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RESUMO

Os fatores Kruppel-like (KLF) sdo responsaveis pela ativacdo e repressao de diversos genes
envolvidos em processos fisiologicos e patologicos, como desenvolvimento cardiaco,
adipogénese e diabetes. A familia KLF possui um dominio conservado de ligagdo ao DNA
contendo no qual mutagGes missense podem afetar a eficiéncia de ligagéo e regulacdo da
transcricdo. Apesar de alguns fatores de transcricdo ja serem conhecidos por estarem
relacionados a sindrome de Down (SD), o papel das KLFs ainda é desconhecido para o
desenvolvimento de defeitos cardiacos congénitos (DCC) na SD. O objetivo do estudo foi
realizar analises de bioinformatica dos efeitos funcionais e estruturais de mutacdes missense
em KLFs envolvidas no desenvolvimento cardiaco e doencas cardiacas, assim como, avaliar o
perfil de expressdo génica da KLF2 e KLF10 em criancas com SD e DCC. Dezessete
algoritmos foram utilizados para predizer o efeito das mutacGes sobre a estrutura e funcao de
sete KLFs. Foram selecionadas as mutacGes Top3 em cada categoria: mutagdes no dominio
dedo de zinco em residuos conservados e ndo-conservados. Um total de 850 mutacdes
missense foram encontradas em sete KLFs envolvidas no desenvolvimento cardiaco e
doencas cardiacas. Apenas a KLF5 p.Cys410Phe, mutacdo de residuo conservado de interacéo
ao zinco, foi predita como deletéria em todos os algoritmos, enquanto apenas a KLF15
p.Arg364Pro afeta a ligacdo ao DNA. Para a andlise de expressdo da KLF2 e KLF10,
amostras de sangue de 42 criancas de Jodo Pessoa e Recife, com e sem SD e DDC, foram
coletadas e analisadas por gPCR. A expressdo relativa da KLF2 mostrou uma menor
expressdao em todos os grupos estudados, enquanto a KLF10 ndo mostrou expressédo em
criangas saudaveis, porém, foi expressa em criancas com SD e criancas com SD/DCC,
mostrando uma diferenca significativa (p=0.0111). Nossos resultados reforcam a importancia
da avaliacdo computacional através de diferentes algoritmos para determinar as mutagdes
KLF mais importantes a serem estudadas in vitro e in vivo. Além disso, sugerem a KLF2 e
KLF10 como fatores de transcricdo que podem estar envolvidos ndo apenas em DCC, bem

como em SD/DCC, destacando a importancia do entendimento desses defeitos na SD.

Palavras-chave: Kruppel-like factors. Mutagdes nao sindnimas. Algoritmos de predicéo.

KLF2. KLF10. Sindrome de Down. Defeitos cardiacos congénitos.



ABSTRACT

Kruppel-like Factors (KLF) are responsible for activating and repressing many genes
involved in physiologic and pathological processes, like cardiac development, adipogenesis,
and diabetes. KLF family shows three conserved zinc-fingers, so non-synonymous variants in
this domain can affect the binding efficiency and transcription regulation. Although some
transcription factors have already been known related to Down syndrome (DS), the role of
KLFs in the congenital heart defects (CHD) development in DS has not yet known. The aim
of this study was to perform a computational evaluation of the structural and functional
effects of non-synonymous variants in KLFs involved in cardiac development and diseases, as
well as, to evaluate the expression profile of KLF2 and KLF10 in DS children with CHD.
Seventeen algorithms were used to predict the effect of the non-synonymous variants over the
structure and function of seven KLFs. The Top3 variants were selected from each category:
conserved and non-conserved residues in the zinc-finger domain. A total of 850 non-
synonymous variants were found in KLFs involved in the cardiac development and diseases.
Only KLF5 p.Cys410Phe, mutation of conserved residue of zinc interaction, was predicted as
deleterious in all algorithms, and only KLF15 p.Arg364Pro affects DNA-binding. For
analysis of KLF2 and KLF10 expression, blood samples of 42 children from Pernambuco and
Paraiba, with and without DS and CHD, were collected and analyzed by qPCR. The relative
expression showed KLF2 downregulated in all groups studied, while KLF10 showed no
expression in healthy children, however, was expressed in DS and in DS/CHD with a
significant difference (p=0.0111). Our results reinforce the importance of performing
computational evaluations through different algorithms to determine the most important KLF
variants to be studied in vitro and in vivo. In addition, suggest KLF2 and KLF10 as
transcription factors involved not only in CHD as well as in DS/CHD, highlighting the

importance of understanding these congenital defects in DS.

Keywords: Kruppel-like factors. Non-synonymous mutations. Prediction algorithms. KLF2.

KLF10. Down syndrome. Congenital heart defects.
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1 INTRODUCAO

Em 2015 cerca de 17,7 milhdes de pessoas morreram de doencas cardiovasculares,
sendo elas as principais causas de morte e um dos maiores problemas de saude publica em
todo o mundo. Os defeitos cardiacos congénitos (DCC) sdo uma das principais causas de
morbimortalidade no periodo neonatal, com uma estimativa anual de 303.000 recém-nascidos
em todo o mundo (“WHO | Cardiovascular diseases (CVDs)”, 2017, “WHO | Congenital
anomalies”, 2016). Dessa forma, criangas nascidas com DCC necessitam de um sistema de

cuidado especial que facilite o diagnostico e tratamento desses defeitos cardiacos.

A Sindrome de Down (SD), também conhecida como Trissomia 21, é o transtorno de
deficiéncia intelectual e cromossdmica mais comum (PUESCHEL, 1990), com uma
frequéncia de 40-50% dos recém-nascidos portadores da SD apresentando algum tipo de
DCC, com o defeito septal atrioventricular (DSAV) sendo o mais comum entre eles (43% dos
casos) (ANTONARAKIS, 2016; FREEMAN et al., 2008). Nos EUA, cerca de 500.000
adultos possuem DCC e cerca de uma em cada 100 criangcas nascem com DCC sendo
causados por fatores genéticos ou anormalidades cromossomais como a SD (SUN et al.,
2015). Nos ultimos anos grandes avangos tém sido realizados com o estudo do
sequenciamento do genoma de pacientes com DCC, demonstrando genes e mutacdes
relacionadas a esses defeitos (FAHED et al., 2013).

Mais de 50 genes humanos foram identificados associados a DCC ou sindromes
genéticas, contudo, um estudo em camundongos mostrou mutacfes em mais de 500 genes
levando ao desenvolvimento de defeitos cardiacos (ANDERSEN; TROELSEN; LARSEN,
2014), indicando que mais genes necessitam ser avaliados em humanos. Diversos fatores de
transcricdo ja tém sido reportados estarem relacionados ao desenvolvimento de cardiopatias e
DCC, tais como GATA4, Thx5, Nkx2-5, Zic3 e alguns fatores da familia KLF, assim como,
mutacdes nesses fatores de transcricdo também tém sido relacionadas ao desenvolvimento de
doencas cardiacas (BOS et al., 2012; TONG, 2016; WARE et al., 2004).

A familia de fatores de transcricdo Kruppel-like factors (KLF) compreende 17
membros KLF, os quais em humanos desempenha um papel critico na regulacdo de diversos

processos fisiologicos e patoldgicos, sendo expressas em diversos tecidos e em diferentes
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fases do desenvolvimento, ativando ou reprimindo genes alvo dependendo do tecido em que
sdo expressas (NAGAI; FRIEDMAN; KASUGA, 2009). Esses fatores de transcrigdo sdo
caracterizados por possuirem em sua estrutura um dominio C-terminal de ligacdo ao DNA
conservado, contendo trés motivos dedo de zinco (DZ) do tipo CzH.. Além disso, também
possuem residuos altamente conservados de ligagdo ao DNA (KACZYNSKI; COOK;
URRUTIA, 2003; MCCONNELL; YANG, 2010).

A andlise de mutacdes e polimorfismos por meio de ferramentas de bioinformatica
tém sido usadas para a identificacdo de alterages nas sequéncias génicas que possam levar ao
desenvolvimento de doengas, assim como, também para favorecer o desenvolvimento de
novas ferramentas e estratégias de diagnostico, e terapéutica de doencas e anomalias. O
estudo de mutacbes nao-sinbnimas em regides conservadas tém sido de grande importancia
para a avaliacdo da funcdo da proteina, uma vez que elas possuem uma grande probabilidade
de levarem a perda de funcdo (HINDORFF et al., 2009; KIEZUN et al., 2013;
MACARTHUR et al., 2012). Assim, a descoberta de novos genes e mutacdes por meio de
analises computacionais é de grande importancia para a validacdo experimental de mutac6es
que possam estar associadas a doengas (PIRES; ASCHER; BLUNDELL, 2014), visto que
esse tipo de estudo tem se tornado cada vez mais efetivo e de baixo custo, economizando

tempo e dinheiro para a realizacdo da validacdo experimental.

Apesar de genes como GATAL, SIM2 e ZNF295, ja terem sido reportados como
relacionados a SD (ROBERTS; IZRAELI, 2014; SPELLMAN et al., 2013) e fatores de
transcricdo da familia KLF j& demonstrarem uma relacdo com a regulacdo génica de
processos que levam ao desenvolvimento cardiaco e de doencas, até o momento nada é
conhecido sobre KLFs relacionadas ao desenvolvimento de DCC na SD. Assim, faz-se
necessario o estudo in silico e in vitro desses fatores por meio de abordagens de
bioinformética e moleculares para a busca e validacéo de potenciais fatores que possam estar

associados a cardiopatias.
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2 FUNDAMENTACAO TEORICA

2.1 DOENCAS CARDIACAS

As doencas cardiovasculares sdo as principais causas de morte e um dos maiores
problemas de satde publica em todo o mundo. Segundo a Organizacdo Mundial de Salde
(OMS) cerca de 17,7 milhdes de pessoas morreram de doencas cardiovasculares em 2015
(“WHO | Cardiovascular diseases (CVDs)”, 2017). Dentre as DCV, os defeitos cardiacos
congénitos (DCC) sdo uma das principais causas de morbimortalidade no periodo neonatal
(FARIA et al., 2014) e os mais comuns dentre as anomalias congénitas severas, junto com a
Sindrome de Down e defeitos do tubo neural (“WHO | Congenital anomalies”, 2016).

Segundo dados da OMS 2016, dentre as 2,68 milhdes de mortes durante o periodo
neonatal em 2015, cerca de 303.000 recém-nascidos (correspondente a 11%) morreram dentro
de quatro semanas ap06s o nascimento devido ao desenvolvimento de anomalias congénitas,
sendo essa a estimativa anual em todo o mundo (Fig. 1) (“WHO | Congenital anomalies”,
2016). Dessa forma, os DCC ainda sdo um grande problema de saude publica e necessitam de

um sistema de cuidado especial que facilite o diagnéstico e terapéutica dos mesmaos.

Figura 1. Causas de morte no nascimento em todo o mundo.

Causas de mortes no nascimento

H Anomalias congénitas

L 15% 0 11%

H Nascimento pré-termo
15%

M Asfixia e trauma no
nascimento

0
H Sepse neonatal

® Qutras causas

Fonte: Adaptado de: OMS, 2016.

As anomalias congénitas podem ocorrer por diversas causas e fatores de risco, sendo
eles: fatores ambientais como exposi¢do materna a agentes quimicos, bem como o uso de

certos medicamentos, alcool, tabaco e radiacdo durante a gravidez. Fatores socioecondmicos e
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demogréaficos como a baixa renda podem ser considerados determinantes indiretos devido a
uma possivel falta de acesso a alimentos nutritivos por mulheres gravidas, ou ao menor acesso
aos cuidados com a saude, e a idade materna avancada, que pode contribuir como um fator de
risco para o desenvolvimento fetal anormal aumentando o risco de anormalidades
cromossdmicas, incluindo a Sindrome de Down (SD). Ja os fatores genéticos desempenham
um papel importante, uma vez que os genes por hereditariedade podem codificar para uma
anomalia ou ser resultado de mudancas no DNA que levam a mutacdes (“WHO | Congenital

anomalies”, 2016).

Mais de 50 genes humanos foram identificados associados a DCC ou sindromes
genéticas, as quais também podem apresentar como um dos fenotipos algum tipo de
cardiopatia congénita, contudo, um estudo em camundongos mostrou muta¢ées em mais de
500 genes levando ao desenvolvimento de defeitos cardiacos (ANDERSEN; TROELSEN;
LARSEN, 2014), indicando que mais genes necessitam ser avaliados em humanos.

2.1.1 Defeitos cardiacos congénitos

Os DCC sdo definidos como defeitos de malformacéo estrutural do coracdo ou dos
vasos sanguineos que se desenvolvem antes do nascimento (BENJAMIN et al., 2017; SUN et
al., 2015). Essas malformacdes podem ser detectadas ainda no Utero, no nascimento ou
durante os primeiros anos de vida. Na maioria dos casos de DCC, a crianga ndo tem outro tipo
de defeito do nascimento, porém, esses defeitos cardiacos podem fazer parte do fenotipo de
sindromes genéticas e cromossdmicas como a Sindrome de Down, Sindrome de Holt-Oram,
Sindrome DiGeorge, Sindrome de Noonan, Sindrome de Turner e entre outras (KO, 2015;
WEINRAUCH; ZIEVE; OGILVIE, 2015), com a SD sendo a sindrome cromossémica mais
comum apresentando DCC (“Improved National Prevalence Estimates for 18 Selected Major
Birth Defects --- United States, 1999--2001”, 2006).

Os DCC variam de simples a complexos classificados em 3 categorias: simples ou
média, moderada e severa ou complexa. Os DCC simples sdo defeitos cardiacos
cirurgicamente simples de serem resolvidos ainda na infancia sem aparentes complicagdes. Os
DCC moderados sdo defeitos nos quais sdo cirurgicamente corrigidos, porém, podem ainda
haver algum tipo de problemas residuais. Enquanto que os DCC complexos compreendem

qualquer doenga cardiaca cianotica, as quais mesmo apos intervencao cirargica podem causar
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consideraveis complica¢des futuras (HOFFMAN; KAPLAN; LIBERTHSON, 2004). Para o
melhor entendimento de como esses defeitos impactam na fisiologia do individuo eles
também podem ser classificados de acordo com a passagem sanguinea (“Congenital Heart

Disease”, [s.d.]) em:

e Defeitos que levam a passagem de muito sangue através dos pulmdes, os quais fazem
com que 0 sangue rico em oxigénio que deveria passar pelo corpo retorne para os
pulmdes causando maior pressao e estresse nos pulmaes. Estes defeitos incluem: canal
arterial persistente, defeito septal atrial, defeito septal ventricular e canal
atrioventricular.

e Defeitos que levam a passagem de pouco sangue atraves do pulmao, os quais fazem
com que o sangue seja pouco oxigenado pelos pulmdes (e, portanto, pobre em
oxigénio) para seguir através do corpo, e assim, fazendo com que o corpo néo receba
oxigénio suficiente e o bebé seja ciandtico, ou apresente uma coloracdo azul. Estes
defeitos incluem: atresia tricUspide, atresia pulmonar, transposicdo das grandes
artérias, Tetralogia de Fallot, dupla saida do ventriculo direito e Tronco arterioso.

e Defeitos que levam a passagem de pouco sangue através do corpo, 0s quais resultam
em camaras subdesenvolvidas do coragdo bloqueando o0s vasos sanguineos de
transportarem uma quantidade de sangue adequada para 0 corpo manter suas
necessidades. Estes defeitos incluem: Coarctacdo da aorta, estenose adrtica e sindrome

do coracdo esquerdo hipoplasico.

2.1.2 Defeitos cardiacos congénitos na sindrome de down

A Sindrome de Down é o transtorno de deficiéncia intelectual, causada por
alteracdes cromossdmicas, mais comum com uma frequéncia de aproximadamente um em
cada 700 nascidos vivos em todo o0 mundo (PUESCHEL, 1990). Cerca de 40-50% dos recém-
nascidos portadores da SD possuem algum tipo de defeito cardiaco congénito (STOLL et al.,
2015), com o defeito septal atrioventricular (DSAV) sendo o mais comum entre eles (43%
dos casos), em seguida, os defeitos septais ventriculares (DSV) (32%), defeito septal atrial
(DAS) (19%), e por ultimo com menor frequéncia, a Tetralogia de Fallot (TF) (6%) (Fig. 2)
(ANTONARAKIS, 2016; FREEMAN et al., 2008). No Brasil, apesar de um estudo no Estado
Parana ter apresentado o DSAV como DCC mais comum na SD (CRISTINA et al., 2009), um

estudo recente realizado do Sul do Brasil mostrou nimeros diferentes para a prevaléncia dos
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tipos de DCC na SD, onde o tipo mais comum foi o DSA (42,1%), seguidos do DSAV
(15,1%), DSA e DSV (14,6%), DSV (12,7%) e dentre as menos comuns, a TF com apenas
2% dos casos (BERMUDEZ et al., 2015). Contudo, os DSAV tém uma prevaléncia na
populacéo de 0,83 em cada 10.000 nascidos vivos (HARTMAN et al., 2011), no entanto, em
nascidos com SD o risco é 1.000 vezes maior, corroborando com a ideia de que os DSAV séo
peculiares na SD (PELLERI et al., 2017).
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Figura 2. Defeitos cardiacos congénitos mais comuns na sindrome de Down.
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Nos EUA, cerca de 500.000 adultos possuem DCC e cerca de uma em cada 100
criangcas nascem com DCC sendo causados por fatores genéticos ou anormalidades
cromossomais como a SD (SUN et al.,, 2015). Nos ultimos anos de pesquisas genéticas,
grandes avancos tém sido realizados com o estudo do sequenciamento do DNA em amostras
de sangue de pacientes com DCC. Mutag0es relacionadas a esses defeitos impactam em um
conjunto de moléculas que orquestram o desenvolvimento cardiaco, alteram a dosagem de
expressao génica e causam uma variedade de malformacdes (FAHED et al., 2013). Assim, a
identificacdo de novos genes e vias metabolicas associadas a doengas que levam ao
desenvolvimento de DCC é de grande importancia para o entendimento e ampliacdo do
conhecimento acerca dos mecanismos moleculares no desenvolvimento cardiaco e patoldgico.
Esse conhecimento por sua vez leva ao desenvolvimento de novas estratégias de prevencao e
terapéuticas (ANDERSEN; TROELSEN; LARSEN, 2014).

Genes que codificam para fatores de transcricdo como GATA1L, SIM2 e ZNF295, ja
tém sido reportados estarem relacionados a SD (ROBERTS; IZRAELI, 2014; SPELLMAN et
al., 2013). No entanto, apesar de varios estudos apontarem os fatores de transcricao da familia
KLF como importantes reguladores do desenvolvimento cardiaco, nenhum relato foi
reportado até 0 momento sobre a relacdo desses fatores com o desenvolvimento de DCC nesta

sindrome.

2.2 FATORES DE TRANSCRICAO DA FAMILIA KRUPPEL-LIKE FACTORS

A familia de fatores de transcricdo Kruppel-like factors (KLF) compreende 17
membros KLF denominados de KLF1-KL17 de acordo com sua ordem de descoberta. O gene
KLF codifica para a proteina Kruppel na Drosophila melanogaster, a qual € um dos fatores de
transcricdo responsaveis pelo desenvolvimento e segmentacdo de seu térax e abddmen
(MCCONNELL; YANG, 2010; NAGAI; FRIEDMAN; KASUGA, 2009). Em humanos a
familia KLF possui papel critico na regulacdo de diversos processos fisioldgicos e
patolégicos, como: proliferacdo e diferenciacdo celular, adipogénese, doencas metabdlicas,
inflamacdo, apoptose, diabetes, oncogénese, doencgas cardiacas e entre outros processos,
sendo expressas em diversos tecidos e em diferentes fases do desenvolvimento, com cada uma
delas atuando na ativacéo ou repressdo de genes alvo dependendo do tecido e do contexto em
que sao expressas (NAGAI; FRIEDMAN; KASUGA, 2009).
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As KLFs possuem homologia com os fatores de transcri¢do da familia Sp1, os quais
também possuem em sua estrutura um dominio C-terminal conservado contendo trés motivos
dedo de zinco (DZ) repetidos e consecutivos do tipo CoH,. Os fatores de transcrigdo KLF
possuem propriedades de ligacdo ao DNA similares aos fatores Spl, uma vez que eles
também sdo responsaveis por reconhecer sequéncias ricas em GC em regides promotoras
(KACZYNSKI; COOK; URRUTIA, 2003; MCCONNELL; YANG, 2010; NAGAI,
FRIEDMAN; KASUGA, 2009).

2.2.1 Estrutura e conservacao das KLFs

O dominio de ligacdo ao DNA (DLD) das KLFs compreende trés motivos DZ do
tipo C2H2 que séo caracterizados por dois residuos conservados de Cisteina localizados em
duas folhas-B antiparalelas e duas Histidinas conservadas em uma a-hélice ancorando um
atomo de zinco (Fig. 3). O DLD ¢ altamente conservado entre os membros da familia KLF,
apresentando uma homologia de mais de 65% de identidade da sequéncia C-terminal
(KACZYNSKI; COOK; URRUTIA, 2003). Os motivos DZ1, DZ2 e DZ3 das KLFs possuem
25, 25 e 23 amino acidos, respectivamente, com uma sequéncia ligadora entre os DZ que
compreende cinco aminoacidos altamente conservados em todos os membros KLF (NAGAI,
FRIEDMAN; KASUGA, 2009).

Figura 3. Estrutura 3D do dominio dedo de zinco das KLFs ligado ao DNA alvo, mostrando os
residuos conservados de interacdo ao zinco no DZ. DZ1= dedo de zinco 1; DZ2= dedo de zinco 2;

DzZ3= dedo de zinco 3; Cis= cisteina; His=  histidina e Zn*=  zinco.

Fonte: Ferreira, K. K. S. (2017).
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O modo de reconhecimento ao DNA desses DZ foi predito pela analise estrutural de
proteinas ndo KLF (WOLFE; NEKLUDOVA; PABO, 2000), os quais descobriram que cada
DZ possui quatro residuos conservados que se ligam diretamente ao DNA alvo para permitir a
transcricdo. Esses residuos conservados ficam localizados na parte inicial da a-hélice em
quatro posi¢des especificas denominadas -1, 2, 3 e 6, com o residuo -1 correspondendo ao
residuo anterior ao primeiro residuo da a-hélice (NAGAI; FRIEDMAN; KASUGA, 2009;
RAZIN et al., 2012).

Estes residuos especificos se ligam diretamente a trés pares de bases do DNA e
desempenham um papel critico no reconhecimento ao DNA alvo, sendo variaveis dentre o0s
membros KLF (NAGAI; FRIEDMAN; KASUGA, 2009; RAZIN et al., 2012; WOLFE;
NEKLUDOVA; PABO, 2000). O DZ1 tem como sequéncia de residuos conservados
KXSHXXA (com X sendo qualquer aminoacido) presente nas KLF1-13 e KLF15, enquanto a
sequéncia KXSHXXS esta presente nas KLF14, KLF16 e KLF17, com ambas as sequéncias
se ligando as bases 5°-NGN-3” no DNA. No DZ2 os residuos especificos sd0 RXDEXXR,
sendo completamente conservados em todas as KLFs e reconhecendo como alvo no DNA a
sequéncia 5°-GCG-3’. No DZ3 os residuos conservados sdo RXDHXXL, presentes nas
KLF1-8 e KLF12, reconhecendo 5°-NGG-3’ como alvo. Ja nas KLF9-11 e KLF13-16 esses
residuos conservados sao RXDHXXK e reconhecem a sequéncia 5°-(G/T)GG-3’, enquanto a
sequéncia RXDHXXQ estd presente na KLF17, reconhecendo o alvo 5’-AGG-
3’(KACZYNSKI; COOK; URRUTIA, 2003; NAGAI; FRIEDMAN; KASUGA, 2009) (Fig.
4).
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Figura 4. Alinhamento da sequéncia do dominio dedo de zinco dos fatores de transcri¢cdo da familia
KLF. Residuos destacados representam residuos conservados de interacdo ao zinco e de ligacdo ao
DNA. Em verde= cisteinas de interacdo ao Zn?*; azul= histidinas de interagdo ao Zn?"; roxo= residuos
de ligacdo ao DNA.
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KLF1l:..QAAHTCAHPGCGKSYTKSSHLKAHLRTHTGEKPYACTWEGCGWRFARSDELTREYRKHTGQRPFRCQLCPRAFSRSDHLALHMKERHL
KLF2:..TATHTCSYAGCGKTYTKSSHLKAHLRTHTGEKPYHCNWDGCGWKFARSDELTREYRKHTGHRPFQCHLCDRAF SRSDHLALHMKRHM
KLF3:..RRIHRCDYDGCNKVYTKSSHLKAHRRTHTGEKPYKCTWEGCTWKFARSDELTREFRKHTGIKPFQCPDCDRSFSRSDHLALHRKRHMLY
KLF4:..TATHTCDYAGCGKTYTKSSHLKAHLRTHTGEKPYHCDWDGCGWKFARSDELTREYRKHTGHRPFQCQKCDRAF SRSDHLALHMKRHF
KLF5: . .RRIHYCDYPGCTKVYTKSSHLKAHLRTHTGEKPYKCTWEGCDWRFARSDELTRHEYRKHTGAKPFQCGVCNRSFSRSDHLALHMKRHQN
KLF6: . .RRVHRCHFNGCREVYTKSSHLKAHQRTHTGEKPYRCSWEGCEWRFARSDELTREFRKHETGAKPFKCSHCDRCFSRSDHLALHMKRHL
KLF7:..KRVHRCQFNGCREVYTKSSHLKAHQRTHTGEKPYKCSWEGCEWRFARSDELTRHYRKHTGAKPFKCNHCDRCFSRSDHLALHMKRHT
KLF8:..RRIHQCDFAGCSKVYTKSSHLKAHRRIHTGEKPYKCTWDGCSWKFARSDELTREFRKHTGIKPFRCTDCNRSFSRSDHLSLHRRRHDTM
KLF9:..EKRHKCPYSGCGKVYGKSSHLKAHYRVHTGERPFPCTWEDCLKKFSRSDELTREYRTHTGEKQFRCPLCEKRFMRSDHLTKHARRHTEF . . .
KLF10:.IRSHICSHEGCGKTYFKSSHLKAHRTRTHTGEKPFSCSWKGCERRFARSDELSRERRTHTGEKKFACEPMCDRRFMRSDHLTKHARRHLSA. . .
KLF11l:.RRNYVCSFEGCREKTYFKSSHLKAHLRTHTGEKPFNCSWDGCDKKFARSDELTRHRRTHTGEKKFVCPVCDRRFMRSDHL TKHARRHMTT. . .
KLF12: .RRTHRCDFEGCNEVYTKSSHLKAHRRTHTGEKPYKCTWEGCTWKFARSDELTRHYRKHTGVKPFKCADCDRSFSRSDHLALHRRRHMLV
KLF13: .QRKHKCHYAGCEKVYGKSSHLKAHLRTHTGERPFACSWQDCNKKFARSDELAREYRTHTGEKKFSCPICEKRFMRSDHLTKHARRHANE . . .
KLF1l4: .AKRHQCPFPGCTKAYYKSSHLKSHQRTHTGERPFSCDWLDCDKKFTRSDELAREYRTHTGEKRFSCPLCPKQFSRSDHLTKHARRHETY. . .
KLF15: . IKMHKCTFPGCSKMYTKSSHLKAHLRRHTGEKPFACTWPGCGWRFSRSDELSRERRSHSGVKPYQCPVCEKKFARSDHLSKHIKVHRED., . .
KLF16: .AKSHRCPFEDCAKAYYKSSHLKSHLRTHTGERPFACDWQGCDKKFARSDELARHHRTHTGEKRFSCPLCSKRFTRSDHLAKHARRHEGE . . .
KLF17:.EARPYCCNYECGKAYTKRSHLVSHQRKHTGERPYSCNWESCSWSFFRSDELRRHMRVHTRYRPYKCDQCSREFMRSDHLKQHQKTHRPEG. . .

Fonte: Ferreira, K. K. S. (2017).

A regido N-terminal das proteinas KLF € mais variavel do que a regido C-terminal.
Essa regido contém dominios de ligacdo a coativadores ou correpressores transcricionais
especificos que sdo responsaveis por ativar ou reprimir a atividade transcricional das KLFs
(Fig. 5) (KACZYNSKI; COOK; URRUTIA, 2003; MCCONNELL; YANG, 2010; NAGAI,
FRIEDMAN; KASUGA, 2009). Esse dominio regulatorio transcricional N-terminal permite a
classificacdo das KLFs em trés grupos. O grupo 1 compreende 0s repressores transcricionais
KLF3, KLF8 e KLF12, os quais possuem motivos de ligacao aos correpressores CtBP (CtBP
- C-terminal binding Protein), que sdo proteinas regulatdrias que se ligam a sequéncias
especificas de proteinas de ligacdo ao DNA e ajudam a reprimir a expressao génica. O grupo
2 consiste predominantemente de ativadores transcricionais, sendo eles as KLF1, KLF2,
KLF4-7, com algumas delas possuindo um sitio de ligagdo a correguladores que contém
atividade acetiltransferase. O grupo 3 compreende 0s repressores transcricionais que atuam
em conjunto com o correpressor Sin3A (SIN3 - Transcription Regulator Family Member A),
sendo eles KLF9-11, KLF13, KLF14 e KLF16. Até o momento, KLF15 e KLF17 ndo foram
incluidas nesses grupos uma vez que ndo apresentam nenhum motivo de interacdo definido
(MCCONNELL; YANG, 2010; NAGAI; FRIEDMAN; KASUGA, 2009).
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Figura 5. Estrutura da proteina dos membros da familia KLF em humanos. Dominios regulatorios
transcricionais N-terminal de ligacdo a coativadores, correpressores transcricionais e sitios de ligacdo

a histonas acetiltransferases.
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Fonte: adaptado de: MCCONNELL & YANG, 2017.

2.2.2 Viadas KLFs na adipogénese e doencas cardiacas

Os fatores de transcricdo da familia KLF tém sido associados a diversos processos
fisioldgicos e patologicos, com grande parte da familia estando diretamente relacionada ao
processo de adipogénese (diferenciacdo de adipdcitos). Oito membros KLF de mamiferos
foram identificados como componentes chave do controle transcricional da adipogénese e
obesidade, sendo elas as KLFs: KLF2, KLF3, KLF4, KLF5, KLF6, KLF7, KLF11 e KLF15 .
(BIRSQOY; CHEN; FRIEDMAN, 2008; EISENSTEIN et al., 2014; MCCONNELL; YANG,
2010; MORI et al., 2005; WU; WANG, 2013) (Fig. 6).
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Figura 6. KLFs reguladoras chaves da adipogénese. Via das KLFs que levam a diferenciacdo terminal
de pré-adipécitos em adipdcitos.
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Fonte: Adaptado de: MCCONNELL & YANG, 2010.

A diferenciacdo desordenada de adipécitos pode levar ao excesso de tecido adiposo e
consequentemente a obesidade, condicdo patolégica na qual aumenta o risco do
desenvolvimento de doencas cardiovasculares. Um estudo nos EUA demonstrou que 33% de
todos os pacientes com defeitos cardiacos congénitos, tanto criancas quanto adultos,
apresentam sobrepeso ou s&o obesos (MOODIE, 2014). QOutros estudos demonstraram a
relacdo do desenvolvimento de sobrepeso/obesidade em criancas com defeitos cardiacos
congénitos, onde ndo ha diferenca quando comparado a criangas saudaveis (SHUSTAK et al.,
2012). Também tem sido reportado que outros preditores de risco comuns para a obesidade
como género e etnia apresentam dados similares entre criangas saudaveis e com cardiopatias
congénitas (BARBIERO et al., 2014), reforcando a relacdo direta da obesidade com
cardiopatias congénitas, além das cardiopatias adquiridas (BABAOGLU et al., 2015). Tais
dados sugerem o envolvimento de moléculas reguladores chaves de processos metabdlicos
que levam a obesidade, como por exemplo as KLFs, com o desenvolvimento cardiaco e de
cardiopatias.

Algumas KLFs estdo envolvidas no desenvolvimento cardiaco, com algumas delas
levando a interacdo direta com GATA4, um importante fator de transcricdo que atua como
regulador do desenvolvimento cardiaco, hipertrofia cardiaca, cardiomiopatia hipertrofica e
doencas cardiacas congénitas (HEINEKE; MOLKENTIN, 2006; HUANG et al., 2008;
TONG, 2016). A exemplo, as KLF2, KLF4 e KLF15, que participam do processo de
adipogénese e no coracgdo interagem de forma direta com GATA4 para regular sua expresséo,
levando a inibig&o ou ativacao do processo de hipertrofia cardiaca pela interagdo com GATA4
(CHIPLUNKAR et al., 2013; HALDAR; IBRAHIM; JAIN, 2007; NAGAI; FRIEDMAN;
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KASUGA, 2009; XUDONG LIAO, SAPTARSI M. HALDAR, YUAN LU, DARWIN
JEYARAJ, KAAVYA PARUCHURI; NAHORI, YINGJIE CUI, KLAUS H. KAESTNER,
2010).

Mutacdes em genes que codificam para fatores de transcricdo ja tem sido associadas
ao desenvolvimento de doengas cardiacas e defeitos cardiacos congénitos, como por exemplo,
nos fatores TBX5, Nkx2.5, GATA4, ZIC3 e alguns fatores da familia KLF (BASSON et al.,
1997; BERSELL et al., 2009; BOS et al., 2012; DRESSE et al., 2016; KELSEY et al., 2013;
MCCONNELL; YANG, 2010; TONG, 2016; WARE et al., 2004). Mutacdes nas KLF10 e
KLF3, por exemplo, levam ao desenvolvimento de cardiomiopatia hipertréfica em
camundongos neonatais e hipertrofia cardiaca, respectivamente (BOS et al., 2012; KELSEY
et al., 2013). Outros estudos também relacionam essas KLFs com o processo de adipogénese,
ou sua expressao durante esse processo, como a KLF10 (BREY et al., 2009; KELSEY et al.,
2013; MCCONNELL; YANG, 2010; PROSDOCIMO; SABEH; JAIN, 2015; WU; WANG,
2013). Até o momento pouco tem sido estudado com relacdo a mutacbes nesta familia de
fatores de transcricdo e sua associacdo a doencas cardiacas, 0 que pode estar totalmente
relacionado, uma vez que esses fatores de transcricdo sdo altamente conservados em sua

sequéncia de aminoacidos e dominios estruturais da proteina.

2.3 BIOINFORMATICA E BIOLOGIA COMPUTACIONAL

De modo geral, a bioinformatica é definida como o estudo da aplicacdo de técnicas
computacionais e matematicas para a geracdo e gerenciamento de bioinformacdo (ARAUJO
et al., 2008). A Bioinformética e a biologia computacional tém suas raizes nas ciéncias da
vida, bem como, nas tecnologias das ciéncias da informacdo e computacdo. Ambas sdo
abordagens interdisciplinares de disciplinas especificas como a matematica, fisica, biologia,
ciéncia do comportamento, ciéncia da computagdo e engenharia. Enquanto a bioinformética
aplica principios das ciéncias da informacéo e tecnologias para tornarem dados complexos das
ciéncias da vida em dados mais Uteis e entendiveis, a biologia computacional utiliza
abordagens computacionais e matematicas para resolver questdes tedricas e experimentais da
biologia (NATIONAL INSTITURE OF HEALTH - BIOINFORMATICS DEFINITION
COMMITTEE, 2000).
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Devido a grande necessidade de tratar e entender dados bioldgicos brutos, a
bioinformatica e biologia computacional tém se consolidado como novas é&reas do
conhecimento. Programas computacionais para diversos fins bioldgicos tém desenvolvido,
tais como: analise de sequéncias de genes e proteinas, predi¢do tridimensional de proteinas,
alinhamento de sequéncias bioldgicas, organizacdo de dados bioldgicos, construgdo de
arvores filogenéticas, analise de dados de expressao génica, predicdo de impacto funcional e
estrutural de SNPs (Single Nucleotide Polymorphisms) em proteinas, e entre outros
(ARAUJO et al., 2008; CATTLEY; ARTHUR, 2007).

Com o desenvolvimento dos projetos de sequenciamento do genoma humano e de
outros organismos, diversas bases de dados bioldgicos tém sido criadas pela bioinformatica
para compilar os dados obtidos sobre genes e proteinas. Gragas a essas bases de dados, o
acesso a essas informagGes tem se tornado mais fécil e contribuido para a descoberta de novos
genes associados a doencas, assim como, a novos alvos terapéuticos e desenvolvimento de
medicamentos. dbSNP (Single Nucleotide Polymorphism Database) € uma arquivo publico
gratuito de variantes genética encontradas dentro e entre diferentes espécies, desenvolvida e
pelo National Centre of Biotechnological Information (NCBI) em colaboracdo com o
National Human Genome Research Institute (NHGRI) (SHERRY, 2001). O projeto Ensembl
(YATES et al.,, 2016) é um sistema para anotacdes do genoma, analise, repositorio e
disseminacdo para facilitar o acesso a anotacbes genémicas de Chordata e modelos de
organismos. Uma outra classe de base de dados séo as bases de dados de proteinas, como o
RCSB PDB (JIN et al., 2015), o qual desenvolve ferramentas e recursos que fornecem uma
visdo estrutural para da biologia para a pesquisa e educacao, além da disponibilizacdo de
dados macromoleculares 3D, e a base de dados Uniprot, a qual € uma importante colecao de

sequéncias de proteinas e suas anota¢des (BATEMAN et al., 2015).

A gendmica funcional é o ramo da genémica que utiliza dados produzidos pelas
anélises gendmicas dos projetos de sequenciamento do genoma para descrever a funcdo e
interacdo de genes e proteinas (HILTON; GERSBACH, 2015). Desta forma, a analise de
mutacdes e polimorfismos por meio de abordagens e ferramentas da bioinformatica e biologia
computacional tém sido cada vez mais utilizadas. Essas analises tém sido usadas para a
identificacdo de alteracGes nas sequéncias génicas que possam levar ao desenvolvimento de
doencas, assim como, para favorecer o desenvolvimento de novas ferramentas e estratégias de

diagnostico e terapéutica de doencas e anomalias. AlteracGes nas sequéncias nucleotidicas,
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que podem ser resultado de mutacBes, tém sido submetidas a ferramentas estatisticas que
predizem a probabilidade dessas alteragOes levarem ao desenvolvimento de doengas ou néo
no individuo (ARAUJO et al., 2008).

Os SNPs séo as formas mais comuns de variacdo genética em humanos, podendo
estarem relacionados a doencas ou ndao (COOPER, 1998, MOTTAZ et al., 2010;
ONTOLOGY, 2011). SNPs séo variacdes de um unico nucleotideo na sequéncia de DNA
causados por mutacgdes. Eles podem ser classificados em diferentes tipos de acordo com o tipo
de mutacdo, sendo classificados em mutagdes nao sindnimas, ou hdo sindnimas, quando
levam a troca de um aminoécido na sequéncia da proteina, que por sua vez podem levar a
alteracdes na funcao da proteina; nonsense, ou sinénimas, quando a troca do nucleotideo nédo
leva a troca do aminoacido; stop gain, quando a troca leva a um codon de terminacdo da

proteina, e entre outros tipos de mutacdes.

Enquanto os efeitos na transcri¢do ou traducdo sdo atualmente dificeis de predizer,
varios grupos de pesquisa tém desenvolvido métodos de predicdo, a exemplo os algoritmos de
predicdo, no intuito de avaliar o impacto de muta¢des nao-sinénimas e a predicao de fenotipos
(WEI; XU; DUNBRACK, 2013). Diferentes algoritmos tém tomado como base a sequéncia
da proteina para predizer o quao deletério as muta¢fes podem ser na estrutura e funcdo da
proteina (NG; HENIKOFF, 2003; SHIHAB et al., 2013), tomado como base a sequéncia ou a
estrutura tridimensional (3D) da proteina para prever esses efeitos (CAPRIOTTI et al., 2013;
CHENG; RANDALL,; BALDI, 2006), ou mesmo dados evolutivos para predizer o quanto
uma mutacdo impacta a conservacdo de proteinas (DONG et al., 2015; NG; HENIKOFF,
2006; REVA; ANTIPIN; SANDER, 2011). A bioinformatica tem se tornado cada vez mais
especifico e, mais recentes, algoritmos tém sido desenvolvidos para predizer os efeitos das
mutacBes na estabilidade da proteina, nos permitindo estudar mais a fundo fisico-
quimicamente os efeitos das mutacbes (CHENG; RANDALL; BALDI, 2006; LAIMER et al.,
2015; PIRES; ASCHER; BLUNDELL, 2014).

Uma outra classe de métodos de predicdo tem nos permitido construir modelos
tridimensionais de proteinas e visualizar mutacGes em posicdes especificas, gracas a métodos
de modelagem por homologia, 0s quais se baseiam na similaridade da sequéncia de
aminoéacidos de proteinas com estruturas conhecidas para construir os modelos (BORDOLI et
al., 2009; FISER, 2010; PETTERSEN et al., 2004), e softwares de visualizagdo e analises
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desses modelos, como o PyMOL e Chimera softwares (PETTERSEN et al., 2004). Assim, a
juncdo de todos esses métodos de bioinformética nos permite fazer uma melhor analise e

selecdo de dados, nos dando um melhor suporte para a validacao experimental.

O estudo de mutagdes nao-sindnimas em regides conservadas tem sido importante
para a avaliacdo da funcdo da proteina, uma vez que mutacGes em regides conservadas
possuem uma grande probabilidade de levarem a perda de fungéo da proteina (HINDORFF et
al., 2009; KIEZUN et al., 2013; MACARTHUR et al., 2012). Assim, é de grande interesse 0
estudo desse tipo de mutacdo em fatores de transcrigdo, uma vez que eles sdo responsaveis
pela regulacdo da transcrigdo génica e necessitam de uma alta especificidade para se ligar a
regibes promotoras, intensificadoras e de ligacdo a outras proteinas. Portanto, a busca de
mutacdes nao-sinbnimas em motivos conservados que levam a perda de funcdo ou
especificidade de ligagdo ao DNA através de analises computacionais tem sido util,
contribuindo para a validacdo experimental de mutagdes que possam estar associadas a
doengas (PIRES; ASCHER; BLUNDELL, 2014).
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Realizar analise computacional dos efeitos estruturais e funcionais de mutagdes nao-

sindnimas nos fatores de transcricdo da familia KLF que possam estar associados a doencgas

cardiacas, assim como, avaliar o perfil de expressdo génica dessas KLFs em pacientes com

cardiopatias congénitas.

3.2 OBJETIVOS ESPECIFICOS

Selecionar KLFs que possam estar relacionadas ao desenvolvimento de doencas
cardiacas;

Identificar as mutagdes nao-sinonimas presentes nos fatores de transcri¢do da familia
KLF;

Realizar anélise de predi¢ao funcional e estrutural através de algoritmos de predigao;
Avaliar o impacto das mutagdes potencialmente deletérias na estrutura 3D das
proteinas KLF localizadas no dominio conservado de ligacdo ao DNA;

Avaliar o impacto das mutagdes na estabilidade da proteina;

Analisar o perfil de expressdo de KLFs expressas em amostra de sangue de pacientes
cardiopatas e ndo cardiopatas;

Correlacionar os achados laboratoriais com os dados clinicos disponiveis.
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Abstract

Kruppel-like Factors (KLF) are responsible for regulating many genes involved in
physiological and pathological processes. They are characterized by three conserved
zinc-fingers in the DNA-binding domain, wherein mutations could affect the binding
efficiency and transcription regulation. This study aimed to perform bioinformatics
analysis to determine the most deleterious non-synonymous variants in KLFs involved
in cardiac development and diseases, and their effects over the protein structure and
stability. Eight hundred and fifty non-synonymous variants were found in seven KLFs
related to cardiac diseases. Seventeen algorithms were used to predict the effect of
selected variants over the structure and function of seven KLFs. The Top3 variants were
selected in each category of conserved and non-conserved residues in the zinc-finger
(ZF) domain. KLF5 p.Cys410Phe was the only variant predicted as deleterious in all
algorithms, occurring in a conserved residue of zinc ion interaction. KLF15
p.Arg364Pro was the only variant predicted to affect the DNA-binding, and also occurs
in a conserved ZF-domain. Our bioinformatics analysis determined potential variants
that may lead to development of cardiac diseases, as well as reinforced the importance

of KLF analysis in vitro and in vivo.

Keywords: Kruppel-like Factors; Non-synonymous variants; Bioinformatics analyses;

Structural and functional impact; Cardiac diseases.

Abbreviations: KLF, Kruppel-like Factors; ZF, zinc-finger; HCM, hypertrophic
cardiomyopathy; Nkx2, NK2 Homeobox; Nkx2.5, NK2 Homeobox 5; TBX5, T-box
transcription factor 5; Spl, transcription factor Spl; CtBP, Carboxy-terminal binding

protein; Sin3A, SIN3 Transcription Regulator Family Member A; DBD, DNA-binding
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domain; dbNSFP, database for Non-Synonymous Functional Prediction; AAG, Gibbs
free energy; C/EBP-o, CCAAT/Enhancer Binding Protein Alpha; C/EBP-B,
CCAAT/Enhancer Binding Protein Beta; PPAR-y, Peroxisome proliferator-activated

receptors gamma.
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1. INTRODUCTION

Worldwide, cardiac diseases are the leading cause of death and referred as one
of the major problems for public health. According to World Health Organization, 17.7
million people died from cardiovascular diseases in 2015, and cardiac defects are one of
the most common within severe congenital anomalies (“WHO | Cardiovascular discases
(CVDs),” 2017, “WHO | Congenital anomalies,” 2016). Studies in mice already
revealed variants in more than 500 genes related to cardiac defects, but only 50 genes
were associated in humans (Andersen et al., 2014). It indicates that more genes need
further evaluation in humans.

Transcription factors are essential genes related to cardiac diseases, such as
KLF, Nkx2, TBX5, and GATA4 (Basson et al., 1997; DrelRen et al., 2016; Kelsey et al.,
2013; McConnell and Yang, 2010; Tong, 2016). In human, the Kruppel-like Factors
(KLF) family has 17 members involved in the activation and repression of many genes
on physiological and pathological processes, which some of these factors are related to
cardiac development. KLFs have homology with the Spl transcriptional factors,
showing a conserved C-terminal region with three zinc finger (ZF) motifs. This domain
is responsible for regulating GC-boxes in promoters and enhancer regions of the genes
(Kaczynski et al., 2003; McConnell and Yang, 2010; Nagai et al., 2009). Therefore,
members of KLF family are classified into three groups according to its activity of gene
repression or activation. Group 1 consists of the transcriptional repressors KLF3, KLF8
and KLF12 that interacts with carboxy-terminal binding protein (CtBP); group 2 is
composed of the transcriptional activators KLF1, KLF2, KLF4-7; and group 3 consists
of KLF9-11, KLF13-14, and KLF16 that acts as repressor together with the
transcriptional corepressor Sin3A. KLF15 and KLF17 could not be included in any

group since no motifs of interaction were defined yet (McConnell and Yang, 2010).
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This ZF-motif type-C2H2 shows two residues of Cysteine and two residues of
Histidine that anchors the zinc atom at the DNA-binding domain (DBD) (McConnell
and Yang, 2010; Nagai et al., 2009; Razin et al., 2012). Each ZF consists of one a-helix
and two antiparallel B-strands that bind to a zinc ion. There are four conserved residues
responsible for binding KLF to DNA, playing a critical role in the nucleotide
recognition. The residues occur at the initial portion of the ZF a-helix, in position -1
(before the first amino acid of a-helix), 2, 3, and 6 (Nagai et al., 2009; Razin et al.,
2012; Wolfe et al., 2000). They are well conversed in each KLF but can be variable
among the KLFs. ZF1 shows the sequence KXSHXXA and occurs in KLF1-13 and
KLF15, while KXSHXXS occurs in KLF14, KLF16, and KLF17; both targets 5’-NGN-
3’ codon. In the ZF2, the RXDEXXR specifics residues are conserved in all KLFs,
recognizing 5’-GCG-3’ target. In the ZF3, the conserved residues RXDHXXL are
present in KLF1-8 and KLF12, recognizing 5°-NGG-3’ as the target. RXDHXXK
sequence is found in KLF9-11 and KLF13-16, targeting the sequence 5’-(G/T)GG-3’;
while RXDHXXQ sequence is present only in KLF17 and recognizes 5’-AGG-3’
(Kaczynski et al., 2003; Nagai et al., 2009).

The role of KLF in activating and repressing genes is so important that the
study of variants in conserved regions have great importance for evaluating the protein
function and the relation with diseases. Therefore, bioinformatics analysis can be
performed to predict the effect of a non-synonymous variant can have over structural
stability and protein function through DNA-binding. This analysis can contribute to the
evaluation of the impact of the non-synonymous variants in the disease development
(Pires et al., 2014). This study aimed to use different algorithms to predict the impact of
non-synonymous variants over KLF protein structure and function related to the cardiac

development and diseases.



50

2. MATERIALS AND METHODS

2.1 Screening of non-synonymous variants

All 17 KLF genes were evaluated for non-synonymous variants at Ensembl
genome browser, which has resources that integrate dbSNP, HGMD and ClinVar
databases (Yates et al., 2016). Then, it was selected the KLF genes reported in cardiac

development, cardiac diseases, and adipogenesis regulation.

2.2 Analysis of structural and functional impact

The prediction of structural and functional impact was performed using 16
among 20 prediction algorithms in dbNSFP (database for Non-Synonymous Functional
Prediction) (v 3.4) (Liu et al., 2016). SNPs&GO algorithm was included as an
individual web-based platform (Capriotti et al., 2013), based on PANTHER and PhD-
SNP algorithms. Each algorithm has a threshold that determines if the variant is
deleterious or neutral (Table 1). The thresholds of VEST3, CADD, and DANN
algorithms were assessed after contacting the developers. Four algorithms were
excluded from the final evaluation because the threshold was not available. The
algorithm outputs were converted into a binary system, assigning 0 (zero) for no
structural/functional effect, while 1 (one) was assigned for deleterious prediction over
the protein function/structure. Therefore, the final score obtained by the sum of the

binary system reaches to the maximum of 17.

2.3 Modeling and structural analysis

The effect of the non-synonymous variants over the tridimensional (3D)

structure of the zinc-finger domain was evaluated through the 3D model built at the
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SWISS-MODEL (Bordoli et al., 2009). KLF4 (PDB ID: 2WBS) (Schuetz et al., 2011)
and KLF5 (PDB ID: 2EBT) were used for template-based modeling with at least 60%
homology with other KLFs. 2WBS is a crystal structure with X-Ray resolution of 1.7A,
R-Value Free 0.232, R-Value Work 0.200; while the 2EBT resolution was under NMR
method (Nuclear Magnetic Resonance). Hydrogen was inserted in the structure using
MolProbity to determine the quality of the 3D model. Ramachandran Plot evaluation
was performed in the final structure to determine the presence of more than 95% of
residues in the allowed region. Models were approved by MolProbity when the final
score was near to 100", as result of the combined evaluation of the clash score, rotamer,
and Ramachandran data (Chen et al., 2010). The UCSF Chimera software was used for
3D visualization of the protein structure (Pettersen et al., 2004), and Kyte & Doolittle
hydrophobicity scale was used to analyze the hydrophobicity surface (Kyte and

Doolittle, 1982).

2.4 Protein stability upon mutation

The impact of the variants over the protein stability was evaluated through the
prediction of the AAG (Gibbs free energy) upon mutation and the (de)stabilization level
of the protein. mMCSM-Stability (mutation Cutoff Scanning Matrix) predicts the impact
that relies on graph-based signatures, using the atom distances to construct
environments, trained through experimental data. AAG value higher than 0 is assumed
as stabilizing, while lower than O are destabilizing (Pires et al., 2014). On the other
hand, MAESTRO predicts the impact based on the multi-agent system through
statistical scoring functions, combining Multiple Linear Regression, Neural Network
approach and Support Vector Machine to improve the predictive power. It gives the

confidence estimation (Cpred) about prediction accuracy in a range of O (lowest) to 1
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(highest). MAESTRO predicts a stabilizing variant when the AAG value is lower than 0,

while higher values are predicted as destabilizing (Laimer et al., 2015).

3. RESULTS AND DISCUSSION

3.1. KLFs involved in cardiac development and heart diseases

Variants in some transcription factors have been related to the development of
cardiac diseases, as reported for TBX5 in Holt-Oram Syndrome, NKX2.5 and GATA4
in congenital heart diseases (Basson et al., 1997; Drellen et al., 2016; Tong, 2016).
KLFs can interact with other transcription factors, as reported for GATA4 (Brey et al.,
2009; Fisch et al., 2007), then variants in KLFs could also have some effect in the
cardiac development. However, the impact of non-synonymous variants in the structure
and function of the KLF is not fully understood.

KLF genes are expressed in several tissues in different stages of the
development and throughout life. KLF3-5 and KLF15 were reported to participate in the
development of cardiac diseases, like hypertrophic cardiomyopathy (HCM) and cardiac
hypertrophy (Table 2). These KLFs also participate in adipogenesis process through
regulation of C/EBP-a, C/EBP-B and PPAR-y (Brey et al., 2009; McConnell and Yang,
2010; Wu and Wang, 2013). KLF13 is related to the 15913.3 microdeletion
(microde15q13.3) syndrome (Tropeano et al., 2014), characterized by a broad spectrum
of neurodevelopmental disorders, but not related to the rare occurrence of congenital
heart defect in these patients. KLF10 is involved HCM and cardiac hypertrophy, but its
role in adipogenesis remains unclear. Although KLF2 participates in the adipogenesis
and KLF13 is expressed during this process, neither cardiac diseases nor cardiac defects

were related to these transcriptional factors in humans. However, both seem to be
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critical for cardiac development through GATA4 upregulation, which is one of the key
transcriptional mediators of the cardiac hypertrophy (Heineke and Molkentin, 2006).
KLF4 and KLF15 also have GATA4 gene as a target, so deregulation of those KLFs
may also play a role in the development of cardiac diseases, like HCM or cardiac
hypertrophy (Huang et al., 2008). In fact, KLF shows great importance in regulating

critical effectors in the development of cardiac diseases.

3.1 Deleterious variants in KLF

KLF family has 2,048 non-synonymous variants reported, being 850 variants
observed in the seven KLFs reported in cardiac diseases and adipogenesis process. Only
125 variants occurred in the ZF-domain (Fig. 1). KLF4, the most studied members of
the family, showed the highest number of 218 variants. Then, KLF10, KLF15, KLF5,
and KLF3 showed 163, 157, 112 and 108, respectively. Regarding to KLF2 and KLF13,
only 49 and 43 variants were reported for each gene, respectively (Fig. 2). KLF13 is one
of the newest in the family, showing just a few studies relating to diseases.

Six variants were selected for further analysis, the Top3 variants in conserved
residues of the ZF-domain, and the Top3 in non-conserved residues of the ZF-domain
(Table 3). Only KLF5 p.Cys410Phe achieved the maximum score of 17, indicating that
was deleterious in all algorithms (Table 3). In non-conserved residues group, KLF2
p.Gly310Cys showed score 14, together with KLF10 p.Arg438Glu and KLF10
p.Arg438Gly. Only the variant that showed the deleterious effect predicted by
Polyphen2-HDIV and MutPred, functional/structural algorithms, were selected for 3D
analysis.

All of the variants selected were located at ZF2 (Table 4), except for KLF10

that showed variants in the ZF3 (Fig. 3). ZF2 seems to be the most conserved ZF in the
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KLF family, once it has the same conserved residues of DNA-binding in all KLF
members (Nagai et al., 2009). Thus, variants in ZF2 would be more likely to show a
deleterious prediction on the algorithms. In humans, KLF1 (p.Glu339Asp) variant was
related to neonatal anemia. It occurs in a conserved residue of ZF2 involved in DNA-
binding, leading to a loss of DNA-binding specificity and KLF1 binding to degenerate

motifs at genomic loci, not usually occupied by wild-type KLF1 (Gillinder et al., 2017).

3.2 Top3 deleterious variants in conserved residues

KLF5 p.Cys410Phe was predicted as deleterious in all algorithms tested,
including PolyPhen2-HDIV and MutationTaster, suggesting this variant as significant
for KLF function. Only these two algorithms were used to predict TBX5 p.Pro85Thr as
high probability to be damaging, being present in a patient with congenital heart defects
and upper limb malformations associated with Holt-Oram Syndrome (DrefRen et al.,
2016). KLF5 p.Cys410Phe occurs in the ZF2, changing a conserved Cysteine that binds
to zinc ion by a Phenylalanine (Fig. 4A). A destabilization effect was predicted for
KLF5 p.Cys410Phe by mCSM and MAESTRO algorithms (Table 5), reinforcing the
great importance of this variant in the protein functionality.

Variants that change conserved residues are more likely to be predicted as
deleterious and destabilizing by the algorithms (Razin et al., 2012). As observed for the
transcription factor Gal4, 90% of the variants that affect the coordination of zinc ion
showed association with the phenotype of cell growth reduction, due to a lower range of
transcription mediated by Gal4 (Carter et al., 2013). KLF5 is expressed in fibroblasts,
acting as a cardioprotective factor through paracrine regulation involving IGF-1. As
important regulator of cardiac remodeling, KLF5 modulates the cardiomyocytes

hypertrophy, establishing a bridge between the fibroblasts and cardiomyocytes that lead
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to pathogenesis regulation of cardiac hypertrophy and cardiac remodeling (TAKAYUKI
SHINDO et al., 2002; Takeda et al., 2010). So, KLF5 p.Cys410Phe seems to reduce the
chance of zinc interaction, as observed for Gal4, supporting the prediction of loss of
functionality.

KLF3 p.His314Asp showed a score of 15, changing a conserved residue in the
ZF2 that is responsible for zinc interaction (Table 4) (Fig. 4B). This shift from a basic to
an acid residue also results in destabilizing prediction for the 3D structure (Table 5).
The KLF3 p.His257Arg variant in conserved Histidine was previously related to
reduced blood pressure with enlarged chambers and valvular stenosis, biventricular
cardiac hypertrophy in heterozygotes neonatal, and death in homozygotes mice embryos
(Kelsey et al., 2013). Once it occurs in a conserved residue in the DBD, it seems to be
critical for the transcription regulation of development of cardiac genes and could
become a therapeutic target for congenital heart diseases and cardiovascular disorders
(Kelsey et al., 2013; Prosdocimo et al., 2015).

KLF15 p.Arg364Pro showed a score of 12, changing a conserved Arginine in
the -1 position of DNA-binding in ZF2, highly conserved in all KLF members (Nagai et
al., 2009). The shift from a positively charged state to a neutral residue reduces its
interaction with the negative DNA backbone. Besides, this variant replaces a polar for a
nonpolar neutral residue, increasing the hydrophobicity from -4.5 to -1.6, modifying the
molecule surface (Fig. 5). KLF15 was demonstrated to be a negative regulator of
cardiac hypertrophy, through inhibition of a set of genes including GATAA4, which is
essential for cardiac development. It is downregulated in cardiac tissue from rodent
models of hypertrophy as well in biopsy samples from patients with pressure-overload

state induced (Shihab et al., 2013b). Thus, KLF15 p.Arg364Pro is a potential variant to
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cause damage in the protein, leading to the loss of its negative regulator function in

cardiac diseases.

3.3 Top3 deleterious variants in non-conserved residues

KLF15 p.Phe362Tyr achieved a score of 16, which is higher than KLF15
p.Arg364Pro found in the Top3 variants in conserved residues (Table 3). This result
reinforces the idea that both variants in DNA-binding and non-DNA-binding positions
can be likely to disrupt the protein function, once no difference was observed in the
number of deleterious variants located in these positions from zinc fingers CoH»-type
(Lockwood et al., 2014). KLF15 p.Phe362Tyr reduces the hydrophobicity from 2.8 to -
1.3, which could lead to the protein destabilization and be related to the development of
cardiac diseases also linked to GATA4 regulation.

KLF10 p.Phe427Val occurs at ZF3 and showed a score of 15, with an
increment in the hydrophobicity levels from 2.8 to 4.2, predicted as destabilizing (Table
5). This variant showed the highest destabilization value predicted by mCSM (AAG=-
2.628 Kcal/mol), which indicates a high chance of protein malfunction and association
to cardiac disease phenotype. Values of AAG<-2 Kcal/mol were associated with a
significant effect on the protein stability in Gal4, highly associated with the reduced cell
growth (Pires et al., 2016), which suggest KLF10 p.Phe427Val could lead to protein
malfunction and development of HCM. It may result in loss of its suppressor function
over the Pituitary Tumor Transforming Gene (Pttgl), a gene that regulates the
chromatid separation during mitosis and is involved in HCM and tumor cells
hypertrophy (Bos et al., 2012; Tfelt-hansen et al., 2006). Other non-synonymous

variants in KLF10 (p.Alal2Thr, p.Met27Thr, p.Glul37Lys, p.Ala204Thr, p.Thr216Ala,
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and p.Ser225Asn) were related to HCM (Bos et al., 2012), though none was occurring
in ZF-domain.

KLF2 p.Gly310Cys changes a nonpolar for a polar residue, showing a score of
14. The analysis of protein stability revealed a divergent between the prediction of
mCSM and MAESTRO (Table 5). Despite the high score, no great change was
observed for AAG values and 3D models. Therefore, it is not possible to determine the
role of this variant in KLF2 functionality, that is known to lead to a range of defects
including thinning myocardium, high output heart failure, cardiac functional defects and
death in KLF2 knockout mice (Lee et al., 2006). Ablation of KLF2 in mice also resulted
in MRNA reduction of Sox9, UDP-glucose dehydrogenase (Ugdh), Thx5 and GATA4
in atrioventricular canals, indicating that KLF2 interact on promoters of these genes and

regulates their expression (Chiplunkar et al., 2013).

4. CONCLUSION

The present study shows that KLF variants can be related to cardiac diseases
after evaluating them in 17 algorithms, giving higher confidence due to the different
sets of criteria to predict deleterious variants. Our results pointed out six non-
synonymous variants with potential for destabilizing the protein, and experimental
studies should be performed to understand their effect in cardiac diseases. Therefore,

they might become biomarkers for early detection of cardiac diseases.
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Deleterious

Algorithm Method Database/algorithms B&ference
Threshold
Structural
Swiss-Prot, Swiss-Prot with (Ng and
SIFT NI Trembl, UniRef-50, UniRef-90 and Prediction: T/D Henikoff,
UniRef-100; PSI-BLAST. 2003)
Likelihood Ratio Test OMIM database; Multiple (Chun and Fay,
LRT Prediction: N/U/D
of codon neutrality Sequence Alignment (MSA). 2009)
Ensembl, SwissProt / Uniprot (Schwarz et al.,
MutationTaster2  Naive Bayes classifier Prediction: N/P/D

MutationAssessor

FATHMM

Fathmm-MKL

PROVEAN

VEST3

CADD

DANN

Meta SVM

database, dbSNP and HapMap.
Combinatorial entropy

COSMIC database; MSA.
formalism

Hidden Markov Human Gene Mutation Database

Models (HGMD) and UniProt.

Multiple Kernel HGMD and 1000 Genomes Project

Learning (1000G).
SwissProt / UniProt database; PSI-

Delta alignment score
BLAST

HGMD and Exome Sequencing
Random Forest
Project.

Ensembl Variant Effect Predictor
Linear kernel SVM and UCSC genome browser;

Grantham, SIFT and PolyPhen.

Neural Network ClinVar database; CADD.

SIFT, PolyPhen2, MutationTaster,
Mutation Assessor, FATHMM,
Radial kernel SVM
LRT, GERP++*, SiPhy*, PhyloP*

and Minor Allele Frequency

Prediction: N/L/M/H

Prediction: T/D

Prediction: N/D

Prediction: T/D

Score >0.95

Phred — C score >20

Score >0.96

Prediction: T/D

2010)
(Revaet al.,

2011)

(Shihab et al.,

2013b)

(Shihab et al.,
2013a)
(Choi et al.,
2012)
(Carter et al.,

2013)

(Kircher et al.,

2014)

(Quang et al.,

2015)

(Dong et al.,

2015)
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(MAF) in 1000G.

SIFT, PolyPhen2, MutationTaster,

Mutation Assessor, FATHMM,

Meta LR Logistic Regression

LRT, GERP++*, SiPhy*, PhyloP*

and MAF in 1000G.

HGM and EXAC; SIFT,
PolyPhen2, CADD,
MutationTaster, MutationAssessor,

Gradient boosting tree

M-CAP FATHMM, LRT, MetalLR,

classifier
MetaSVM. PhyloP*, PhastCons*,
GERP++*, SiPhy*, RVIS,

PAM250, BLOSUMG62.

HGMD; MutPred, FATHMM,

VESTS3, Polyphen2, SIFT,

REVEL Random Forest PROVEAN, MutationAssessor,

MutationTaster, LRT, GERP++%*,

SiPhy*, PhyloP*, and PhastCons*.

Gene Ontology; PhD-SNP and

SNP&GO SVM

PHANTER.

Structural and functional

UniProt database; MSA and PSIC

Polyphen2-HDIV Naive Bayes score (position-specific

independent counts).

PFAM database; SIFT and PSI-
Random Forest

MutPred BLAST.

(Dong et al.,
Prediction: T/D

2015)

(Jagadeesh et
Prediction: T/D
al., 2016)

(loannidis et
Score >0.375
al., 2016)

(Capriotti et
Score >0.5 and RI > 5
al., 2013)

(Adzhubei et
Prediction: B/P/D
al., 2010)

g (general score)
(Li etal., 2009)
>0.75

Table 1. Algorithms and deleterious threshold used for computational analysis of KLF.
NI= not identified; T: Tolerated; N: Neutral; D: Deleterious; U: Unknown; P: Probably
damage; L: Low; M: medium; H: High; B: Benign and RI: Reliability Index.
*Algorithms of conservation score. Prediction assumed as deleterious and assigned as

1 in the binary matrix.
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Protein

Function/Remarks

Reference

KLF2

KLF3

KLF4

KLF5

KLF10

Inhibits the adipogenesis process;
Interacts with C/EBP-0, C/EBP- and PPAR-y;
It is important to cardiac development;

Interact with GATA4 activating its expression.

Inhibits the adipogenesis process;

Interacts and inhibits C/EBP-a and C/EBP-f3;

It is important to cardiac development being expressed
in the embryonic stage;

Involved with development of hypertrophic

cardiomyopathy.

Activates the adipogenesis process;

Interacts and activates C/EBP-a and C/EBP-;
Expressed in initial stage of adipogenesis and in
embryonic stage in the heart, increasing until
adulthood,;

It is important to cardiac development, regulating
GATA4 expression and inhibits the cardiac

hypertrophy.

Activates the adipogenesis process;

Interacts and activates C/EBP-a, C/EBP-3 and PPAR-y;

Expressed in initial stage of adipogenesis and in the
heart is expressed just in cardiac fibroblast;

Reported leads to cardiac hypertrophy.

Expressed during the adipogenesis;
It is important to cardiac development and inhibits the

cardiac hypertrophy;

(Brey et al., 2009; Chiplunkar et al.,

2013; Wu and Wang, 2013)

(Brey et al., 2009; Kelsey et al.,
2013; McConnell and Yang, 2010;

Wu and Wang, 2013)

(Birsoy et al., 2008; Brey et al.,
2009; Haldar et al., 2007; Wu and
Wang, 2013; Xudong Liao, Saptarsi
M. Haldar, Yuan Lu, Darwin
Jeyaraj, Kaavya Paruchuri and
Nabhori, Yingjie Cui, Klaus H.

Kaestner, 2010; Yoshida et al., 2010)

(Brey et al., 2009; TAKAYUKI
SHINDO et al., 2002; Takeda et al.,

2010; Wu and Wang, 2013)

(De Assuncao et al., 2014;
McConnell and Yang, 2010; Mori et

al., 2005; Prosdocimo et al., 2015)
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Reported leads to cardiac hypertrophy and hypertrophic

cardiomyopathy.

KLF13 Expressed during the adipogenesis;
It is important to cardiac development interacting with
(Fisch et al., 2007; Lavallée et al.,
GATAM4 activating its expression;
2006; Mori et al., 2005)
Expressed in embryonic stage and decrease during

adulthood.

KLF15 Activates the adipogenesis process;
Interacts and activates C/EBP-a and PPAR-y; (Brey et al., 2009; Fisch et al., 2007;
It is important to cardiac development and inhibits the McConnell and Yang, 2010; Mori et
cardiac hypertrophy through inhibition of GATA4; al., 2005; Uchida et al., 2000)

Expressed in fetal period, postnatal and adult.

Table 2. Reference table of the KLFs reported in the literature to be expressed in the

heart tissue, involved in cardiac development and diseases, and adipogenesis process.
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Top3 conserved variants

Top3 non-conserved variants

Algorithms KLF5 KLF3 KLF15 KLF10 KLF2
C410F H314D R364P F362Y F427V G310C
SIFT 1 1 1 1 1 1
LRT 1 1 1 1 1 0
MutationTaster2 1 1 1 1 1 1
MutationAssessor 1 1 1 1 1 1
FATHMM 1 0 0 1 1 0
fathmm-MKL 1 1 1 1 1 1
PROVEAN 1 1 1 1 1 1
VEST3 1 1 0 0 0 0
CADD 1 1 1 1 1 1
DANN 1 1 1 1 1 1
MetaSVM 1 1 0 1 1 1
MetalLR 1 1 0 1 1 1
M-CAP 1 1 1 1 1 1
REVEL 1 1 1 1 1 1
SNPs&GO 1 0 1 1 1 1
Polyphen2-HDIV 1 1 1 1 1 1
MutPred 1 1 0 1 0 1
Binary sum 17 15 12 16 15 14

Table 3. A binary score of the Top3 most deleterious variants of conserved and non-
conserved residues in the zinc-finger domain of five KLFs reported to cardiac diseases.
1 was assigned for deleterious prediction, while 0 was assigned for neutral prediction.
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. Zinc

Protein Mutation dbSNP Accession Ensembl ID Change Finger

Number .

site
KLF2 p.Gly310Cys rs747983105 NM_016270 ENST00000248071 €.928G>T ZF2
KLF3 p.His314Asp rs778933698 NM_016531 ENST00000261438 €.940C>G ZF2
KLF5 p.Cys410Phe rs762217397 NM_001730 ENSTO00000377687 €.1229G>T ZF2
KLF10 p.Phe427Val rs76769513 NM_001032282 ENST00000395884 €.1279T>G ZF3
KLF15 p.Phe362Tyr rs779753572 NM_014079 ENST00000296233 c.1085T>A ZF2
p.Arg364Pro rs755719419 NM_014079 ENST00000296233 €.1091G>C ZF2

Table 4. Data of the six variants most deleterious evaluated by 3D modeling. ZF: Zinc
Finger.



mCSM MAESTRO

Protein - Mutation Prediction  Prediction
KLF2 G310C Stabilizing Destabilizing
KLF3 H314D  Destabilizing Destabilizing
KLF5 C410F  Destabilizing Destabilizing
KLF10 FA27V  Destabilizing Destabilizing
KLF15 F362Y  Destabilizing Destabilizing

R364P Stabilizing  Stabilizing

Table 5. mCSM and MAESTRO prediction of protein stability upon mutation in each KLF.
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FIGURES

Non-synonymous variants found on

2048 the KLF genes

Search and prediction
Variants on seven KLFs related to (Ensembl and dbNSFP)
850 adipogenesis and cardiac diseases

3D modeling

(SWISS-MODEL and MolProbity)

Stability change
(mCSM and MAESTRO)

Figure 1. The pipeline of the KLF variants evaluated through prediction algorithms and 3D

modeling by Swiss-model and MolProbity software.
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Figure 2. Distribution of mutations according to the binary score in the seven KLFs related to
cardiac development and diseases. Each dots correspond to one variant in the KLF according

to the colors.
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Figure 3. Alignment of the zinc finger domain sequences of the six KLFs variants more deleterious, showing conserved residues in each ZF. In

green are represented Cysteine; in blue Histidine; in purple conserved residues in specific positions that bind to DNA target; and in red are

presented the variants. WT: wild-type sequence; M: mutated sequence.



Figure 4. 3D models of the KLF wild-type and variants in the zinc finger domain and their
zinc atom, showing the loss of interaction to zinc and destabilization of the ZF motif,
generated and visualized by Swiss-model and Chimera, respectively. Residues in blue
represent Histidine; in green Cysteine and red represent mutated residues. Gray sphere
represents zinc atom. (A) Shows the KLF5 p.Cys410Phe and (B) KLF3 p.His314Asp.
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Figure 5. 3D models and visualization of the KLF15 p.Arg364Pro, showing the protein
hydrophobicity surface, evidencing the change from a hydrophilic to the neutral residue,
generated and visualized by Swiss-model and Chimera. Red color indicates a hydrophobic
surface; White color indicates neutral, and blue color a hydrophilic surface. (A) KLF15
p.Arg364 DNA-binding conserved residue in the -1 position on the ZF2, (B) KLF15
p.Arg364Pro.
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Abstract

Down Syndrome (DS) is one of the most common genetic disorders, with more than 40% of
the birth afflicted by some congenital heart defects (CHD). At least 50 human genes were
reported associated with CHD or genetic syndromes, including Kruppel-like factors (KLF)
genes. However, the role of KLFs in CHD development in DS children has not still known.
The aim of this study was to evaluate the expression profile of KLF2 and KLF10 in DS
children with CHD. Forty-two children were recruited and divided into four groups: DS,
CHD, DS/CHD and healthy group. Among DS children, CHD prevalence was 63.63%, and
atrioventricular septal defect (AVSD) was the most common defect (42.85%). The evaluation
of gene expression in blood cells showed KLF2 downregulated in all groups. KLF10 showed
no expression in healthy children but was expressed in DS and DS/CHD non-AVSD group
(p=0.0111). Our results suggest KLF2 and KLF10 are deregulated in blood cells from
children with CHD as well in DS/CHD, suggesting an important role in congenital defects in

DS.

Keywords: Kruppel-like factors; KLF2; KLF10; Down syndrome; Congenital heart defects.
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1. INTRODUCTION

Down Syndrome (DS) is one of the most common genetic disorders, with a
frequency of one in 700 births in worldwide and more than 40% of the birth with DS
presenting some congenital heart defects (CHD) [1]. It is the most common cardiovascular
disease within several congenital anomalies, together with Down syndrome and neural tube
defects [2]. Newborns diagnosed with DS show 43% atrioventricular septal defect (AVSD),
followed by 32% ventricular septal defects (VSD), 19% atrial septal defects (ASD) and 6%
Tetralogy of Fallot (ToF) [3].

Cardiac anomalies could occur by many risk factors, but the congenital anomalies
lead to 303,000 newborns death in up to four weeks after the birth all year in worldwide [2].
Many types of genes were reported associated to CHD or genetic syndromes and some
transcription factors were related to DS, like GATAL, SIM2, and ZNF295 [4,5].

In humans, Kruppel-like factors (KLF) Family contains 17 members involved in the
regulation of many physiological and pathological process, being expressed in different stages
of development in many tissues, activating or repressing target genes [6]. KLF2-5, KLF10,
KLF13, and KLF15 were related to the cardiac development and diseases [7,8]. KLF2 is a
transcriptional activator that recognizes and binds to GC-rich regions of target genes [6],
being also reported as a regulator required for cardiac development, through interaction with
GATAA4 [8]. By another side, KLF10 is a transcriptional repressor that acts together with the
corepressor Sin3A [6]. Reported as critical to cardiac development, KLF10 leads to cardiac
diseases, like cardiac hypertrophy and hypertrophic cardiomyopathy [9], but its relationship
with CHD is still unknown.

The aim of this study was to evaluate the expression profile of KLF2 and KLF10 in
DS patients to understand their role in the CHD development, once these transcription factors

could change the balance of transcriptional networks in this syndrome.
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2. MATERIAL AND METHODS

2.1. Patients and samples

Samples were collected from 42 children in Pernambuco and Paraiba states from
Brazil, aged from O to 12 years. Peripheral blood was collected from children in a 4ml K2-
EDTA tubes containing 2mL of RNAlater for preserving the RNA content in the sample.
Tubes were mixed gently, split in a smaller volume and maintained at -80°C until molecular
processing. The patients were divided into four study groups: children with DS (n=12);
children with CHD (n=5); children with DS and CHD (n=21); and healthy children (n=4).
Parents of all children signed the inform consent of the approved project (UFPE/CCS
N0.1172909). All procedures were conducted according to the guidelines of the Declaration

of Helsinki (1964).

2.2. RNA processing

Vials containing 600ul de peripheral blood with RNAlater were thawed once and
used for RNA purification with QlAamp RNA Blood Mini Kit® (Qiagen, USA), following
the manufacturer’s protocol. RNA concentration was determined using NanoDrop® — 2000
Spectrophotometer (Thermo Fisher Scientific, USA). RNA purified was converted to
complementary DNA (cDNA) with QuantiNova Reverse Transcription Kit® (Qiagen, USA),
following manufacturer’s instructions. RNA and cDNA concentration were determined using
NanoDrop® — 2000 Spectrophotometer (Thermo Fisher Scientific, USA) and maintained at -

80°C until further analysis.

2.3. KLF expression

For assessing KLF2 and KLF10 expression levels, KLF2 primers (Fw: 5’-GCG TGA

GCT CGT CTG AG-3’ and Rv: 5°-GCA AGA CCT ACA CCA AGA CTT-3’) and KLF10
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primers (Fw: 5’-CAA ATT TCT TCT CAC CCG TGT-3’ and Rv: 5°-CTT TAA AAG TTC
CCA TCT GAA GGC-3’) were tested for qPCR experiments, which were performed in
RotorGene Q® (Qiagen, USA) using QuantiNova Sybr Green Mastermix® (Qiagen, USA)
following manufacturer’s protocol. Melting curve (Tm) was generated and analyzed to
determine the quality of the reaction. The samples were studied in duplicates using RPLPO as

a reference gene, and relative expression was calculated using the 2"t method.

2.4. Statistical analysis

GraphPad Prism (V. 7.0 — Software, CA) was used for statistical analysis. The data
are expressed as median and comparisons of parameters were performed using the non-
parametric test Mann—Whitney and Wilconox. Were considered p-value <0.05 as statistical

significance.

3. RESULTS AND DISCUSSION

3.1. Congenital heart defects

A total of 42 children samples were evaluated, being 78.57% (33/42) affected by DS.
In this group, 63.63% was affected by at least one type of CHD, corroborating with the
majority of the studies worldwide [1,3]. AVSD was the most common type of CHD in DS
group (42.85%), followed by ASD (19.04%), VSD (19.04%) and patent ductus arteriosus
(PDA) (19.04%) (Table 1). No child without DS was affected by AVSD. Our results showed
higher prevalence than in Parana-Brazil that can vary from 17.1% to 27.75% [10, 11].
However, was similar to the prevalence of AVSD worldwide (43%) [3]. Some children
showed more than one type of CHD: one DS child affected by AVSD and ToF; two DS non-
AVSD children affected by Patent ductus arteriosus together with other CHD; and one CHD

non-DS group affected by VSD, pulmonary atresia, and systemic-pulmonary shunt.
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3.2. KLF2 and KLF10 expression

KLF2 and KLF10 mRNA levels showed different profile between the four groups
analyzed. KLF2 was expressed in all groups, while KLF10 expression was not observed in
healthy children. DS group showed higher mRNA level of KLF2 compared to KLF10
(p=0.0020) (Fig. 1A), as well in children with DS/CHD (p<0.0001) (Fig. 1B).

KLF2 is highly expressed in endothelial cells during the cardiac development, in the
atrioventricular canal [14]. In animals model, KLF2 regulates the expression of
vasoprotective genes and inhibit the expression of pro-inflammatory genes preventing
atherosclerosis [13]. The comparison of KLF2 mRNA levels among the four groups showed
that DS children have a similar expression to DS/CHD children with AVSD. Otherwise, CHD
and DS/CHD non-AVSD showed a similar profile of low expression, comparable to healthy
children. KLF2 relative expression was downregulated in all groups (Fig. 1C), as observed in
dendritic cells of patients with atherosclerosis [12]. The KLF2-/- mice embryos showed
septation abnormalities, with significant downregulation of transcription factors related to
cardiac development, Thx5, GATA4, and Sox9, indicating that these genes are positively
regulated by KLF2 [8]. Therefore, the downregulation of KLF2 could be related to septation
defects in CHD group studied. Besides, the decrease in the KLF2 mRNA levels could also
play a role in atherosclerosis development in adult life of DS patients.

KLF10 expression showed significance between DS and DS/CHD non-AVSD
children group (p=0.0111), but was absent in blood of healthy children (Fig. 1D). KLF10 was
reported to have a low expression in the heart tissue, but the functional role in the
myocardium remained poorly understood during years. KLF10 null mice develops cardiac
hypertrophy, and KLF10 mutations lead to hypertrophic cardiomyopathy [9,15]. Our results
suggest that KLF10 could be related to the phenotype of DS, regulating important genes

involved in the development of CHD others than AVSD-type. However, it is important to
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note that KLF10 expression in blood cells can be related to other processes than heart tissue

development, indicating greater impact of this gene in cardiac diseases.

4. CONCLUSION

The transcriptional factors KLF2 and KLF10 seem to be involved in CHD
development in DS children, and could be potential markers for cardiac diseases. The finding
of mRNA levels in blood samples could indicate these genes can be involved in other
processes than heart tissue development. Our analysis highlights the importance of studying
these genes, once many questions remain to be elucidated. Further studies with a larger cohort
and a follow-up evaluation can contribute with new insights for understanding congenital

defects and cardiac conditions associated to Down syndrome.

Study limitations
An important limitation was the small number of healthy children and also in the
CHD group. Although KLF2 and KLF10 are expressed in leukocytes, analysis of the

expression in heart tissue can be required for direct association with CHD.
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Tables

Congenital heart defect

Amount of patients

Atrioventricular septal defect
Atrial septal defect
Ventricular septal defect
Patent ductus arteriosus
Transposition of the great arteries
Pulmonary atresia

Aortic obstruction
Systemic-pulmonary shunt
Tetralogy of Fallot
Pulmonary valve stenosis
Truncus arteriosus

9
4
4
4
2*
1
1
1
1
1*
1*

without DS.
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Table 1. Type of congenital heart defects found in the patients with and without DS. *patients
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Figure 1. KLF2 and KLF10 mRNA levels and expression profile in DS children without and
with CHD. A) mRNA levels in DS children without CHD *p=0.0020). B) mRNA levels in
DS children with CHD. ***p<0.0001. C) Relative expression of KLF2 in CHD children with
and without DS. D) KLF10 mRNA levels in children with and without DS. DS children with
CHD non-AVSD present higher levels of KLF10 mRNA. *p=0.0111.
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6. CONSIDERACOES FINAIS

Nossos resultados reforcam a importancia da aplicacdo de ferramentas
computacionais com diferentes algoritmos para predicdo de potenciais mutagdes a serem
estudadas e validadas experimentalmente in vitro e in vivo. Em nosso estudo, as mutagdes das
KLF e os estudos de expressdao da KLF2 e KLF10 em pacientes com sindrome de Down
demonstraram um grande potencial de estarem relacionadas ao desenvolvimento de doencas
cardiacas e defeitos cardiacos congénitos. Contudo, estudos de validacdo das muta¢fes KLF
potencialmente deletérias e a andlise de uma maior coorte sdo necessarios para elucidar

questdes ainda ndo esclarecidas.
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