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Considere a sutileza do mar; como as suas criaturas
mais temidas deslizam sob as aguas, invisiveis na maior
parte, e traigcoeiramente ocultas sob o0os matizes mais
encantadores do azul. Considere também o brilho e a
beleza diabdlica de muitas de suas tribos sem piedade,
como a forma delicadamente adornada de muitas
espécies de tubarbes. Considere, uma vez mais, 0O
canibalismo universal do mar; cujas criaturas todas se
devoram umas as outras, continuando a guerra eternal
desde o inicio do mundo.

Considere tudo isso; e entdo se volte para esta terra
tdo verde, suave e décil; ambos considere, o mar e a
terra; e vocé ndo acha que existe uma analogia estranha
com algo dentro de vocé? Pois, tal como o oceano
aterrador cerca a terra verdejante, também na alma do
homem ha um Taiti insular, cheio de paz e alegria, mas
rodeado por todos os horrores da metade desconhecida
da vida.

Herman Melville, Moby Dick (1851)



Resumo

Introducéo: Doenca de Alzheimer (DA) e Parkinson (DP) séo as duas doengas
neurodegenerativas mais prevalentes na populacdo. Ambas podem ter um
inicio precoce, em geral com fatores genéticos definidos, ou manifestarem-se
com um inicio tardio, frequentemente sem influéncia genética. S&o
consideradas doencas de etiopatologia complexa, tendo em vista que
apresentam aspectos genéticos, somados a fatores ambientais. Nesse sentido,
mecanismos epigenéticos envolvidos no desenvolvimento da DA e DP tém sido
recentemente investigados. Dentre esses mecanismos, a metilacdo de DNA é
um dos principais processos de modificagdo epigenética, realizado por enzimas
especificas, tais como DNA (citosina-5-)-metiltransferase 1 (DNMT1) e DNA
(citosina-5-)-metiltransferase 3 beta (DNMT3B).

Objetivos: Investigar a associagao de polimorfismos nos genes que codificam
as enzimas DNMT1 e DNMT3B com a doenca de Alzheimer e Parkinson, em

individuos com inicio tardio da doenca, comparando com controles saudaveis.

Material e Métodos: Os dados foram coletados em um servi¢o universitario de
atencdo terciaria. Foram investigados 102 pacientes com DA (seguindo os
criterios da NINCDS/ARDA), comparando com 108 controles com
envelhecimento saudavel. Além disso, investigou-se 214 pacientes com DP
(utilizando os critérios do Critérios UK Brain Bank) e 308 controles sem a
patologia.

Para os dois estudos, o DNA foi obtido a partir de sangue total, e genotipos
foram detectados por ensaio de discriminacdo alélica utilizando sondas MGB
TagMan® em PCR tempo real. Os polimorfismos foram estudados rs2162560 e
rs759920 (DNMT1) e rs998382, rs2424913 e rs2424932 (DNMT3B).

Resultados: o haplétipo TGG no gene DNMT3B mostrou associacao
significativa com a doenca de Alzheimer. Os individuos que carreiam o
haplétipo TGG apresentam um risco aumentado de doenga de Alzheimer (OR
=3.03; IC de 95% 1.63-5.63 ; p < 0.001). Na populagéo de pacientes com DP,

comparado a controles saudaveis, evidenciou-se que a presenca do alelo T



(rs2424913) do gene DNMT3B aumenta em 1,8 vezes o risco de um paciente
possuir o diagndstico dessa patologia (individuos CT e TT: OR = 1.80 ; IC de
95% 1.16 - 2.81 ; p = 0.009). Em ambos o0s grupos de pacientes investigados,
nao houve relacédo significativa com os polimorfismos investigados para a
enzima DNMTL1.

Conclusao: até onde se tem conhecimento, esses sdo 0s primeiros achados
correlacionando polimorfismos das DNA-metiltransferases e a ocorréncia de
duas das principais doencas neurodegenerativas. Estes polimorfismos da
DNMT3B podem interagir com o impulso epigenético determinado pela idade,

conferindo entdo um risco para DA e para DP.

Palavras-Chave:
Doenca de Parkinson. Doenca de Alzheimer. Epigen6mica. Polimorfismo de
Nucleotideo Unico.



Abstract

Background: Alzheimer 's disease (AD) and Parkinson's (PD) are the two most
prevalent neurodegenerative diseases in the population. Both can have an early
onset, usually with defined genetic factors, or express with a late onset, often
without genetic influences. These disorders are considered to have a complex
etiopathology having genetic and environmental factors acting. In this sense,
epigenetic mechanisms, involved in the development of AD and PD, has
recently been investigated. Among these mechanisms, DNA methylation is one
of the main epigenetic modification process, mediated by specific enzymes
such as DNA-(cytosine-5)-methyltransferase 1 (DNMT1) and DNA-(cytosine-5)-
methyltransferase 3 beta (DNMT3B).

Objectives: the aim was to investigate the association between polymorphisms
in genes encoding DNMT1 and DNMT3B in AD and PD in individuals with late

onset of the disease compared to healthy controls.

Methods: Data were collected in a university reference care service. Was
investigated 102 patients (following NINCDS/ARDA criteria) compared to 108
elderly healthy controls. Furthermore, it was investigated 214 patients with PD
(using Brain Bank UK criteria) and 308 controls without pathology.

For both studies, DNA was obtained from whole blood and genotypes were
detected by allelic discrimination assay using TagMan MGB probes in real time
PCR. The polymorphisms studied were rs2162560 and rs759920 (DNMT1), and
rs998382, rs2424913 and rs2424932 (DNMT3B).

Results: TGG haplotype in DNMT3B gene was significantly associated with
Alzheimer's disease. Carriers of the DNMT3B TGG haplotype were associated
with AD (OR = 3.03, 95% CI 1.63 to 5.63, p < 0.001). The population of PD
patients, compared to healthy controls, showed that the presence of T allele
(rs2424913) in DNMT3B gene increases at 1.8 times the risk of a patient has
the diagnosis of this pathology (CT and TT Individuals: OR = 1.80; 95% CI 1.16
-2.81, p =0.009).



In both studies, there was no significant relationship with the polymorphisms
investigated for enzyme DNMT1.

Conclusion: as far as is known, these are the first findings correlating
polymorphisms of DNA methyltransferases and the occurrence of two major
neurodegenerative diseases. These DNMT3B polymorphisms may interact with

epigenetic impulse determined by age, conferring a risk for AD and PD.

Keywords:
Parkinson Disease. Alzheimer Disease. Epigenomics. Polymorphism, Single
Nucleotide.



Lista de Tabelas

Revisao Bibliogréafica

Tabela 1: Critérios Diagnoésticos da Doenga de Parkinson e Alzheimer.......... 19

Artigo Cientifico 1

DNA methyltransferase haplotype is associated with Alzheimer’s disease

Table 1: Sample DeSCHPLON .....coeviiiiiiiiiiceee e 53
Table 2: Genotype and Allelic Frequencies of DNMT3B gene polymorphisms
rs998382, rs2424913, rs2424932 and DNMT1 rs2162560, rs759920 in AD and

control groups: descriptive and univariate analySes............ccccovvviiiieeeeeeiinnnennn. 54
Table 3: Haplotype diStribDULION ..........ccoooiiiiiiiiii e 55
Table 4. Multiple logistic regression analysis for outcome AD...........ccccccuuueeee 55

Artigo Cientifico 2

Association between DNA methyltransferase gene polymorphism and
Parkinson’s disease

Table 1: Demographic variables: descriptive and comparative analyses.......... 74
Table 2: Genotype and Allelic Frequencies of DNMT3B gene polymorphisms
rs2424913, rs998382, rs2424932 and DNMT1 rs2162560, rs759920 in PD and
healthy control groups: descriptive and univariate analyses............cccccceeeeeeenns 75
Table 3. Multiple logistic regression analysis for outcome PD.......................... 76

Anexo 2: artigo cientifico, outras producdes

The additive risk effect of apolipoprotein ¢4 and DNMT3B haplotype for
Alzheimer's disease

Table 1: Demographic and clinical data: comparison between AD subjects and
healthy CONLIOIS ... e 95
Table 2: Frequencies and education-adjusted risk of each TGG/APOE category
for AD: multiple binary l0giStiC regreSSIioN.............covvviiiiiiiiiiiiiie e 96



Lista de Figuras

Revisao Bibliogréafica

Figura 1: Modelo Esquematico da Teoria do Impulso Epigenético



DA
AD
DP
PD
AB
SNP

BACE-1

APP

PSEN1
PSEN2
APOE

€2

€3

€4

SNCA
BDNF
DNMT
DNMT1
DNMT3B
LINE-1
SAM
SHA
MTHFR
MAPT
NINCDS-ADRDA

Lista De Abreviaturas

Doenca de Alzheimer

Alzheimer’s disease

Doenca de Parkinson

Parkinson’s disease

Proteina B-amildide

Single Nucleotide Polymorphism ou Polimorfismo de
Nucleotideo Unico

Enzima de clivagem beta-secretasel ou Beta-site Amyloid
Precursor Protein—Cleaving Enzyme 1

Proteina Precursora de Amiloide ou Amyloid Precursor
Protein

Presenilina 1

Presenilina 2

Apolipoproteina E

alelo épsilon 2 do gene da APOE

alelo épsilon 3 do gene da APOE

alelo épsilon 4 do gene da APOE

a-sinucleina

Fator Neurotrofico Derivado do Cérebro
DNA-metiltransferase ou DNA-methyltransferase

DNA (citosina-5-)-metiltransferase 1

DNA (citosina-5-)-metiltransferase 3 beta

Long interspersed nucleotide element-1
S-adenosil-metionina

S-adenosilhomocisteina

Metilenotetrahidrofolato Redutase

Gene da proteina tau associada a microttbulos

National Institute of Neurological and Communicative
Disorders and Stroke - Alzheimer's Disease and Related

Disorders Association



DSM-IV-TR

CDR
MMSE
ADL
CNPq

CAPES

Manual Diagnéstico e Estatistico de Transtornos Mentais,
guarta edicao revisada

Clinical Dementia Rating

Mini Mental State Examination

Activities of Daily Living

Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico

Coordenacédo de Aperfeicoamento de Pessoal de Nivel

Superior



1
2

Sumario

e Lo To 1¥ o3> Lo IR RUSTPPPP 16
REVISA0 A€ LITEratUra......ccoiiieiieiiiiiiiiiiiie et e e e e e e e e eeeeeeeees 18
2.1 Etiopatologia e Genética da doenca de Alzheimer .......ccccccevvvvviiennennnn. 21
2.2 Etiopatologia e Genética da doenga de ParkinSon ...........cccceeeeeeeennnne. 25
2.3 Consideracfes sobre o papel da epigenética nos casos esporadicos
de doenca de Alzheimer € ParkinSON ... 28
2.4 MecanismosS EPIgENELICOS .. e 29
2.5 Dinamica da Metilagdo do DNA durante o Envelhecimento.................. 30
2.6 Alteragbes na Metilagcdo do DNA nas doencgas de Alzheimer e
PaAIKINSON . e e e e ettt et e et e e e e e e e e e eeeeanaree 32
2.7 Associacdo de polimorfismos de nucleotideo Unico das DNA-
metiltransferases com as doencgas de Alzheimer e Parkinson........................ 37
2.8 BiblOgrafia. ... 39
(O oY1= (LYo 1= PP PTT 46
Artigo Cientifico 1
DNA methyltransferase haplotype is associated with Alzheimer’s disease........ 47
Artigo Cientifico 2
Association between DNA methyltransferase gene polymorphism and
ParkiNSON'S QISEASE......cciiiiiii it e e e e e et eeeaeees 62
(70 o [ox 11 157> Lo 1P 76
Anexos i
7.1 Anexo 1: Aprovagdo do Comité de Etica em Pesquisa..........ccccceevernnnne 78

7.2  Anexo 2: artigo cientifico, outras producdes
The additive risk effect of apolipoprotein ¢4 and DNMT3B haplotype for
AlZNEIMEI'S AISEASE ... i 83
7.3 Anexo 3: Normas darevista a que o Artigo Cientico 2 foi submetido. 96



16

1 Introducdao

As formas mais comuns das doencas de Alzheimer (DA) e Parkinson (DP), de
inicio mais tardio, sdo consideradas complexas do ponto de vista etiolégico e
influenciadas por diversos fatores de riscos: genéticos e ambientais.

Nesse sentido os mecanismos etiopatogénicos dessas doencas ainda sao
largamente desconhecidos. Somam-se a este conhecimento limitado, o importante
prejuizo individual e social, bem como os altos custos gerados por estas doengas
neurodegenerativas. Dessa maneira, estratégias para identificar fatores de risco para
estas doencas séo cruciais para o avango da area.

A epigenética tem contribuido para a compreensdo de doengas com etiologia
complexa, como nos transtornos psiquiatricos, neoplasias e patologias
neurodegenerativas. Esta disciplina refere-se ao estudo de alteragdes na expressao
génica que ocorrem sem alteragdo na sequéncia do DNA, sendo os processos de
metilacdo e a modificacdo de histonas importantes mecanismos epigenéticos
(WEBER et al., 2007).

O grupo de enzimas metiltransferases sdo as principais catalisadoras da
metilacdo do DNA. O envelhecimento estd associado a alteragfes de padrbes de
metilacdo que podem estar subsequentemente relacionadas ao surgimento de
patologias associadas a idade, como a doenca de Alzheimer (RICHARDSON, 2003)
e Parkinson (POULOPOULOS; LEVY; ALCALAY, 2012). Polimorfismos de
nucleotideo Unico em genes que codificam metiltransferases foram identificados por
sequenciamento de DNA (HALASCHEK-WIENER et al., 2009). A avaliagédo de
polimorfismos nestes genes cujos produtos catalisam o processo de metilacdo do
DNA podera contribuir para os estudos de fatores de risco para estas doengas e
podera ser um marcador de traco, pressupondo que individuos com variantes
genéticas terdo alteracdes nos padrdes de metilagdo de DNA associadas a idade
gue poderédo contribuir para neurodegeneragao.

Esta tese inclui um capitulo inicial de revisédo da literatura, seguido de dois artigos
cientificos e uma conclus&o. O primeiro artigo, ja publicado na revista Neuroscience
Letters (PEZZI et al., 2014), versa sobre a avaliagdo de polimorfismos dos genes das
DNA-metiltransferases (DNMTs) em 102 pacientes com DA e 108 controles com

envelhecimento saudavel. O segundo artigo possui 0 mesmo enfoque, porém a
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investigacdo ocorreu em uma populacdo diferente: 214 pacientes com DP

comparados a 308 controles sem a patologia.
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2 Revisao de Literatura

As doencgas neurodegenerativas resultam da perda gradual e progressiva de
células neurais, conduzindo a disfungdes do sistema nervoso. Dependendo da éarea
e/ou das sinapses acometidas, mudam os sintomas. Essas doencgas possuem
alguma similaridade com o cancer no que diz respeito ao seu principal fator de risco,
a idade. Entretanto, embora ambos tendam a aumentar a prevaléncia com o
envelhecimento, cancer e neurodegeneracgdo representam extremos opostos de um
espectro: uma neoplasia é uma proliferacdo descontrolada de células,
neurodegeneracdo € o resultado da morte de células, quer devido a morte celular
por necrose direta ou processo de apoptose. Além disso, assim como em relacdo ao
cancer , atualmente, tem sido dada atencao para o potencial dos agentes ambientais
para precipitar alteragbes no sistema nervoso, resultando em doengas
neurodegenerativas (BROWN; LOCKWOOD; SONAWANE, 2005).

Dentre os processos neurodegenerativos, a doenca de Alzheimer (DA) e a
doencas de Parkinson (DP) sdo as mais emblematicas, acometendo um namero
crescente de pessoas, sobretudo devido ao aumento da expectativa de vida global.
A Organizacdo Mundial de Saude estima que, em 2025, trés quartos das pessoas
com mais de 60 anos de idade estard vivendo em paises em desenvolvimento
(HTTP://IWWW.WHO.INT/HPR/AGEING/ACTIVEAGINGPOLICYFRAME.PDF.).

Atualmente, existem 900 milhdes de pessoas com mais de 60 anos vivendo no
mundo. Entre os anos de 2015 a 2050, o numero de idosos habitando paises
desenvolvidos subira em 56%, comparado a 138% em paises em desenvolvimentos,
e 239% em paises com baixo poder aquisitivo.

A doenca neurodegenerativa mais frequente na populacdo geral € a doenca de
Alzheimer. E estimado que, em 2015, 46.8 milhdes de pessoas vivam com
deméncia. Esse numero praticamente dobra a cada vinte anos, alcangando
provavelmente 74.7 milhdes em 2030, e 131 milhdes em 2050
(HTTP://IWWW.ALZ.CO.UK/RESEARCH/WORLDALZHEIMERREPORT2015.PDF).

A segunda mais prevalente é a doenca de Parkinson, acometendo cerca de 4.6
milhdes de pessoas ao redor do mundo. A estimativa € que dobre até 2030,
chegando a 8.7 milhBes de casos, principalmente em paises em desenvolvimento
(DORSEY et al., 2007).
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Diante disso, é importante que novas estratégias para prevenir ou tratar esses
transtornos relacionadas a idade sejam desenvolvidos, ja que o impacto econémico
e social torna-se cada vez mais preocupante. Neste contexto, insere-se a busca de
biomarcadores para essas doencas.

O diagnostico dessas doencas baseia-se principalmente nos aspectos
semiologicos, que sao de instalacdo insidiosa. Para a DP, o destaque é para a
apresentacdo da sindrome extrapiramidal (caracteristica da doenca), manifestada
por tremor de repouso, rigidez, perda do reflexo postural e hipocinesia. A marcha
caracteristica, consta de pequenos passos com velocidade crescente e também
denuncia a presenca do disturbio. Alteracdes da mimica facial, do humor, da
caligrafia e da voz também sdo marcos significativos da doenca (HUGHES et al.,
1992).

Na DA, o comprometimento da memoria (alteracdo da capacidade de aprender
informacdes novas ou de recordar informacfes antigas) € o achado mais importante,
associado a um prejuizo em pelo menos uma das fungdes cognitivas (linguagem,
gnosias, praxias ou funcdes executivas) e que interfere no desempenho social e/ou
profissional do individuo e representa um declinio em relagdo ao nivel de
funcionamento anterior (APA, 2002; MCKHANN, G. et al., 1984).

Os critérios diagnosticos da Doencga de Parkinson e Alzheimer sdo expostos na
Tabela 1.

Tabela 1: Critérios Diagndsticos da Doenca de Parkinson e Alzheimer

Parkinson Alzheimer

Critérios principais para diagnostico de

I) Diagnéstico da Sindrome Parkinsoniana Deméncia (de qualquer etiologia)

Bradicinesia e pelo menos um dos seguintes:
1. Rigidez muscular a) Deméncia é diagnosticada quando ha
2. Tremor em repouso (4-6 Hz) sintomas cognitivos ou comportamentais
3.Instabilidade postural ndo causada por | (neuropsiquiatricos) que: interferem com a

alteracdo visual, vestibular, cerebelar | habilidade no trabalho ou em atividades

ou disfuncéo proprioceptiva. usuais; representam declinio em relagéo a
niveis prévios de funcionamento e
II) Critérios de Exclusao desempenho; ndo sado explicaveis por
Histéria de: delirium (estado confusional agudo) ou
« Recorrentes isquemias cerebrais ou | doenca psiquiatrica maior.
evolucéo em escada das _ N
caracteristicas parkinsonianas b) O comprometimento cognitivo €
« Trauma encefalico de repeticdo detectado e diagnosticado mediante
« Encefalite definida combinacdo de anamnese, avaliacdo

» Crises oculogiras cognitiva




20

Tratamento com neurolépticos no inicio dos
sintomas

Remisséo sustentada

Mais de um familiar afetado

Sintomas estritamente unilaterais por mais
de trés anos

Paralisia supranuclear do olhar

Sinais cerebelares

Disautonomia grave precoce

Deméncia precoce com distlrbios de
memoria, linguagem e praxias

Sinal de Babinski

Tumor cerebral ou hidrocefalia em estudo
de imagem

Exposi¢éo a tetra-hidropteridina (MPTP)

Resposta negativa a levodopa, a despeito
de altas doses, na auséncia de ma-
absorcéo

c) Os comprometimentos cognitivos ou
comportamentais afetam no minimo dois
dos seguintes dominios: memoria; funcdes
executivas; habilidades visuais-espaciais;
linguagem; personalidade ou
comportamento.

lIl) Critérios de suporte prospectivos para
diagnoéstico de Doenca de Parkinson

Deméncia da doenca de Alzheimer
provavel

Trés ou mais dos seguintes para o
diagnostico:

Inicio unilateral, acometimento assimétrico

Presenca de tremor em repouso

Doenca progressiva

Assimetria persistente afetando
principalmente o lado de inicio da
doenca

Resposta excelente a levodopa (melhora de
70-100%)

Resposta a levodopa por cinco anos ou
mais

Discinesia induzida pela terapia com
levodopa

Evolucao clinica de dez anos ou mais

Preenche critérios para deméncia e tem
adicionalmente as seguintes
caracteristicas:

* Inicio insidioso (meses ou anos).
 Historia clara ou observacéo de piora

cognitiva.
» Déficits cognitivos iniciais e mais
proeminentes em uma das

seguintes categorias:

» Apresentacdo amnéstica (deve haver
outro dominio afetado).

» Apresentacdo ndo-amnéstica (deve
haver outro dominio afetado).

» Linguagem (lembrancas de palavras).

» Visual-espacial (cognicao espacial,
agnosia para objetos ou faces,
simultdneo agnosia e alexia).

» Funcdes executivas (alteracao do
raciocinio, julgamento e solucéo
de problemas).

» Tomografia ou, preferencialmente,
ressonancia magnética do cranio
deve ser realizada para excluir
outras possibilidades diagndsticas
ou comorbidades, principalmente a
doenca vascular cerebral.

Critérios UK Brain Bank (HUGHES et al.,
1992)

Adaptado de (MCKHANN, G. M. et al.,
2011) (FROTA, 2011)
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2.1 Etiopatologia e Genética da doenca de Alzheimer

Muitas lesdes moleculares foram detectados na doenca de Alzheimer, mas o
mecanismo principal tende a focar na deposicao de proteinas no cérebro, resultando
em danos oxidativos e inflamatorios, que, por sua vez, levam a falha de energia e
disfuncao singptica (QUERFURTH; LAFERLA, 2010).

Placas cerebrais de proteina B-amildide (AB) e neurites distroficas em campos
terminais neocortical, bem como emaranhados neurofibrilares de proteina tau
proeminentes nas estruturas do lobo temporal medial sdo caracteristicas patologicas
importantes da doenca de Alzheimer. Além disso, também estdo presentes perda de
neurdnios e substancia branca, angiopatia congofilica (amiloide), inflamacéo e dano
oxidativo (QUERFURTH; LAFERLA, 2010).

Peptideos AB sdo produtos naturais de metabolismo, sendo constituidos por
cerca de 36 a 43 aminoacidos. Monémeros de AB4 Sd0 muito mais prevalentes do
gue os da classe APz, esses potencialmente prejudiciais, amiloidogénicos. Os
peptideos B-amiloides sdo origindrios da quebra da proteina precursora amiloide
pelas agcOes da enzima de clivagem beta-secretasel (beta-site amyloid precursor
protein—cleaving enzyme 1. BACE-1l), da [-secretase, e da y-secretase, um
complexo protéico com presenilina 1 na sua agdo catalitica. Um desequilibrio entre a
producéo e recaptacdo, além da agregacao de peptideos, provoca a acumulagéo de
AB, e este excesso torna-se o fator de inicio da doencga de Alzheimer. Essa ideia,
usualmente chamada de Hip6tese Amiloide da DA, é baseada em estudos
genéticos, incluindo participantes com Sindrome de Down, onde houve 0s primeiros
relatos de que a AB4, seria neurotoxica (SELKOE, 2001; SLEEGERS; VAN DUIJN,
2001).

Espontaneamente, AR se auto-agrega em varias formas fisicas. Uma forma
consiste em oligbmeros (2 a 6 peptideos), que se aglutinam em conjuntos
intermediarios. A proteina B-amiloide também pode crescer em fibras, que se
organizam em folhas insollveis de placas amiloides. Oligdmeros sollveis sdo as
formas mais neurotoxicas de AR (SLEEGERS; VAN DUIJN, 2001).

A protease neprilisina e a enzima degradadora de insulina regulam os niveis
de estado estacionario de AB. Neprilisina, um endopeptideo-zinco ancorado a
membrana, agrupa monomeros de AR em oligbmeros. Uma reducdo na neprilisina

provoca acumulo de AR cerebral. Por sua vez, a enzima degradadora de insulina,
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uma tiol-metaloendopeptidase, degrada pequenos peptideos tais como insulina e
monomeros de AB (TANZI; BERTRAM, 2005).

Outro mecanismo fisiopatolégico da DA é o acumulo de emaranhados
neurofibrilares, que sao inclusdes filamentosas em neurdnios, marca da doenca de
Alzheimer e de outros distirbios neurodegenerativos, denominado taupatia. O
namero de emaranhados neurofibrilares € um marcador da gravidade da doenca de
Alzheimer. O componente principal dos emaranhados é a forma hiperfosforilada e
agregada da proteina tau (LEE; GOEDERT; TROJANOWSKI, 2001; QUERFURTH;
LAFERLA, 2010). A proteina tau usualmente solavel, abundante em axonios,
promove a estabilidade e arquitetura dos microtibulos e transporte vesicular. A tau
hiperfosforilada € insolavel, ndo tem afinidade pelos microtdbulos. Existem enzimas
que adicionam ou removem residuos de fosfato, regulando a fosforilacdo da tau.
Como oligbmeros de AR, agregados intermediarios de moléculas tau anormais séo
citotéxicos e prejudicam a cognicéo (LEE et al., 2001).

A doencga de Alzheimer pode também ser entendida primariamente como um
distarbio de falha sinptica. As sinapses hipocampais come¢am a diminuir em
pacientes com comprometimento cognitivo leve devido a DA, e, nesse estagio, as
sinapses restantes mostram aumentos compensatorios de tamanho. Na DA leve, ha
uma reducdo de cerca de 25% nas vesiculas de proteinas pré-singpticas. Com o
avancar da doenca, as sinapses vao sendo desproporcionalmente perdidas em
comparacdo aos neurbnios, sendo isso uma caracteristica da DA, que ocorre
principalmente na regido do hipocampo (NITSCH, 1996).

A deficiéncia de projecbes colinérgicos (que no inicio da doenga acometem o
Nucleo de Meynert) na doenca de Alzheimer tem sido associada ao acumulo de AR
e tau. Receptores nicotinicos pré-sinpticos alfa-7, essenciais para o processamento
cognitivo, mostraram-se aumentados no inicio da doenca de Alzheimer, antes de
diminuir mais tarde. Estudos experimentais mostram relagdo entre esses receptores
com o acumulo que AB42, prejudicando a liberacdo de acetilcolina e manutencéo de
potencializacdo de longo prazo. O nivel de receptores de acetilcolina muscarinicos,
ou o acoplamento do receptor, € reduzido em cérebros de pacientes com doenca de
Alzheimer (NITSCH, 1996).

No entanto, os mecanismos fisiopatoldgicos da DA sao diversos, e ndo se sabe
ao certo quais os fatores que desencadeiam o acumulo de proteina ABs2, Ou a

taupatia. Alguns autores sugerem que o mecanismo da hipétese amiloide € apenas
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um fator menor, da patogénese, e que algum processo relacionado a idade seria 0
gatilho para a doenca (QUERFURTH; LAFERLA, 2010).

Com relacdo a genética da DA, os primeiros relatos de familias com grande
frequéncia de DA de inicio precoce foram na década de 30. Assim, familias que
claramente herdaram a doenca tem caracteristicas de herangca Mendeliana
autossOmica dominante, ou seja, as crian¢as de um pai afetado apresentam 50% de
risco para o desenvolvimento de DA de inicio precoce. Estes casos de heranca
autossdmica dominante respondem a aproximadamente 1% da totalidade dos casos
de DA (SCHELLENBERG; MONTINE, 2012). Na década de 80, foram identificados
trés genes com essa caracteristica de herdabilidade: proteina precursora de amiloide
(APP: amyloid precursor protein), Presenilina 1 (PSEN1) e Presenilina 2 (PSEN2)
(SCHELLENBERG; MONTINE, 2012).

Até o momento, 59 mutacdes de nucleotideo Unico no gene da APP
conhecidamente causam AD
(HTTP://WWW.MOLGEN.UA.AC.BE/ADMUTATIONS/DEFAULT.CFM?MT=1&ML=1
&PAGE=MUTBYQUERY&QUERY=TBLCONTEXTS.ID=3&SELECTION=GENE%20
=%20APP). Enquanto APP pode codificar multiplas isoformas, sendo a maior possui
750 aminoacidos, todas as mutacdes para DA sdo agrupadas dentro de um
segmento de 54 aminoacidos. (SCHELLENBERG; MONTINE, 2012).

Outras mutacbes da APP que causam DA, ocorrem no aminoécido Val717lle.
Essas mutacOes alteram a atividade de clivagem da y-secretase. Quando a
protedlise da APP normal é catalisada pela y-secretase, a espécie predominante
formada é de 40 aminoacidos de comprimento (AB4p) com pequenas quantidades de
AR de 42 aminoacidos de comprimento (AB42). Mutacdes da APP na extremidade C-
terminal da AR cursam com deslocamento da protedlise para produzir mais AR42 a
custa de AB40, resultando num aumento da proporcao AR / ABs mas nao
necessariamente, uma mudanca na quantidade total de peptideos AB formados
(BERGMANS; DE STROOPER, 2010).

Além disso, mais de 180 mutacdes no PSEN1 sdo conhecidas por causar DA
autossdmica dominante com inicio precoce. A penetrancia de mutagbes PSEN1 é
completa, ou seja, todos os portadores da mutacdo desenvolverdo DA até a idade
60-65 anos. Menos de 15 mutagdes autossomica dominante conhecidas em PSENZ2,
gue também podem cursar com inicio precoce AD, mas penetrancia é mais variavel
(JAYADEV et al., 2010).
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PSEN1 e PSEN2 codificam proteinas intimamente relacionados, que sao parte
do complexo y-secretase, sendo o mecanismo de acdo dessas proteinas alteradas
similar ao que ocorre com as alteragdes da APP, aumentando a relacao ABa42 / ABao
(SCHELLENBERG; MONTINE, 2012).

Entretanto, a maior parte dos casos de DA sdo esporadicos, apresentando
uma genética complexa, envolvendo a interacdo entre multiplos fatores de risco
genéticos e ambientais (BALLARD et al., 2011; JAYADEYV et al., 2010). O principal
fator de risco genético no casos esporadicos para o desenvolvimento das placas
amiloides na DA de inicio tardio tem sido relacionado a Apolipoproteina E (APOE)
(BALLARD et al., 2011). A APOE € uma molécula transportada com o colesterol que
esta envolvida na depuracdo de AB. As isoformas de APOE possuem uma diferenca
na eficiéncia de transporte dos lipidios. Durante a evolugdo ocorreram mutacdes no
gene codificante da APOE, resultando em genes com pequenas diferencas ou
alelos, que ocasionaram alteracbes na sequéncia da proteina. Em humanos, séo
trés os alelos principais do gene APOE, resultantes de duas alteragfes do DNA,
sendo denominados de €2, €3 e €¢4. Uma pessoa com um genoétipo de €4 / €4
apresenta maior risco do que alguém com genétipo €3 / €4 ou €2 / ¢4 . Da mesma
forma, o gendtipo €2 / €2 é mais protetor do que gendétipos onde apenas um alelo €2
€ herdado. O alelo €4 esta associado a carga amiloide e a disfuncdo colinérgica
aumentada. Estima-se que esse alelo apresente um efeito de risco de 3-10 vezes
maior para o desenvolvimento da doenca (BALLARD et al., 2011). A associacéo do
polimorfismo da APOE com a DA de inicio tardio € um dos fatores de risco genético
mais forte e robusto para doenca. Em comparagdo com o alelo €3, ¢4 aumenta o
risco e diminui a idade de inicio da DA de uma forma dose-dependente, enquanto o
alelo €2 confere uma vantagem de protecdo (JUN et al., 2012).

Uma metanalise de genome-wide association studies (GWAS) com 17.000
pacientes com DA, comparando com 37.154 controles foi conduzida com mais de 7
milhées de SNPs. Desses, 80 loci associaram-se significativamente com DA de
inicio tardio, sendo os principais correlacionados a genes da sortilina-1, clusterina,
PICALM (LAMBERT et al., 2013).
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2.2 Etiopatologia e Genética da doenca de Parkinson

Com relacdo a DP, as principais caracteristicas fisiopatoldgicas sdo a perda dos
neurénios dopaminérgicos nigrostriatais e a presenca de inclusbes de proteinas
(corpusculos de Lewy) citoplasmaticas intraneuronais, que nos neurdnios
nigrostriatais do SNC, projetando-se principalmente para o putamen (DAUER,
PRZEDBORSKI, 2003). A perda desses neurdnios, que normalmente contém
quantidades importantes de neuro-melanina, produzem um achado neuropatolégico
cladssico: despigmentacdo. O padrdo de perda de células do SNC aparece em
paralelo ao nivel de expressdo do RNAm transportador de dopamina e isso é
consistente com a descoberta de que a deple¢do de dopamina é mais pronunciada
no putamen dorsolateral (UHL et al., 1994), a principal regido a qual se projetam
neurénios. No inicio dos sintomas, a dopamina no putdmen esta depletada em
aproximadamente 80%, e cerca de 60% dos neurbnios dopaminérgicos no SNC ja
estdo comprometidos. Os neurénios dopaminérgicos mesolimbicos e os corpusculos
celulares adjacente a area ventral tegmentar, s&o muito menos afetados na DP. Por
conseguinte, existe significativamente menos deplecdo de DA no caudado, o
principal local de projecao desses neurdnios (DAUER; PRZEDBORSKI, 2003).

Além disso, sabe-se que a agregacdo de proteinas tem emergido como um
aspecto comum em doengas neurodegenerativas. Cada doenca neurodegenerativa
€ categorizada de acordo com a proteina mais abundante nas inclusdes celulares no
SNC (KALIA; LANG, 2015). Na DP, esta proteina foi identificada como a-sinucleina,
seguindo da descoberta de que as mutacdes no seu gene (SNCA) poderiam causar
uma forma monogénica da doenca. Em situagdo propicia, a a-sinucleina torna-se
insoltvel e agrega-se para formar inclusfes intracelulares dentro do corpo celular
(corpusculos de Lewy) e processos patogénicos (neurite de Lewy) (SPILLANTINI et
al., 1997). Na doenca de Lewy a patologia ndo se restringe ao cérebro, mas também
pode ser encontrada na medula espinhal e no sistema nervoso periférico, incluindo o
nervo vago, ganglios simpaticos, plexo cardiaco, do sistema nervoso entérico, dentre
outros (KALIA; LANG, 2015).

Entretanto, sugere-se que a patologia da DP € mais complexa do que a
neurodegeneracao devido a patologia de Lewy isoladamente. Em primeiro lugar, a-
sinucleina é conhecida por formar uma variedade de diferentes tipos de agregados,

incluindo estruturas muito pequenas que se acumulam em neurdnios pré-sinapticos,
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e oligbmeros solluveis constituidos por mondémeros 2-100 a-sinucleina (SAITO et al.,
2003). Essas formas alternativas de agregados dessa proteina podem desempenhar
um papel importante na neurodegeneracdo na DP, inclusive algumas formas
oligoméricas sendo toxicas a neurdnios. Em segundo lugar, patologias distintas de
agregados a-sinucleina, tais como inclusbes de outros compostos proteicos, séo
frequentemente vistas no cérebro de pacientes com DP. Por exemplo, as placas -
amiléide e emaranhados neurofibrilares de proteina tau (caracteristicas da DA),
podem ser encontrados nos cérebros dos pacientes com Parkinson em quantidades
e distribuicdo comparaveis aos cérebros de pacientes com doenca de Alzheimer.
Concomitantemente, a patologia da doenca de Alzheimer est4 associada com uma
maior carga de patologia de Lewy, a uma menor laténcia até ao inicio da deméncia
na doenca de Parkinson, e ocorre em até 50% dos pacientes com doenga de
Parkinson e deméncia. Assim, inclusdes de outras proteinas, além da a-sinucleina,
podem atuar de forma sinérgica com patologia de Lewy e contribuir para a
expressdo clinica da DP. Além disso, estudos neuropatologicos tém documentado a
auséncia de patologia de Lewy na maioria dos pacientes com doenca de Parkinson
gue tém doenca relacionada com o gene Parkin e, em menor propor¢cdo, com
mutacdes LRRK2 (POULOPOULOS et al., 2012). Isso novamente sugere que ha
outras explicacdes para a etiopatogenia dessa doenca.

Neuroinflamagcdo € outra caracteristica de patologia da DP. A presenca de
resposta inflamatéria no cérebro, mediado principalmente por astrocitos e microglia
tém sido desde ha muito reconhecido. Os astrdcitos e a microglia estdo ambos
envolvidos na depuragdo dos detritos extracelulares, o que pode ajudar na
sobrevivéncia de neurénios. A ativagdo da microglia pode liberar fatores troficos, tais
como o fator neurotrofico derivado do cérebro (BDNF: brain derived neurotrophic
fator; traduzido por fator neurotréfico derivado do cérebro) e o fator neurotréfico
derivado das células gliais, mas também variantes nocivas de oxigénio e citoquinas
pro-inflamatérias. Se o saldo dessas agfes € benéfico ou prejudicial aos neurdnios
ainda néo esta estabelecido (PHANI; LOIKE; PRZEDBORSKI, 2012).

Em relacdo a genética da DP, evoluiu-se muito com as descobertas dos ultimos
15 anos. Embora os casos de heranga familiar sejam menos comuns, as primeiras
investigagbes utilizaram a ligacdo em familias com numerosos casos da doenca,
tentando identificar algum gene de ligagdo. O primeiro identificado foi o SNCA, e

associacado de mutagdes autossomicas dominantes relacionadas com parkinsonismo
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(POULOPOULOS et al., 2012). Alteracbes causadoras de doencas incluem
mutacdes missense, que resultam em substituicbes de aminoacidos, e
multiplicacbes do locus do gene. Essas alteragBes tornariam a a-sinucleina
propensa a agregar-se (DEVINE et al., 2011).

Seis genes tém sido propostos para mediar formas autossomicas dominantes da
DP: SNCA, LRRK2, VPS35, EIF4G1, DNAJC13 e CHCHD2 (KALIA; LANG, 2015).

O gene da LRRK2 codifica a leucina quinase-2, uma proteina envolvida em
varios processos celulares, incluindo morfogénese sinaptica, o trafico de membrana,
autofagia, e sintese de proteinas. Pelo menos oito mutacdes causadoras de
doencas em LRRK2 foram identificadas, todas agrupadas principalmente dentro dos
dominios cataliticos da proteina. MutagBes nesse gene sdo a causa mais frequente
de DP genética, sendo encontrados em cerca de 4% da doenca familiar de
Parkinson, e representando 1% de doenca de Parkinson esporadica. A mutagao
mais comum resulta na substituicdo de aminoacidos Gly2019Ser, o que aumenta a
atividade quinase da proteina.

VPS35, EIF4G1, DNAJC13, e CHCHD2 sé&o os genes mais recentemente
associados com a doenga autossOmica dominante na DP (DEVINE et al., 2011,
KALIA; LANG, 2015).

Parkin, PINK1 e DJ-1 estdo associados as formas recessivas autossomicas da
DP. Ao contrario da doenga autossdmica dominante, que tende a ter uma idade de
inicio semelhante a doenca esporadica de Parkinson, essas formas hereditarias
recessivas estdo mais frequentemente associadas com inicio precoce (idade inferior
a 40 anos). As mutagbes em Parkin sdo a causa mais comum de doenca
autossdmica recessiva de Parkinson. Em pacientes com doenga de Parkinson inicio
antes da idade de 45 anos, mutacdes em Parkin estdo presentes em até 50% dos
casos familiares e cerca de 15% dos casos esporadicos. Mutagdes nos genes PINK1
e DJ-1 sdo menos frequentes (1-8% nos casos de inicio precoce). As proteinas
codificadas pelos Parkin, PINK1 e DJ-1 estdo todos implicados na saude
mitocondrial (KALIA; LANG, 2015; PERIQUET et al., 2003).

Com relacdo a GWAS, uma metanalise conduzida com 13.780 pacientes do DP
comparando com 95.282 controles, em mais de 7 milhées de SNPs identificou-se 26
loci como tendo associagdo significante com a forma esporadica da doenca. Os
principais genes associados forma da SNCA e LRRK2. Desse banco, foi estudada

uma sub-amostra de tecido cerebral, correlacionando niveis de metilagdo a
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proteinas de ligagdo do DNA. Um achado interessante foi que no SNP rs199347 do
cromossomo 7, o alelo de risco (A) foi associado a maior expressdao do gene da
Nucleoporin-like 2, além de uma diminuicdo da metilagdo do gene da Glicoproteina-
nmb (NALLS et al., 2014).

2.3 Consideragdes sobre o papel da epigenética nos casos esporadicos de
doenca de Alzheimer e Parkinson

Considerando o exposto acima, de forma concisa, do ponto de vista genético a
maioria dos casos de doencas de Alzheimer e Parkinson sdo esporadicos, sendo
sua patogénese pensada a partir da combinacdo de fatores ambientais e
caracteristicas genéticas, ambos ainda ndo sendo totalmente compreendidos. Além
disso, nessas patologias, existe uma forte dicotomia entre as formas familiares (mais
raras, de inicio precoce) e ndo-familiares (comuns, de inicio apdés as 60 anos)
(BERTRAM; TANZI, 2005; MARQUES et al., 2011). Diante disso, essas patologias
sado consideradas de etiologia altamente complexas, de uma maneira similar ao que
€ percebido em outras doencas, como céancer, diabetes, cardiopatias e outros
transtornos neuropsiquiatricos (MARQUES et al., 2011). Fica evidente a
necessidade de entender como a interagdo gene-ambiente faz com que 0 processo
de doenca seja desencadeado.

Uma forma pela qual o ambiente pode influenciar o risco a doencas é através de
modificacdes epigenéticas do DNA. A questdo de como as células (apesar de
carregarem a mesma informacdo genética) em um organismo se diferenciam em
tipos distintos, cumprindo diferentes funcdes intriga cientistas ha décadas (GAPP et
al., 2014). Assim como faz-se ainda necesséario compreender como as condi¢cdes
ambientais podem permitir que os sistemas celulares adquiram caracteristicas
especificas, tais como a resisténcia ao estresse, e mantenham esses recursos ao
longo da vida (VILLENEUVE; REDDY; NATARAJAN, 2011). Na tentativa de explicar
esses fendbmenos, Conrad Waddington, em 1956 (WADDINGTON, 1956), introduziu
0 conceito de epigenética, e propds a teoria de que fatores ambientais poderiam
modificar o genotipo, alterar os processos de desenvolvimento e, assim, conferir

propriedades especificas para as células.
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Epigenética refere-se a mudancas na expressdo génica que ocorrem
independentemente de mudancas na sequéncia do DNA e sao adquiridas ao longo
da vida, podendo decorrer de pistas ambientais, tais como estilo de vida, dieta e
exposicao a toxinas (SCHUMACHER, 2011).

Diversas pesquisas nha area da oncologia tem focado seus estudos na
epigenética, sendo a area pioneira na publicagdo de estudos nessa vertente (BAO et
al., 2011; RUBIN, 1992). Mais recentemente, pensando nessa hipotese da etiologia
multifatorial para as doencas, a epigenética tornou-se um campo de investigacdo em
doencas neuropsiquiatricas. Uma vez que DA e DP sdo patologias complexas
relacionadas com a idade, a epigenética pode ser o elo de ligagdo entre os fatores
de risco ambientais e a forma esporadica das doengas neurodegenerativas
(MARQUES et al., 2011).

2.4 Mecanismos Epigenéticos

Os mecanismos epigenéticos sdo a metilacgdo do DNA, a modificacbes em
histonas e os RNAs nao-codificantes.

Os RNAs néo-codificantes foram descritos no final da década de noventa (FIRE
et al., 1998). Embora tenham esta denominacao, possuem papel na regulacéo da
expressdo génica. Algumas formas de acdo tém sido propostas para esses
elementos, dentre as quais destacam-se 0 recrutamento de marcas epigenéticas
ligadas ao silenciamento transcricional, o bloqueio da transcricdo por impedimento
da ligacdo da RNA polimerase Il e a diminuicdo da quantidade de RNA mensageiro
(LOCHMATTER; MULLIS, 2011; MORRIS, 2009). Primeiramente, foram descritos
como responsaveis pelo silenciamento génico, no entanto, alguns estudos sugerem
também sua agéo na ativacdo de alguns genes (TURNER; MORRIS, 2010).

O outro mecanismo epigenético, a modificacdo poés-traducional de histonas, é
mediada pelas enzimas acetiltransferases, que catalisam acetilacdo das histonas, e
a histona-desacetilase, sendo que sua acao resulta na remoc¢é&o do grupo acetil das
histonas. Essas modificagdes podem ocorrer em toda a extensao da fita de DNA, no
entanto sdo mais comuns na regido terminal das proteinas. Fundamentalmente, o
aumento da acetilagdo de histonas é associado com maior atividade génica e vice
versa (FUKS et al., 2000).
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O processo epigenético melhor estudado é a metilagcdo do DNA. Em mamiferos,
citosinas podem ser quimicamente modificadas, em uma ou ambas as cadeias de
DNA, pela ligacdo covalente de um grupo metil ao quinto carbono do anel
pirimidinico. Essa modificacdo ocorre principalmente no contexto de dinucledtidos
CpG e tem sido tradicionalmente associado com a reducédo da expressao génica
(CEDAR, 1988). Durante o desenvolvimento do organismo humano, a metilacdo do
DNA é cuidadosamente orquestrada, e padrdes de metilagio do DNA sé&o
reprogramados em células germinativas e em embrides de pré-implantacdo de todo
o0 genoma. A metilacdo do DNA tem um importante papel no silenciamento de genes
durante a embriogénese (WEBER et al.,, 2007). No entanto, observou-se que o
processo segue acontecendo durante o desenvolvimento e ao longo da vida
(WAGNER; FERNANDEZ-REBOLLO; FROBEL, 2015).

A metilagdo do DNA é mediada por uma familia de enzimas chamadas DNA-
metiltransferases (DNMT). As metilagcbes de manutencdo, que sdo necessarias a
cada replicacdo do DNA, sdo mediadas pela DNMT1, que é também a mais
abundante. A acuracia da transmissdo da informacdo epigenética para a proxima
geracdo de células € dependente da acdo da DNMT1 (KRIAUCIONIS; HEINTZ,
2009).

Por outro lado, DNMT3A e DNMT3B séo responsaveis pela metilacdo de novo do
DNA nao metilado. Dessa forma, essas enzimas influenciam diversos processos
biolégicos mediados pela repressao génica (TAHILIANI et al., 2009). Além disso,
outro importante papel desempenhado pela DNMT3B seria a de corrigir erros
deixados pelas DNMT1 (JONES; LIANG, 2009).

2.5 Dinamica da Metilagdo do DNA durante o Envelhecimento

Os padrBes de metilagdo variam durante o ciclo celular, com os niveis de
metilagdo de DNA diminuindo durante a fase G1 e aumentando durante a fase S da
divisdo celular. Adicionalmente , a metilacdo é também observada em células pos-
mitoticas diferenciadas ocorrendo ao longo da vida (MARTINOWICH et al., 2003).

Em geral, um significante nimero de erros na metilacdo que ocorrem durante o
envelhecimento sdo devidos a erros estocasticos durante a replicacdo, e nem
sempre chegarédo a ter relevancia clinica (GOYAL; REINHARDT; JELTSCH, 2006).
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Entretanto um outro aspecto a ser salientado é que a metilagdo de manutencédo é
um processo eficiente, que acontece com a DNMT1 se movendo ao longo do DNA
de maneira randémica, metilando substratos hemimetilados com alta processividade.
No entanto, ao contrario da sequéncia de DNA, padrées de metilagio mudam
notavelmente com o envelhecimento, sugerindo que taxas de erros na replicacao
epigenética podem ser significantemente maiores do que taxas de erros na
replicacéo génica (CHU et al., 2007).

Com o envelhecimento, mudancas no padrao da expressao do gene das DNMTs
séo observadas, como o RNAm das DNMT1 e DNMTS3A tornando-se reduzido,
enquanto a producdo da DNMT3B se mantém de forma constante. Esses estudos
indicam que essas mudancas no controle das DNMTs podem ser uma explicacao
para alteracdes do padrao da metilagdo do DNA em idosos (CASILLAS et al., 2003;
SCHUMACHER, 2011).

Além disso, estudos apontam que alguns loci mostraram alteracdes bidirecionais
em DNA de células neuronais durante a transicdo da infancia para a idade
avangada, como consequéncia do aumento ou diminuigcdo da metilagdo em locais
especificos. Essas mudancas no padrdo de metilacdo indicam que mecanismos de
reparo epigenéticos podem nao estar restritos somente a manutencdo da metilacao,
mas também envolvem ativacdo da desmetilagdo (MA et al., 2009).

Recentemente foram sequenciados 24 genes candidatos a envelhecimento
saudavel, ou seja, genes que estiveram relacionados a possibilidade de o individuo
viver até os 85 anos ou mais sem desenvolver doencas associadas ao
envelhecimento, como a doenca de Alzheimer. Estes pesquisadores detectaram
varios SNPs nestes genes. Entre os genes sequenciados estavam os genes das
metiltransferases envolvidos na metilacdo do DNA (DNMT1, DNMT3A, DNMT3B)
(HALASCHEK-WIENER et al., 2009), as quais s&do codificadas por genes
independentes (HENDRICH; BIRD, 2000).

Adicionalmente, dados do Boston Normative Aging Study indicam uma
progressiva perda da metilacdo do DNA ao longo do genoma em regides Alu e LINE-
1 (Long interspersed nucleotide element-1). A metilagdo do DNA em sangue de 1097
pessoas entre 55 a 92 anos de idade, que participaram de uma coorte por 8 anos, foi
avaliada e observou-se um declinio longitudinal linear da metilagéo nas regides Alu,
altamente correlacionado com o tempo. Nao foi observada alteracdo de metilagéo

nas regides LINE-1. No entanto, os autores discutiram sobre a dificuldade de
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relacionar essa hipometilacdo global do DNA com alguma alteracédo clinica, devido a
variabilidade do padréo de metilagéo interindividuos (BOLLATI et al., 2009).

Ainda ndo ha consenso sobre um padrdo global de hipo ou hipermetilacdo do
DNA em idosos. Tanto aumento como diminuicdo da metilacdo do DNA tém sido
associados ao processo de envelhecimento e tem se acumulado evidéncias de que
as alteragcbes de metilacédo idade-dependentes estdo envolvidas no desenvolvimento
de doengas neuroldgicas, autoimunes e cancer em pessoas acima de 60 anos de
idade (RICHARDSON, 2003).

2.6 Alteracdes na Metilagdo do DNA nas doencas de Alzheimer e Parkinson

Mudancas no padrdo de metilacdo global e gene-especificas tém sido
reportadas como contribuinte de doencas neuropsiquiatricas como esquizofrenia
(CHEN et al.,, 2015), depressédo (MURPHY et al., 2013), autismo (GRAYSON,;
GUIDOTTI, 2016) e doencas neurodegenerativas como DA e DP (JOWAED et al.,
2010; LANDGRAVE-GOMEZ; MERCADO-GOMEZ; GUEVARA-GUZMAN, 2015;
MASTROENI et al., 2009; MATTSON; SHEA, 2003; TOHGI; UTSUGISAWA;
NAGANE; YOSHIMURA,; UKITSU; et al., 1999; XU; LI; JIN, 2012).

Na Doenca de Alzheimer, ha relatos de que algumas citosinas na regido
promotora do gene da APP sdo frequentemente metiladas nos casos de inicio
precoce, contrastando com 0 que ocorre nos casos de inicio tardio, onde foi
observada desmetilagdo. Essas modificacbes na metilacdo do DNA relacionadas a
idade alterariam a expressédo da APP e, consequentemente, afetariam a deposicao
de proteina beta-amildide no cérebro em envelhecimento (TOHGI; UTSUGISAWA,
NAGANE; YOSHIMURA; GENDA; et al., 1999).

Outro aspecto envolvendo alteragcdes na metilagdo do DNA na DA refere-se ao
efeito da reducdo dos niveis de &cido félico, vitamina B12, e S-adenosil-metionina
(SAM) encontrados em individuos com DA (HO et al., 2002). A SAM € um cofactor
enzimatico envolvido na transferéncia de grupos metilo. E formada a partir de
adenosina tri-fostato (ATP) e metionina pela acdo da metionina-S-adenosil-
transferase (METIVIER et al.,, 2008). Ambos, folato e SAM, sdo mediadores
importantes nos processos de metilacdo do DNA. Os niveis de folato no liquido
cefalo-raquidiado e no soro foram significativamente menores em individuos com

DA, indicando uma forte associacdo com atrofia do cortex cerebral (MATTSON;
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SHEA, 2003). Niveis de SAM, bem como a atividade de metionina-S-adenosil-
transferase, também sao reduzidos no liquor e em cérebro de individuos com DA em
comparacdo com controles da mesma idade (Bottiglieri et al., 1990). Além disso,
hiperhomocisteinemia pode aumentar os niveis de S-adenosil-homocisteina (SHA),
um inibidor potente das metiltransferases. A literatura discute que niveis elevados de
SAH no cérebro de pacientes com DA inibe as metiltransferases e esta relacionada
com marcadores de progressdo da doenca e prejuizo cognitivo (KENNEDY et al.,
2004; MARQUES et al., 2011). Essas altera¢ges nutricionais tém sido associados a
modulacdo epigenética de alguns genes relacionados com a DA e parece que
possuem algum papel na fisiopatologia dessa doenca. A administracdo de SAM, em
culturas de células de neuroblastoma humano, ocasionou downregulation no gene
da PSEN1 e na producgédo de proteina beta-amiloide (SCARPA et al., 2003).

Um estudo em humanos, com amostra do cértex entorrinal, utilizando técnica de
imuno-histoquimica, mostrou que a enzima DNA metiltransferase (DNMT1) e o fator
de ligacdo MBD2 (proteinas que mantém a metilacdo ao longo do tempo),
interagiram com o RNA ribossémico, alteraram a sintese proteica de MBD2, por fim
gerando diminuicdo global do DNA (MASTROENI et al., 2010). Adicionalmente, outro
estudo do mesmo autor avaliando gémeos monozigoéticos discordantes para DA
demonstrou que os niveis globais de metilagdo do DNA estavam reduzidos no
neocortex temporal dos individuos com DA. Este resultado foi consistente com a
hipétese de que a epigenética possa mediar as diferencas de risco para
determinadas doencas, apesar das semelhancas genéticas (MASTROENI et al.,
2009).

O modelo do impulso epigenético (traducdo adaptada do termo em inglés
epigenetic drift) idade-dependente oferece um aporte teorico para etiopatologia de
doencas neurodegenerativas, que sao dificeis de serem explicadas pelas hipéteses
de envelhecimento sozinhas. Essa teoria (esquematizada na Figura 1) sugere que o
envelhecimento resulta de uma acumulacdo progressiva de dano epigenético. O
impulso epigenético seria um fendmeno natural, que estaria presente em humanos
saudaveis, mas pode se tornar danoso, cursando como papel central em patologias
neurodegenerativas. Com o envelhecimento, o fenétipo do individuo mostra-se como
um interacdo de predisposi¢cdo genética com fatores de risco, tais como, ambientais,
nutricionais, flutuagbes estocasticas, que agem no maquinario epigenémico,

aumentando a variabilidade epigenética com a idade. Enquanto muta¢gdes genéticas



variam de forma linear durante a vida, as epimutagbes aumentariam de forma
exponencial. As células do organismo suportariam essas variacbes até um certo
limiar de desregulacdo. Uma vez ultrapassado esse limiar, um efeito cascata,
influenciando  diversos  outros  processos  genéticos e  epigenéticos,
consequentemente levariam a apresentacfes de relevancia clinica (SCHUMACHER,
2011). Estudos que exemplificam este hipotese sdo os achados de que mesmo em
gémeos idénticos o inicio da DA pode diferir em mais de 20 anos (NEE; LIPPA,
1999), e que gémeos idénticos jovens sdo essencialmente indistinguiveis em seus
perfis epigenéticos , enquanto que pares de gémeos mais velhos mostram
diferencas substanciais em suas marcas epigenéticas (MARTIN, 2005). Essas
variacdes podem ser explicadas pelo impulso epigenético, causada pela interagdo
gene-ambiente.

Outro aspecto a ser discutido refere-se ao BDNF. Essa proteina regula a
plasticidade sindptica e desempenha um papel fundamental na formacgédo e
armazenamento da memoria (HELLWEG; JOCKERS-SCHERUBL, 1994), tornando-
se alvo de investiga¢gOes na deméncia (DINIZ; TEIXEIRA, 2011; FUKUMOTO et al.,
2010), bem como em doencas neuropsiquiatricas (BARBOSA et al., 2010;
KAPCZINSKI et al., 2008) e nas neurodegenerativas em geral (NOWAK et al., 2015).
Em modelos animais, o BDNF parece regular a plasticidade hipocampal e os
processos de aprendizagem dependentes desta regidao (GOTTSCHALK et al., 1998).
A regulagao da transcricdo do BDNF, determinadas por mudangas no padréo de
metilacdo do DNA do gene que o codifica, geraram alteracbes de prejuizo em
memoéria em estudo com animais (LUBIN; ROTH; SWEATT, 2008). Um recente
estudo em humanos, investigou o padréao de metilacdo da regido promotora do gene
do BNDF, através de linfocitos. Participaram desse estudo 20 pacientes com DA,
pareados a 20 controles saudaveis. Como resultado, foi obtido que a razéo total de
metilacdo (em porcentagem) dos 20 locais CpG foi significativamente maior nos
pacientes com DA (5,08 £ 5,52%) comparando aos controles (2,09 £ 0,81% ; p <
0,05). Além disso, o nivel de metilacdo foi significativa e negativamente
correlacionada com escores em testes neuropsicologicos (NAGATA et al., 2015).
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Figura 1: Modelo Esquematico da Teoria do Impulso Epigenético
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Com relacéo a doenca de Parkinson, a maioria dos estudos que avaliam o papel
da epigenética na patogénese dessa doenga centra-se na andlise da metilacdo do
promotor de genes causadores de DP (principalmente SNCA, Parkin, PINK1 e DJ-1),
em ceérebros post-mortem ou em sangue periférico (COPPEDE, 2012). Estudos
recentes tém mostrado que a metilacdo do gene SNCA pode estar envolvida na
doenca através de alteracbes estruturais ou a superexpressao da proteina,
conduzindo a agregacdo dessa ou através de expressdo prejudicada do gene
(AMMAL KAIDERY; TARANNUM; THOMAS, 2013).

O aumento da expressdo de a-sinucleina em neurbnios dopaminérgicos é
associado com DP esporadica. Um estudo mostrou que a metilagdo do intron no
gene SNCA-1 correlaciona-se com uma diminui¢cdo da expressao do gene, enquanto
que a inibicdo de metilagdo do DNA ativa expressdo SNCA. A metilagdo do intron no
gene SNCA-1 foi reduzida em pacientes com DP esporadica em substancia negra,
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putdmen e cortex, apontando para uma regulacao epigenética da expressao do gene
SNCA na DP, como consequéncia da hipometilagdo do gene em questao (JOWAED
et al., 2010).

Além disso, foi demonstrado que a-sinucleina sequestra DNMT1 do citoplasma,
levando a hipometilagéo global do DNA na DP e Deméncia por corpos de Lewy. Isso
foi tanto observado em estudos de tecido cerebral post-mortem, como em modelos
animal (DESPLATS et al., 2011).

Essas investigacdes exploraram possiveis alvos terapéuticos para o tratamento
de doencas neurodegenerativas. Inibidores de HDAC e DNMTs séo atualmente
aprovados e disponiveis para investigacdo clinica (XU et al., 2012). A esse respeito,
o alvo de regulacdo negativa SIRT2 mostrou reduzir a toxicidade a-sinucleina e
perda dopaminérgica em moscas e em cultura de células de mesencéfalo
(LANDGRAVE-GOMEZ et al., 2015). Diante disso, salienta-se a importancia de
estudos nessa area do conhecimento.

Um estudo focou no papel do tabagismo sobre a metilagdo do promotor LINE-1 e
risco para DP. Foram estudados 292 casos de DP, comparando com 401 controles,
através de DNA de sangue periférico. O fumo de nicotina levaria a reducdo da
metilacdo do promotor LINE-1. Curiosamente, a relacdo inversa entre tabagismo e
risco de DP foi mais acentuada nos pacientes com o menor metilagdo LINE-1,
diminuindo significativamente com hipermetilacdo em LINE-1 (SEARLES NIELSEN
et al., 2012).

Outro estudo investigou 0 gene da proteina tau associada a microtubulos
(MAPT), que confere suscetibilidade a DP idiopatica. Foram investigados DNA de
leucécitos de 358 participantes com DP, comparando-os com 1084 controles), além
de amostras de tecido cerebral de 82 pacientes, comparando com 52 controles. Nos
participantes com DP, a idade de inicio foi positivamente associada com a metilacao
de MAPT em leucécitos, aumentando ao longo do tempo. Além disso, houve
hipermetilagdo no cerebelo e hipometilacdo no putamen de pacientes com DP
comparados com os controles. Finalmente, in vitro, por método de cultura de
leucocitos, o estado de metilagdo dessas células associou-se positivamente com 0s
niveis de vitamina E no sangue. Os efeitos significativos sugerem que a
hipermetilagdo do gene MAPT é neuroprotetor através da reducdo de sua
expressdo. E discutido ainda que o efeito da vitamina E sobre o gene da MAPT

representa uma possivel interacdo gene-ambiente (COUPLAND et al., 2014).
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2.7 Associacdo de polimorfismos de nucleotideo Unico das DNA-
metiltransferases com as doencas de Alzheimer e Parkinson

O sequenciamento ja mostrou que, como esperado, as sequéncias gendmicas
dos individuos em uma espécie sdo muito idénticas. Por exemplo, as comparacdes
de sequéncias de pessoas diferentes revelam que 99.9% do DNA é idéntico entre os
individuos. Quase toda a diferenca de 0.1% é baseada em diferengas em um Unico
nucleotideo. Tais diferencas entre individuos sdo chamadas de SNP (single
nucleotide polymorphism traduzido por polimorfismo de nucleotideo Unico). Um SNP
ou mutacado puntiforme € igual a uma troca de par de base em relacdo a um genoma
fixo de comparagcdo. A quantidade de SNPs no genoma fornece o grau da
variabilidade da espécie humana. Podemos dizer que os SNPs sdo mutacdes que se
apresentam na populacdo em taxas maiores ou iguais a 1%. Acredita-se que
existam 3 milhdes de SNPs, com frequéncia de 1 em cada 300 a 1000 bases, dando
um conjunto util de marcadores para mapeamento em escala fina (GRIFFITHS et al.,
2009).

Polimorfismos de nucleotideo Gnico em genes que codificam metiltransferases
foram identificados por sequenciamento de DNA (HALASCHEK-WIENER et al.,
2009)

Em um estudo em populacgao italiana de 376 pacientes com DA e 308 controles
saudaveis ndo foi encontrada relacdo significativa nas frequéncias genotipica e
alélicas nos polimorfismos da DNMT3B investigados (rs2424913 e rs1569686)
(COPPEDE et al.,, 2012). Uma investigacdo mais recente avaliou o efeito de
polimorfismos das DNA-metiltransferases em uma coorte de pacientes com declinio
cognitivo leve. O principal achado dessa publicacdo foi a associagdo do genotipo
CT+TT no polimorfismo da DNMT3A (rs1187120) com piora mais intensa da funcéo
cognitiva ao longo do tempo, sendo discutido que essa enzima poderia moderar o
declinio cognitivo em sujeitos propensos a desenvolver DA (CHOULIARAS et al.,
2015).

Outro estudo investigou a metilagdo do DNA em 79 individuos com tentativa de
suicidio comparando-os com 80 que ndo haviam tentado (ambos os grupos eram de
pacientes com algum transtorno psiquiatrico). Neste estudo, o alelo menor A, do

polimorfismo do gene da DNMT3B (rs2424932), esteve associado aos pacientes que



38

haviam feito tentativa de suicidio. Além disso, nesses pacientes que apresentavam o
polimorfismo, observou-se um aumento da metilagdo do DNA global (MURPHY et
al., 2013).

Considerando o que foi publicado até o presente momento, ainda ha poucos
estudos investigando uma possivel associagdo entre polimorfismos das
metiltransferases e doencas neuropsiquiatricas, incluindo doencas
neurodegenerativas. Além disso, os resultados em direcfes opostas podem refletir o
fato desta associagao ter sido avaliada em distintas popula¢cées. Uma explicagcéo
para isso seria justamente a variabilidade (epi)genética das diferentes partes do
mundo, sendo até mesmo influenciados por diferentes fatores de risco. Até o
momento da presente revisdo, ndo foram encontrados estudos publicados

investigando polimorfismos de metiltransferases e DP.

Tendo em vista que: (a) o envelhecimento, principal fator de risco pra DA e DP,
esta associado a alteracbes do padrdo de metilagdo do DNA, (b) alteragbes do
padrao de metilagao global e gene-especificas tém sido relatadas na DA e DP, (c) as
metiltransferases sé&o as principais catalisadoras do processo de metilagédo e (d)
existem polimorfismos de nucleotideo Unico identificados para estas enzimas,
decidiu-se investigar se polimorfismos de nucleotideo Unico em genes que

codificam estas enzimas podem estar associados a estas doencgas.

A complexidade das doencas neurodegenerativas, seu impacto econémico social
e individual nos individuos afetados em suas familias, bem como o promissor campo
de investigacdo sobre a epigenética dessas doencas, a escassez de literatura e
originalidade e de estudar especificamente o papel dos polimorfismos das
metiltransferases como um fator de risco nestas doencgas justificam a presente

investigagao.
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3 Objetivos

Investigar a associagdo de polimorfismos nos genes que codificam as
enzimas DNA (citosina-5-)-metiltransferase 1 (DNMT1) e DNA
(citosina-5-)-metiltransferase 3 beta (DNMT3B) com o doenca de
Alzheimer, em individuos com mais de 60 anos, comparando com

controles saudaveis.

Investigar a associagdo de polimorfismos nos genes que codificam as
enzimas DNA (citosina-5-)-metiltransferase 1 (DNMT1) e DNA
(citosina-5-)-metiltransferase 3 beta (DNMT3B) com o doenca de

Parkinson, comparando com controles saudaveis.
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ABSTRACT

Epigenetic mechanisms have been implicated in syndromes associated with
neuropsychiatric disorders, but little is known about the role of epigenetics in
Alzheimer’s disease (AD). DNA methylation, one of the main epigenetic mechanisms,
is a complex process carried out by specific enzymes, such as DNMT1 and
DNMT3B. This study aimed to investigate the association between DNMT1 and
DNMT3B polymorphisms and AD. Two hundred and ten elderly subjects (108 healthy
controls and 102 with AD-NINCDS/ARDA, DSM-IV-TR criteria) were assessed. DNA
was obtained from whole blood, and genotypes were detected by an allelic
discrimination assay using TagMan® MGB probes on a real-time PCR system. The
polymorphisms studied were rs2162560 and rs759920 (DNMT1) and rs998382,
rs2424913 and rs2424932 (DNMT3B). For both genes, the polymorphisms were in
strong linkage disequilibrium. Carriers of the DNMT3B TGG haplotype were
associated with AD (OR = 3.03, 95% CI 1.63 to 5.63, p < 0.001). No significant
difference between AD and the control group were observed for DNMT1
polymorphisms. This study is one of the first describing a significant association
between DNMT3B polymorphisms and AD. This enzyme, which is responsible for

methylation in a general way, may be involved in AD.

KEYWORDS

Alzheimer’s Disease. Single Nucleotide Polymorphism. Methyltransferases.
Epigenomics.

HIGHLIGHTS
* Minor alleles of two SNPs (rs998382, rs2424913) in the DNMT3B gene were
associated with Alzheimer’s disease (AD) when compared to healthy controls.
* The DNMT3B TGG haplotype was associated with AD.

* This difference was not observed for DNMT1 polymorphisms.
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INTRODUCTION

Epigenetic mechanisms have been implicated in syndromes associated with
neuropsychiatric disorders, but little is known about the role of epigenetics in sporadic
Alzheimer’s disease (AD), a complex multifactorial neurodegenerative disorder and
the most common cause of dementia [3]. In this sense, epigenetic processes may
have a role in the gene—environment interaction process, the most accepted model
linked with neurodegeneration in sporadic AD. DNA methylation is the most stable
epigenetic modification, modulating the transcriptional plasticity of mammalian
genomes. It is linked to gene expression, with an inverse correlation between the
degree of promoter DNA methylation and the level of expression [15, 30]. This
process is mediated by a family of conserved enzymes, DNA methyltransferases
(DNMT), responsible for adding a methyl group to position 5 of the cytosine
pyrimidine ring in the CpG dinucleotide [9]. The DNMTs (mainly DNMT1 and
DNMT3B) are enzymes responsible for establishing and maintaining DNA
methylation patterns. DNMT1 is a maintenance enzyme, which binds methyl groups
to hemi-methylated DNA during DNA replication. DNMT3B are de novo
methyltransferase, which establish methylation patterns during embryonic
development [8, 29].

DNA methyltransferases were first investigated in some varieties of cancer [1,
4], but interest in the neuropsychiatric field has been increasing [13, 14, 36], with
most studies considering the DNMT3B enzyme. A study conducted with psychiatric
patients with a history of suicide attempts showed significantly higher levels of global
DNA methylation compared with controls, and this finding was associated with
DNMT3B polymorphisms [29]. A post-mortem brain regions study revealed a marked
reduction in DNA methylation in cortical neurons of AD subjects when compared to
controls, and it was associated with increased PSEN1 gene expression [32]. It is still
not clear whether DNMTs polymorphisms imply hyper or hypo DNA methylation in
Alzheimer’s disease.

In addition, some genes that participate in amyloid-beta processing (PSENL1,
APOE) and methylation homeostasis (MTHFR, DNMT1) show significant inter-
individual epigenetic variability in AD brain samples, showing a notably age-specific
epigenetic drift, which supports the potential role of epigenetic effects in developing
the disease [35].
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The complexity of AD degeneration, as well as the attractive hypothesis of
epigenetic mechanisms contributing to AD pathogenesis and the influence of
environmental factors on phenotypic constitution, justifies further studies on
epigenetics. This study aims to evaluate the association of AD and five known DNMT
gene polymorphisms (DNMT1: rs2162560, rs759920; DNMT3B: rs998382,
rs2424932 and rs2424913).

Methods and materials
Study design

This is a case-control study comparing a group of Alzheimer’s disease patients
to healthy control subjects.

The study was approved by the bioethics committees of the participating
institutions and was performed in compliance with the Declaration of Helsinki. All

participants or their proxies in AD cases provided written informed consent.

Participants

All participants (AD patients and healthy controls) were Caucasian and were
from a similar geographic region, matched for the same low-income economic status.

One hundred and two sporadic AD patients were recruited by convenience
from two academic outpatient neuropsychiatric services located in a southern
Brazilian city. All of them fulfilled probable NINCDS-ADRDA [25] and DSM-IV-TR [2]
AD criteria. This diagnosis was ascertained by a psychiatrist or neurologist from the
research team with expertise in the dementia field. Brain tomography or magnetic
resonance imaging and complete medical and laboratory evaluations were performed
to exclude other causes of dementia. Other exclusion criteria were history of cancer,
family history of dementia and any other neurological or psychiatric disorders.

A control group of 108 age and sex-matched cognitively healthy and
independent community-dwelling elderly individuals were recruited from the
catchment areas of the same academic services. The inclusion criteria were age
greater than 65 years, Clinical Dementia Rating (CDR) of 0 [27], Mini Mental State
Examination (MMSE) score higher than 26 [12] and independence for activities of
daily living (ADL) [17, 20]. Controls were excluded if they presented chronic renal
disease, history of significant head injury or stroke, history of cancer, family history of
dementia, other psychiatric conditions such as major affective disorder or evidence of
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current depression, uncorrectable vision or hearing loss or other conditions such as

substance abuse or use of medications that could impair cognitive function.

Genotyping

The DNA was extracted from 500 pL of EDTA-treated whole blood using the
salting out method [19]. After extraction, the DNA was quantified on a UV visible
spectrophotometer (Biospec® Nano). The final concentration of DNA used was from
10 ng/mL. The single nucleotide polymorphism (SNP) selection investigated in this
study was performed using the HapMap (HapMap Genome Browser release #24)
(Phases 1 and 2 — full dataset) using the following settings for the tool “annotate
TagSNP Picker”: European population (CEU), minimum frequency of the rarer allele
of 20% and a coefficient of determination (R2) of 80%. The five polymorphisms were
genotyped with the use of TagMan Genotyping Master Mix and TagMan SNP
Genotyping assays (Applied Biosystems).

For each reaction plate, genomic control DNA samples and non-template
controls (water) were included. A control on the TagMan SNP genotyping assay was
also performed (25% of randomly chosen samples from both groups) to check for
genotyping accuracy, and identical genotypes were identified in all repeated samples.
The researchers who performed the genotyping were blinded to the patients’
diagnostic status.

Statistical Analysis

The results were entered into a database, and SPSS statistical package
SPSS® version 18.0 was used to perform the analyses.

A non-parametric Mann—Whitney test was used to calculate the differences in
age and education between cases and controls. For sex comparisons, a chi-squared
test of association was used. The Student t test was used to compare economic
income between the AD group and the control group.

Frequencies were described as proportions for categorical variables and as
mean plus standard deviations for quantitative variables. Allelic frequencies were
obtained by direct counting throughout the genotype frequency.

Chi-square testing was carried out to verify whether the genotypic frequencies
were in agreement with Hardy-Weinberger equilibrium. The linkage disequilibrium
between the polymorphisms in each genomic region was estimated with MLocus 3.0
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[22], and haplotypes were imputed with PHASE 2.1 [33, 34]. Haplotypes with
frequencies less than 3% were pooled.

Univariate analyses to verify the associations between the polymorphisms in
the genes encoding the enzymes DNMT1 and DNMT3B and Alzheimer's disease
were carried out by chi-square association tests with a dominant model. The
Bonferroni test was performed for multiple testing corrections.

Multivariate logistic regression analysis was performed for the outcome AD,
with polymorphisms or haplotypes as independent variables. The confounders
entered in the model were age and education, based on the literature review [3, 7].

A two-tailed p < 0.05 was considered significant for all analyses.

RESULTS

The sample is depicted in Table 1. The AD and control groups were comparable
by age and sex. Education and MMSE scores were significantly lower in the AD
group than in the control group. Family income (US$/month) was not significantly
different between the AD group (M = 587.32; SD = 491.21) and healthy controls (M =
640.13; SD =501.12) (t=0.96, P = 0.31).

Table 1: Sample Description

Total Control AD
Variable pa
Sample Group Group

N 210 108 102
Age (years) 75.83 (7.60) 74.91 (7.75) 76.80(7.34) 0.072"
Sex (female) 67.6 72.2 62.7 0.184"
Education (years) 6.55 (3.97) 7.98 (4.18) 5.03 (3.09) <0.001"
MMSE 20.36 (8.50) 27.55(2.02) 12.74 (5.60) <0.001"

Note: AD: Alzheimer's disease. MMSE: Mini Mental State Examination
score. Variables are described as % or mean (standard deviation).
Comparison between the control group and AD Group. * Mann-Whitney Test;

** Chi-square Test.

The genotypic frequencies of DNMT1 and DNMT3B polymorphisms were
consistent with Hardy-Weinberg equilibrium (P > 0.05). For both genes, the
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polymorphisms were in strong linkage disequilibrium (D’ > 0.8 and P < 0.001 in all

comparisons).

The genotypic and allelic frequencies related to each gene polymorphism are

described in Table 2 for both groups.

Table 2: Genotype and Allelic Frequencies of DNMT3B gene polymorphisms
rs998382, rs2424913, rs2424932 and DNMT1 rs2162560, rs759920 in AD and

control groups: descriptive and univariate analyses.

Genotype Frequency

Allelic Frequency

% % % % %

DNMT3B rs2424913 CcC CT TT C T
Control 38.9 48.1 13.0 62.95 37.05
Alzheimer 24.5 48.0 27.5 48.50 51.50
P 0.036* 0.046*
rs998382 AA AG GG A G
Control 50.9 36.1 13.0 68.95 31.05
Alzheimer 255 47.0 27.5 49.0 51.0
P 0.015* 0.005*
rs2424932 AA AG GG A G
Control 17.6 44.4 38.0 39.8 60.2
Alzheimer 15.7 37.2 47.1 34.25 65.75
P NS NS

DNMT1 rs2162560 AA AG GG A G
Control 17.6 46.3 36.1 40.75 59.25
Alzheimer 15.7 48.0 36.3 39.7 60.3
P NS NS
rs759920 AA AG GG A G
Control 20.5 53.6 25.9 47.3 52.7
Alzheimer 225 53.9 23.6 49.45 50.55
P NS NS

Note: Control: Control Group. Alzheimer: Alzheimer's disease Group. Bonferroni

adjusted P-values. NS: Not Significant.



Univariate analyses showed that the G allele of DNMT3B polymorphism
rs998382 and the T allele of DNMT3B polymorphism rs2424913 were associated
with AD (P = 0.005 and P = 0.046, respectively). The frequency of DNMT3B
haplotypes in the whole sample is shown in Table 3. Taken into account the
haplotype distribution, the TGG haplotype was defined as risk variant since it carries
both alleles associated to AD in univariate analysis. No other haplotype had both

alleles.

Table 3: Haplotype distribution

Gene Haplotype” Patients (n) Frequency
DNMT3B TGG 113 0.35
CAA 108 0.31
CAG 81 0.25
TAG 22 0.05
TAA 9.6 0.03
Others 3.2 0.01

*DNMT3B: rs2424913/rs998382/rs2424932

In order to verify whether the effect of the haplotype was independent of age
and education, a multivariate logistic regression analysis was performed. The AD
group was associated with the presence of the TGG haplotype (OR = 3.03, 95% CI
1.63 t0 5.63, p < 0.0001). These results are shown in Table 4.

Table 4. Multiple logistic regression analysis for outcome AD

Variables in the Model B OR 95%CI P
DNMT3B TGG haplotype 1.11 3.03 1.63-5.63 <0.001
Education (years) 0.22 1.25 1.14-1.36 <0.001
Age (years) -0.029 0.97 0.93-1.01 0.166

Note: DNMT3B TGG haplotype: rs2424913/rs998382/rs2424932; OR: Odds
Ratio; B: estimated coefficient; 95%CI: Confidence Interval 95%.
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DISCUSSION

This study evaluated the association between Alzheimer's disease and
polymorphisms in genes encoding the enzymes DNA methyltransferase 1 and 3B.
The TGG haplotype in the DNMT3B gene showed significant association with
Alzheimer’s disease. Individuals carrying the TGG haplotype have an increased risk
of Alzheimer’s disease (OR = 3.03, 95% CI 1.63 to 5.63, p < 0.001). The same was
not observed in the SNPs investigated for gene DNMT1. To the best of our
knowledge, this is the first study describing a significant association.

We have studied DNMT3B rs998382, rs2424932 and rs2424913, while a
previous study conducted on an Italian sample focused on DNMT3B rs2424932 and
rs1569686 [10]. In contrast to our results, no difference in allelic or genotypic
frequencies was found for either polymorphism between AD subjects and the healthy
control group in this previous investigation [10]. Despite these conflicting results, it
should be noted that AD has a complex inheritance pattern, which means that the
individual is the product of the interaction between genetic inheritances and the
environment they live in, so the analyzed populations may differ in their genetic
background and exposure to environmental factors. Accordingly, it should be noted
that, for example, the onset of AD in identical twins can differ by more than 20 years
[21], and it is also known that young pairs of identical twins are essentially
indistinguishable in their epigenetic profiles, while twin pairs show substantial
differences in their epigenetic marks with advancing age [24]. These variations can
be precisely explained by epigenetic drift mediated by DNMTs, caused, for example,
by environmental exposure, lifestyle, diet, drug use or simply stochastic fluctuations.

Moreover, according to the epigenetic perspective, some genes may not
predispose one to disease per se, but rather act through interaction with specific
environmental triggers. This interaction between genes and environmental risk may
explain why putative association studies of complex diseases sometimes cannot be
replicated in different geographic areas [31].

Furthermore, it is known that DNMT3B functions in de novo methylations,
which occur during embryonic development [11]. However, another important role of
DNMT3B is to maintain DNA methylation patterns, correcting errors left by DNMTL1
[16]. According to this theory, many studies have shown that epigenetic changes

occur more frequently than gene mutations and could thus be particularly important
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in age-related phenotypes [5]. The high frequency of epimutations catalyzed by
DNMT3B suggests that epigenetic alterations accumulate during aging. Small
epimutations in essential genes could be tolerated to a certain extent and reflect only
the range of inter-individual variation. However, once a critical threshold of epigenetic
deregulation is reached, the cerebral apparatus goes into deregulation, justifying the
relevance of this enzyme in neurodegenerative diseases [5]. In addition, it was found
that, in aging cells, changes in the gene expression of DNMTs were observed, with
the mRNA of DNMT1 and DNMTa becoming reduced, while the production of
DNMT3B increased progressively [6]. Other issue to be discussed is that DNMT3B
SNPs (rs998382 and rs2424913) are located in noncoding regions. Although, they do
not translate protein, these regions are receiving attention due their predictive role in
transcription regulation, DNA replication, chromosome pairing, and chromosome
condensation [23, 26]. Also, polymorphisms in the 3'UTR region may have effects on
gene expression regulation. For example, analyzing the prediction of its functionality
through bioinformatics tools, the rs2424932 (DNMT3B) seems to create a binding site
for transcription factors [29].

Our study didn’t find an association between the AD and control groups for the
rs759920 and rs2162560 gene polymorphisms in DNMTL1. This enzyme is a key
maintenance methyltransferase enzyme responsible for copying pre-existing
methylation patterns onto newly replicated DNA strands during cell divisions [18].
Aberrant expression of the DNMT1 gene has previously been associated with
schizophrenia [37]. However, polymorphisms in DNMT1 have been investigated to
assess their influence on conditions such as deafness, dementia and other
neuropathies. Some studies have been conducted to analyze the polymorphisms
described above, but so far there are no data that associate them with a particular
condition [13, 28].

Some limitations should be pointed out. (a) The difference in education
between the control and AD groups was expected, taking into account the well-
known role of cognitive reserve as a protective factor in the development of
Alzheimer’'s disease — a concept that encompasses education, occupation and
mental activities [7]. However, in the multiple logistic regression model adjusted for
age and education, the risk variant TGG haplotype maintained its significance,
suggesting that the mutation has an independent effect. (b) Considering the
exploratory nature of this study, our results should be replicated in larger and
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separate samples in order to confirm our findings.

In conclusion, our findings highlight the hypotheses of epigenetic mechanisms
related to AD, stressing the role of DNA methyltransferase SNPs as risk factors for
this complex neurodegenerative disease. Further studies investigating the effects of
these polymorphisms in the DNA methylation should the addressed.
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ABSTRACT

Parkinson’s disease (PD) is a common and complex neurodegenerative disorder, the
second most prevalent only behind Alzheimer’s disease. Recent studies suggest that
environmental factors may contribute for neurodegeneration through induction of
epigenetic modifications, such as DNA methylation, that is carried out by enzymes,
such as DNMT1 and DNMT3B.

This present study targeted to investigate the association between DNMT1 and
DNMT3B polymorphisms and PD.

Five hundred and twenty-two (214 PD patients following UK Brain Bank criteria and
308 healthy individuals) were evaluated. DNA was obtained from whole blood, and
genotypes were detected by an allelic discrimination assay using TagMan® MGB
probes on a real-time PCR system. The polymorphisms studied were rs2162560 and
rs759920 (DNMT1) and rs998382, rs2424913 and rs2424932 (DNMT3B).

We found association between DNMT3B rs2424913 in allele T carriers (individuals
with genotypes TT and CT) with PD. The PD group was associated with the presence
of the T (TT+CT) (OR = 1.80, 95% CI 1.16 to 2.81, p = 0.009). No significant
difference was observed in the others SNPs. Also, no association between PD and
the control group were observed for DNMT1 polymorphisms.

This is the first study addressing an association between DNMT3B polymorphism
and PD. The polymorphism may play a role in the pathogenesis of PD.

KEYWORDS

Pakinson’s Disease. Single Nucleotide Polymorphism. Methyltransferases.

Epigenomics.



INTRODUCTION

In the last years, it has arisen a bunch of studies regarding epigenetics in
neuropsychiatric disorders, such as depression with suicide risk [1], schizophrenia
[2], and Alzheimer’s disease (AD) [3], all conditions which environmental factors can
affect disease risk. Additionally, an age- specific epigenetic drift was supposed as a
contributor to AD [4]. Parkinson’s disease (PD) is a progressive neurodegenerative
disorder as AD, being the second most prevalent after Alzheimer’s disease (AD), and
it is also an age-related disease [5]. Most of the cases of PD are sporadic [6] and, like
AD, PD is understood as a multifactorial disorder, where environmental and genetic
factors are complexly linked [7].

Epigenetic mechanisms may have a role mediating gene-environment
interaction mechanisms in PD. DNA methylation is one of the most important
epigenetic modification and modulates gene expression [2]. An increased global
methylation was suggested as an inducing factor to parkinsonism in animal model
[8], as well as, changes in the DNA methylation of human a-synuclein (SNCA) in
brain [9, 10] and in leukocytes [11] of Parkinson's disease patients have been
reported. A tendency for hypomethylation of the tumor necrosis factor alpha (TNF-
alpha), a key inflammatory cytokine associated to dopaminergic cell death in PD, was
also described [12].

This process of DNA methylation is driven by DNA methyltransferases
enzymes (DNMT) which add a methyl group to position 5 of the cytosine pyrimidine
ring in the CpG dinucleotide [13]. DNMT1 is a maintenance enzyme and DNMT3B is
responsible to establish de novo methylation patterns during embryonic
development. Mutations in DNMT1 gene were associated with a myriad of
neurodegenerative disorders, probably mediated through its role in protein
homeostasis and autophagy [14]. Polymorphisms in DNMT3B gene were associated
with an increased DNA methylation in post-mortem brain tissue in patients with
psychiatric diseases and suicide attempt [1].

Recently, our group found an association between polymorphisms in gene
encoding the enzyme DNMT3B and AD. Individuals carrying the DNMT3B TGG
haplotype presented an increased risk of Alzheimer’s disease (OR = 3.03, 95% ClI
1.63 to 5.63, p < 0.001) [3]. A possible association between DNMT3B gene
polymorphisms and PD has not yet been studied. Taking into account that epigenetic
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process may be enrolled either in AD and PD, this study aims to evaluate if our
previous finding was specific for AD or if it is also present in another
neurodegenerative disorders, like PD.

METHODS AND MATERIALS
Participants

A case-control study was conducted, including a group of Parkinson’s disease
patients and healthy control subjects. All participants were of European ancestry from
southern Brazil, matched for the same low-income economic status.

Two hundred and fourteen PD patients were recruited from an outpatient
Movement Disorder clinic and underwent a structured interview for collecting clinical
and demographic data. The diagnosis of PD was determined based on UK Brain
Bank criteria [15].

A control group of 308 age-matched healthy individuals were recruited from
the same catchment areas. The inclusion criteria were absence of any Parkinson
symptom and independence for activities of daily living (ADL) [16, 17]. Controls were
excluded if they presented cognitive deficit, chronic renal disease, history of
significant head injury or stroke, history of cancer, family history of dementia,
psychiatric conditions such as major mood disorder, evidence of current depression
or substance abuse, and finally uncorrectable vision or hearing loss.

The study was performed in compliance with the Declaration of Helsinki. All

participants provided written informed consent.

Genotyping

Genomic DNA was extracted from 500 pL of EDTA-treated whole blood using
the salting out method [18]. The single nucleotide polymorphism (SNP) selection
investigated in this study was performed using the HapMap (HapMap Genome
Browser release #24) (Phases 1 and 2 — full dataset) using the following settings for
the tool “annotate TagSNP Picker”: European population (CEU), minimum frequency
of the rarer allele of 20% and a coefficient of determination (R2) of 80%. The five
polymorphisms were genotyped with the use of TagMan Genotyping Master Mix and
TagMan SNP Genotyping assays (Applied Biosystems). The DNMT1 (rs2162560,
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rs759920) and DNMT3B (rs998382, rs2424932 and rs2424913) genotyping were

extensively described in previous report [3].

Statistical Analysis

Descriptive statistics were presented as means, standard deviations, and
medians. All parameters were tested for normality of distribution with the
Kolmogorov—Smirnov test. A non-parametric Mann-Whitney test was used to
calculate the differences in age and education between cases and controls. For sex
comparisons, a chi-squared association test was performed.

Allelic frequencies were obtained by direct counting throughout the genotype
frequency. Chi-square testing was carried out to verify whether the genotypic
frequencies were in agreement with Hardy-Weinberger equilibrium. The linkage
disequilibrium between the polymorphisms in each genomic region was estimated
with MLocus 3.0 [19].

Univariate analyses to verify the associations between the polymorphisms in
the genes encoding the enzymes DNMT1 and DNMT3B and PD were carried out by
chi-square association test with a dominant model. The Benjamini and Hochberg
false discovery rate procedure was performed for multiple testing corrections [20].

Multivariate logistic regression analysis was performed for PD outcome, with
polymorphism as independent variable. The confounders entered in the model were
education and sex.

Statistical analyses were performed with SPSS (version 18.0) (SPSS, Chicago,

IL, USA), considering an alpha of 5% for all analyses.
RESULTS

Demographic sample’ characteristics are summarized in Table 1. The mean age
of PD patients and healthy controls were similar. Educational attainment was
significantly lower in the PD group than in the control group. PD was more prevalent

in male population (51.5%).

--- Insert Table 1 ---
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The genotypic frequencies of DNMT1 and DNMT3B polymorphisms were
consistent with Hardy-Weinberg equilibrium (P > 0.05). For both genes, the
polymorphisms were in linkage disequilibrium (D’ > 0.8 and P < 0.001 in all

comparisons).

The genotypic and allelic frequencies related to each gene polymorphism and
their association with PD are described in Table 2. Univariate analyses showed that
there was a significant association between the DNMT3B polymorphism rs2424913
genotype and PD (P = 0.006) and that the T allele of DNMT3B polymorphism
rs2424913 was associated with PD (P = 0.002).

--- Insert Table 2 ---

In order to verify whether the effect of the DNMT3B rs2424913 was
independent of age, sex and education, a multivariate logistic regression analysis
was performed. For this analysis we categorized the DNMT3B rs2424913 in T
carriers (individuals with genotypes TT and CT) and individuals with CC genotype.
The PD group was associated with the presence of the T (TT+CT) (OR = 1.80, 95%
Cl 1.16 to 2.81, p = 0.009). These results are shown in Table 3.

--- Insert Table 3 ---

DISCUSSION

The present study evaluated the relation of polymorphisms in DNA
methyltransferase enzymes, which are responsible for important epigenetic
mechanism, and Parkinson disease. The main result described herein was the
association between T allele of the rs2424913 polymorphism in the DNMT3B gene
and PD. No association was found for polymorphisms in DNMT1.

To the best of our knowledge, this is the first study showing an association
between polymorphisms of DNA methyltransferase and PD. Previous studies have
shown a relationship between polymorphisms of DNA methyltransferases with aging,
cancer, psychiatric and neurodegenerative syndromes. One study showed an
association between suicide attempt and DNMT3B polymorphisms, and also
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correlates this polymorphism with DNA methylation patterns [1]. Our previous study
shows a positive association between DNMT3B TGG haplotype and Alzheimer’s
disease [3]. PD shares similar mechanisms with AD; both disorders are age-related
and resulted from an abnormal handling of proteins. Considering these results, one
might hypothesize that a common dysfunctional methylation pattern, influenced by
DNMT3B polymorphisms, could contribute to abnormal protein accumulation and
neurodegenerative process in a broader way.

A variety of studies suggested epigenetic mechanisms in PD. In the context of
gene-specific methylation process, DNA methylation of CpG islands of human a-
synuclein (SNCA) intron 1 and demethylation of the SCNA CpG in brains of PD
patients can regulate SNCA gene expression [9, 10]. Besides, studies on the
methylation status of a-synuclein (SNCA) in leukocytes have demonstrated
controversial results. While one investigation in one hundred patients with PD, paired
with one hundred healthy control subjects, indicated that CpG-2 island was
hypomethylated in PD patients [11], other study reported no evidence for differential
methylation of alpha-synuclein in leukocyte DNA of Parkinson's disease patients [21].
On the other hand, an increased global methylation was observed in aging animal
model with a consequent dopamine, norepinephrine, and serotonin depletion and
acetylcholine increase, causing hypokinesia and tremor. These findings suggested
increased methylation as an inducing factor in parkinsonism [8]. Another potential
epigenetic deregulation in PD was related to the brain-derived neurotrophic factor
(BDNF) gene. Reduction of brain-derived neurotrophic factor (BDNF) levels has been
demonstrated in patients with PD and other neurodegenerative disorders [22] and
BDNF expression is regulated by histone acetylation as well as DNA methylation [23].

Interestingly, the presence of T allele of rs2424913 was previously associated
with decreased risk of cancer, the same allele that in our sample was associated with
AD and PD [24]. Recent epidemiological studies are depicting an inverse correlation
between cancer and neurodegenerative disorders [25]. Epigenetic mechanisms are a
possible explanation for the fact that individuals with neurodegenerative disorders,
like PD, are protected against some types of cancer. The same methylation patterns
that could predispose to cell death in PD might protect the individual against
abnormal cell proliferation in cancer.

Some limitations need to be pointed out. There is a sex difference between
two groups. However, we tried to control this possible confounding factor in the



69

multivariate analysis. This is an exploratory study, which suggests association
between the polymorphism of DNMT3B and PD. This results need to be replicated in
other samples.

The findings described in this paper suggest a role for an important DNA
methylation enzyme in Parkinson disease. Understanding the complexity of PD
neurodegeneration, the influence of environmental factors on phenotypic constitution
as well as the attractive hypothesis of epigenetic mechanisms contributing to PD

pathogenesis, justifies further researches on this field.
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Table 1: Demographic variables: descriptive and comparative analyses

Variable Controls PD P
N 308 214
Age (years), mean (SD) 66.7 (9.6) 67.8 (9.9) 0.190*
Sex (male), % 20.1 51.9 <0.001**
Education (years), median (p25-p75) 11 (5-13) 5 (4-9) <0.001***

Note: PD: Parkinson disease. * Student t-test; ** Chi-square test; *Mann-
Whitney test.
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Table 2: Genotype and Allelic Frequencies of DNMT3B gene polymorphisms
rs2424913, rs998382, rs2424932 and DNMT1 rs2162560, rs759920 in PD and
healthy control groups: descriptive and univariate analyses.

Genotype Frequency

Allelic Frequency

% % % % %
DNMT3B rs2424913 CcC CT TT C T
Control 37.0 44.5 18.5 59.3 40.7
Parkinson 24.2 50.2 25.6 49.3 50.7
P 0.006? 0.002% (OR=1.5;
95% Cl=1.16-1.94)
rs998382 AA AG GG A G
Control 40.9 41.2 17.9 61.5 38.5
Parkinson 31.9 48.1 20.0 56.0 44.0
P 0.113% 0.082% (OR=1.26;
95%CI|=0.97-1.63)
rs2424932 AA AG GG A G
Control 15.3 46.1 38.6 38.3 61.7
Parkinson 11.2 44.2 44.7 33.3 66.7
P 0.258?% 0.112% (OR=1.25;
95%CI1=0.95-1.63)
DNMT1 rs2162560 AA AG GG A G
Control 16.6 48.7 34.7 40.9 59.1
Parkinson 12.4 46.2 41.4 355 64.5
P 0.236 0.093(OR=1.26;
95%CI1=0.96-1.64)
rs759920 AA AG GG A G
Control 24.0 51.3 24.7 49.7 50.3
Parkinson 24.4 51.9 23.6 50.5 49.5
P 0.958 0.849(OR=0.97;

95%CI=0.76-1.24

Note: Control: Control Group. Parkinson: Parkinson’s disease Group.

@ Benjamini and Hochberg



Table 3. Multiple logistic regression analysis for outcome PD
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Variables in the Model B OR 95%ClI P
DNMT3B rs2424913* 0.590 1.80 1.16-2.81 0.009
Education (years) -0.184 0.83 0.79-0.87 <0.001
Sex (male) 1.367 3.92 2.58-5.98 <0.001

Note: *DNMT3B rs2424913 categories: T carriers (TT+CT) X CC (reference);
OR: Odds Ratio; B: estimated coefficient; 95%CI: Confidence Interval 95%.
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6 Concluséao

A presente tese avaliou polimorfismos das DNA-metiltransferases e sua
correlagcdo com as patologias neurodegenerativas doenca de Alzheimer e Parkinson.

Tendo em vista a complexidade na etiopatogenia dessas doencas, estudos
que se aprofundem no tema sdo de extrema relevancia, e considerando a genética
complexa destas doencas envolvendo a interacdo entre multiplos fatores de risco
genéticos e o ambiente, a hipdtese de mecanismos epigenéticos associados torna-
se muito atrativa.

Esta tese de doutorado gerou dois artigos cientificos, um j& publicado e outro
submetido para publicacdo. O artigo cientifico 1 visou avaliar a relagdo das DNMT1
e DNMT3B com a DA. O haplétipo TGG no gene DNMT3B mostrou associacdo
significativa com a doenca de Alzheimer. Os individuos que carreiam o haplotipo
TGG apresentam um risco aumentado de doenca de Alzheimer (OR = 3,03, IC de
95% 1,63-5,63, p < 0,001). O mesmo néao foi observado em SNPs analisados para o
gene da DNMT1. Outro artigo do nosso grupo de pesquisa, submetido e em reviséao,
investigou se ambos o polimorfismo da APOE e o haplétipo TGG da DMNT3
apresentavam efeito aditivo. Observou-se que a presenca dos dois fatores aumentou
o0 risco para DA, parecendo haver um efeito aditivo. Esse material pode ser
encontrado no Anexo 2.

No artigo cientifico 2, investigou-se a associacdo dos mesmos polimorfismos
das mesmas enzimas na doencga de Parkinson. Nesse estudo, observou-se que a
presenca do rs2424913 do gene DNMT3B aumenta em 1,8 vezes 0 risco de um
paciente possuir o diagnéstico da DP, sendo esse risco carreado pelo alelo T
(Individuos CT e TT: OR = 1.80, IC de 95% 1.16 - 2.81, p = 0.009). Da mesma forma
como ocorreu na DA, ndo foi observado associacao significante com os SNPs
analisados para o gene da DNMT1.

Até onde tem-se conhecimento, esse sdo 0s primeiros estudos que
descrevem uma associacéo significativa entre polimorfismos das DNMTs e doencas
neurodegenerativas. Ja ha evidéncias de alteracdo dos padrbes de metilacdo de
DNA com o envelhecimento, mas a possivel contribuicdo de SNPs nesses genes,
facilmente analisavel, para a ocorréncia desses padrées alterados e sua possivel

associacdo com o surgimento de DA e DP ainda é incipiente.
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Pode-se hipotetizar que polimorfismos nos genes que codificam as DNMT3B
sejam um marcador de trago em relacdo ao envelhecimento bem sucedido ou ao
risco de desenvolvimento de doencas neurodegenerativas, tendo em vista que
alteracdes globais nos padrbes de metilacdo e gene-especificas de DNA possam
conferir um risco para essas doencgas. Estes polimorfismos da DNMT3B podem
interagir com o impulso epigenético determinado pela idade, conferindo entdo um
risco para DA e para DP. Assim, estas duas patologias compartilham o achado de
deposicdo anormal de proteinas, elas parecem também compartilhar mecanismos
epigenéticos, que, por sua vez, podem estar associados a neurodegeneragdo em

geral ao invés de estar relacionados a uma patologia especifica.

Como perspectivas futuras o campo devera buscar elementos de funcionalidade
dos polimorfismos das DNMTs estudados, bem como a repercussado destes
polimorfismos na metilacdo de genes envolvidos na etiopatogenia de DP e DA, além
da relacdo com a metilacdo global do DNA. Além disso, é necessario aprofundar o
estudo da epigenética em tecido cerebral é de extrema importancia. Estudos em
liguor talvez também sejam perspectivas mais factiveis em curto prazo. Ha também
a necessidade da replicagao dos resultados desses estudo em diferentes amostras
e em um numero maior de individuos, para que possamos ter evidéncias

consistentes.

Em suma, essa tese demonstrou a intima relacdo entre polimorfismos das
DNMTs e duas doencas neurodegenerativas mais prevalentes, ampliando a
compreensdo de aspectos genéticos associados a mecanismos de regulacdo

génica.
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Abstract

Background: Alzheimer's disease (AD) is a complex and multifactorial disease with
the contribution of several genes and polymorphisms to its development. Among
these genes, the APOEe4 is a well known risk factor for AD. Methylation is
associated with APOE expression and AD development. Recently, we found an
association of the TGG haplotype in the DNMT3B gene, one of the catalyst
enzyme for methylation, with AD. Therefore, the aim of the study is to investigate
whether APOE ¢4 and TGG haplotype have an additive effect on AD.

Methods and Results: The sample was composed of 212 Caucasian subjects (108
healthy controls and 104 with AD by NINCDS-ADRDA and DSM-IV-TR criteria) from
southern Brazil. The genetic analyses were performed by real time PCR for

Taq Man®

assay. Multivariate logistic regression was performed categorizing groups
according to presence of APOE&4 and/or TGG haplotype as an independent variable
for outcome AD. The presence of TGG haplotype plus the allele APOEeg4 were
strongly associated with the risk of developing AD [OR 11.13; CI 95% (4.25 to

29.16); p<0.001]. This association had a higher risk than each risk factor alone.

Conclusion: We found a strong association of the interaction of DNMT3B gene with
the APOEe¢4 in this sample of AD patients. The presence of TGG haplotype and
APOEeg4 significantly increased the risk of developing the disease, showing an
additive effect.

Keywords: APOEe4, DNMT3B, epigenetics, Alzheimer’s disease.
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Introduction

Alzheimer disease (AD), the most common form of dementia, is considered a
complex disease influenced by both environmental and genetic mediators. Many
genetic variations interactions increased the risk of sporadic AD [1]. The
¢4 allele o the apolipoprotein E (APOE) is the major genetic risk factor for
sporadic, late onset AD [1-3]. The genotype APOE €3/e4, €4/¢4 yielded risks three
and eight times greater than the risk of €3/e3 for the development of AD [1].

Furthermore, emerging data have also demonstrated that the gene-environment
process is probably associated with sporadic AD supporting the hypotheses of
epigenetic processes enrolled in this neurodegenerative disease [4,5]. Additionally,
age, the main risk factor for AD, was associated with an epigenetic drift in late-
onset Alzheimer’s disease (LOAD) [6] and with APOE methylation [7]. Epigenetic
refers to changes in gene activity independent of primary DNA sequences. The DNA-
methyltransferases (DNMTs) are the enzymes responsible for catalyzing the
methylation of DNA, which is the most common epigenetic mechanism.
Methylation occurs mainly on CpG islands by the addition of a methyl group (-CH3)
at the 5-carbon of the pyrimidine ring of cytosine, resulting in 5-methylcytosine (5-mC)
[8]. Recently, our research group observed that that the carriers of the haplotype
TGG in polymorphisms of DNMT3B gene (derived from rs2424913, rs998382 and
rs2424932) showed an association with AD (OR = 3.03, 95% CI 1.63 to 5.63, p
<0.001) [9].

Additionally, the APOE ¢€2/e3/e4 isoforms showed distinct methylation patterns
modifying the APOE gene expression. The APOE SNPs that define APOE
€2/e3/e4 isoforms (rs429358 and rs7412) were located in a CpG island located in
the exon 4, with €4 carriers bearing the greatest number of CpG sites while €2
carriers had the smallest number [6,7]. Therefore, the aim of the present study is to
evaluate whether the risk of APOEe4 and DNMT3B polymorphisms for AD is

additive or solely mediated by the effect of methylation on APOE expression.
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Method and Materials

Data from the current case-control study were derived from a previous study of our
research group. That database provided demographic, clinical information and
DNMT3B haplotype distribution (derived from rs2424913, rs998382 and rs2424932)
of 212 European-descendants subjects (104 subjects with AD diagnosis according
to NINCDS-ADRDA and DSM-IV-TR [10], and 108 healthy subjects) recruited by
convenience in a southern Brazilian city. A more detailed sample description can be
obtained in Pezzi and colleagues [9]. The DNA was extracted using the Lahiri &
Nuremberg protocol [11] and an amount of DNA were stored in -20°C. For the
present investigation we further carried out the APOE¢&4 genotyping.

The APOE SNPs rs7412 and rs429358 were genotyped by TaqMan®
Genotyping Master Mix and TagMan SNP Genotyping assays (Applied
Biosystems®). Allelic frequencies were obtained by direct counting throughout the

genotype frequency.

Frequencies were described as proportions for categorical variables and as mean
and standard deviation for quantitative variables. The non-parametric Mann—Whitney
test was used to calculate the differences in age and education between cases and
controls. The chi-square association test was used to analyze sex distribution

between groups.

To investigate the genetic risk for AD, we sub-classified participants into four groups
according to the genetic profile of DNMT3B and APOE:

1. Participants who do not present either polymorphism (TGG haplotype of DNMT3B

and APOEge4 allele) — this group was set as the reference for statistical analysis;

2. Participants who present TGG haplotype of DNMT3B but do not have the APOEe4

allele;

3. Participants who do not have TGG haplotype of DNMT3B but have APOE¢4 allele;
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4. Participants who present both polymorphism risks (TGG haplotype of DNMT3B and
APOEe4 allele. These groups were entered in a multivariate logistic regression
analysis as independent variable for the outcome AD. Confounders entered in the
model were age and education, because of their known importance as risk for

the development of AD.

A two-tailed P < 0.05 was considered significant for all analyses. The statistical

package SPSS® version18.0 was used to perform the analyses.

This study was approved by the Ethic Committee (protocol number 566.029) and
it was designed to comply with the terms of the Declaration of Helsinki. All
participants and, their proxies, for AD subjects, signed the consent form.

Results and Discussion

The comparison of demographic data between AD subjects and healthy controls is
showed in Table 1. Individuals with AD showed significantly lower scores on Mini
Mental State Examination (MMSE) (P<0.0001) and Ilower educational level
(P<0.0001) than healthy control subjects. APOEg4 allele was more frequent among
AD patients (33.1%) than in control group (12.0%, P<0.0001), resulting in a risk
3.63 higher for AD (OR=3.63, 95%CI = 2.19-6.03, P<0.0001).

Table 2 shows the frequency of each genetic category (according to DNMT3B
TGG haplotype and APOE¢g4 allele) in AD and healthy controls, as well as age, and
education adjusted risk of each genetic category for AD. Both genetic risks kept
their associations with AD independently. The chance for AD was 3.55 higher given
the presence of DNMT3B TGG haplotype and absence of APOE¢4 allele compared
with absence of both DNMT3B TGG haplotype and APOEe¢4 allele. The odds ratio
for AD was even higher (4.75) given the presence of APOEeg4 allele and the
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absence of DNMT3B TGG haplotype compared with absence of both DNMT3B
TGG haplotype and APOEeg4 allele. Subjects with both genetic risk factors (TGG
DNMT3B haplotype and APOEeg4) showed an odds ratio 11.13 higher for AD in
comparison with those individuals who do not present any of these genetic risk factors

(reference group).

In a previous study of our research group [9] we observed that the presence of the
TGG haplotype in the DNMT3B gene increased the risk of AD to 3.55 times.
Since the ¢4 allele of the APOE gene is the most important genetic risk of
developing sporadic AD [2,4,12] and recent findings suggests that methylation had a
potential role in modifying APOE isoforms[7], we evaluate the gene-gene interaction
of these two risk factors. Results from this study show that the combination of both
polymorphisms greatly increases the risk of developing AD (OR = 11.13, 95% CI
4.25 to 29.16, P <0.001), i.e., there was an additive risk for AD in those subjects who
presented TGG haplotype of DNMT3B plus APOE¢4 allele. So, we can hypothesize
that, besides the risk of the APOEeg4 allele, which can also be mediated by age-
associated changes acting upon its methylation, the TGG haplotype of DNMT3B
confers a risk for global epigenetic disruption affecting any gene AD-associated.

Alzheimer's disease is considered a multifactorial disease with factors such as
environmental, individual and genetic having an effect on its development [1].
Furthermore, among the myriad of genetic factors, gene variants, for example,
SNPs, may also be associated with diseases. However, the interaction of different
genes and their polymorphisms between themselves has been less studied. It is
suggested that APOE is involved in the clearance of
soluble AR and AP aggregation, modulating processes that lead to the
accumulation of B-amyloid plaques in the brain. Furthermore, it is responsible for
interruption of the normal transport and catabolism of cholesterol necessary for the
growth and neuronal repair and regeneration of nerves. And, it is also associated
with immune response, activation of lipolytic enzymes and vascular diseases
affecting the brain [13,14]. In the present investigation we find an expected risk of
APOE¢4 allele, similar to those observed in other studies [3,12]. However, the

magnitude of this risk may vary. For example, no signs of dementia were found in
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90-years-old individuals who have the APOEeg4 allele. Furthermore, only about
50% of subjects with AD were APOEg4 allele carriers, so probably genetic and
environmental factors, yet unidentified, were acting [14,15]. Our results show an
increased risk for AD (OR = 11.13, 95% CI 4.25 to 29.16, P <0.001) in those subjects
who present both polymorphism risks (TGG haplotype of DNMT3B plus APOEg4
allele), stressing the relevance of analyzing gene interactions in complex diseases

such as AD.

In the context of gene-gene and gene-environment interactions, epigenetic
mechanisms may have a pivotal role in AD pathogenesis [16]. DNA methylation in
neurons appeared to play an important role in the encoding process of the memory
[17] and in long-term memory [18,19] through the regulation of signaling pathways of
various genes in neural network [20]. Aberrant methylation is mediated by folate
levels that act as a cofactor in AD, and a marked reduction in methylation of cortical
neurons is observed in AD post-mortem studies [16]. Recent studies have pointed an
age-related change in the methylation pattern of APOE that can be also associated
with its risk factor for AD [7].

Considering that our results showed an addictive risk for AD in those subjects
who presented TGG haplotype of DNMT3B plus APOE¢4 allele, we can hypothesize
that the TGG haplotype also has an effect on the methylation process of other
important genes for AD development. Indeed, recently Yu et al. [21] evaluated the
association of brain DNA methylation in 28 reported AD loci discovered by GWAS
studies with AD pathologies. They found that DNA methylation of CpG islands in
genes SORL1, ABCA7, HLA- DRB5 and BIN1 associated with pathological AD.
Additionally, they observed that RNA expression transcripts of SORL1 and ABCA7
were associated with paired helical flament tau tangle density, while expression of
BIN1 was associated with amyloid load. According to those authors, these data
supported the hypothesis that methylation had an independent effect on both amyloid
process and on tau pathology [21]. These findings may explain the DNMT3B TGG
haplotype and APOE¢4 allele independent and additive risk found in our study, since
the first genetic risk factor can also impact other pathways than amyloid route.
Moreover, Di Francesco et al. [22] observed an increase in overall DNA methylation,
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in gene expression of DNMT1 and DNMT3B and protein levels in blood cells of

patients with AD.

Despite the statistical significance of our results, one of the limitations of the present
study was the small sample size. Therefore, studies with larger samples should be
performed in order to reach a stronger power. Replication of this study in different
populations is also suggested, since gene-gene interaction can occur in different
ways according to the genetic background found in every ethnic group. In
conclusion, in our study we found that the interaction between TGG haplotype of
DNMT3B gene and allele ¢4 of APOE is a genetic risk factor that increased the
chance of developing AD in 11-fold, suggesting that both factors are at least partially
independent and addictive. To our knowledge, this is the first study aiming to
investigate the association of APOEeg4 allele with the TGG haplotype in the
DNMT3B gene in the Alzheimer's disease. How the interaction between these
polymorphisms works in the development of AD should be investigated in future

studies.
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Table 1: Demographic and clinical data: comparison between AD

subjects and healthy controls

Control Group AD Group P
(N=108) (N=104)

Age (years) (mean/SD) 74.96 (7.73) 76.67 (7.34) 0.099°
Sex (female) N (%) 77 (71) 64 (61.5) 0.146"
Education(vears) 7.95 (4.17) 5.03(3.06)  <0.0001
MMSE (mean/SD) 27.55(2.02)  12.72(5.55)  <0.0001’
APOE alleles <0.0001"

£2 7.4% 5.8%

€3 80.6% 61.1%

£4 12.0% 33.1%
Note:AD: Alzheimer's disease. MMSE: Mini Mental State Exami

nation score * Mann-Whitney Test; **Chi-square Test
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Table 2: Frequencies and education-adjusted risk of each TGG/APOE category for
AD: multiple binary logistic regression

Group Control Group  AD Group Adjusted OR? (Cl 95%)
P
Reference 49 (45.8%) 15 (15.2%) 1
TGG+/APOE- 33 (30.8%) 29 (29.3%) 3.55 (1.57-8.00)
0.002
TGG-/APOE+ 12 (11.2%) 20 (20.2%) 4.75 (1.80-12.57)
0.002
TGG+/APOE+ 13 (12.1%) 35 (35.4%) 11.13 (4.25-29.16)
<0.001

Reference group: subjects without TGG haplotype and APOE &4 allele, ?OR adjusted

by age and education
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files. See https://www.elsevier.com/graphicalabstracts for examples.

Authors can make use of Elsevier's Illustration and Enhancement service to ensure the best
presentation of their images and in accordance with all technical requirements: Illustration Service.

Highlights are mandatory for this journal. They consist of a short collection of bullet points that
convey the core findings of the article and should be submitted in a separate editable file in the online
submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum
85 characters, including spaces, per bullet point). See https://www.elsevier.com/highlights for
examples.
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Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, 'and’, 'of'). Be sparing
with abbreviations: only abbreviations firmly established in the field may be eligible. These keywords
will be used for indexing purposes.

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Follow internationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in SI.

Electronic artwork

General points

e Make sure you use uniform lettering and sizing of your original artwork.

e Embed the used fonts if the application provides that option.

e Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbol, or
use fonts that look similar.

* Number the illustrations according to their sequence in the text.

¢ Use a logical nhaming convention for your artwork files.

* Provide captions to illustrations separately.

¢ Size the illustrations close to the desired dimensions of the published version.

e Submit each illustration as a separate file.

A detailed guide on electronic artwork is available on our website:
https://www.elsevier.com/artworkinstructions.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then
please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.
TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of
500 dpi.

Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a
low number of pixels and limited set of colors;

e Supply files that are too low in resolution;

e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. For further information on the preparation
of electronic artwork, please see https://www.elsevier.com/artworkinstructions.
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Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A
caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep
text in the illustrations themselves to a minimum but explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the
most popular reference management software products. These include all products
that support Citation Style Language styles (http://citationstyles.org), such as Mendeley
(http://www.mendeley.com/features/reference-manager) and Zotero (https://www.zotero.org/), as
well as EndNote (http://endnote.com/downloads/styles). Using the word processor plug-ins from
these products, authors only need to select the appropriate journal template when preparing their
article, after which citations and bibliographies will be automatically formatted in the journal's style.
If no template is yet available for this journal, please follow the format of the sample references and
citations as shown in this Guide.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/neuroscience-letters

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors
can be referred to, but the reference number(s) must always be given.

Example: '..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result ...."

List: Number the references (numbers in square brackets) in the list in the order in which they appear
in the text.

Examples:

Reference to a journal publication:

[1]3J. van der Geer, J.A.]J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun.
163 (2010) 51-59.

Reference to a book:

[2] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.
Reference to a chapter in an edited book:

[3] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z.
Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.
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Reference to a website:
[4] Cancer Research UK, Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/, 2003 (accessed 13.03.03).

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations:
http://www.issn.org/services/online-services/access-to-the-ltwa/.

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
relate to the video file's content. In order to ensure that your video or animation material is directly
usable, please provide the files in one of our recommended file formats with a preferred maximum
size of 150 MB. Video and animation files supplied will be published online in the electronic version
of your article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com.
Please supply 'stills' with your files: you can choose any frame from the video or animation or
make a separate image. These will be used instead of standard icons and will personalize the
link to your video data. For more detailed instructions please visit our video instruction pages at
https://www.elsevier.com/artworkinstructions. Note: since video and animation cannot be embedded
in the print version of the journal, please provide text for both the electronic and the print version
for the portions of the article that refer to this content.

The journal encourages authors to create an AudioSlides presentation with their published article.
AudioSlides are brief, webinar-style presentations that are shown next to the online article on
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and
to help readers understand what the paper is about. More information and examples are available at
https://www.elsevier.com/audioslides. Authors of this journal will automatically receive an invitation
e-mail to create an AudioSlides presentation after acceptance of their paper.

Supplementary material can support and enhance your scientific research. Supplementary files
offer the author additional possibilities to publish supporting applications, high-resolution images,
background datasets, sound clips and more. Please note that such items are published online exactly
as they are submitted; there is no typesetting involved (supplementary data supplied as an Excel
file or as a PowerPoint slide will appear as such online). Please submit the material together with the
article and supply a concise and descriptive caption for each file. If you wish to make any changes to
supplementary data during any stage of the process, then please make sure to provide an updated
file, and do not annotate any corrections on a previous version. Please also make sure to switch
off the 'Track Changes' option in any Microsoft Office files as these will appear in the published
supplementary file(s). For more detailed instructions please visit our artwork instruction pages at
https://www.elsevier.com/artworkinstructions.

Authors have the option of converting any or all parts of their supplementary or additional raw data into
one or multiple Data in Brief articles, a new kind of article that houses and describes their data. Data
in Brief articles ensure that your data, which is normally buried in supplementary material, is actively
reviewed, curated, formatted, indexed, given a DOI and publicly available to all upon publication.
Authors are encouraged to submit their Data in Brief article as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your Data in Brief article will
automatically be transferred over to Data in Brief where it will be editorially reviewed and published in
the new, open access journal, Data in Brief. Please note an open access fee is payable for publication
in Data in Brief. Full details can be found at http://www.journals.elsevier.com/data-in-brief. Please
use the following template to write your Data in Brief: https://www.elsevier.com/dib-template.
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Elsevier encourages authors to connect articles with external databases, giving readers access to
relevant databases that help to build a better understanding of the described research. Please refer
to relevant database identifiers using the following format in your article: Database: xxxx (e.g., TAIR:
AT1G01020; CCDC: 734053; PDB: 1XFN). See https://www.elsevier.com/databaselinking for more
information and a full list of supported databases.

The following list will be useful during the final checking of an article prior to sending it to the journal
for review. Please consult this Guide for Authors for further details of any item.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

e E-mail address

e Full postal address

All necessary files have been uploaded, and contain:

¢ Keywords

o All figure captions

o All tables (including title, description, footnotes)

Further considerations

e Manuscript has been 'spell-checked' and 'grammar-checked’

e References are in the correct format for this journal

¢ All references mentioned in the Reference list are cited in the text, and vice versa

e Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

Printed version of figures (if applicable) in color or black-and-white

e Indicate clearly whether or not color or black-and-white in print is required.

For any further information please visit our customer support site at http://support.elsevier.com.

AFTER ACCEPTANCE

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI
consists of a unique alpha-numeric character string which is assigned to a document by the publisher
upon the initial electronic publication. The assigned DOI never changes. Therefore, it is an ideal
medium for citing a document, particularly 'Articles in press' because they have not yet received their
full bibliographic information. Example of a correctly given DOI (in URL format; here an article in the
journal Physics Letters B):

http://dx.doi.org/10.1016/j.physletb.2010.09.059

When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to
change.

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy Editor.
Web-based proofing provides a faster and less error-prone process by allowing you to directly type
your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

The corresponding author, at no cost, will be provided with a personalized link providing 50
days free access to the final published version of the article on ScienceDirect. This link can
also be used for sharing via email and social networks. For an extra charge, paper offprints
can be ordered via the offprint order form which is sent once the article is accepted for

AUTHOR INFORMATION PACK 11 Feb 2016 www.elsevier.com/locate/neulet 12



publication. Both corresponding and co-authors may order offprints at any time via Elsevier's
WebShop (http://webshop.elsevier.com/myarticleservices/offprints). Authors requiring printed copies
of multiple articles may use Elsevier WebShop's 'Create Your Own Book' service to collate multiple
articles within a single cover (http://webshop.elsevier.com/myarticleservices/booklets).

AUTHOR INQUIRIES

You can track your submitted article at https://www.elsevier.com/track-submission. You can track
your accepted article at https://www.elsevier.com/trackarticle. You are also welcome to contact
Customer Support via http://support.elsevier.com.

© Copyright 2014 Elsevier | http://www.elsevier.com
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