involved
in cellular differentiation and proliferation, as well as proteins involved in the formation and
disposition of the cytoskeleton. The combination of our cytogenomic and bioinformatic
analysis provided these possible explanations for the unique clinical phenotype, which
has not yet been described in scientific literature.

Keywords: Cri-du-chat, 4p16.3, PPARGC1A, CTBP1, TRIO, TERT, CCT5

BACKGROUND

Cri-du-chat syndrome (CdCS; OMIM #123450) is a genetic condition caused by a
deletion in the short arm of chromosome 5. The phenotype is characterized by a cat-like cry,
microcephaly, facial dysmorphism, psychomotor delays, and intellectual disability (Nguyen
et al, 2015). Deletions, which occur at the end of the chromosome, as well as interstitial
which result
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after two breaks, compose 80-90% of CdCS cases (Cerruti
Mainardi, 2006). Unbalanced parental translocation occurs
in approximately 10-15% of patients (Perfumo et al,, 2000;
Cerruti Mainardi, 2006). In addition, complex
rearrangements, such as mosaicism, de novo translocation,
or ring chromosomes, account for less than 10% of the cases
(Perfumo et al., 2000). Wolf-Hirschhorn syndrome (WHS;
OMIM #194190) is acontiguous gene deletion syndrome on
the short arm of chromosome 4. It is characterized by facial
dysmorphia, growth retardation, intellectual incapacity, and
seizures (Zollino et al., 2008). However, duplication of the
WHS critical region is a rare chromosomal condition
causing mild clinical phenotypes, such as speech delay, facial
dysmorphia, seizures, and delayed neuro and psychomotor
development (Patel et al, 1995; Hannes et al, 2010;
Carmany and Bawle, 2011; Cyr et al,, 2011). However, the
phenotypic and cytogenetic variability in affected
individuals, such as the low frequency and the large genomic
regions that can be altered, make it challenging to
identify the candidate genes that contribute to the
pathogenesis of these syndromes.

Here, we present an individual with duplication in the

4pl6.3
region and deletion in the 5p15.2 region. The altered
chromosomal segments are located in the critical regions of
WHS and CdCS, respectively. This study reports a case never
highlighted before in the literature. Systems biology and
CMA were used to investigate the impact of chromosome
rearrangement on critical regions in our patient’s
phenotype.

CASE PRESENTATION

A 5-day-old female was referred for investigation of
congenital abnormalities such as imperforate anus and
rectovaginal fistula, as well as atrial septal defect. Family
history is noteworthy as it highlights consanguineous
parents, and a brother who died with similar clinical
presentation of imperforate anus, congenital heart defect,
and clubfeet (Figure 1A). The pregnancy of the patient
was uneventful, and the girl was born at home at the
gestational age of36 weeks, weighing 2,160 g, and a
total length of 39 cm. On her first physical examination
in our center, she hada low weight (2,045 g), down
slanting palpebral fissures, short palpebral fissures,
ptosis, widely spaced eyes, thin upper lip, -clubfeet,
overlapping fingers, micrognathia, and a high-pitched cry.
Neurological examination was extraordinary as there was
hypertonia of extremities and an absence ofthe Moro
reflex. At the age of 1 month, the patient suffered seizure
episodes with eye deviation that were controlled with
phenobarbital drugs. In the electroencephalogram, acute
wave discharges with multifocal distribution were observed
in both hemispheres with predominance over the left
temporal region. The brainstem illustrated that there
was auditory potential; however, the scan showed
abnormalities within the visual region. A brain MRI
performed at the age of 5 months showed a thin corpus
callosum, white matter volume loss, pontine hypoplasia,
and dysgenesis of the cerebellar vermis (Figures 1B,C).

Despite this, myelination was in accordance with her age.
After being subjected to surgical procedures which
had no complications, she was discharged at the age of 5
months and 25 days. Although the patient had a
tracheostomy and a nasoenteral tube, she was,
clinically, in astable condition.

Karyotyping identified typical patterns of GTG bands in
the mother (46,XX), and paternal reciprocal translocation
with breakpoints in 4p16.3 and 5p15.2 regions [46,XY,t(4;5)
(p16.3;p15.2)]. The proband was identified with 4p16.3-
p13 trisomy and 5p15.33-p15.2 monosomy [46,XX,der(5)
t(4,5) (p16.3;p15.2)pat]. Fluorescence in-situ hybridization
(FISH) analysis confirmed three fluorescence signals for the
4p16.3 band, and only one fluorescence signal in the 5p15.2
proband. CMA revealed duplication in chromosome 4 (41.1
Mb) encompassing the bands 4p16.3-p13. The approximate
genomic position was defined in chr4:71552-41263831
(GRCh38/hg38), comprising 198 genes (Figure 2A).
Chromosome 5 was outlined with a deletion of 14.7 Mb
located between the bands 5p15.33 and pl5.1. The
genomic position was estimatedin chr5:269963-15032936
(GRCh38/hg38), comprising 50 genes (Figure 2B).

LABORATORY INVESTIGATIONS

Cytogenetic Studies
Karyotyping was performed on metaphase spreads
prepared from peripheral blood samples. The

chromosomal analysis was conducted through GTG banding
at a 550-band resolution, and at least 100 cells were
analyzed. FISH experiments were performed following
standard techniques with commercially available locus-
specific probes such as a dual-color commercial probe for
the CdCS and WHSCR (Cytocell, UK). The CTNNDZ2 probe for
5p15.2 (red spectrum) contains a sequence homologous to
the D5S2883 locus and covers approximately159 kb of this
locus. The probe for the 4p16.3 (red spectrum) contained a
sequence that was homologous to the D4S166 locus and
covered approximately 223 kb of this locus. At least 30
cells were analyzed per hybridization. The sample was
mapped using CMA, using a 60-mer oligonucleotide- based
microarray with a theoretical resolution of 40 kb (8 x
60 K, Agilent Technologies Inc., Santa Clara, CA, USA).The
arrays were analyzed using a microarray scanner (G2600D)
and feature extraction software (version 9.5.1, Agilent
Technologies). The images were analyzed using
Cytogenomics v2.0 and v2.7 with the statistical algorithm
ADM-2 and a sensitivity threshold of 6.0.

Network Design

The protein-protein interaction (PPI) metasearch engine
STRING 11.0 (http://string-db.org/) was used to create PPI
networks based on deleted or duplicated genes located in
the altered chromosomal regions. CMA, with a subsequent
searchin the UCSC genome browser of the human genome
assembly (December 2013), retrieved 591 genes and
predicted genes
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LEGEND

FIGURE 1 | (A) Patient’s pedigree. A recessive trait was initially suspected on the basis of the parental consanguinity with recurrence in the offspring. The
proband’s father (individual 1.3) was a carrier of a balanced chromosomal translocation. (B) Transverse FLAIR image. Notice the white matter volume loss (asterisk).
(C) Sagittal T1 weighted image showing thin corpus callosum (arrowhead) and pontine hypoplasia with dysgenesis of the cerebellar vermis (arrow).
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belonging to the duplicate area, as well as 246 from the
deleted region (Kent etal., 1976; von Mering et al., 2005).
The parameters used in STRING were: (i) degree of
confidence, 0.400; (ii) 500 proteins in the first and second
shell; and (iii) methods used were neighborhood,
experiments, databases, and co-occurrence. The final PPI
network was obtained through STRING and analyzed
using Cytoscape 3.7.0 (Shannon et al.,, 2003).

GO and Centralities Analysis

The Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG), and Reactome libraries were
searched

using the ClueGO Cytoscape plugin (Bindea et al, 2009).
Significant GO predictions were selected based on a p < 0.05,
with the Bonferroni family-wise false discovery rate
(FDR) test. Node degree and betweenness centralities
were measured to identify hub-bottleneck (H-B) nodes
from the PPI network using the Cytoscape plugin and
CentiScaPe 3.2.1 (Scardoni et al.,, 2009).

Molecular Pathway Reconstruction

The PathLinker Cytoscape plugin was used to identify and
reconstruct possible signaling pathways of interest from
our PPI network (Murali et al.,, 2017). PathLinker computes
the
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FIGURE 2 | (A) Cytogenomic profile of the region of chromosome 4 duplication. Segment duplicated highlighted in blue rectangle. UCSC-Genome Browser-
Dec.2013 (GRCh38/hg38) — genomic position/search term: chr4:71552-41263831 — track: GENCODE V29. (B) Cytogenomic profile of the deleted region of
chromosome 5. Segment deleted highlighted in red rectangle. UCSC-Genome Browser-Dec.2013 (GRCh38/hg38) — genomic position/search term: chr5:269963-
15032936 — track: GENCODE V29. Orange squares are genes considered H-B.

k shortest paths that connect any source to any target
in the network, and subsequently generates a
subnetwork.It also creates a table with a rank of
the  shortest paths (Murali et al, 2018). The deleted
gene network inthe Cri-du-chat region (CdCR-Net) was
used as a background, and the H-B CCT5, TERT, and TRIO
were used as asource and targets for paths calculations.
The parameters used in PathLinker were: (i) k: 50
(number of paths the user seeks); (ii) edge penalty: 1; and
(iii) edge weight: weight probabilities, whereby it considers
the edge weights as multiplicative, which result in the k
highest cost paths (Murali et al., 2017).

DISCUSSION

Here, we have presented a patient with brain alterations
and dysmorphic features resulting from chromosomal
deletion in the critical region related to CdCS and
duplication in the critical region related to WHS. The
patient’s clinical findings overlap with previously reported
cases of both 4p duplication syndrome and CdCS (Table 1).
Overall, the patients presentation is notably similar to

CdCS patients as she presented with a weak, high-pitched
voice and also

showed similar pathogenicity observed in the brain MRI
Furthermore, the patient’s anorectal malformations are also
similar to what can be observed in certain cases of CdCS
(Marcelis et al.,, 2011). Nevertheless, she presents with some
features that are common to both conditions discussed, or

those more frequently described in patients with
abnormalities of the critical region of WHS.
To identify possible candidates that could help

explain this scenario, a centrality analysis was carried out to
identify H-B. These proteins represent nodes with high
degree and betweenness scores, which are frequently
related to the control of information flow between groups of
proteins with central functions in a biological network
(Hahn and Kern, 2005; Scardoni et al., 2009).

Two H-B were identified in the WHR-Net
(Supplementary Figure S1A). The H-B PPARGCI1A is a
transcriptional coactivator of a subset of genes related to
oxidative phosphorylation, which regulate glucose and lipid
metabolism, mitochondrial biogenesis, and muscle fiber
development (Terada et al., 2002; Tunstall et al, 2002;
Puigserver and Spiegelman, 2003; Finck et al., 2006). As
expected, and through the enrichment analysis, PPARGC1A
was found to be associated with the regulation of
progesterone synthesized in the biosynthetic pathway
(Supplementary Figure S1B).
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TABLE 1 | Comparison of the clinical manifestations of this patient, and
previously reported patients with Cri-du-chat syndrome and Trisomy 4p
syndrome.

Cri-du-chat
patients (Honjo,
2018; Mainardi,

Clinical
manifestations

This patient Trisomy 4p patients
(Patel et al., 1995;

Dallapiccola,

2001)* 1977)***
Imperforate anus Present -
Preterm birth Present + +
Micrognathia Present ++ +
Low birth weight Present + +
Psychomotor
retardation Present ++ ++
Downslanting
palpebral fissures ~ Present ++ ++
Widely spaced
eyes Present ++ +
Abnormalities of
the fingers Present ++ ++
Prominent heels Present - ++
Weak, high-
pitched voice Present ++ -
Growth deficiency  Present ++ ++
Seizures Present + +
Microcephaly Present ++ ++
Pontine hypoplasia Present ++ -

++, presence of the manifestation in 50% or more of the patients; +, presence of the
manifestation in more than 10%, but less than 50% of the patients; —, not frequently
reported. *Based on overall reported frequencies in patients with variable chromosomal
breakpoints. **Most previously reported trisomy 4p patients also have other
chromosomal imbalances and variable breakpoints.

The deregulation of transcription and mitochondrial
function caused by PPARGC1A is associated with
conditions  such as amyotrophic lateral sclerosis,
Parkinson’s disease, Alzheimer’s disease, and Huntington'’s
disease (Weydt et al.,2006; Eschbach et al,, 2013; Jesse et
al, 2017). Additionally, the second H-B, CTBP1 plays a
role in the regulation of gene expression during
embryonic development, as well as participation in axial
patterning and cellular proliferation and differentiation
(Hildebrand and Soriano, 2002; Van Hateren et al,, 2006). A
de novo heterozygous missense mutation in the CTBPI
(R331W) causes hypotonia, developmental delay, ataxia,
and intellectual disability (Beck et al, 2016, 2019). As
heterozygous null variants of CTBP1 are commonly found
in unaffected individuals, gain of function rather than loss
of function mechanisms are more likely to be associated
with these clinical findings (Becketal, 2019). Moreover,
PPARGC1A and CTBP1 are duplicated in the 4p region in
the patients with neuropsychomotor delay, intellectual
disability, and speech delay (Figure 2A; Cotter et al,, 2001;
Paskulin et al, 2009; Carmany and Bawle, 2011).
Consequently, topological analysis indicates that the
increased dosage of the PPARGCIA and CTBP1 genes may
have contributed to the neuropsychomotor delay and
neurological alterations found in our patient (Table 1).

TRIO, TERT, and CCT5 were identified as H-B in the
CdCR-Net (Supplementary Figure S2A). TRIO has
functions in cell migration and morphogenesis during
cerebellum development, including neurite and axon
outgrowth

(Briancon-Marjollet et al., 2008; Peng et al., 2010; Tao et al,,
2019). Trio knockout causes reduction in the extension of
granule neurons from the cerebellum and severe ataxia
in mice (Peng et al, 2010). Furthermore, the TRIO
haploinsufficiency in mice increases anxiety; impairs
sociability and motor coordination, disrupts learning
capacity and spatial memory, and decreases brain and
neuron size (Zong et al,, 2015; Katrancha et al, 2019). In
this  sense, the hemizygosity of TRIO may have
contributed to the clinical findings in our patient at the
age of 5 months, such as the thin corpus callosum,
white matter volume loss, pontine hypoplasia, and
dysgenesis of the cerebellar vermis (Figures 1B,C).
Moreover, damages in spatial memory are associated
with TERT as its knockout in the hippocampus of adult
mice impairs spatial memory processes during neural
development (Zhou et al., 2017). The deficiency of TERT
may also resultin microvascular dysfunction in mice (Ait-
Aissa et al,, 2018). Furthermore, we found that TERT was
associated with the negative regulation of apoptotic
processes of endothelial cells in GO analysis
(Supplementary Figure S2B). In addition, TERT shows
interaction with CCT5 in the Y2H library screen (Wang et
al, 2013). The H-B CCT5 is involved in cilia
morphogenesis and survival of sensory neurons
(Posokhova et al., 2011). Mutations in this gene may cause
neurodegenerative diseases, such as spastic paraplegia and
sensory neuropathy (Bouhouche et al, 2006; Pavel et al,
2016; Pereira et al, 2017). Additionally, TERT and CCT5,
located in the critical region of CdCS, are associated with
microcephaly and intellectual disability, reported in patients
from several other studies (Figure 2B; Cerruti Mainardi,
2006). In this sense, deletion of TERT and CCT5 genes
could be involved with psychomotor retardation and
microcephaly as presented in the present case (Table 1).
To investigate the importance of the H-B from CdCR-Net
and their associated pathways (Figure 3A), we identified
TRIO, GNG2, PRKACA, TUBA1A, and CCT5 as having
the highest path score (Figure 3B). These proteins are
involved in signaling mechanisms, including differentiation
and proliferation, as well as roles in the formation and
disposition of the cytoskeleton (Yajima et al, 2012;
Tsenget al., 2017). In the latter case, TRIO, TUBA1A, and
CCT5 play roles in the folding of actin and tubulin;
reorganization; and assembly of the cytoskeleton during
migration, growth, and differentiation of  neurons

(Seipel et al, 1999; Tian et al, 2010; Tracy et al,
2014). Genes that contribute toa common disorder
tend to share core bioprocesses (Figure 3C; Goh et al.,

2007). For instance, the chaperonin complex, CCT, which is
also formed by the subunit CCT5, facilitates the formation of
the heterodimeric form of the G-protein gamma subunits,
similar to the GNG2 protein (Lukov et al, 2005). The
formation of tubulin folding intermediates is also produced
by CCT, in which unfolded actins and tubulins, such as
TUBA1A are transferred to cytosolic chaperonin CCT
(Frydman et al, 1992; McCormack et al, 2001).
Interestingly, mutations or loss function of TRIO,
TUBA1A, and CCT5 is associated with intellectual
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FIGURE 3 | (A) Signaling pathway identified between H-B (TRIO, CCT5, and TERT), using the Pathlinker plugin. (B) Pathway better ranked by path score between
50 possible pathways. (C) Enrichment analysis in proteins present in the pathway (TRIO, GNG2, PRKACA, TUBA1A, and CCT5).
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disability, defects in dendritic branching, synapse function,
sensory neuropathy, and microcephaly in humans
(Bouhouche et al, 2006; Morris-Rosendahl et al, 2008;
Kumar et al, 2010; Ba et al, 2016; Pavel et al, 2016;
Pengelly et al., 2016; Belvindrah et al.,, 2017).

Essential human genes are expected to encode central
proteins, such as the H-B genes, and be expressed in
different tissues (Goh et al., 2007; Loscalzo and Barabasi,
2011).

The haploinsufficiency of the H-B genes observed in our PPI-
network could affect pathways related to the cilia
morphogenesis, dendritic branching, and synapse function,
including neurite and axon outgrowth, which consequently
could have led to the neurodevelopment delay and
microcephaly observed in our patient. In addition, the
identification of CTBP1, PPARGC1A, CCT5, TERT, and
TRIO with different approaches brought new insights on
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the pathogenesis involved in these rare chromosomal
rearrangements, such as those presented here, in a case
never reported before.
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1 | INTRODUCTION

Bruno César Feltes?3 |
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Abstract

Microdeletion syndromes (MSs) are a heterogeneous group of genetic diseases that
can virtually affect all functions and organs in humans. Although systems biology
approaches integrating multiomics and database information into biological networks
have expanded our knowledge of genetic disorders, cytogenomic network-based
analysis has rarely been applied to study MSs. In this study, we analyzed data of
28 MSs, using network-based approaches, to investigate the associations between
the critical chromosome regions and the respective underlying biological network
systems. We identified MSs-associated proteins that were organized in a network of
linked modules within the human interactome. Certain MSs formed highly interlinked
self-contained disease modules. Furthermore, we observed disease modules involv-
ing proteins from other disease groups in the MSs interactome. Moreover, analysis of
integrated data from 564 genes located in known chromosomal critical regions,
including those contributing to topological parameters, shared pathways, and gene-
disease associations, indicated that complex biological systems and cellular networks
may underlie many genotype to phenotype associations in MSs. In conclusion, we
used a network-based analysis to provide resources that may contribute to better
understanding of the molecular pathways involved in MSs.

KE YWOR DS
chromosomal critical regions, cytogenomics, interactome, microdeletion syndromes, network
analysis

Microdeletion syndromes (MSs) are disorders characterized by dele-
tions of dosage-sensitive genes in a chromosomal segment with recog-

Biological functions in humans rely on diseases that can be viewed as
local perturbations of the complex interactions between proteins,
DNA, RNA, and small molecules within the cell, which impact associ-
ated pathobiological processes in cellular networks (Barabasi, Gul-
bahce, & Loscalzo, 2011; Barabasi & Oltvai, 2004). Most proteins
interact with other proteins while performing their cellular functions,
and are thus organized in biological networks. The relationships
among multiple molecular processes are encoded in the interactome,
a network that integrates all physical interactions within a cell, from
protein-protein to regulatory protein-DNA and metabolic interac-
tions (Menche et al., 2015).

nizable phenotypes (Harel & Lupski, 2018; Nevado et al., 2014;
Schmickel, 1986). Clinical characteristics of MSs can encompass a wide
variety of distinct or overlapping phenotypes such as multiple congenital
anomalies, intellectual disabilities, developmental delay, and epilepsy
(Stankiewicz & Beaudet, 2007). In the last decade, the “genotype-first”
approach for assessing individuals with the same or overlapping chromo-
somal alterations has enabled delineation of each syndrome associated
with a critical region containing breakpoints that encompass several
genes (Mefford, 2009; Theisen & Shaffer, 2010). However, the individual
effects exerted by most of these genes in the pathophysiology of these
syndromes are unclear. Chromosomal imbalances in MSs may alter the
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expression of multiple genes, leading to stoichiometric imbalances and
perturbations in macromolecular complexes and their interactions in bio-
logical networks associated with dominant phenotypes (Barabasi
etal., 2011; Schadt, 2009; Theisen & Shaffer, 2010).

In network-sciences, biological networks comprise nodes rep-
resenting units such as genes, proteins, or diseases, and edges rep-
resenting interactions between the units such as physical interactions,
transcription activation, or correlations of gene expression levels with dis-
eases. For instance, cellular networks are not random but characterized
by a power-law degree distribution, where most nodes have few edges
but few nodes have many edges (Loscalzo, Barabasi, & Silverman, 2017).
The scale-free property represents an essential feature in molecular net-
works and allows greater robustness against the loss of random nodes,
providing resilience against molecular disturbances (Barabasi &
Oltvai, 2004; Pavlopoulos et al., 2011). However, cellular networks are
vulnerable to perturbations, such as infection and tumorigenesis, on any
of the nodes with several connections (hubs) (Loscalzo et al., 2017).
Besides, in network medicine, disease-related proteins are not randomly
scattered in the networks but display significant functional clustering, cre-
ating specific regions or disease modules associated with diseases in the
respective interactomes (Feldman, Rzhetsky, & Vitkup, 2008; Menche
et al., 2015). According to the disease-module hypothesis, proteins associ-
ated with the same disease are usually found to interact with each other
in a local neighborhood more frequently than expected by chance
(Barabasi et al., 2011; Goh et al., 2007; Oti, Snel, Huynen, &
Brunner, 2006). The disease module facilitates an effective way of identi-
fying new gene candidates as factors causing diseases to explore the
associations of these genes with common characteristics, such as biologi-
cal processes and disease phenotypes located in a local neighborhood of
the human interactome (Loscalzo et al., 2017; Menche et al., 2015).
Therefore, specific network perturbations, such as those in protein-
protein interactions (PPI), can be identified to elucidate the etiologies of
diseases (Loscalzo et al., 2017). PPI can be used to exploit the topologies
of specific subregions in interactomes and analyze given spectra of bio-
logical processes to infer new disease-causing elements (Loscalzo
etal., 2017; Tranchevent et al., 2011; Vidal, Cusick, & Barabasi, 2011).

Nevertheless, per our knowledge, there are no reported studies
employing network-based approaches to investigate the complex
associations between chromosomal abnormalities and biological net-
works in multiple MSs. In this study, we obtained data of the most
described MSs from the database of genomic variation and phenotype
in humans using Ensembl resources (DECIPHER) (decipher.sanger.ac.
uk/disorders#syndromes/karyotype), and applied a network-based
approach to explore the MS-network (MSN) in the human inter-
actome. We integrated the data of 28 syndromes and 564 genes
located in chromosomal critical regions in the MSN, including topolog-
ical parameters, clinical symptoms, pathways, and gene-disease asso-
ciations. We observed that proteins in the MSN were usually located
in specific regions of the interactome and emerged in the modules of
specific syndromes. In addition to demonstrating the shared interac-
tions and different phenotypes in MSs, we showed that topological
parameters together with genetic metrics can contribute to predicting
the impact of gene deletions.

2 | MATERIALS AND METHODS
2.1 | Curation of genes and phenotypes associated
with MSs

The list of protein-coding genes located in the critical regions of chro-
mosomes and the main phenotypes of the associated syndromes was
obtained from the interactive web-based database DECIPHER
(decipher.sanger.ac.uk/disorders#syndromes/overview). Disorders with
susceptible locus or those that are not characterized as MS were not
included. The list included 28 MSs and 811 protein-coding genes
(Tables S1and S2).

2.2 | Co-expression data

The GeneMANIA prediction server (Warde-Farley et al., 2010) was
used to collect expression data and compare these with randomized
networks having the same numbers of nodes. GeneMANIA Cytoscape
plugin V.3.5.2 generated networks using automatically weighted evi-
dence of co-expression. Parameters available in the plugin, such as
related genes and top genes, were not used to create the networks.

2.3 | Extraction of haploinsufficiency, disease
specificity index, and disease pleiotropy index data

We used the predictions of haploinsufficiency described by Huang,
Lee, Marcotte, and Hurles (2010) for all 564 protein-coding genes.
The file containing the haploinsufficiency scores is available at
https://decipher.sanger.ac.uk/files/downloads/HI_Predictions_Version
3.bed.gz. Moreover, we used two metrics to extract gene-disease
associations from MEDLINE using the BeFree system (Bravo, Pifiero,
Queralt-Rosinach, Rautschka, & Furlong, 2015). Disease specificity
index (DSI) values represent the number of diseases associated with a
particular gene, and disease pleiotropy index (DPI) of a gene indicate
the number of different classes of diseases involving the gene (Pifiero
etal., 2017). DSI and DPI values of all 564 protein-coding genes were
extracted from https://www.disgenet.org/downloads and are shown
in Tables S3 and S4.

2.4 | MSN and expanded MSN network (eMSN)

To generate the MSN, we employed PPI data from a curated
human interactome that encompassed 13,460 proteins and
141,296 interactions (Menche et al., 2015). The list of 811 pro-tein-
coding genes in critical regions of chromosomes was used to extract
interactions among MSN-proteins. Through selecting first neighbors
of MSN-proteins, to the MSN was expanded, generating the eMSN.
Cytoscape V.3.7.0. software (Shannon et al., 2003) was used to
analyze, visualize, and calculate the topological parameters of MSN
and eMSN.
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2.5 | Enrichment analysis

We accessed the major biological processes in the MSN using the
Cytoscape plug-in Biological Network Gene Ontology (BiNGO) 3.0.4
(Maere, Heymans, & Kuiper, 2005). The hypergeometric distribution
and false discovery rate (FDR) in different categories were quantita-
tively assessed (corr p-value) using an algorithm (Benjamini &
Hochberg, 1995) with a significance level of p < .05. Our analysis
excluded gene ontology terms that were not significantly associated
with biological processes related to MSs or that were too general
(e.g., regulation of biological process, signaling process, or receptor
signaling protein activity).

2.6 | Prioritization of genotype-phenotype
relationships

DisGeNET (http://www.disgenet.org/) is a comprehensive platform
that integrates data on human gene-disease associations (Pifiero
et al., 2020). DisGeNET encompasses 30,170 diseases, including
the Mendelian, complex, environmental diseases, and human clini-
cal phenotypes, providing 1,134,942 gene-disease associations data
from different repositories. The Cytoscape plug-in of DisGeNET
version 7.0 (Pifiero et al., 2017) was used to generate a gene-
disease network with curated data from UniProt, PsyGeNET,
Orphanet, CTD (human data), ClinGen, and the Genomics England
with a score > 0.4.

2.7 | Statistical analysis

The largest connected component size, betweenness, closeness, and
average neighborhood connectivity (co-expression data) in MSN were
used to calculate the Z-scores, according to Equation (1):

_ V-meandV Randomp
Z-score = : 51
o0V Randomp n

The equation indicates the mean value and standard deviation of
the random expectation. Spearman's correlation coefficient was used
to measure the statistical relationship between genetic characteristics
(HI; DSI; DPI) and centrality parameters.

3 | RESULTS

3.1 | The MS human interactome

The human interactome curated by Menche et al. (2015) (Figure 1(a))
provides high-quality PPI regulatory data. In this study, we identified
28 MSs in DECIPHER. Among the 811 protein-coding genes located
in critical regions of chromosomes, 564 encoded proteins were
detected in the interactome. The extraction of these proteins resulted

Seminars in Medical Genetics

in an MSN with 564 nodes/proteins and 479 edges/interactions
(Figure 1(b)).

Topological features of the human interactome, random network,
and MSN were compared. Node degree is defined by the number of
connections among proteins in the networks. Topological analysis rev-
ealed an average degree of 21 in the human interactome, whereas
that in the MSN was only 1.7. Both networks follow a power-law
degree distribution, in which most proteins have few connections and
few have many connections, as expected in biological networks
(Barabasi et al., 2011). Clustering coefficient (cl) indicates the ten-
dency of a graph to be divided into clusters, allowing the identification
of extensively connected regions (Pavlopoulos et al., 2011). The aver-
age clustering coefficient (cl) in the human interactome was 0.17,
which was larger than that of the MSN (cl: 0.04). The diameter, which
is the shortest distance between the two most distant proteins in a
network, was 13 for both the human interactome and the MSN. The
random network showed lower average for degree (k: 1.2), larger
diameter (dmax: 17), and more fragmentation (372 isolated nodes)
compared with the MSN (303 isolated nodes) (Figure 1(c)). These
results indicate that the MSN-proteins may be located in the same
network neighborhood in the human interactome, with some

proximity.

3.2 | Modules

The use of topological and expression data may be useful for
predicting proteins located in critical regions of chromosomes that
may be involved in the pathogenesis of MS and tend to compose a
disease module in the interactome (Loscalzo et al., 2017). There-
fore, we analyzed the largest connected component and co-
expression data of the 28 syndromes in the MSN to identify possi-
ble disease modules. In our analysis, we included all the 564 MS-
associated proteins in the human interactome. Only 2g33.1 dele-
tion, 16.p11.2-p12.2 microdeletion, 1p36 microdeletion, ATR-16,
and Sotos syndromes exhibited enough interactions to allow fur-
ther analysis. Each syndrome was compared with the same set
of randomly extracted nodes from the interactome. z-scores >1.6 (p-
value <.05) were considered significant.

The largest connected component in the MSN (214) was larger
than in the random expectation (134), with a z-score of 31.4. Similarly,
MSN-proteins had significantly higher expression (z-score: 3.2) than
those in the random expectation. Besides, the largest connected com-
ponent and co-expression data of these syndromes exhibited z-scores
>1.6 (Figure 2(a)), indicating that the interactions among these pro-
teins could not have emerged by chance and were associated with
specific modules in the human interactome.

3.3 | Shared interactions and phenotypes

We investigated the overlap of interactions among MSN-proteins in
the interactome (Figure 2(b)) and identified 265 interactions that were
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network (MSN) with 564 proteins and 479 interactions. Node size is related to the number of connections (degree). (c) Topological parameters

with degree distribution for all nodes of the interactome and MSN

common to different syndromes. The results showed that 16p11.2-
p12.2 microdeletion and 1p36 MSs had the highest numbers of
shared interactions (4.5%). Furthermore, 16p11.2-p12.2 micro-
deletion and 2g33.1 deletion syndromes shared 4.1% of interactions.
Notably, 1p36 microdeletion syndrome showed significant overlap
with other syndromes, accounting for 24% of all shared interactions,

which is expected because this syndrome has the largest number of
associated proteins identified in the interactome. The overlap of inter-
actions among 16p11.2-p12.2 microdeletion, 2q33.1 deletion, and
1p36 MSs reached 11% of all interactions in the network.

Next, we quantified the overlap among the main phenotypes of
MS (Table S2). Intellectual disability, microcephaly, muscular
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FIGURE 2  Characterization of subregions in the interactome (a) Largest connected component and co-expression data compared with the

same random set of proteins. Dashed lines in red limit z-score > 1.6. (b) Protein-protein interactions (PPI) shared between MSs. The node size is
proportional to the total number of interactions. The thickness of the edge represents the number of shared interactions between two specific
syndromes. (c) Representation of the main shared phenotypes in MSs. Larger nodes share more phenotypes with other syndromes. The edge
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hypotonia, feeding difficulties, and heart abnormalities were the most
common clinical manifestations identified in the analysis of all syn-
dromes in the MSN. Interestingly, 9q sub-telomeric deletion and
Wolf-Hirschhorn syndromes are more connected in the network,
sharing phenotypes with 13 other syndromes. Smith-Magenis, 15924

recurrent microdeletion, and 1p36 MSs presented phenotypes that
were common to 12 other MS (Figure 2(c)). The syndromes 15924
recurrent microdeletion and 22q11.2 distal deletion shared four phe-
notypes (facial abnormality, intellectual disability, short stature, and
small size for gestational age). Wolf-Hirschhorn syndrome is directly
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connected with 15924 recurrent microdeletion, 2p15-16.1 micro-
deletion, Cri du Chat, 99 subtelomeric deletion, and Angelman syn-
dromes in the MSN; all of these syndromes share intellectual disability
and microcephaly as common phenotypes.

3.4 | Relationship between MSN-proteins and
topological parameters

To extract topological features of the 28 syndromes, we expanded
the MSN by selecting nodes that were immediate neighbors of the
proteins in the network and created an eMSN of 5.353 proteins con-
nected via 97.133 interactions (Table S1). The average degree in the
eMSN was 36, which was higher than that in the human interactome
(21) and the MSN (1.7). Mean clustering in the eMSN (hci: 0.24) was
higher than in the human interactome (hci: 0.17) and MSN (hci: 0.04).
However, the diameter (dmax: 8) and the mean distance of all node
pairs in the eMSN (hdi: 3) were smaller than those in the human inter-
actome (dmax: 13; hdi: 3.6) and MSN (dmax: 13; hdi: 5.1).

Hubs are defined as topologically relevant nodes with significant
functions in cellular networks (Vidal et al., 2011), and hub proteins
have degrees >100. Although only 5.5% of MSN-proteins had degrees
>100 in the eMSN, these proteins were connected directly with
15.6% of other MSN-proteins. The results of all centrality analyses of
the 564 MSN-proteins are shown in Table S2. To investigate whether
centrality parameters can differentiate MSN-associated proteins from
other proteins in the human interactome, we compared the averages
of betweenness and closeness of the former in random networks. The
centrality parameter betweenness represents the number of times a
node occurs in the shortest path between other nodes, which corre-
sponds to the number of nonredundant shortest paths passing
through a node of interest (Girvan & Newman, 2002; Yu, Kim,
Sprecher, Trifonov, & Gerstein, 2007). A bottleneck is a node with
above average betweenness that may indicate the ability of a protein
to promote a bridge and control communication between distant
nodes; thus, bottlenecks are more likely to be essential proteins con-
necting different biological processes (Yu et al., 2007). Closeness is
defined by the sum of the shortest path between a given node and all
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other nodes on the network, indicating how close a node is to all
others (Scardoni & Laudanna, 2012). In the context of network infor-
mation, nodes with high closeness maybe key to the regulation of
many proteins, although few impact other proteins in the network
(Scardoni & Laudanna, 2012). We found higher average values of
closeness and betweenness in MSN-associated proteins compared to
those in the random expectation group, with z-scores of 2 and 6.9,
respectively (Figure 3(a),(b)). Altogether, these results indicate that
some of the protein-coding genes located in critical regions of chro-
mosomes may encode more central proteins with significant biological
roles, which are responsible for multiple cellular functions or are
essential for communication between distant proteins.

3.5 | A wide spectrum of biological processes is
associated with MS

Enrichment analysis of biological processes in each syndrome and
their respective first neighbors in the eMSN revealed that biological
processes involved in DNA repair (corr p-value: 7.957%), regulation
of cell differentiation (corr p-value: 3.75'%), chromatin organization
(corr p-value: 8.45%), nervous system development (corr p-value:
8.651%), and cytoskeleton organization (corr p-value: 4.75%) were
likely to be dysregulated in MS. Notably, significant enrichments
were more frequently found in induction of apoptosis (corr p-value:
1.19E-17)’
androgen receptor signaling pathway (corr p-value: 3.4509)

chromosome organization (corr p-value: 4.45%) and

Rubinstein-Taybi syndrome shared the largest number of biological
processes in common with the eMSN. Moreover, mitochondrial
electron transport was associated with cri du chat, 16p11.2-p12.2
microdeletion, and 2g33.1 deletion syndromes (Figure 3(c)). Statisti-
cally significant biological processes were not found in 2p21 micro-
deletion, ATR-16, and NF1-MSs. The diversity of biological
processes associated with the protein-coding genes in MS reflect
the variability of the phenotypes observed in affected individuals.
The complete results are provided in Table S3.

3.6 | Impact of gene-deletions

To evaluate the impact of the deletion of each of the 564 genes, we
selected three genetic metrics. First, haploinsufficiency (HI) score
allows prediction of the probability of haploinsufficiency for a given
gene (Huang et al., 2010); genes with high HI scores exhibit extreme
sensitivity to decreased gene dosage, and therefore, the loss of half of
the active proteins is sufficient to impair or inhibit the wild phenotype
or cause disease (Morrill & Amon, 2019). Second, DSl is a measure
indicating whether a specific gene is associated with several or few
diseases. Third, DPI indicates whether a gene is associated with multi-
ple diseases belonging to the same or different MeSH disease class or
classes, respectively, resulting in a pleiotropy index (Pifiero
et al., 2017). The complete list of metrics with ranks is shown in
Tables S3 and S4.
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Applying Spearman's correlation coefficient to identify possible
associations between HI, DSI, and DPI with degree centrality, we
found a moderate negative correlation (p = -0.42; p < .005) between
HI and degree distribution. Thus, syndromes with hubs may exhibit a
higher average HI score (Figure 4(a)). In addition, we identified a mod-
erate negative correlation between degree values and DSI scores,
with p = -0.43 and p < .005, indicating syndromes containing hubs
involved with multiple diseases (Figure 4(b)). Finally, we found that
DPI score positively correlated with degree centrality (p = 0.38;
p < .005), suggesting that syndromes with high mean degree values
may involve proteins associated with diseases of different classes
(Figure 4(c)). Interestingly, Rubinstein-Taybi and 2q 37 monosomy
syndromes had the highest scores for all metrics that were evaluated
(Figure 4). Genes with high scores for these metrics are likely to be
essential genes (Chavali, Barrenas, Kanduri, & Benson, 2010; Ohnuki &
Ohya, 2018; Zotenko, Mestre, O'Leary, & Przytycka, 2008). Therefore,
the deletion of these genes could generate a more severe phenotype
in individuals.

3.7 |
diseases

Association of MSN-genes with other

Similar phenotypes are shared between MS and other genetic
diseases caused by functionally related genes in a specific disease
module in the human interactome. Thus, the identification of
genotype-phenotype relationships allows the prioritization of candi-
date disease-associated genes to better understand the pathophysiol-
ogy involved in these syndromes. For this purpose, we used curated
data of gene-disease associations (Pifiero et al., 2020). First, we gener-
ated a network with associations between MSs and disease classes
(Figure 5(a)). Nervous system diseases (11.17%), neoplasms (11.17%),
musculoskeletal diseases (11.17%), neonatal diseases and abnormali-
ties (8.12%), and mental disorders (8.12%) were the disease classes
most frequently associated with MS. In the human interactome 1p36
microdeletion and Koolen de Vries syndromes share genes related to
35 and 20 different diseases, respectively. Wolf-Hirschhorn Syn-
drome has the highest number of connections with the class of mus-
culoskeletal diseases, which includes a total of 15 different diseases.
Velocardiofacial and Cri-du-Chat syndromes interact with 12 and
5 different mental disorders, respectively. The syndromes connected
with the highest numbers of disease classes were Smith-Magenis,
2g33.1 deletion, and 12q14 MSs, all of which were associated with
14 disease classes in the human interactome.

Next, we investigated the relationship between the nervous sys-
tem disease class and MS-genes. The gene-disease associations in the
MSN comprised 66 MS-genes and 126 diseases of the nervous sys-
tem (data not shown). Intellectual disabilities were found to be con-
nected with 15 MS-genes in the network. The genes having the most
associations with different diseases were MAPT (n = 17), MTHFR
(n =12), and NF1 (n = 8). The largest connected component seen in
Figure 5(b) shows diverse common clinical manifestations present in
MS. This specific subregion includes two clusters interconnected by
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(haploinsufficiency); High ranks (e.g., 0-10%) indicate a gene with a high probability of presenting HI, low ranks (e.g., 90-100%) indicate a gene
most likely not to exhibit HI. (b) DSI (disease specificity index for the gene); the DSI ranges from 0.25 (many diseases associated) to 1 (one
disease-associated). (c) DPI (disease pleiotropy index for the gene). DPI ranges from 0 to 1 (many associations with different disease-class).

Spearman's correlation was used with *p < .05

genes associated with seizures, a phenotype present in several
MS. Therefore, interactions of functionally related genes in the bipar-
tite network can support the identification of candidate genes in criti-
cal regions of chromosomes, as well as help explain the overlap of the
phenotypes found in MSs.

4 | DISCUSSION

MS presents severe manifestations in affected individuals, with a
broad clinical spectrum. Although the “genotype-first” approach is
widely used in studies of genotype-phenotype correlations, we are
not aware of published studies investigating MSs systematically. How-
ever, microarray techniques and the availability of interaction data

generated by large-scale experiments allowed us to approach MSs
with a holistic view in this study.

The investigation of protein-coding genes located in the critical
regions of chromosomes using a platform of PPI indicated that MSN-
proteins were likely to be located in specific regions of the inter-
actome (Corréa et al., 2018; Corréa, Feltes, Poswar, & Riegel, 2020;
Corréa, Feltes, & Riegel, 2019; Corréa, Venancio, Galera, &
Riegel, 2020). Disease-associated proteins usually interact with each
other in a local neighborhood of the human interactome more fre-
quently than expected by chance (Goh et al., 2007; Oti et al., 2006;
Vidal et al., 2011). In this sense, 2q33.1 deletion, 16.p11.2-p12.2
microdeletion, 1p36 microdeletion, ATR-16, and Sotos syndromes
encompass proteins located in the same module of the interactome.
However, the data generated so far covers less than 20% of all
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potential interactions among proteins in human cells (Caldera,
Buphamalai, Miiller, & Menche, 2017; Rolland et al., 2014); thus, a
likely lack of interaction data may have limited the identification of
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modules for other syndromes. We generated MSNs and identified
shared interactions and phenotypes among different syndromes,
which are characteristics that may be reflected clinically.
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MSN-proteins may be central in the human interactome and influ-
ence the communication of distant proteins (bottlenecks nodes) or
the flow of information from neighboring proteins (node with high
closeness) in the network. Interestingly, we identified a central posi-
tion in the network for two hub-bottlenecks with MS-associated with
a single gene deleted in the critical chromosomal regions: the histone
lysine acetyltransferase (CREBBP) deleted in Rubinstein-Taybi syn-
drome presented a degree value of 276 and betweenness of 0.013,
while the histone deacetylase 4 (HDAC4) deleted in 2q37 monosomy
showed a degree of 110 and betweenness of 0.003. CREBBP protein
is essential for embryonic development, growth control, and
coactivation of different transcription factors (Das et al., 2014), while
HDACA4 is involved in transcriptional regulation, cell cycle progression,
and developmental events (Wang et al., 1999; Williams et al., 2010).
Moreover, 237 monosomy, 9q subtelomeric deletion, and
Rubinstein-Taybi syndromes showed that highly connected protein-
coding genes in the network are more likely to be associated with
different and high
haploinsufficiency scores (exception of 9q subtelomeric deletion syn-

many diseases, classes of diseases,
drome). Importantly, topological features in a network reflect multiple
functions in the biological context. Therefore, it is expected that some
MSN-proteins may have a greater impact on the topological features,
that is, phenotypes caused by genomic deletions, together with
genetic metrics such as HI, DSI, and DPI, contributing to the identifi-
cation of proteins with greater influence on the pathophysiology
in MSs.

However, disease-associated genes are frequently nonessential
and do not encode central proteins but are rather normally localized
in peripheral regions in the network (Goh et al., 2007; Zotenko
et al., 2008). The evolutionary explanation is that mutations in genes
with central topological features may affect regions that are exten-
sively interconnected in the network, compromising embryonic devel-
opment or important physiological functions in individuals (Goh
et al., 2007; Yu et al., 2007). Therefore, it is noteworthy that most
MSs involving many genes located in critical regions tend to present
protein-coding genes with low degree values, haploinsufficiency, and
pleiotropy, indicating that these proteins are localized in more periph-
eral regions in the network and are involved in few cellular functions.

The phenotype in MSs is not merely the result of a deficient pro-
tein, but also disturbances that spread in the network, affecting func-
tionally related genes involved in different disorders in the specific
disease module of the human interactome (Barabasi et al., 2011;
Schadt, 2009). Disturbances in neighboring proteins may occur in
MSs, and the undesirable impact may be greater in cases where genes
associated with several other diseases are deleted. The bipartite net-
work of gene-disease associations identified different classes of dis-
eases related to clinically observed MSs phenotypes such as nervous
system, musculoskeletal, and neonatal diseases. Besides, we identified
a broad spectrum of diseases of the nervous system, and showed that
intellectual disabilities highly connected with different genes in the
network, which may explain the high frequency of this phenotype
in MSs.

The contribution of the gene network-based analysis is that,
regardless of the origin of the pathogenesis of a microdeletion syn-
drome (epigenetic alteration, loss of function of the deleted proteins,
effect of position, change of transcription factor sites or deregulation
of miRNAs), it considers all these mechanisms when estimating how
the proteins interact or fail to interact with each other in the inter-
actome. Therefore, we propose that such approach may help to pre-
dict the impact of genomic imbalances within critical chromosomal

regions.
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Abstract: Chromosomal duplications are associated with a large group of human diseases that
arise mainly from dosage imbalance of genes within the rearrangements. Phenotypes range widely
but are often associated with global development delay, intellectual disability, autism spectrum
disorders, and multiple congenital abnormalities. How different contiguous genes from a duplicated
genomic region interact and dynamically affect the expression of each other remains unclear in
most cases. Here, we report a genomic comparative delineation of genes located in duplicated
chromosomal regions 8q24.13q24.3, 18p11.32p11.21, and Xq22.3q27.2 in three patients followed up at
our genetics service who has the intellectual disability (ID) as a common phenotype. We integrated
several genomic data levels by identification of gene content within the duplications, protein-protein
interactions, and functional analysis on specific tissues. We found functional relationships among
genes from three different duplicated chromosomal regions, reflecting interactions of protein-coding
genes and their involvement in common cellular subnetworks. Furthermore, the sharing of common
significant biological processes associated with ID has been demonstrated between proteins from
the different chromosomal regions. Finally, we elaborated a shared model of pathways directly or
indirectly related to the central nervous system (CNS), which could perturb cognitive function and
lead to ID in the three duplication conditions.

Keywords: duplication syndromes; intellectual disability; axon guidance; PPI-network

1. Introduction

Chromosomal duplication syndromes are caused by intrachromosomal rearrange-
ments (due to genomic instability) and may result in overexpression of dosage-sensitive
genes within the rearrangement and gene interruption or gene fusion at the breakpoint
junctions [1,2]. As a consequence, chromosomal duplications can affect multiple functional
proteins that need to be effective in terms of quantity, location, and time of activity. The
consequence of these alterations can lead to damage in brain development and/or cognitive
functioning [3,4]. Moreover, imbalances of proteins that compose multiprotein complexes
may be extremely deleterious, when stochiometric changes in subunits affect biological
processes [2,5]. Finally, the perturbation of hub-genes may also alter the expression and
function of other sets of proteins, or even, produce aggregation of proteins that lead to
cellular toxicity [2,6].

Chromosomal duplications have a prevalence of ~0.7/10.000 births and are commonly
associated with syndromic forms of Intellectual Disability (ID), a heterogeneous condition
with a worldwide prevalence of 1% [4,7] that impairs intellectual functioning and
adaptive.
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behavior, manifesting before adulthood [8]. Usually, duplication syndromes are identified
by Chromosomal Microarray Analysis (CMA), considered as the first-tier test that offers 15-
20% of diagnostic rate for individuals with unexplained global developmental delay/ID
and/or congenital anomalies [9].

Neurological processes are tightly regulated during the development and throughout
the individual’s life in a manner that any change can have deleterious effects on cognitive
function [10]. Many cellular processes are affected in ID, including neurogenesis, neuronal
migration to axon guidance, synaptic plasticity, dendritic arborization, and regulation of
transcription and translation. These bioprocesses can converge on similar and connected
pathways, involving common phenotypic manifestations [4,10,11]. Pathophysiology caus-
ing ID comprises proteins that emerge in pathways and cellular networks involving several
biological functions that occur through interactions represented by the human interac-
tome [4,12]. Moreover, chromosomal rearrangements may include regions significantly
enriched for genes involved in brain development that can generate multiple pathogenic
mechanisms [2].

Herein we determined whether genes located in duplicated regions in three pa-
tients followed up at our genetics service with rare but relevant regions (8q24.13q24.3,
18p11.32p11.21, and Xq22.3q27.2) are involved in shared central molecular pathways as-
sociated with genes related with ID. The 8q24.139q24.3 duplication identified is a rare
chromosomal rearrangement associated with dysmorphic features, growth delay, and
ID [13-16]. Moreover, variable levels of ID and cerebellum hypoplasia were described in
patients with 18p11 duplications, however, few cases of pure duplications in this region
have been reported with similar rearrangements so far [17-21]. Duplication at Xq22.3q27.2
is a condition with region enriched in genes related to neurological function involving
many cases of ID, behavioral problems, holoprosencephaly, and cerebellar vermis hy-
poplasia [22-26]. Therefore, we integrated several levels of data by identification of gene
content, protein-protein interactions, and functional analysis on specific tissues to suggest
amodel with common or related pathways to the central nervous system (CNS) functions
in individuals affected by these duplication syndromes.

2. Materials and Methods
2.1. Chromosomal Microarray Analysis (CMA)

Three patients with ID were followed in the Medical Genetics Service—HCPA. The
duplications were mapped by CMA using a 60-mer oligonucleotide-based microarray with
a theoretical resolution of 40 kb (8 x 60 K, Agilent Technologies Inc., Santa Clara, CA,
USA). The labeling and hybridization were performed following the protocols provided
by Agilent, 2011. The arrays were analyzed using a microarray scanner (G2600D) and the
Feature Extraction software (version 9.5.1, both from Agilent Technologies). UCSC Genome
Browser on Human Feb. 2009 (GRCh37/hg19) was employed to identify all protein-coding
genes from duplicated regions. The complete list of protein-coding genes can be seen in
Supplementary Table S1.

2.2. Interactome Construction and the Expanded Duplication Syndromes Interactome (eDSi)

The human interactome was generated using the Human Integrated Protein-Protein
Interaction Reference (HIPPIE) database (version 2.2) [27]. We filtered in the interactions
with confidence score > 0.4 and limited our analysis to the largest connected component,
containing 16,108 nodes and 256,552 links/edges. Next, we extracted only protein-protein
interactions from the three selected duplicated regions (Supplementary Table S2) and se-
lected their first neighbor to expand and generate the eDSi. Cytoscape V.3.7.0. software [28]
was used for visualization, and calculations of centrality parameters of the networks.

2.3. Functional Modules Detection and Enrichment Analysis

The HumanBase database integrates functional networks in tissues, gene expression, and
disease associations. Evidence is provided by a massive set of experiments containing more
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than 14,000 publications and 144 tissue- and cell lineage-specific functional contexts [29,30].
We extracted significant biological processes in the eDSi, by using the detection of functional
modules tool in specific tissues available in the HumanBase [31]. This tool allows the de-
tection of tissue-specific functional modules, comprising related genes located in clusters
that share local network neighborhood. The method uses k-nearest-neighbor (SKNN) and
the Louvain community-finding algorithm to cluster the genes list into distinct modules
of tightly connected genes [31]. q value was calculated using one-sided Fisher’s exact tests
and Benjamini-Hochberg corrections to correct for multiple tests and only values < 0.05
were considered (Supplementary Table S3). Moreover, we used the webserver Enrichr [32]
to identify significant pathways involved with neuronal functions in genes from the tissue-
specific network. The gene-set libraries used were BioCarta, BioPlanet, Elsevier Pathway
Collection, Kegg, Reactome, Panther, and WikiPathways. We considered only bioprocesses
with a p-value < 0.05.

2.4. Prioritization of Candidate Genes

To prioritize candidate genes associated with ID, we used a list of known ID-genes
(Supplementary Table S4), available at http://www.disgenet.org/ (accessed on 6 January
2020). DisGeNET is a platform that integrates data from UNIPROT, CGI, ClinGen, Ge-
nomics England, CTD (human subset), PsyGeNET, and Orphanet on human gene-disease
associations [33]. We used a query list of ID-genes to expand the selection of nodes, using
network propagation through the Diffusion algorithm (V. 1.6.1) [34]. Network propagation
can estimate the distance between different sets of proteins, and identify a subnetwork
with nodes closely related to each other [34]. The proximity among candidate genes and
query ID-genes in the eDSi was measured using 302 as a maximum diffusion rank (highest
allowed value). The complete list of prioritized genes is shown in Supplementary Table S5.

2.5. Functional Tissue-Specific Data

We used the list of the prioritized genes (Supplementary Table S5) to identify gene
expression in tissues and construct a gene-disease association network in the Human-
Base [29,30]. Moreover, a tissue-specific network with 18 genes highly expressed in the
CNS was generated using data from co-expression, protein interaction, TF binding, mi-
croRNA targets, and perturbations. We prioritized the most expressed genes in the CNS,
or genes previously reported in the literature involving ID in individuals with duplication
regions. The parameters used to generate the network were a confidence >0.10 and a value
of 15 for the maximum number of genes.

3. Results
3.1. Identification of Rare Chromosome Duplications

Chromosome duplications were mapped using the samples of three patients with ID
using hg/19 reference: 8q24.13q24.3 (Chr8:126,397,316-143,577,971); dup18p11.32p11.21
(Chr18:14,316-14,773,575); and dupXq22.3q27.2 (Chrx:106,283,188-140,340,737). The sum-
mary of CMA and clinical findings from the three patients with chromosomal duplications
can be seen in Supplementary S1 and Table 1, respectively.

3.2. DSi Proteins Tend to Have High Values of Betweenness

The human interactome provided a network-based framework to investigate protein-
protein interactions between DSi-proteins (Figure 1a). The extraction of protein-coding
genes from the duplicated regions and their first neighbor resulted in a DSi composed of
3016 nodes/proteins and 4330 links/interactions (Figure 1b). DSi included 89 proteins
from duplicated regions and 65 ID-genes. Four DSi-proteins (LAMA1, STAG2, NKAP,
and ALG13) were also found among the ID-genes list [35].
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Table 1. Summary of the CMA and clinical findings from the 3 patient with chromosomal duplications.

Patient 1 2 3
Sex F M F
Age (years) * 8 12 7
Band location (duplicated) Chr8 (q24.21-q24.3) Chr18 (p11.32-p11.21) ChrX (q22.3-q27.1)
. CMA 17,180,656 14,759,260 34,057,550
Deletion size (pb)
Genomic position . ) ~ ) _
(GRCh38/hg38) Chr8:126,397,316-143,577,971 Chr18:14,316-14,773,575 Chrx:106,283,188-140,340,737
ID; microcephaly; seizures; ID; speech delay; anxiety; ID; NPMDD; short stature;
Clinical findings speech delay; global learning difficulty; clinodactyly;
developmental delay psychomotor agitation blepharophimosis

ID: Intellectual disability; NPMDD: neuropsychomotor development delay. * age in years at the time of the CMA investigation.

Cromasomal Micrearray Analysis
* 2 Human interactome

Patient |
@ up 8q24.13924.3 (<17.1Mb)
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‘i dup 18p11.32p11.21 (~14.7Mb) Tl - AT
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* R Y e .
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Average shortest path length

T J
0.6 08 Lo

Betweenness Closeness

Figure 1. Cytogenetic to the interactome. (a) left: duplicated regions mapped by CMA in the patients; right: curated
human interactome composed of 13,460 proteins and 141,296 interactions. In the network, proteins are nodes connected
by interactions. (b) expanded duplication syndromes interactome (eDSi) with 3016 proteins and 4330 interactions. Blue
nodes are protein-coding genes from duplicate regions; grey nodes are ID-genes. Node border colors represent the origin of
duplication: dup 8q24.13q24.3 in yellow; dup 18p11.32p11.21 in green; dupXq22.3-q27 in grey. Node size is related to the
number of connections (degree). (c) Topological parameters with degree and betweenness distribution and values of (d)
average shortest path length and closeness for duplicated protein-coding genes in eDSi. Dashed lines in black indicate the
average of these parameters for human interactome.

The average centrality measures in the human interactome were: degree (31.85),
betweenness (0.00013), closeness (0.3249), and shortest path length (3.119). Degree centrality
defines the number of connections of a specific node in the network, and in the biological
context, nodes with a degree value > 100 links (hubs) may have multiple functions in
cellular networks [36]. Betweenness corresponds to the number of nonredundant shortest
paths that pass through a node of interest and may indicate the potential of a protein to
create a bridge for communication between distant nodes [37,38]. The average shortest
path length involves the summa of all shortest paths between nodes couples, divided by all
pairs of nodes in the network, and the closeness indicates how close a node is to all other
nodes in the network [39,40].
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Many DSi-proteins showed higher values of centrality, compared to the mean of the
human interactome, indicating topological relevance to specific DSi-proteins (Figure 1c).
In this sense, 14% of DSi-proteins were considered hubs, including MYC, a transcription
factor, and CUL4B, a central component of the ubiquitin-protein ligase complex, both
acting in several biological processes. Moreover, other hubs, such as RBMX, PTK2, AIFM1,
VAPA, and XIAP, are associated with ID [41-45].

Eighty percent of the DSi-proteins reached a betweenness centrality value higher than
the average of the human interactome (Figure 1c). VGLL1 (coactivator for the mammalian
TEFs), CDR1 (neuronal signal transduction protein), MC5R (melanocortin receptor coupled
to the transmembrane G protein), and WISP1 (a member of the WNT1 inducible signaling
pathway) showed high betweenness values. All of these proteins have significant roles in
signal transduction or coactivation of transcription factors [46-49]. Furthermore, CDR1 is a
putative neuronal protein identified in individuals with cerebellar degeneration [50].

Besides degree and betweenness, shortest path length and closeness were calculated.
VGLL1, CDR1, WISP1, and MC5R also emerged in the network with high closeness and
lower shortest path length values (Figure 1c). From a biological perspective, these nodes
can have a major impact on proteins that are close to the node or serve as the shortest path
among distant proteins in the network. About 22% of the proteins were identified with
values of closeness and shortest path length above the average of the interactome. The main
results of the topological characteristics of other DSi-proteins can be seen in Figure 1c,d.

3.3. Biological Processes Associated with Rare Duplications

We carried out enrichment analysis of the DSi-proteins to identify biological processes
with a possible role in ID. Six clusters were detected grouping the main bioprocesses
(Figure 2). Cluster 1 identified only proteins from dup18p11.32p11.21 with enriched biopro-
cesses related to chromosome segregation. DSi-proteins from 8q24.13q24.3, 18p11.32p11.21,
and Xq22.3q27.2 were found in clusters 2 and 6, associated with telomere maintenance,
DNA repair, epithelium developmental, and ion transport. Cell morphogenesis in clusters
3 and 4 was associated with proteins from duplicated regions on chromosomes 8, 18, and
X. Cluster 5 is the only one to encompass proteins from the three duplicated regions, with
enrichment for microtubule cytoskeleton organization, negative regulation of cell cycle, and
neurogenesis. Cell pathways involving the ID pathophysiology can encompass changes in
the cytoskeleton dynamics, neurogenesis, and morphology during synaptic plasticity or
neuronal development [11,51].
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Mitotic cell cycle phase trensition mRNA splicing
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3 0] z
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Figure 2. Functional cluster detection in eDSi. Node border colors represent the origin of duplication:

dup 8q24.13q24.3 in yellow; dup 18p11.32p11.21 in green; dupXq22.3-q27 in grey. Small nodes in
light grey represent ID-genes.
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In addition, plasma membrane-bounded cell projection was enriched in the three dupli-
cated regions. This process involves the formation of a prolongation bounded by the plasma
membrane, such as an axon. Projection defects were reported in an ID mouse model [52].
Moreover, neuronal development and nuclear chromosome segregation were identified
in functional enrichment analysis of ID-genes and DSi-genes from dupXq22.39q27.2 and
dup18p11.32p11.21. The complete results are provided in Supplementary Table S3.

3.4. DSi-Genes Are Widely Expressed in the CNS

ID is caused by perturbations in the significant biological functions that impact cellular
networks present in different regions of the CNS. We identified the influence of each of
the 44 prioritized genes (Supplementary Table S5) in different tissues and found that these
genes are mainly expressed in the CNS when compared with other tissues in humans
(Figure 3) [14,16,53].

Nervous system

Endocrine gland
Hematopoietic system
Alimentary canal
Reproductive system
Excretory gland
Cardiovascular system
Embryonic structure
Respiratory system-

Skeletal system

=11 [
1 3 5 7 9 11 1315

Average confidance

Figure 3. Expression of the 44 prioritized genes in ten different tissues. The average confidence value
is shown for each tissue.

Therefore, we extracted expression data from multiple CNS regions to better under-
stand the influence of each gene on this tissue (Figure 4). Many genes located at Xq22.3q27.2
are widely expressed in the CNS and were previously associated with syndromic/non-
syndromic X-linked ID, such as ALG13, PAK3, THOC2, GRIA3, STAG2, OCRL1, AIFM1,
PHF6, RMBX, SOX3, LAMP2, CUL4B, and UBE2A [54,55]. Moreover, patients with dupli-
cated regions that encompass the X-linked genes SOX3, STAG2, AIFM1, GRIA3, PAK3, and
OCRL exhibit ID [22-26,56-58]. Moreover, six genes from the duplicated region 18p11.32-
p11.21 are highly expressed in several regions of the CNS, from which three of them (LAMA1,
MYOM1, and TGIF1) were duplicated in individuals with ID [18-20]. Furthermore, patients
with duplication of 8q24.13q24.3 region involving the KCNQ3, PTK2, ASAP1, and NDRG1
genes, which are widely expressed in CNS, presented ID [14,16,53].

3.5. Candidate Proteins from Different Chromosome Rearrangements Interact with Each Other in
the CNS Network

To analyze the relevance of candidate proteins according to tissue specificity, we
constructed a network with interactions from the CNS, in an attempt to identify clues about
the likely contribution of each protein in the development of ID. The CNS network includes
32 nodes connected by 210 interactions, from which 18 are DSi proteins (Figure 5a). The most
connected proteins are PTK2 (19), STAG2 (16), and TGIF1 (16). Interestingly, ID-genes WAC,
QKI, and PPP1R12A emerge as interacting factors on the network by automatic addition of
the database. It is worth mentioning that many links in the tissue-specific network result
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from gene co-expression studies in the context of neurological conditions, such as recessive
X-linked dystonia-parkinsonism, Rett syndrome, and Huntington’s disease.

Central nervous system
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Figure 4. Heat map of expression of the 44 prioritized genes in CNS. Confidence value is calculated
between 0-1.
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Figure 5. Tissue-specific gene network analysis. (a) functional network from CNS. Blue nodes are
protein-coding genes from duplicate regions; grey nodes are ID-genes; black nodes were added by
the database. Node border colors represent the origin of duplication: dup 8q24.13q24.3 in yellow;
dup 18p11.32p11.21 in green; dupXq22.3-q27 in grey. Score values are shown proportionally by the
thickness and intensity color of the edges. (b) heat map of genes from tissue-specific gene network
with the most significant biological processes. (c¢) Scheme depicting the main pathways and molecules
involved in axon guidance.
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The functional enrichment analysis identified several pathways associated with axon
guidance (Figure 5b). The genes directly involved with this biological process include PTK2
and KCNK3 (dup 8q24.13q24.3), LAMA1 (dup 18p11.32p11.21), and PAK3, DCX, SOX3, and
OCRL (dupXqg22.3-q27). As mentioned above, all these genes have already been identified
in duplicated regions in individuals with ID. Moreover, LAMA1 was also present in our ID-
list which used the candidate genes prioritization. Pathways related to functions necessary
to axon guidance that encompasses these genes, include actin cytoskeleton regulation
(p = 0.0060), L1CAM interactions (p < 0.0001), EPH-ephrin signaling (p = 0.0107), signaling
by Rho GTPases (p = 0.0029) and MET cell motility promotion (p = 0.0003). However,
other fundamental pathways in the axon guidance context can be seen in Figure 5b. The
PPP1R12A gene, added to the database, is the only one not belonging to the duplicated
region that appears in the ID-genes list and is involved in axon guidance.

Taken together, these results indicate that genes from different duplicated regions may
be related to each other and other genes previously associated with ID localized in cellular
networks in the nervous tissue and involved in neurodevelopment processes (Figure 5c).

3.6. Candidate Genes Are Associated with the ID

Similar pathways are disrupted in ID and in other neurological diseases due to the
functional relationships of genes located in the same module in the human interactome.
Therefore, to identify DSi-genes implicated in other neurological diseases, and help to
confirm our results, we generated a gene-disease association network (Figure 6).
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Figure 6. Gene-disease associations network. Duplicated genes (circular nodes) and disease of CNS
(rectangular nodes). The size of the circle nodes corresponds to the number of diseases associated.
Blue nodes are protein-coding genes from duplicate regions; orange nodes are candidate genes. Node
border colors represent the origin of duplication: dup 8q24.13q24.3 in yellow; dup 18p11.32p11.21 in
green; dupXq22.3-q27 in grey. Scores values are shown proportionally by the thickness and intensity
color of the edges. Orange edges show interactions of candidate genes.

The most common diseases or phenotypes found on the network were autism spec-
trum disorder, peripheral CNS disease, and ID with 43, 17, and 15 associated genes,
respectively. Maximum scores between disease and genes were seen in brain disease, holo-
prosencephaly, syndromic/non-syndromic ID, and syndromic/non-syndromic X-linked
ID. The genes with the highest number of connections with other diseases were PAKS3,
GRIA3, and ADGRB1 associated with eight, six, and six neurological diseases, respectively.
As expected, these genes were the most expressed in the CNS tissue (Figure 3). Previous
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data support the known relationships of many genes on the network with neurological dis-
eases, especially located in Xq22.3-q27.2 [55]. Moreover, the candidate genes PAK3, OCRL,
DCX, PTK2, KCNQ3, SOX3, and LAMA1 were associated with autism, brain disease, Dent
disease, and other conditions that present ID as a hallmark, corroborating our findings
(Figure 6).

4. Discussion

Genomic disorders caused by duplications of chromosome segments confer potential
risk of global developmental delay and ID, impacting the 1Q, and educational achievement of
individuals [59-61]. The imbalance in gene dosage caused by chromosomal duplications can
destabilize several genes by spreading through interactions in cellular subnetworks during
neurodevelopment. Moreover, the chromosome rearrangements identified in our patients
are rare, with few cases reported so far. These duplicated regions have been reported as
pathogenic and ID is a recurrent clinical finding in the affected individuals [16,21,26]. There-
fore, we used network analysis in an attempt to identify the potential sharing of biological
processes and genes responsible for the pathophysiology of ID in rare duplications. We found
seven candidate genes: PTK2 and KCNK3 (dup 8q24.13q24.3), LAMAT1 (dup 18p11.32p11.21),
and PAK3, DCX, SOX3, and OCRL from dupXq22.3q27, all duplicated in individuals with
ID [15,16,19,23,25,55-57,61]. Furthermore, all candidate genes identified have been reported
in duplicated regions of several ID patients in the web-based database—DECIPHER.

PTK?2, protein tyrosine kinase 2, emerged with high degree and betweenness values
(hub-bottleneck) through topological analysis in the eDSi (Figure 1c). This result correctly
reflects the many biological functions performed by PTK?2 that involve the regulation of
migration, adhesion, protrusion, and proliferation of the cell. Besides that, PTK2 pro-
motes axon growth and guidance and synapse formation during CNS development [62-65].
Therefore, changes in PTK2 expression can impair brain development and lead to mental
conditions [66]. Our topological analysis supports the identification of candidate disease
genes that tend to be more central to the network, and not in peripheral regions as we
expected [67,68]. Moreover, we identified many proteins from duplicated regions with high
betweenness values considered bottlenecks, essential nodes in the information flow between
distant proteins in cellular networks [38], indicating a potential impact in pathophysiology,
when dysregulated.

We identified significant expression of duplicated genes in the CNS conversely to other
tissues (Figure 3). Moreover, candidate genes present remarkable expression in regions of CNS
associated with ID (Figure 4), such as the cortical region and the cerebellum [10]. Candidate
genes from different chromosomes interact with each other in the tissue-specific network,
demonstrating functional relationships among these genes in the CNS. For instance, PTK2
(chr:8) interacts directly with OCRL (inositol polyphosphate-5-phosphatase—chr:X), DCX
(doublecortin—chr:X) with LAMA1 (laminin subunit a 1—chr:18), or yet, KCNQ3 (potassium
voltage-gated channel subfamily Q member 3—chr:8) and LAMAT1 are connected to each
other by the neurotrophic tyrosine receptor kinase (NTRK3) (Figure 5a). Furthermore, OCRL
and PTK2 interacts directly with WAC, QKI, and PPP1R12A, genes previously associated with
ID [69-72]. In the case of PPP1R12A, its loss-of-function causes holoprosencephaly and ID
in individuals with stop gain variants and deletions/duplications, resulting in a frameshift
effect [72]. PPP1R12A protein is present in pathways, such as RHO actin cytoskeleton regu-
lation, ROCKs activation by GTPases, dendritic spine morphogenesis, and stabilization, all
bioprocesses directly or indirectly involved with axon guidance mechanisms.

Axon guidance was the most enriched term in the tissue-specific network, besides the
identification of various signaling pathways directly or indirectly involved in this biological
process (Figure 5b). The axon guidance process plays an essential function in neuronal wiring
in the developing spinal cord, where it is responsible for extending axons and reaching their
targets to form synaptic junctions. These mechanisms allow the connection between the
central and peripheral nervous system during neurodevelopment, through extracellular and
transmembrane molecules and their cell surface receptors [73-75]. The main axon guidance
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pathways and mechanisms involving our candidate genes were schematized in Figure 5c.
The disruption or disintegration of neural circuit formation during CNS development affects
cognitive function and can result in mental conditions such as ID [76-78]. The current model
of the axon orientation mechanism reveals that the expression of guidance receptors occurs
in the growth cone to indicate their targets and allow migration by controlling attractive and
repulsive forces containing many guidance molecules present in their environment [75,77].
Therefore, the model of neural circuit formation supports the idea that changes in gene
dosage caused by chromosomal duplications may impair the balance of this mechanism
during the CNS development [79], where the gain or loss-of-function can impair the tight
regulation of gene sets and cause disturbances in neighbor proteins in networks. However,
expression data from patients with these chromosomal duplications should be used to
confirm this model.

We observed interactions in the gene-disease association network between neurologi-
cal conditions with ID and DSi-genes of three different chromosomes (Figure 6). These data
suggest that duplicated regions could generate perturbations and propagate through mod-
ules in the interactome associated with many diseases linked to the CNS. For instance, the
partial duplication of the gene that encodes the neuronal development transcription factor
SOX3 can cause impairment in pituitary development and cognitive functions [80]. PAK3
is expressed in the brain, playing a role in the control of cytoskeleton regulation, cell migra-
tion, axonal guidance, and synaptic plasticity, while its deregulation causes neurological
abnormalities, such as ID [81,82]. PAK3 pathogenic variants in affected males were associ-
ated with spatial cognitive abilities, defects in attention, and speech difficulties [83,84], and
a hemizygous missense variant in this gene was found in two male siblings with ID [85].
OCRL regulates the traffic in the endosomal machinery and its depletion affects the recy-
cling of various classes of receptors [86]. Dent disease patients with pathogenic variants in
the OCRL can present mental impairment [87,88]. Already, DCX plays a crucial role in the
CNS, enhancing the axonal outgrowth in postnatal cortical neurons [89]. Variants in DCX
result in X-linked lissencephaly in males, and its overexpression leads to destabilization of
microtubules and inhibition of neurite outgrowth [90]. Beyond the PTK2 gene (a duplicated
region on chromosome 8), KCNQ3 encodes a protein with functions in the regulation of
neuronal excitability and plasticity [91,92]. Pathogenic variants in this gene were identified
in patients with early-onset epilepsy and neurocognitive deficits [93]. Moreover, a gain of
function variants in KCNQ3 causes neurodevelopmental delay and autistic features [94].
Lastly, LAMAT1 (duplicated region on chromosome 18), laminin involved in cell adhesion
and axon outgrowth during embryonic development is associated with cerebellar dysplasia
and ID in individuals with homozygous variants [95-98].

The phenotype in these conditions is not only the result of deficient protein, but also
perturbations that spread in the cellular networks. Therefore, the network-based analysis,
regardless of the origin of the pathogenesis of chromosomal duplications (epigenetic
alteration, gain of function, effect of position, change of transcription factor sites, or
deregulation of miRNAs), can help to predict the consequence of these mechanisms by
analyzing functional protein relationships and their interactions in a network [99,100].

5. Conclusions

We found functional relationships among genes from three different duplicated chro-
mosomal regions, reflecting interactions of protein-coding genes and their involvement
in common cellular subnetworks. Furthermore, the sharing of common significant bio-
logical processes associated with ID has been demonstrated between proteins from the
different chromosomal regions. According to our results, we indicate potential molecules
and signaling pathways responsible for neuronal wiring that can be deregulated during
neurodevelopment and cause ID. Further analysis of gene expression would be necessary to
generate experimental data for these conditions in order to show more evidence regarding
the association between gene expression and ID.
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Abstract

Seizures are one of the clinical hallmarks of Wolf-Hirschhorn syndrome (WHS), causing a significant impact on the life qual-
ity, still in the first years of life. Even that the knowledge about WHS-related seizure candidate genes has grown, cumulative
evidence suggests synergic haploinsufficiency of distinct genes within cellular networks that should be better elucidated.
Herein, we evaluated common mechanisms between candidate genes from WHS seizure-susceptibility regions (SSR) and
genes globally associated with epilepsy. For this purpose, data from 94 WHS patients delineated by chromosomal microarray
analysis were integrated into a tissue-specific gene network with gene expression, drugs, and biological processes. We found
functional modules and signaling pathways involving candidate and new genes with potential involvement in the WHS-related
seizure phenotype. The proximity among the previous reported haploinsufficient candidate genes (PIGG, CPLX1, CTBP1,
LETM1) and disease genes associated with epilepsy suggests not just one, but different impaired mechanisms in cellular
networks responsible for the balance of neuronal activity in WHS patients, from which neuron communication is the most
impaired in WHS—related seizures. Furthermore, CTBP1 obtained the largest number of drug associations, reinforcing its
importance for adaptations of brain circuits and its putative use as a pharmacological target for treating seizures/epilepsy
in patients with WHS.

Keywords Wolf-Hirschhorn syndrome - Seizures - PIGG - CPLX1 - CTBP1 - LETM1

Introduction

Wolf-Hirschhorn syndrome (WHS; OMIM #194,190) is a
contiguous gene syndrome caused by a hemizygous deletion
of the 4p16.3 chromosome region that occurs in 1:20,000
to 1:50,000 births [1]. Terminal deletions are the most fre-
quent causes of WHS, but interstitial deletions, unbalanced
translocations, ring chromosomes, and other chromosome
rearrangements can also lead to the loss of the critical chro-
mosome segment [2, 3]. Besides, WHS—related deletions
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differ in size and gene content, impacting clinical findings
and severity of the disease [2, 4].

The main phenotype presentations in WHS include
typical craniofacial features, prenatal and postnatal growth
impairment, intellectual disability, severe delayed psycho-
motor development, hypotonia, and seizures [2]. Seizures
are one of the clinical hallmarks in WHS, occurring in over
90% of the patients, with a common onset at the first years
of life and a peak of incidence at 6-12 months of age [4].
Generally, seizures are often triggered by fever, and the most
common types are classified as generalized tonic—clonic sei-
zures, tonic spasms, complex partial seizures, and clonic
seizures. About 50% of WHS patients present unilateral/
generalized clonic or tonic—clonic forms [4]. Nonetheless,
even that seizures cause a significant impact on the quality
of children’s lives, its etiopathology in WHS remains to be
elucidated.

The “genotype-first” approach for assessing WHS
patients with similar or overlapping chromosomal dele-
tions has enabled the identification of WHS seizure-
susceptibility regions (SSR), comprising breakpoints
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encompassing one or more genes [2, 5]. Based on gen-
otype—phenotype studies and the connection between
mitochondrial dysfunction and epilepsy, LETM1 was the
first candidate gene related to seizures in WHS [6]. The
LETM1 protein is localized in the inner mitochondrial
membrane and functions as a proton-dependent calcium
efflux from the mitochondrion, essential for the conserva-
tion of tubular complexes and ensemble structure of the
respiratory chain [7]. LETM1 knockdown in rodent mod-
els leads to the emergence of seizures [7, 8]. However,
the findings in humans are conflicting since WHS patients
without seizures harboring deletions involving LETM1 and
WHS patients presenting deletions, not including LETM1
with seizures, have been described [1, 9—-15]. Therefore,
three additional candidate genes have been recognized for
contributing to WHS-related seizures. CPLX1 encodes
a cytosolic protein with a role in synaptic vesicle exo-
cytosis, essential for the regulation of neurotransmitters
release [16], in a manner that CPLX1 deletion in WHS
patients was indicated as a good candidate for seizure phe-
notype [13, 17]. Furthermore, CTBP1 haploinsufficiency
in patients with unusual deletions and animal models
has also been implicated in the pathogenesis of seizures
in WHS [10, 17, 18]. CTBP1 encodes a transcriptional
repressor function able to modulate the expression of neu-
ronal genes during development [19]. Moreover, the use
of a ketogenic diet in a rat model showed a reduction of
epilepsy by promoting CTBP1 activity [20]. Lastly, PIGG,
a phosphatidylinositol glycan anchor biosynthesis with a
crucial role in the membrane anchoring of GPI-anchored
proteins [21], was also associated with seizures in WHS
patients [11, 22].

Although genotype—phenotype studies identified new
WHS-related seizure candidate genes, cumulative evidence
suggests that these genes cannot explain the WHS—-associ-
ated seizures individually. Otherwise, the candidate genes
require synergic haploinsufficiency of different genes within
cellular networks [5, 15, 22, 23]. Moreover, it is worth
mentioning that clinical conditions in contiguous gene syn-
dromes are not merely the result of the genes’ physical loss,
but also a consequence of global perturbations functionally
affecting related genes in the specific disease module across
the human interactome [24, 25]. Thus, proteins associated
with the same condition are commonly recognized to inter-
act with each other in a local neighborhood more frequently
than expected by chance [24, 26].

In this study, we evaluated shared mechanisms between
candidate genes in the SSR in WHS and disease genes previ-
ously associated with seizures and epilepsy in humans. For
this purpose, data from 94 WHS patients delineated by chro-
mosomal microarray analysis (CMA) were integrated with
a tissue-specific gene network, and data concerning gene
expression, drugs, and signaling pathways were explored.

Connections between candidate and disease genes have been
revealed in modules closely related to putative involvement
in the pathophysiology of WHS-related seizures.

Methods
Sample Selection and Score Generation

Initially, a literature systematic review in PubMed for WHS
patients reported from January 2004 until March 2021 was
performed. Only publications comprising patients, in which
breakpoints were defined by CMA, as well as patients with
clinical records containing information about the presence
or absence of seizures were retrieved. A score, similar to that
used by Pelleri and colleagues (2019), was applied to assess
the probability of the emergence of the seizure phenotype
for each 100 Kb region in the 4p16.3 region [27]. Thus, the
score was generated according to the deletion size and infor-
mation related to the presence/absence of seizures in each
individual. The deleted genomic position in patients with
seizures was considered as (+ 1), but the deleted regions
in patients without seizures as (— 1). Furthermore, a two-
tailed Fisher’s exact test was applied for comparing indi-
viduals with a deletion including or not the candidate genes
(CPLX1, PIGG, CTBP1, LETMT1) and their seizure pheno-
types. GraphPad prism® was used for analysis. Significance
was defined as p<0.05.

Interactome Construction and
SubnetworkGeneration

The Human Integrated Protein—Protein Interaction Refer-
ence (HIPPIE) database (version 2.2) [28] was used to gen-
erate the human interactome. Only interactions with a confi-
dence score>0.4 and the largest connected component were
considered for further analysis. The human interactome con-
taining 13,460 proteins and 141,296 interactions provided a
network-based platform to search for protein—protein interac-
tions. Protein-coding genes within the SSR genomic position
(Chr4:100,000-2,400,000; GRCh38/hg38) with the highest
score were retrieved from the UCSC Genome Browser [29].
Next, protein—protein interactions in the SSR were extracted
and its first neighbors were selected to expand and generate
a subnetwork.

Selection of Gene-Disease Associations

DisGeNET [30] and EpilepsyGene [31] were used to capture
disease genes previously involved with epilepsy/seizures
and to search for these selected genes in the human interac-
tome subnetwork. DisGeNET is a platform that combines
data from UNIPROT, CGI, ClinGen, Genomics England,
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CTD (human subset), PsyGeNET, and Orphanet on human
gene-disease associations. The EpilepsyGene is a massive
database for genes associated with epilepsy with data col-
lected from a set of 818 epilepsy studies. For DisGeNET, the
“curated gene-disease associations” file was used, whereas
for EpilepsyGene, the “all epilepsy-related genes” file was
downloaded.

Construction of a Tissue-Specific Gene Network

The four previous candidate genes (CPLX1; PIGG; CTBP1;
LETMT1) and the seizure-genes present in the subnetwork
from the interactome were employed to construct a tissue-
specific gene network in the HumanBase [32]. The Human-
Base database integrates functional networks in tissues with
evidence provided by a set from thousands of experiments in
different tissue- and cell lineage—specific functional contexts
[32, 33]. Data from co-expression, protein—protein interac-
tions, transcriptional factors binding, microRNA targets, and
chemical and genetic perturbation were analyzed. The maxi-
mum number of genes in the network has been established
for 33 genes with a confidence > 0.10. Cytoscape V.3.7.0.
software [34] was used for visualization of the network.

Enrichment Analysis and Search of Drugs

The webserver Enrichr [35] was employed to identify sig-
nificantly enriched pathways and drugs associated with
brain functions in the context of seizures in the tissue-spe-
cific gene network. The gene-set libraries used for pathway
enrichment analysis were BioPlanet, Elsevier Pathway Col-
lection, Kegg, Reactome, and WikiPathways. For identifi-
cation of enriched drugs, data from DSigDB, old CMAP
up, and DrugMatrix were considered. Only terms with a p-
value<0.05 were retrieved.

Expression Detection and Functional Modules

The Genotype-Tissue Expression (GTEx) portal V.8 [36]
was used to recognize the expression profiles for genes
identified in the tissue-specific gene network in twelve brain
regions. For each gene, the transcripts per million (TPM)
values for each tissue were obtained. Functional modules
were acquired with the Minkowsky algorithm for distance
metric and the k-medoid algorithm, a clustering method
related to k-means clustering that minimizes the distance
between points by partitioning the data set into k groups
or modules (Amato, 2019). The expression data from RNA
sequencing were employed as node attributes in the network.
Modules were generated by the Cytoscape plugin Cluster-
Maker V.1.3.1 [37].

Signaling Pathway Reconstruction

We used the PathLinker Cytoscape plugin [38] to identify
underlying signaling pathways between candidate and dis-
ease genes. PathLinker is a computational tool that auto-
mates the reconstruction of any human signaling pathway.
The algorithm recognizes multiple short paths from the
receptors to transcriptional regulators in a pathway within
a protein interaction network [38]. The human interactome
subnetwork was used as a background network and genes
within the functional modules were selected as source and
targets. The parameters used in Pathlinker were (i) k: 50
(number of paths the user seeks); (ii) edge penalty: 1; and
(iii) edge unweighted. Lastly, a table with a rank of the short-
est paths was generated.

Results and Discussion

The Seizure-Susceptibility Region with the
HighestScore Is in the WHS Critical Region

The systematic review on Pubmed retrieved 94 patients with
WHS, whose breakpoints were located at 4p16.3 (Fig. 1A).
The size of the deletions ranged from 0.4 to 32 Mb. Sixty-six
(71%) patients were reported as having seizures and twenty-
seven (29%) without it. The description of the selected ref-
erences [1, 3, 5,9, 10, 12-14, 17, 22, 39-47], individuals,
presence/absence of seizures, and extension of the dele-
tions are detailed in Supplementary Table-1. We agree that
absence seizures in some cases can be non-recognizable by
parents or even the clinician. EEG can identify absence sei-
zures, but clinical suspicion is often lacking. In some more
complicated cases, the video-EEG monitoring could be use-
ful. The scores were generated according to the location of
the deletions at 4p16.3. The regions with a high score (>70)
for each 100 Kb in the genome positioned within the range
of 0.1-2.4 Mb were identified as regions for susceptibility
to seizures. All candidate genes (PIGG, CPLX1, CTBP1,
LETMT1) were included in this region with high suscepti-
bility scores. The genomic region between 0.5 and 0.6 Mb
exhibited the highest score (Fig. 1B). Moreover, analy-
sis using two-tailed Fisher’s exact test reinforced that the
genes PIGG (p<0.000001; Attributable Risk (AR)=0.62),
CPLX1 (p <0.000001; AR = 0.59), CTBP1 (p < 0.000001;
AR=0.45), and LETM1 (p=0.030517; AR=0.19) correlate
with the presence of seizures in WHS. Therefore, among
the candidate genes, PIGG showed the strongest correlation
with seizures. PIGG encodes one member of the phosphati-
dylinositol glycan (GPI) pathway that anchors a group of
over 150 proteins on the cell surface, where several cellu-
lar signaling processes occur [21]. Deficiencies in differ-
ent proteins of the GPI pathway have been associated with
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Fig. 1 Size and genomic locations of the 4p16.3 deletions in 94 indi-
viduals reported in the literature. A The rectangle with a black border
highlights the 4p16.3 region. The vertical gray rectangle represents
the WHS critical region (~0.4-2 Mb). The deletions in individu-
als with seizures are shown in red bars. The deletions in individu-
als without seizures are shown in gray bars. B The scores for each

seizures in humans [48, 49]. In addition, homozygous or
compound heterozygous pathogenic variants in PIGG cause
seizures in individuals from consanguineous families [50].
Although our results are consistent with the previously
refined (0.36-0.56 Mb) seizure susceptibility region in WHS
[13, 22], there are still individuals with a deletion in this
region without seizures. Therefore, it is strongly suggested
that the combination of genes in the 4p16.3 region and other
genes of the interactome cooperates in cellular networks to
generate seizures in WHS. Therefore, approaches directed
at isolated genes are unlikely to elucidate the mechanisms
responsible for the WHS seizures.

Different Candidates and Disease Genes
Can BeResponsible for WHS-Related
Seizures

The extraction of protein-coding genes from the seizure-
susceptibility region in the interactome (Fig. 1B) and their
first neighbors resulted in a subnetwork composed of 658
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100 Kb were generated according to the location of the deletions in
4p16.3. The vertical rectangle with a black border shows the regions
with the highest scores (> 70). Below: region of susceptibility to sei-
zures with scores in the range of 0.1-2.4 Mb and the gene content
disposed by genomic position (Mb). Candidate genes are displayed in
red

nodes/proteins and 8,513 links/interactions (Supplementary
Table-2). In the subnetwork, we identified 15 disease genes
(SMC1A, VAMP2, AP2M, MECP2, AKT1, AUTS2, NOS1,
FLNA, AAK1, ARX, MKLN1, NCOR2, HDAC4, DDX50,
HBSIL) previously associated with epilepsy/seizures in the
DisGeNET and EpilepsyGene databases [30, 31].

Next, we investigated possible relationships between can-
didate and disease genes. As expected, brain tissue repre-
sented the most significant data of interactions, so we gener-
ated a brain-specific network (BSN) composed of 33 genes
and 290 interactions. The most connected gene among the
candidates was CTBP1, interacting with the other 27 genes.
The topological location of CTBP1 in the network reinforces
its function in controlling other genes through its role as a
transcriptional repressor. In this sense, LETM1 (11), PIGG
(9), and CPLX1 (8) are less central in the network with
more peripheral functions in the cell. Interestingly, the four
candidate genes are connected through CTBPI1. Regarding
the proximity to disease genes, LETM1, PIGG, and CPLX1
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interact with two different disease genes (LETM1: ARX and clonic seizures [4]. Therefore, the observation of functional
AAK1; PIGG: SMC1A and AUTS2; CPLX1: VAMP2 and relationships among genes involved in distinct types of epi-
DDX50) in their neighborhood of the BSN (Fig. 2A). Inter- ~ lepsy and candidate genes in the BSN suggests the involve-
estingly, CTBP1 emerges linked to ten other disease genes ~ ment of different seizure-related mechanisms in WHS, other
in the BSN. CTBPI can mediate synaptic-nuclear signal-  than those previously known. Thus, our data aid to explain
ing mechanisms involved in functional changes in neurons ~ Why genotyps:fphenotyPe correlation SFUdleS fognd more
during adaptations of brain circuits [51]. Furthermore, the than one candidate gene in the 4p16.3 region associated with
repressor complex including CTBPI represses seizures the same phenotype.

induced by BDNF expression upon the use of anti-glycolytic . .
compounds in an epileptogenic rat model [20]. Pathways Associated with Neuron

Disease genes in the BSN have been linked to awaken- ~Communication May Be the Most Impaired in
ing epilepsy, myoclonic-astatic epilepsy, atonic absence sei- WHS Seizures
zures, generalized absence seizures, and myoclonic seizures,
besides including the forms present in WHS, such as gener-  To identify which specific processes are regulated by the
alized tonic—clonic seizures, complex partial seizures, and BSN, we carried out functional enrichment analysis for
genes with seizure-related biological processes (Fig. 2B).
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Fig. 2 From interactome to brain-specific network. A left: curated nodes and 290 interactions. Red nodes are candidate genes. Orange
human interactome composed of 13,460 proteins and 141,296 inter- nodes are known disease genes. Red edges show interactions between
actions. In the network, proteins are nodes connected by interactions candidate genes. B Functional enrichment analysis of the BSN with
or edges. Right: expanded subnetwork from the interactome contain- biological processes potentially involved in seizures with adj p<0.05.
ing 658 proteins and 8513 interactions. Below: BSN with 33 genes/ C Most enriched drugs associated with BSN with adj p<0.05
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Estrogen receptor transcription factor targets (adj p= 2477,
notch signaling pathway (adj p = 1.6, and histone acety-
lation (adj p = 8.47%) were the most enriched terms in the
BSN [52-54]. Moreover, many pathways related to neuron
communication were seen in our analysis, being related to
epileptogenic mechanisms such as the acetylcholine neu-
rotransmitter release cycle, norepinephrine neurotransmit-
ter release cycle, glutamate neurotransmitter release cycle,
GABA biosynthesis, release, reuptake and degradation,
dopamine action in cortical spreading depression progres-
sion, and exocytosis (vesicle fusion) [55]. The functional
enrichment values for the most significant pathways involved
with altered brain functions can be seen in Fig. 2B. Sei-
zures originate from abnormal neuronal transmission in the
brain due to an imbalance of excitatory and inhibitory neu-
rotransmitters, such as glutamate and GABA. Furthermore,
changes in the expression of receptors and ion channels
activated by neurotransmitters are mechanisms involved in
epilepsy pathogenesis [55]. In this sense, CPLX1 was the
most enriched candidate gene for the biological processes
described above, since it encodes a presynaptic regulatory
protein with an essential role in the modulation of neuro-
transmitter release [16].

The Repressor Complex Including CTBP1
May Bea Good Pharmacological Target

In an attempt to recognize targets and reinforce the
importance of candidate and disease genes involved in
WHS-related seizures, we searched for potential drugs that
could act in the BSN. The significant values for the main
enriched drugs are detailed in Fig. 2C. Many of the drugs
found in our analyses are already used in the treatment of
seizures/epilepsy, such as ramipril, lomustine, haloperi-
dol, and risperidone [56], including first-prescribed drugs
for seizures in WHS, such as valproic acid, diazepam, and
oxcarbazepine [57, 58]. We also found drugs responsible to
induce epilepsy if taken in overdoses, such as citalopram
[59], and molecules with potential clinical intervention in
seizures and epileptogenic processes involving excitotoxic-
ity, neuroinflammation, and lipid peroxidation, such as vita-
min E [60]. Interestingly, in a large cohort of individuals
with WHS, lamotrigine showed an excellent result among
the antiepileptic drugs, while carbamazepine, phenytoin, and
oxcarbazepine were able to exacerbate seizures or achieve
a poor seizure control performance [58]. Among the can-
didate genes, CTBP1 obtained the largest number of drug
associations (lamotrigine, phenytoin, lomustine, valproic
acid, valdecoxib, and oxcarbazepine). These results reveal
the importance of the repressor complex including CTBP1
for adaptations of brain circuits during development, sug-
gesting that it may be a good pharmacological target for
treating seizures/epilepsy in patients with WHS.

Genes in BSN Are Widely Expressed in the
Regions Commonly Affected by Epilepsy

The correct functioning of the brain depends on the fine
regulation of the expression of multiple genes, in which
imbalances can lead to disturbances in the neuronal network
associated with seizures. Therefore, we investigated the
expression of genes present in the BSN in different regions
of the human brain. The frontal cortex, cerebellum, and cor-
tex showed the most significant expression levels (Fig. 3A).
Abnormal neuronal connections in the frontal cortex, which
covers the front part of the frontal lobe, and cerebellum are
implicated in epilepsy in humans. Frontal cortex epilepsy
is the second most common type of focal epilepsy due to
the abnormal neuronal connections [61]. The cerebellum
can already play a role in seizure networks, in which func-
tional and structural changes in the cerebellum have been
frequently observed in patients with epilepsy [62]. Different
abnormalities in the EEG can be observed in patients with
WHS, and the epileptic foci are commonly located in the
posterior temporo-parieto-occipital regions [63, 64], repre-
sented by the cortex with prominent gene expression.

The ten top genes with the highest expression in the brain
included the disease genes VAMP2 and AP2M1, and one
of the candidate genes for seizure-susceptibility in WHS
(CPLX1) (Fig. 3B). VAMP2, involved with the fusion of
synaptic vesicles during the release of neurotransmitters, is
associated with epilepsy in humans in cases of non-synon-
ymous variants [65]. AP2M1 acts in the clathrin-depend-
ent endocytosis and missense variants in this gene lead to
epileptic encephalopathy [66]. Expression of CPLX1 and
VAMP2 may be relevant in different regions of the brain,
where they act in the same pathways responsible for the
release cycle of neurotransmitters [67].

Moreover, we analyzed the expression in different regions
of the brain separately. Candidate genes have higher expres-
sion in the cerebellum and cortex (except for PIGG). CPLX1
and CTBP1 are widely expressed in all surveyed regions of
the brain, probably due to their multiple functions in the
cell. In contrast, LETM1 and PIGG show a more heterogene-
ous scenario with expression levels close to zero for some
regions, indicating that their expressions are specific for
particular brain regions. Besides, among the disease genes,
there is considerable variability in brain expression levels
(Fig. 3C), which could reflect the involvement of these genes
in several types of epilepsy described above, affecting the
activity of different regions of the brain.

Different Functional Modules and Signaling
Pathways Involve Candidate and Disease Genes

We investigated how close the candidate genes are to each
other or whether they are grouped in modules with disease
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Fig. 3 Expression data for 33 genes in brain-specific network. A The
average expression value is shown for each region of the brain. B The
average expression value is shown for the ten most expressed genes in
the brain. C Heat map of gene expression in different regions of the

genes. Therefore, we used topological and expression data
to generate functional modules capable of indicating clues
about the pathogenic mechanisms related to seizures in
WHS.

In the first module, PIGG is present with many other
disease genes and interacts directly with SMCIA and
AUTS?2 (Fig. 4A). The gene SMCIA encodes part of the
cohesin complex involved in chromosome cohesion dur-
ing the cell cycle and acts on the regulation of transcrip-
tion [68]. The loss-of-function and heterozygous trunca-
tion variants in SMCIA cause therapy-resistant epilepsy
and severe early-onset epilepsy with cluster seizures in
females, respectively [69, 70]. AUTS2 regulates neuronal
gene expression in processes present in axon elonga-
tion and neuronal migration during brain development
[71]. Intragenic deletions in AUTS2 were identified in
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individuals with juvenile myoclonic epilepsy or with fea-
tures of atypical benign partial epilepsy [72]. However,
regarding signaling pathways, we identified APP (amy-
loid-beta precursor protein) with potential impact in the
signaling of the candidate gene PIGG and the disease
genes HDAC4 and AAK1 (Fig. 4B). APP is a membrane
receptor involved in physiological functions of neurons
essential to neurite growth, neuronal adhesion, and synap-
tic function [73]. Moreover, APP is found with increased
levels of protein expression in the temporal cortex and
hippocampus of the refractory epilepsy patients [74]. Fur-
thermore, APP is associated with the term fever-induced
seizure (HP:0,032,894) together with other members of the
phosphatidylinositol glycan pathway (PIGP and PIGQ),
indicating a possible pathway altered in WHS-related
seizures.
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Fig. 4 Functional modules. Modules and signaling pathways show
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CTBP1. Red nodes represent candidate genes, whereas orange nodes

CPLX1 is a target of miR-135a-5p and is found dysregu-
lated in humans and rats with temporal lobe epilepsy [75].
In the second module, CPLX1 encompasses three disease
genes (MECP2, AP2M1, VAMP?2) (Fig. 4C), interacting
directly with the presynaptic VAMP2 gene, the most highly
expressed gene in the brain and associated with cryptogenic
epilepsy and electroencephalography abnormalities in
humans [65, 76]. The involvement of CPLX1 and VAMP2
in signaling pathways with potential epileptogenic can be
indicated by high scores of the shortest signaling pathway
identified (Fig. 4D). Both CPLX1 and VAMP?2 act in the
SNARE complex and modulate synaptic vesicles involved
with glutamate, dopamine, and acetylcholine neurotransmit-
ter release cycle [16, 65, 67].

The candidate genes LETM1 and CTBP1 were found differ-
entially expressed in blood cells of pediatric epileptic patients
and a model of hyperthermic seizure in rats, respectively [77,
78]. In the third module, LETM1 and CTBP1 are grouped
with three genes associated with seizures (FLNA, AKTI,
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NCOR?2), but only CTBP1 interacts directly with the disease
genes FLNA and AKT1 (Fig. 4E). FLNA encodes a protein
with a role in anchoring several transmembrane proteins to
the actin cytoskeleton, thus exhibiting important functions
during contacts and adherent junctions between cells during
brain development [79]. Loss-of-function variants in FLNA are
involved in the X-linked inherited condition of periventricu-
lar nodular heterotopia with or without epilepsy [80]. AKT1
is a serine/threonine kinase that modulates the AKT/mTOR
pathway in the integration of newborn neurons during adult
neurogenesis, covering the correct neuron positioning, den-
dritic development, and synapse formation [81]. Pathogenic
variants in genes participating in the PI3K/AKT pathway can
lead to epileptogenic brain malformations [82]. Besides that,
our results indicate a possible involvement of this pathway in
mediating signals between LETM1 and CTBP1 through TBK1
(Fig. 4F), in which phosphorylates and activates AKT1 are
dependent on PI3K signaling [83]. In this case, both candidate
genes can contribute synergistically to WHS—related seizures.
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Conclusions

Our study investigated previously candidate genes for epi-
lepsy in WHS patients in the context of the human interac-
tome and identified many new genes with potential involve-
ment in the WHS—related seizure phenotype. The proximity
among haploinsufficient genes in the WHS and disease genes
globally associated with epilepsy suggests different impaired
mechanisms in cellular networks responsible for the balance
of neuronal activity in WHS patients. Therefore, the patho-
physiology of seizures in WHS may be a consequence of
distinct functional modules that encompass candidate genes
from the critical seizure-susceptibility region, converging
with other pathways and genes associated with epilepsy in
humans. Further experimental analysis could validate these
findings in iPSC—derived neurons.
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