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RESUMO

Avaliacdo da fungéo metabdlica da oncoproteina NSD3s de humano e da Pdp3 de
levedura.

Germana Breves Rona

Elis Cristina Araujo Eleutherio
Anderson de S& Pinheiro

Resumo da Tese de Doutorado submetida ao Programa de Pés-graduacao em
Bioguimica, Instituto de Quimica, da Universidade Federal do Rio de Janeiro — UFRJ,
como parte dos requisitos necessarios a obtencéo do titulo de Mestre em Ciéncias —
Bioquimica.

O cancer é definido como um conjunto de doencas caracterizadas pelo crescimento celular
desordenado. Atualmente, é conhecida a existéncia de diferentes tipos de cancer, sendo o de mama
o mais incidente entre as mulheres. A amplificacdo da regido 11-12 do braco curto do cromossomo
8 consiste em uma das principais modificacdes gen6micas ocorridas no cdncer de mama, estando
presente em aproximadamente 15% dos casos. Dentre os genes que formam esta regido, o gene
WHSC1L1/NSD3, que codifica uma histona metil-transferase, destaca-se como principal candidato
a oncogene lider. NSD3s, a isoforma curta de NSD3, contendo apenas o dominio PWWP (Pro-Trp-
Trp-Pro) amino-terminal, apresenta elevada capacidade transformante. O dominio PWWP de NSD3s
apresenta semelhanca estrutural com o dominio PWWP da proteina Pdp3 de Saccharomyces
cerevisiage. A superexpressdao de NSD3s ou de Pdp3 induz alteragdes metabdlicas similares na
levedura, como o aumento da taxa de crescimento, aumento da sensibilidade ao estresse oxidativo
e diminuicdo do consumo de oxigénio. Além disso, o dominio PWWP de NSD3s é capaz de substituir
funcionalmente o dominio PWWP de Pdp3. Utilizando a metabolémica por RMN H, analisamos a
as alteragGes no metaboloma da levedura em resposta a superexpressdao de NS3s ou Pdp3. Foi
possivel observar um aumento nos niveis de aspartato e alanina, juntamente com uma diminuigao
nos niveis de arginina, em fung¢do da superexpressdo de NSD3s ou Pdp3, sugerindo um aumento na
taxa de glutamindlise. Além disso, certos metabdlitos, como glutamato, valina e fosfocolina, foram
especificos para NSD3s ou Pdp3, indicando que vias metabdlicas adicionais sdo adaptadas de
maneira dependente da proteina. A observacdo de que certas vias metabdlicas sdo reguladas
diferencialmente por NSD3s e Pdp3 sugere que, apesar da similaridade estrutural entre seus
dominios PWWP, as duas proteinas atuam por mecanismos Unicos e podem recrutar diferentes
complexos de sinalizacdo. Este trabalho estabelece, pela primeira vez, um elo funcional entre a
oncoproteina humana NSD3s e a reprogramac¢do metabdlica no cancer.

Palavras Chaves: NSD3s, Pdp3, Saccharomyces cerevisiae, PWWP, Efeito Warburg, RMN e
metabolémica.



ABSTRACT

Evaluation of the metabolic function of human oncoprotein NSD3s and yeast Pdp3.
Germana Breves Rona
Elis Cristina Araujo Eleutherio

Anderson de Sa Pinheiro

Abstract da Tese de Doutorado submetida ao Programa de Pds-graduacdao em Bioquimica,
Instituto de Quimica, da Universidade Federal do Rio de Janeiro — UFRJ, como parte dos
requisitos necessarios a obtencado do titulo de Mestre em Ciéncias — Bioquimica.

Cancer is defined as a set of diseases characterized by disordered cell growth. Currently, different
types of cancer are known, being breast cancer the most frequent among women. Amplification of
the 11-12 region of the short arm of chromosome 8 consists in one of the major genomic changes
occurred in breast cancer, being present in approximately 15% of the cases. Among the genes
forming this region, WHSC1L1/NSD3 gene, which encodes a histone methyl-transferase, stands out
as the main candidate for leading oncogene. NSD3s, the short isoform of NSD3, containing only an
amino-terminal PWWP (Pro-Trp-Trp-Pro) domain displays high transformation properties. The
PWWP domain of NSD3s shows structural similarity to that of the Saccharomyces cerevisiae protein,
Pdp3. Overexpression of NSD3s or Pdp3 induces similar metabolic changes in yeast, such as
increased growth rate, increased sensitivity to oxidative stress, and decreased oxygen consumption.
In addition, NSD3s PWWP domain functionally substitutes that of Pdp3. Using 1H NMR
metabolomics, we analyzed the changes in yeast metabolome in response NS3s or Pdp3
overexpression. We observed an increase in aspartate and alanine levels, together with a decrease
in arginine levels, upon overexpression of NSD3s or Pdp3, suggesting an increase in the rate of
glutaminolysis. Moreover, certain metabolites, including glutamate, valine and phosphocholine,
were specific for NSD3s or Pdp3, indicating that additional metabolic pathways are adapted in a
protein-dependent manner. The observation that certain metabolic pathways are differentially
regulated by NSD3s and Pdp3 suggests that, despite the structural similarity between their PWWP
domains, the two proteins act by single mechanisms and can recruit different downstream signaling
complexes. This work establishes, for the first time, a functional link between the human
oncoprotein NSD3s cancer metabolic reprogramming.

Keywords: NSD3s, Pdp3, Saccharomyces cerevisiae, PWWP, Warburg effect, NMR and
metabolomics.
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1.1 CANCER

Atualmente, o cancer é considerado um caso de saude publica, principalmente
em paises em desenvolvimento, onde espera-se cerca de 80% de novos casos em
2025 (INCA, 2015). Segundo a estatistica mundial realizada no projeto GLOBOCAN
2012 pela IARC (International Agency for Research on Cancer), ocorreram 14,1
milhdes de casos novos de cancer e 8,2 milhdes de mortes por cancer no mundo, em
2012 (INCA, 2015; LINDSEY A. TORRE; FREDDIE BRAY; REBECCA L. SIEGEL;
JACQUES FERLAY; JOANNIE LORTET-TIEULENT; AHMEDIN JEMAL, 2015). As
maiores taxas de cancer sdo observadas em paises desenvolvidos e os principais
tipos de céncer dessas regifes sao relacionados a urbanizacéo e desenvolvimento
(INCA, 2018). Os tipos de cancer mais incidentes no mundo séo, respectivamente:
pulmdo, mama, intestino e préstata (INCA, 2015; LINDSEY A. TORRE; FREDDIE
BRAY; REBECCA L. SIEGEL; JACQUES FERLAY; JOANNIE LORTET-TIEULENT;
AHMEDIN JEMAL, 2015). Para o biénio 2018-2019, o INCA (Instituto Nacional de
Cancer José Alencar Gomes da Silva) estima a ocorréncia de cerca de mais de 600
mil novos casos de cancer no Brasil, sendo os mais incidentes prostata (31,7%) para
homens e mama (29,5%) para mulheres, exceto os casos de cancer de pele nao
melanoma (INCA, 2018).

O cancer € um grupo de doencas caracterizado por um padrdo aberrante da
expressao génica (ALBERT; HELIN, 2010). Sua evolucao ocorre devido a alteracdes
genéticas e epigenéticas, necessarias para a homeostase celular, levando a ativacéo
de oncogenes e a inativagcédo de genes supressores de tumor (ALBERT; HELIN, 2010;
LUCIO-ETEROVIC; CARPENTER, 2011). As alteracdes genbmicas podem ocorrer
devido a pequenas varia¢des, como a mudanc¢a de um unico nucleotideo, ou grandes
variacfes, como rearranjos cromossomais (YI; JU, 2018). As variacfes estruturais
podem ser divididas em quatro tipos: delecdes, duplicacbes (amplificacdes),
translocagdes e inversbes (YI; JU, 2018). As alteragcbes epigenéticas incluem
variacbes nos padrdes de metilacdo do DNA (Acido Desoxirribonucleico), modificagio
pos-translacional de histonas e remodelacdo da cromatina (SOGABE et al., 2018). Um
crescente corpo de evidéncias aponta para o fato de que as alteracdes epigenéticas

parecem desempenhar um papel fundamental na iniciacdo e progressédo do cancer,
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bem como no desenvolvimento de quimiorresisténcia (HAJJI et al., 2018). Apenas as
mudancas epigenéticas podem ser reversiveis, logo uma populacdo celular com
fendtipo maligno, resultante de uma alteracdo epigenética, pode ser convertido em
uma com fendtipo benigno. Com isso, a terapia epigenética surge como uma
ferramenta efetiva e valiosa contra o cancer (MORISHITA; DI LUCCIO, 2011a). Isto
resultou em uma série de ensaios clinicos envolvendo medicamentos com alvos
epigenéticos, epi-droga, como tratamento Unico ou combinado com drogas
convencionais anticancer, com objetivo de aumentar a eficacia do tratamento (HAJJI
et al., 2018; SHIN; BAYARSAIHAN, 2017). Entre os candidatos a farmacos, os
inibidores de BRDs (Bromodomains), dominio de reconhecimento de lisinas
acetiladas, demonstraram efeitos positivos em neoplasias soélidas e hematologicas,
incluindo tumores cerebrais (SHIN; BAYARSAIHAN, 2017). Um exemplo de epi-droga
€ 0 UVI5008, este apresenta atividades anticancerigenas inibindo trés enzimas:
HDACs (Histonas Deacetilase) (em particular HDAC1-4), sirtuinas e DNA metil-
transferases. O UVI5008 possui um efeito apoptotico em varios canceres, como
leucemia, osteossarcoma, melanoma e carcinoma de mama, prostata e célon
(BENEDETTI et al., 2015).

Além da genética e epigenética, o microambiente € um regulador muito
importante da progressédo tumoral (SHEN; KANG, 2018). O microambiente tumoral
pode ser subdividido em microambiente quimico (baixo oxigénio, baixo pH e baixa
nutricdo) e microambiente celular (células tumorais, células estromais, matriz
extracelular, e células imunes inflamatérias) (SHAO et al., 2018). A composicdo e a
funcdo do microambiente tumoral pode ser diferente nos diversos tipos de cancer e
seus estagios (SHEN; KANG, 2018). Muitas terapias contra o cancer, como
radioterapia, quimioterapia e hormonioterapia, afetam ndo apenas a célula tumoral,
mas também o seu microambiente, podendo modula-lo positiva ou negativamente
(SHEN; KANG, 2018).

Apesar do cancer ser um grupo complexo e heterogéneo de doencas que pode
afetar uma grande variedade de grupos celulares, existem algumas alteracbes
essenciais que sdo comuns a todos os tipos de células tumorais, como: manutencéo
de sinais proliferativos, insensibilidade a sinalizagcbes inibidoras de crescimento,

evasdo da morte celular programada (apoptose), potencial explicativo ilimitado,
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manutencdo de vascularizacdo (angiogénese), invasdo de tecidos/metastase
(HANAHAN; WEINBERG, 2000) e reprogramacdo metabdlica/energética celular
(HANAHAN; WEINBERG, 2011). Com a finalidade de dar suporte a intensa
proliferacédo celular, a célula tumoral necessita aumentar o seu consumo de glicose,
aminoacidos e lipideos. Os transportadores de aminoacidos, glicose,
monocarboxilatos, acidos graxos e lipoproteinas sao regulados em todos os tipos de
cancer, e o aumento da expressao desses transportadores esta relacionado com a
agressividade e estagio tumoral (FINICLE; JAYASHANKAR; EDINGER, 2018). Com
0 objetivo de produzir ATP (Adenosina Trifosfato) e/ou realizar anabolismo, a célula
tumoral supre a sua alta demanda por nutrientes adquirindo nutrientes da corrente
sanguinea e consumindo macromoléculas produzidas por outras células do seu
microambiente (FINICLE; JAYASHANKAR; EDINGER, 2018).

1.2 METABOLISMO DA CELULA TUMORAL

Otto Heinrich Warburg foi um fisiologista e bioquimico alem&o. Em 1931,
Warburg foi agraciado com o Prémio Nobel de Fisiologia pela sua “descoberta sobre
a natureza e modo de acdo da enzima respiratoria” (ZHOU; LIOTTA; PETRICOIN,
2017). Essa observacgéo abriu novas frentes para estudar e entender o metabolismo
celular. Em 1956, Otto Warburg publicou o artigo “On the Origin of Cancer Cells”, o
qual relata danos irreversiveis a respiracdo mitocondrial de células tumorais
(WARBURG, 1956a). A maior parte do metabolismo de células tumorais muda da
fosforilacdo oxidativa para a glicolise aerdbica, mesmo sob condicbes normais de
oxigénio, esse fendbmeno foi chamado de efeito Warburg (CHEN et al., 2018; ZHOU;
LIOTTA; PETRICOIN, 2017). O efeito Warburg foi observado pela primeira vez em
células tumorais, as quais apresentaram maior consumo de glicose, menor consumo
de oxigénio e aumento da producao de L-lactato (WARBURG, 1956b). H4 uma forte
associacao entre cancer e o efeito Warburg (BURNS; MANDA, 2017), onde a intensa
glicOlise assegura as altas taxas de proliferacao das células tumorais (YU et al., 2017).
O aumento da glicélise aerdbica pode ser observada em pacientes com tumores
malignos usando o PET scan (Tomografia por Emissdo de Pdsitrons) (CHEN et al.,
2016). O efeito Warburg ja foi descrito em diversos tipos de cancer, como colorretal,
mama, pulmao e glioblastoma (POTTER; NEWPORT; MORTEN, 2016).
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As bases moleculares do efeito Warburg foram recentemente reconsideradas.
De fato, muitas mitocondrias de células tumorais ndo sédo deficientes, mas passam
por uma reprogramacdo metabdlica, alterando a regulacdo da glicdlise e dos
processos mitocondriais (BURNS; MANDA, 2017; GUARAGNELLA et al.,, 2013).
Atualmente, relaciona-se a taxa glicolitica de um tumor a sua agressividade. Quanto
mais invasivo é o tumor, maior a taxa de glicolise aerébica (OCANA et al., 2018).

Existem algumas hipéteses que tentam explicar as bases moleculares do efeito
Warburg, porém ainda ndo existe nenhuma teoria concreta. (ZHOU; LIOTTA,
PETRICOIN, 2017). Algumas hipoéteses relacionadas a esse efeito, sdo: aumento da
expressdo de GLUTs (Transportador de Glicose) (BURNS; MANDA, 2017; DIAZ-
RUIZ; RIGOULET; DEVIN, 2011a) e HKII (Hexoquinase Il) (DIAZ-RUIZ; RIGOULET;
DEVIN, 2011a), altos niveis de piruvato desidrogenase quinase (BURNS; MANDA,
2017), alta expressdo de PKM2 (Piruvato Quinase M1/2) e NF-kB (Nuclear Factor
Kappa B) (BURNS; MANDA, 2017).

A elevada expressao de diferentes GLUTs, por exemplo, ja foi descrita em
diferentes tipos de cancer. Foi observado que os GLUTs sdo epigeneticamente
regulados para acelerar o transporte de glicose através da membrana celular. Foi
relatado que a inibicdo de HDAC é responsavel pela expressdo aumentada de GLUTs
(GLUT1, GLUT3 e GLUT4) em cancer (TEKADE; SUN, 2017). A expresséao de HKII é
controlada por varios fatores de transcricao e alteracdes epigenéticas (TEKADE; SUN,
2017). O aumento de sua expressao esta relacionado com a metastase de varios tipos
de céancer. Muitos agentes anticancer (2-DG, lonidamina, 3-BP, metformina, MJ,
oroxilina A, casiopeina ll-gly, NA, prosapogenina A, clotrimazol, bifonazol e anti-HKII
ShRNA) realizam inibigcdo dirigida da HKII ou do complexo HKII-VDAC (Voltage-
Dependent Anion Channels) (ZHONG; ZHOU, 2017). Células saudaveis exibem baixa
afinidade para HKIV, que é alterada para a isoforma HKIlI durante a oncogénese
(TEKADE; SUN, 2017).

Ja foi relatado o envolvimento de algumas oncoproteinas e supressores de
tumor, incluindo a via de sinalizacado PI3K (phosphoinositide 3-Kinase)/Akt (Protein
Kinase B)/mTOR (Mammalian Target of Rapamycin), MYC (MYC proto-oncegene),
HIF-1a (Hypoxia-inducible factor 1-alpha) e p53, na adaptacdo metabdlica

favorecendo o crescimento tumoral, proliferacédo celular, angiogénese e resisténcia ao
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estresse (CHEN et al., 2016). A via de sinalizacao PI3K/Akt est4 envolvida em muitos
processos, como inflamagéo, autofagia e progressdo do cancer (CHEN et al., 2016).
A ativagdo do oncogene AKT em células tumorais aumenta o transporte de glicose,
estimulando a glicélise aerdbica. Além disso, AKT pode ativar a HKII a fim de melhorar
a taxa glicolitica (CHEN et al., 2016). O oncogene MYC é um fator de transcricdo que
controla o processo de crescimento e o metabolismo celular. A sua ativacao regula
muitos genes que codificam enzimas do metabolismo da glicose, como GLUT1, HK-
II, PFKM (Fosfofrutoquinase), ENO1 (Enolase 1), LDHA (Lactato Desidrogenase A) e
PDK1 (Piruvato Desidrogenase Quinase 1), estimulando assim o efeito Warburg
(CHEN et al., 2016). O gene HIF-1 se torna ativo em ambientes com baixa
concentracdo de oxigénio (hipoxia), mas ja foi observado que também pode ser
ativado por um oncogene ou por estresse oxidativo (GENTRIC; MIEULET; MECHTA-
GRIGORIOU, 2017). HIF-1 aumenta a expressao dos transportadores de glicose e de
enzimas glicoliticas, e inibe o ciclo do TCA (Acido Tricarboxilico) (GENTRIC;
MIEULET; MECHTA-GRIGORIOU, 2017). O supressor tumoral p53 pode regular
negativamente o crescimento celular induzindo transcricionalmente inibidores de
MTOR. p53 pode reduzir a glicolise aumentando a atividade da frutose-2,6-
bisfosfatase e inibindo os transportadores de glicose. Frequentemente, esse
supressor tumoral encontra-se mutado em tumores humanos, levando a reducéo ou
perda da sua funcéo, o que pode estar associado ao efeito Warburg (CHEN et al.,
2016).

Apesar do baixo rendimento de ATP por molécula de glicose, células tumorais
sdo capazes de obter o0 mesmo rendimento energético por glicélise aerébica e por
fosforilac&o oxidativa (OCANA et al., 2018). Devido & alta taxa de proliferacdo celular,
células tumorais possuem uma elevada demanda de precursores, como nucleotideos,
lipideos e aminoéacidos, para a geracdo de células filhas (OCANA et al., 2018). A
glicose pode ser desviada e utilizada como fonte de carbono para a sintese de acetil-
CoA (lipideos), producdo de aminoacidos ndo essenciais e ribose (nucleotideos),
requeridos pela alta taxa proliferativa (GENTRIC; MIEULET; MECHTA-GRIGORIOU,
2017; OCANA et al., 2018). Contudo, ndo se pode afirmar que todos os tumores sdo
exclusivamente glicogénicos. Ja foram identificados alguns linfomas e melanomas que

possuem alta atividade de OXPHOS (Fosforilagdo Oxidativa) e muitos tumores
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apresentam os dois metabolismos, tanto o glicolitico quanto o oxidativo (GENTRIC;
MIEULET; MECHTA-GRIGORIOU, 2017; OCANA et al., 2018). Células cancerosas
podem exibir um fendtipo glicolitico sob condi¢cbes regulares, mas podem mudar para
um fendtipo nao-glicolitico sob acidose lactica. Quando a oferta de glicose € suficiente,
as ceélulas tumorais podem ser inicialmente glicoliticas e, conforme o piruvato é
transformado em lactato, ocorre um acumulo deste, levando a acidose lactica. A
acidose lactica, por usa vez, é uma consequéncia inevitavel do efeito Warburg e é
comum na maioria dos tumores solidos. A acidose lactica acidifica o citosol, baixando
0 seu pH, diminuindo o fluxo glicolitico e suprimindo as atividades das enzimas
glicoliticas, eventualmente comprometendo a glicélise. A acidose lactica pode
promover a transi¢ao do efeito Warburg para um fenotipo nao-glicolitico (CHEN et al.,
2016).

Um novo tipo de metabolismo em cancer chamado de “Efeito Warburg reverso”
ou “acoplamento metabdlico” tem sido identificado. Este efeito pode explicar os
fendbmenos contraditérios observados em certos tipos de tumor que apresentam alta
taxa de respiracdo mitocondrial e baixo nivel de glicolise. Este conceito implica em
uma simbiose entre células tumorais e fibroblastos glicoliticos (CHEN et al., 2016).
Células cancerosas secretam espécies reativas de oxigénio induzindo estresse
oxidativo em fibroblastos associados ao céancer, levando-os a glicélise aerébica. O
lactato produzido serve como combustivel para OXPHOs mitocondriais de células
tumorais, produzindo altos niveis de ATP e protegendo estas células contra a
apoptose (CHEN et al., 2016; FU et al., 2017; PAVLIDES et al., 2009; XU et al., 2015).
O efeito Warburg e o efeito Warburg reverso podem ser considerados processos
cooperativos (FU et al., 2017).

As células que sofrem o efeito Warburg remodulam seu metabolismo para
glicdlise e glutamindlise produzindo niveis aumentados de substratos, como lactato,
proveniente da glicélise, aléem de succinato, alanina e aspartato, provenientes da
degradacédo de glutamina e outros aminoacidos (TIDWELL; SOREIDE; HAGLAND,
2017).Células tumorais sao capazes de utilizar outros substratos além da glicose. A
glutamina, aminoacido mais abundante na corrente sanguinea, também possui um
papel importante no crescimento tumoral, visto que é uma grande fonte de nitrogénio

(OCANA et al., 2018). Transportadores de glutamina S80 superexpressos em VArios
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tipos de cancer. Ja foi descrito em células tumorais que o proto-oncogene c-MYC se
liga transcricionalmente as regides promotoras de transportadores de glutamina de
alta afinidade, levando a maior captacéo de glutamina (YANG; VENNETI; NAGRATH,
2017a). A glutamindlise € o processo pelo qual as células convertem glutamina em
metabdlitos do ciclo do TCA através da atividade de multiplas enzimas. A glutamina é
convertida a glutamato por uma GLS (Glutaminase). O glutamato é entdo convertido
em a-cetoglutarato através de duas vias. A primeira ocorre através da atividade da
GLUD (Glutamato Desidrogenase). A segunda se da através da atividade de um grupo
de transaminases, incluindo GOT (Glutamato Oxaloacetato Transaminase), GPT
(Glutamato Piruvato Transaminase) e PSAT (Fosfoserina Transaminase) (YANG;
VENNETI; NAGRATH, 2017a). As transaminases promovem a geracdo de NEAAs
(Aminoacidos N&o Essenciais), incluindo aspartato, alanina e fosfoserina. O a-
cetoglutarato gerado pode servir como substrato anaplerético para o ciclo do TCA,
gerando ATP através de OXPHOS. O citrato € gerado quando o a-cetoglutarato
derivado da glutamina se condensa com acetil-CoA. O citrato conecta o metabolismo
mitocondrial a lipogénese através da ACLY (ATP-Citrato Liase) e acido graxo
sintetase, levando a sintese de lipideos (CHENG et al.,, 2018; YANG; VENNETI,
NAGRATH, 2017a).

A via serina/glicina modula a capacidade antioxidante e esta envolvida na
homeostase redox da célula, além de ser necessaria para a sintese de proteinas,
purinas e para a metilacdo de DNA e histonas (GENTRIC; MIEULET; MECHTA-
GRIGORIOQU, 2017). Quando néo é possivel repor os intermediéarios do ciclo do TCA
via glutamina, a biossintese de serina se torna o maior contribuidor para o suprimento
do ciclo do TCA, levando a uma maior proliferacdo da célula tumoral (GENTRIC;
MIEULET; MECHTA-GRIGORIOU, 2017).

Muitas evidéncias mostram que ha uma reprogramacdo do metabolismo de
lipideos em células tumorais (CHENG et al., 2018). Tumores apresentam maior
lipogénese devido ao aumento da biogénese de membrana plasmatica (CHENG et al.,
2018). A glicose € o maior precursor da sintese de lipideos. Esta € convertida a
piruvato que entra na mitocondria, produzindo citrato. Ja no citoplasma, o citrato pode
ser convertido em acido graxo e colesterol (CHENG et al., 2018).

24



INTRODUCAO Germana Breves Rona

Os substratos metabdlicos e os metabdlitos resultantes da alteracdo do
metabolismo sofrida por uma célula tumoral sinalizam processos de transcricao
baseado na disponibilidade nutricional e na necessidade de crescimento, esse
processo ocorre devido a um controle epigenético. Assim, a transicdo metabdlica que
ocorre em células cancerigenas podem regular a expressao génica epigeneticamente
(TIDWELL; SOREIDE; HAGLAND, 2017).

1.3 REGULACAO GENICA E EPIGENETICA

O DNA eucariotico esta empacotado dentro do nucleo através da sua associacao
com proteinas histonas, formando a fibra de cromatina. O nucleossomo, a unidade
fundamental da cromatina, € constituido por 146 pb de DNA envolto em torno de um
octamero de histonas composto por duas copias de H2A, H2B, H3 e H4 (Figura 1)
(ALBERT; HELIN, 2010; VOLKEL; ANGRAND, 2007). O nucleossomo desempenha
papel importante na regulacédo de muitos processos dependentes do DNA gendmico,
como transcri¢ao, reparo e apoptose (VERMEULEN et al., 2010).
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Figura 1. Representac@o esquematica do nucleossomo eucaridtico. O nucleossomo, a unidade
fundamental da cromatina, é formado por um octamero de histonas, formado por quatro dimeros de
H2A, H2B, H3 e H4 (azul) envolvido por 146 pb de DNA eucarittico (dupla hélice cinza).As caudas
amino-terminais da histonas podem sofrer modificagbes pos-traducionais, como metilagdo (Me-
vermelho), acetilagéo (Ac- verde) e fosforilagédo (Ph- azul).
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Cada célula de um individuo possui a mesma sequéncia gendmica, ainda que
presente em tecidos diferentes, podendo apresentar fenotipos amplamente diferentes.
Essa variacdo surge porque cada célula expressa um subconjunto especifico de
genes, alguns genes séo ativados enquanto outros sao reprimidos, resultando em um
padrdo de expressao génica que caracteriza a identidade de uma célula (HAWKINS;
AL-ATTAR; STOREY, 2018). O padrao de expressédo génica é direcionado por fatores
de transcricao que se ligam a um promotor especifico. A cromatina sofre mudancas
estruturais que facilita os processos biolégicos de replicacdo, reparo do DNA,
recombinacdo, progressao do ciclo celular e transcricdo, apresentando um papel
importante neste Ultimo processo (ALBERT; HELIN, 2010; HUEN et al., 2010;
SLATER; ALLEN; BYCROFT, 2003). Logo, a acessibilidade do DNA as proteinas que
participam desses processos € largamente afetada pelo grau de condensacao da
cromatina (Figura 1) (VOLKEL; ANGRAND, 2007).

Em 1942, Conrad Waddington criou o termo epigenética para descrever as
mudancas herdadas em fenétipo sem alteracbes no genotipo (NEBBIOSO et al.,
2018). A capacidade de armazenar informacBes através de alteracdes no
nucleossomo e na estrutura da cromatina sem alterar a sequéncia de DNA ¢é definida
como epigenética (ALBERT; HELIN, 2010). A informacdo génica é passada de
geracdo para geracao através da replicacdo do DNA e, da mesma forma, os
mecanismos epigenéticos podem ser transmitidos as células filhas e através de
geracdes (HAWKINS; AL-ATTAR; STOREY, 2018). As modificacbes em caudas de
histonas e a metilacdo de DNA sdo 0s eventos epigenéticos mais conhecidos
(ALBERT; HELIN, 2010).

A condensacdo da cromatina é controlada, entre outros fatores, pelas PTMs
(Modificacdo Pés-Traducional) em histonas. As caudas das histonas desempenham
papel importante no processo de enovelamento da cromatina (VOLKEL; ANGRAND,
2007). O enovelamento e a condensacdo dos nucleossomos resultam em uma
mudanca no estado funcional da cromatina, impedindo as atividades que requerem
acesso ao material genético. As células possuem varios mecanismos de modificacdo
da estrutura da cromatina, incluindo a modificacdo de histonas e o recrutamento de
fatores responsaveis pelo remodelamento da cromatina (HUEN et al.,, 2010). A

estrutura da cromatina pode ser modificada de diversas maneiras. Varios complexos
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multi-proteicos modulam as interagdes DNA-histona de maneira ATP-dependente.
Outras proteinas modificam aminoacidos da regido amino-terminal das histonas por
meio de acetilacdo, metilacdo, fosforilacdo (SLATER; ALLEN; BYCROFT, 2003;
WANG; QIU; WU, 2018), ubiquitinacdo, sumoilacéo, ribosilacdo de difosfato de
adenosina (ADP), isomeriza¢do de prolina, biotinilagdo, citrulinacdo e suas varias
combinagdes (WANG; QIU; WU, 2018) (Figura 1). Essas modificagbes podem alterar
a interacdo de histonas com o DNA nucleossomal, além de fornecerem sitios de
ligacdo para proteinas regulatérias (SLATER; ALLEN; BYCROFT, 2003). Esses
mecanismos trabalham juntos para permitir a regulacéo espaco- temporal do acesso
ao material genético, facilitando e controlando todos os processos dependentes do
DNA gendmico, incluindo a expresséo génica (HUEN et al., 2010).

As modificacBes covalentes que ocorrem com alta especificidade nas caudas
das histonas podem implicar em resultados distintos em termos de funcdes
dependentes da cromatina, como a expressdo génica. Esta ideia foi formalmente
proposta como o “Cédigo de Histonas”. De acordo com esta hipotese, as histonas
atuam como plataformas de sinalizacdo, integrando vias que induzem respostas
nucleares adequadas, tais como a ativagido ou a repressao da transcricdo (VOLKEL;
ANGRAND, 2007). Existem inimeras modificacbes que podem ocorrer nas caudas
das histonas e, a cada ano, novas modificacbes sado descobertas. Atualmente, as
modificacdes melhor caracterizadas séo acetilacdo e metilacao de lisinas em histonas.
Os residuos de lisina sdo acetilados por HATs (Histona Acetil-Transferase) e
desacetilados por HDACs. A acetilagdo de histonas pode criar sitios de ligagdo para
fatores envolvidos na regulagcdo transcricional ou neutralizar a carga positiva da
histona, diminuindo a interacdo histona-DNA. A metilacdo de lisinas em histonas é
reconhecida por proteinas efetoras que agem positiva ou negativamente sobre a
transcricdo (HAWKINS; AL-ATTAR; STOREY, 2018).

As anomalias presentes nos padrbes de expressao génica, relacionadas com
diversos tipos de cancer e doengas ligadas ao desenvolvimento e diferenciagédo, ndo
estdo envolvidas apenas com mutacdes no DNA, mas também as mudancas
epigenéticas (ALBERT; HELIN, 2010; MORISHITA; DI LUCCIO, 2011b). Alteracdes
epigenéticas ndo afetam apenas a compactacao do DNA, mas também possuem um

papel regulatério importante em quase todos 0s aspectos referentes ao metabolismo
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do DNA, incluindo transcri¢ao, replicacdo, recombinacdo e reparo (WANG et al.,
2009). AlteracBes genéticas e epigenéticas sdo responsaveis pela iniciacdo e
propagacdo do cancer, porém, apenas as aberracdes epigenéticas sdo reversiveis
(ALBERT; HELIN, 2010; MORISHITA; DI LUCCIO, 201l1a). As aberracdes
epigenéticas relacionadas ao cancer podem ocorrer devido a mutagdes genéticas de
modificadores e remodeladores da cromatina. Modificadores da cromatina geralmente
utilizam metabdlitos como cofatores e, portanto, sdo sensiveis a pequenas alteracbes
no seu equilibrio. O estado nutricional e metabdlico, a interacdo com 0 microambiente
tumoral e o envelhecimento representam exemplos de processos biolégicos que
decorrem de alteracfes epigenéticas tumorais (NEBBIOSO et al., 2018).

A terapia epigenética vem crescendo como uma abordagem efetiva e valiosa na
terapia e prevencao do cancer (ALBERT; HELIN, 2010; MORISHITA; DI LUCCIO,
2011a). A metilagdo de DNA e modificagdes nas caudas das histonas sdo os
fendbmenos epigenéticos mais estudados e muitas drogas estdo sendo desenvolvidas
para atuar nestes processos (ALBERT; HELIN, 2010; MORISHITA; DI LUCCIO,
2011a). Inibidores de desacetilases e metil transferases estdo sendo desenvolvidos
para quimioterapia e quimioprevencdo do cancer (ALBERT; HELIN, 2010;
MORISHITA; DI LUCCIO, 2011b). O uso desses inibidores ja foi aprovado em alguns
tratamentos de canceres hematoldgicos e estdo em processo de testes clinicos para
outros tipos de cancer (ALBERT; HELIN, 2010).

Os inibidores de HDAC demonstraram ser agentes terapéuticos anticancer
eficazes através de multiplos mecanismos, como: inducéo de parada do ciclo celular,
mecanismos apoptoéticos intrinsecos e extrinsecos, morte celular autofagica, espécies
reativas de oxigénio, inibicdo da angiogénese e melhora da imunidade tumoral
mediada por células NK (Natural Killer) (HAJJI et al., 2018). Estudos recentes mostram
que moduladores da metilagdo de DNA séo capazes de sensibilizar células tumorais
multirresistentes ao tratamento convencional. No entanto, o uso de agentes de
regulacdo da metilacdo do DNA pode ativar genes indesejaveis, incluindo novos
genes de resisténcia a drogas e outros que induzem a progressao tumoral (HAJJI et
al., 2018). Esses moduladores podem ser considerados como biomarcadores de
resisténcia a drogas e como potencial alvo terapéutico para o combate a resisténcia

aos tratamentos convencionais. No entanto, uma compreensdo mais profunda dos
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mecanismos epigenéticos na resisténcia a drogas contra o cancer, poderia aumentar

a eficicia terapéutica contra as células tumorais (HAJJI et al., 2018).

1.4 AMPLICON 8p11-12

A amplificacdo cromossomal est4 entre as principais alteracfes genéticas
ocorridas no cancer (SPRINGER et al., 2015). A amplificacdo da regido 11-12 do brago
curto do cromossomo 8 (8p11-12) ocorre em cerca de 15% dos casos de cancer de
mama (LUCIO-ETEROVIC; CARPENTER, 2011; SPRINGER et al., 2015; YANG et
al., 2010), principalmente no subtipo positivo para receptor de estrogénio (SPRINGER
etal., 2015). Além do cancer de mama, a amplificacao da regido 8p11-12 j& foi descrita
em cancer de pulméo, bexiga e pancreas (MAHMOOD et al., 2013). Moelans e
colaboradores mostraram que ndo sé a amplificacdo, mas também a perda da regido
8p11-12, se correlaciona com um fendtipo mais agressivo de tumor de mama
(MOELANS et al., 2018). Foram identificados 23 genes relacionados a progressao
tumoral no amplicon 8pl11-12. Os genes WHSC1L1 (Wolf-Hirschhorn Syndrome
Candidate 1-Like 1), DDHD2 (DDHD Domain Containing 2) e ERLIN2 (ER Lipid Raft
Associated 2) sédo considerados 0S oncogenes mais expressivos e com maior
capacidade de transformacao de células saudaveis em células com fenétipos tumorais
(YANG et al.,, 2010). WHSC1L1 e DDHD2 desempenham papéis relacionados a
proliferacdo e sobrevivéncia celular (LUO et al., 2017). Dentre esses candidatos, o
gene WHSC1L1, referente a sindrome de Wolf-Hirschhorn, também conhecido como
NSD3 (Nuclear Receptor Binding SET Domain Protein 3), foi apontado como um dos
principais candidatos a oncogene lider dessa regido, capaz de dirigir a expresséo de
outros oncogenes presentes na regido 8pl1-12. A superexpressao de WHSC1L1 em
células MCF-10A apresentou a maior eficiéncia de transformacdo de células

saudaveis de mama em células com caracteristicas tumorais (YANG et al., 2010).

1.5 FAMILIA NSD

NSD (Nuclear Receptor SET Domain) é uma familia composta por 3 proteinas
HMTases (Histona metil-transferase), NSD1 (Nuclear Receptor Binding SET Domain
Protein 1) (loci 5935), NSD2/MMSET/WHSC1 (Nuclear Receptor Binding SET Domain
Protein 2/ Multiple Myeloma SET Domain/ Wolf—Hirschhorn Syndrome Candidate 1)
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(loci 4p16) e NSD3/WHSC1L1 (loci 8p12) (MORISHITA; DI LUCCIO, 2011a, 2011b).
As NSDs séo proteinas multi-dominios, compostas por um dominio catalitico SET
(Su(var)3-9,Enhancer-of-zeste and Trithorax), subdividido em pré-SET, SET e pos-
SET, dois dominios PWWP (Prolina-Triptofano-Triptofano-Prolina) e cinco dominios
PHD (Plant Homeodomain Zinc Fingers) (Figura 2). Os dominios PWWP e PHD séao
considerados leitores de marcas epigenéticas (BENNETT et al.,, 2017). As trés
proteinas dessa familia estdo envolvidas em diversas patologias, incluindo varios tipos
de céancer, devido a alteracdes nos loci e nos seus niveis de expressdo. NSD1 esta
associada a leucemia mieloide aguda, mieloma mdultiplo e cancer de pulméo (LUCIO-
ETEROVIC; CARPENTER, 2011; MORISHITA; DI LUCCIO, 201l1a); NSD2 com
mieloma multiplo e cancer de pulmé&o; NSD3 com leucemia mieloide aguda, cancer de
mama, pulméao entre outros (LUCIO-ETEROVIC; CARPENTER, 2011; MORISHITA,;
DI LUCCIO, 2011a).

NSD1 ——
(2696 aa)

NSD2
(1365 aa)

NSD3 AN
(1437 aa) AL

NSD3s
(645 aa)

NSD3I PUWWE BWWP
(1437 aa)

Figura 2. Representacao esquematica dos membros da familia NSD. A familia NSD é composta
por 3 proteinas: NSD1(2696 aa), NSD2 (1365 aa) e NSD3 (1437 aa). As NSDs sao compostas pelos
mesmos dominios: dois PWWP, cinco PHD e um SET. NSD3 sofre splicing alternativo resultando em
uma isoforma curta (645 aa), que possui apenas o primeiro dominio PWWP, e uma isoforma longa
(1437 aa).

Suspeita-se que a diversidade funcional das trés proteinas NSDs pode se

originar a partir de diferentes substratos devido as especificidades de seus dominios
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SET. As NSDs desempenham atividade de histona mono- e di-metilases, sendo
altamente especificas para o residuo de lisina 36 na histona H3 (HE et al., 2013).

Estudos indicam que NSD1 medeia especificamente a transferéncia de grupos
metila (mono ou di) para a lisina K36 na histona H3 (H3K36). Esta marca epigenética
atua como promotora da transcricdo e € essencial para 0 crescimento e
desenvolvimento normais. NSD1 é normalmente expressa em cérebro, rim, baco, timo
e musculo esquelético de individuos adultos (VOUGIOUKLAKIS et al., 2015). A
expressdo aberrante de NSD1 leva a determinados tipos de cancer, além das
sindromes de Soto, desordem genética definida pelo demasiado crescimento nos
primeiros anos de vida acompanhada de retardo; e Beckwith-Wiedeman,
caracterizada pelo sobre crescimento e predisposicdo tumoral. (BENNETT et al.,
2017; PAPPAS, 2015; SHETH et al., 2015; VOUGIOUKLAKIS et al., 2015). NSD1 é
uma proteina de 2696 aminoécidos que contém cinco dominios PHD, dois dominios
PWWP e um dominio SET, responséavel pela sua atividade HMTasica. NSD2 possui
1365 aminoacidos, apresenta os mesmo dominios funcionais que NSD1 e também
catalisa a mono- e di-metilacdo (preferencialmente) de H3K36. NSD2 é amplamente
expressa no desenvolvimento inicial, e desempenha papel fundamental no
crescimento. A deficiéncia de NSD2 esta envolvida na sindrome de Wolf-Hirschhorn,
caracterizada por defeitos cerebrais associados ao atraso no desenvolvimento e
epilepsia. NSD2 esta envolvida no sistema de reparo de DNA e provavelmente
desempenha papel importante nos mecanismos de quimioresisténcia em tumores
(BATTAGLIA; CAREY; SOUTH, 2015; BENNETT et al., 2017). NSD3 possui 1437
aminoacidos e sua superexpressao estad relacionada a diversos tipos de céancer.
Algumas evidéncias sugerem que NSD3 ativa a sinalizacdo das vias de progressao
do ciclo celular e proliferacdo (BENNETT et al.,, 2017; MORISHITA; DI LUCCIO,
2011a, 2011b).

Um namero crescente de estudos vincula a desregulacdo da expressédo das
proteinas NSD a varios tipos de cancer. Em muitos casos, a diminui¢cdo da quantidade
das proteinas dessa familia pode suprimir o desenvolvimento do cancer. A familia
NSD pode ser utilizada como modelo para o desenvolvimento racional de drogas
anticancer através do desenho de inibidores especificos e seletivos. No entanto,

pouco se sabe sobre o mecanismo de acdo dessas proteinas e poucos compostos
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foram descritos até hoje como inibidores seletivos de HMTases. Até o momento,
nenhum dos inibidores de HMTases € capaz de inibir seletivamente as proteinas NSD.
Isto ocorre principalmente devido a caréncia de estudos sobre as estruturas das
HMTases, em particular a familia NSD (MORISHITA; DI LUCCIO, 2011a, 2011b).

1.6 NSD3

NSD3, também conhecida como WHSC1L1, é o terceiro membro da familia NSD
de HMTases. Trés isoformas de NSD3 foram relatadas. A isoforma mais longa, NSD3lI,
codifica uma proteina de 1437 aminoacidos. NSD3I inclui dois dominios PWWP, cinco
dominios PHD e um dominio catalitico SET. O dominio SET de NSD3I tem
especificidade pelos residuos de lisina H3K4, H3K27 e H3K36 (HE et al., 2013; ZHOU
et al., 2010). NSD3l possui maior grau de similaridade de sequéncia com NSD1 do
gue com NSD2. NSD3l é expressa em elevados niveis no cérebro, coracdo, musculo
esquelético e placenta e, em niveis mais baixos, no pancreas, figado, pulméo e rim
(ZHOU et al., 2010). O produto do splicing alternativo do exon 10 resulta em um
transcrito que codifica uma proteina de 645 aminoacidos, a isoforma curta de NSD3
(NSD3s). Os 619 aminoéacidos que formam a NSD3s sédo idénticos a por¢ado amino-
terminal de NSD3l e, dos dominios proteicos presentes na NSD3I, somente o primeiro
dominio PWWP esta incluso em NSD3s (YANG et al., 2010). Como as duas isoformas
sdo coexpressas em tecidos tumorais, elas competem pela interacdo com proteinas
através dos seus dominios PWWP (HAN et al., 2018). A terceira isoforma de NSD3,
WHISTLE, é expressa em baixos niveis em comparag¢do com as demais isoformas.
WHISTLE possui 506 aminoacidos e contém apenas o segundo dominio PWWP, o
dominio SET e o dominio p6s-SET (HAN et al., 2018; ZHOU et al., 2010). Esta
isoforma possui a capacidade de reprimir a transcricdo génica, facilitando atividades
especificas de desmetilacdo nas histonas H3K4 e H3K27 (HAN et al., 2018).

NSD3 esta envolvida em diversos processos biologicos, como modificacdo da
cromatina, regulacao transcricional e reparo de DNA, tanto por regulacdo da metilacéo
de histonas quanto por interagcdo proteina-proteina através de seus dominios (LIU et
al., 2017). Além de histonas, NSD3 também é capaz de metilar proteinas ndo histonas.
NSD3 mono-metila o fator de transcricdo IRF3 (interferon regulatory factor 3) no

residuo de lisina 366, mantendo-o fosforilado, aumentando a sua atividade
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transcricional e promovendo a resposta imune antiviral (MINO; TAKEUCHI, 2017;
WANG et al., 2017).

NSD3 esta associada ao cancer por dois mecanismos. Esta encontra-se
frequentemente amplificada, como ocorre no cancer de mama, pulmao, bexiga,
pancreas, pulmao, hematoldgico, cabeca e pescoco, e osteorsarcoma, sugerindo um
papel importante no controle do crescimento e diferenciacao celular (HAN et al., 2018;
SALOURA et al., 2017; ZHOU et al., 2010). Ainda, NSD3 pode encontrar-se fusionada
a outra proteina, como na leucemia mieloide aguda, NUT (Nuclear Protein of the
Testis)-carcinoma medular e em alguns carcinomas pélvicos (HAN et al., 2018).

NSD3 é capaz de interagir com o dominio ET (Extra Terminal) da proteina BRD4
(Bromodomain-Containing Protein 4) atraves da sua por¢cao amino-terminal (KONUMA
et al., 2017; ZHANG et al., 2016), presente tanto na isoforma longa quanto na curta.
Essa interacdo é caracteristica de LMA (Leucemia Mieldide Aguda) e pode estar
relacionada a patogénese da doenca (ZHANG et al.,, 2016). Em LMA, NSD3s
desempenha sua funcao regulatoria através de quatro interfaces de interacdo: (i) um
sitio de ligacdo a BRD4, (ii) um sitio de ligacdo a CHD8 (Chromodomain-Helicase-
DNA-Binding Protein 8), (iii) um dominio PWWP que reconhece histonas metiladas no
nucleossomo e (iv) um dominio acido de ativacdo transcricional (aminoacidos 1-100)
(SHEN et al., 2015). NSD3s se apresenta como um adaptador multifuncional de
proteinas em LMA, e provavelmente em outros tipos de cancer, através da ligacéo a
BRD4 e CHD8, sustentando a transcricdo oncogénica (SHEN et al., 2015). NSD3s é
essencial para a proliferacéo celular em LMA (SHEN et al., 2015). Em pacientes de
LMA e LLA (Leucemia Linfocitica Aguda), os niveis de expressao de NSD3 séao
maiores do que o controle (ZHOU et al., 2010). NSD3 é encontrada fusionada a
NUP98 (Nuclear pore complex protein Nup98) em casos de LMA (ALBERT; HELIN,
2010). Apesar da sua importancia, ainda nédo se sabe ao certo como a NSD3 atua,
pouco € sabido sobre seu mecanismo de acéo e alvos moleculares (ALBERT; HELIN,
2010; LUCIO-ETEROVIC; CARPENTER, 2011).

NSD3s se liga a MYC regulando seu acesso a cromatina (LI et al., 2017). A
regido carboxi-terminal de MYC interage com o dominio PWWP de NSD3s e essa
ligagdo estabiliza e aumenta os niveis transcricionais de MYC (LI et al., 2017). O

complexo NSD3s-MYC foi detectado em céncer de pulméao (LI et al., 2017). Esses
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resultados levaram a hipdétese de que NSD3s estimula a atividade oncogénica de
MYC, pois faz uma ponte entre MYC e BRDA4, permitindo a regulacéo da funcao de
MYC em resposta a moduladores epigenéticos (LI et al., 2017).

A amplificagdo do gene NSD3 ocorre em 9,3% dos casos de cancer de cabega
e pescoco (SALOURA et al., 2016). O knockdown dessa oncoproteina resultou em
supressdo do crescimento e viabilidade, bem como na reducdo dos niveis de
H3K36me2 em células de cancer de cabeca e pescoco (SALOURA et al., 2016, 2017).
NSD3 é um oncogene que regula transcricionalmente os genes CDC6 (Cell Division
Cicle 6) e CDK2 (Cyclin Dependent Kinase 2) através da di-metilacdo de H3K36 em
SCCHN (Squamous Cell Carcinoma of the Head/Neck) (SALOURA et al., 2016, 2017).
A marca epigenética H3K36me2, produto da atividade de NSD3, é essencial para a
transicdo da fase G1 para a fase S em células de SCCHN (SALOURA et al., 2016).
NSD3 é capaz de metilar substratos diferentes de histonas, como a lisina 721 do
dominio EGFR (Epidermal Growth Factor Receptor). Essa mono-metilacao pode levar
ao aumento da sintese de DNA e a progressao da fase S, por exemplo. Sendo assim,
NSD3 pode ser um potencial alvo para o desenvolvimento de drogas antitumorais para
pacientes com cancer de cabeca e pescoco (SALOURA et al., 2016, 2017).

NSD3 é amplificada em alguns casos de cancer de mama, apresentando alto
potencial transformante (ALBERT; HELIN, 2010; YANG et al., 2010). Em células de
cancer de mama, o silenciamento de NSD3 leva a diminuicdo da proliferacdo e
crescimento celular (YANG et al., 2010). A isoforma curta € suficiente para transformar
uma célula saudavel em uma célula com caracteristicas tumorais (YANG et al., 2010).
A superexpressdo de NSD3 esta conectada a superexpressdo de ERa (Estrogen
Receptor Alpha) em células de cancer de mama SUM-44 e em células de cancer de
mama primario. O knockdown de NSD3, principalmente da isoforma curta (NSD3s),
tem um efeito profundo nos niveis de RNAm de ESR1 (Estrogen Receptor 1) e ERa.
Muitos genes relacionados a cancer de mama (ESR1, ERBB3, ERBB4, CD44, CD24,
MYB) tem a sua expressao reduzida em reflexo ao knockdown de NSD3 (IRISH et al.,
2016). A isoforma curta NSD3s possui maiores niveis de expresséo do que a isoforma
longa em células de linhagens de cancer de mama, assim como em células de cancer
primario (IRISH et al., 2016). A isoforma curta se tornou muito importante, visto que

foi observado que, em alguns tumores de mama, apenas 0s éxons que codificam a
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NSD3s sdo amplificados, levando a superexpressao apenas da isoforma curta, e ndo
da longa (IRISH et al., 2016). O knockdown apenas da isoforma curta tem um efeito
mais dréstico do que o knockdown ambas as isoformas sobre a expresséo de ESR1
e na proliferacdo celular. Esses resultados mostram que NSD3, principalmente
NSD3s, possui um papel na superexpressdo de ERa (IRISH et al.,, 2016). Essas
evidéncias mostram um papel importante da NSD3s na epigendmica, apesar de néo
possuir 0o dominio catalitico SET (IRISH et al., 2016). A figura 3 resume

esquematicamente o envolvimento de NSD3 com os diferentes tipos de cancer.

Amplficaclo Fusso FusBo Fus8o | Fusio

v L4

v b 4
e @ D
vy b4
Me NUT NUP98

Me Me Me
CHD8
b 4 b 4 L 4 L 4 v L 4
Cancer de mama Carcinoma NUT- Leucemia Cé;“' Leucemia
Cancer de pulmio de cabscae carcinoma mieloide aguda h:“ mieldide aguda
Cancer de pancreas Pescogo medular pu

Céancer de bexiga
Carcinoma de cabega e pescogo
Osteosarcoma

Figura 3. Esquema dos diversos tipos de cancer desencadeados pela NSD3. (Figura adaptada
de (HAN et al., 2018)).

1.7 O DOMINIO PWWP

O dominio PWWP foi primeiramente descrito no gene WHSC1 e é encontrado
apenas em organismos eucarioticos. Este dominio € caracterizado pelo motivo de
sequéncia Pro-Trp-Trp-Pro conservado (ALVAREZ-VENEGAS; AVRAMOVA, 2012;
WU et al., 2011). Apesar da conservacéo, variagdes no motivo PWWP podem ocorrer
em determinadas proteinas. Por exemplo, a proteina metil-transferase de DNA,
DNMT2a/b, contém o motivo SWWP, enquanto o fator de crescimento derivado de
hepatoma, HDGF, possui 0 motivo PHWP (RONA; ELEUTHERIO; PINHEIRO, 2016).
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O dominio PWWP ¢é encontrado em mais 60 proteinas eucaritticas implicadas na
regulacdo da transcricAo e organizagdo da cromatina (ALVAREZ-VENEGAS;
AVRAMOVA, 2012). As proteinas que possuem este dominio normalmente
apresentam outros dominios, como: bromo, cromo, PHD e SET. Esse dominio
apresenta entre 90 a 130 amino4cidos e esta presente em proteinas nucleares
relacionadas ao crescimento, divisédo e diferenciacédo celular (ALVAREZ-VENEGAS;
AVRAMOVA, 2012; RONA; ELEUTHERIO; PINHEIRO, 2016; STEC et al., 2000).

O dominio PWWP pertence a superfamilia Royal, a qual também pertencem os
dominios: Tudor, cromo e MBT (Malignant Brain Tumor) (ALVAREZ-VENEGAS;
AVRAMOVA, 2012; WANG et al., 2009; WU et al., 2011). Esse dominio contém uma
cavidade hidrofobica formada por residuos aromaticos capaz de reconhecer residuos
de lisina metilados em histonas. Além da gaiola hidrofébica, o dominio PWWP também
possui uma grande numero de residuos basicos, como lisina e arginina, o que
aumenta o ponto isoelétrico da cadeia peptidica. Esses aminoacidos formam uma
superficie carregada positivamente que funciona como uma interface favoravel a
ligacdo eletrostatica, ndo especifica, com o esqueleto de fosfato do DNA (RONA;
ELEUTHERIO; PINHEIRO, 2016). O dominio PWWP pode interagir simultaneamente
com histona e DNA, contribuindo para a manutencéo da habilidade de reconhecimento
do nucleossomo como um todo (QIN; MIN, 2014; WANG et al., 2009; WU et al., 2011).
Desta forma, o dominio PWWP é descrito como um motivo de reconhecimento lisinas
metiladas em histonas (WU et al., 2011), desempenhando um papel importante na
regulacao epigenética (YANG et al., 2010).

A por¢cdo amino terminal do dominio PWWP exibe uma estrutura em barril-p,
enguanto a porcédo carboxi-terminal é constituida por um feixe de a-hélices (Figura 4).
As estruturas tridimensionais determinadas para complexos de dominios da
superfamilia Royal com peptideos derivados de histona mostraram que o

reconhecimento de lisinas metiladas é desempenhado pela estrutura em barril-f.
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Figura 4. Diagrama tridimensional do dominio PWWP de DNMT3b O B-barril da regido N-terminal
€ representado em laranja, enquanto o feixe helicoidal da regido C-terminal esta representado em azul
em azul (RONA et al., 2017).

1.8 Saccharomyces cerevisisae

A levedura Saccharomyces cerevisiae € um microrganismo utilizado como
modelo de estudo para células eucaribticas. Devido a facilidade de manipulacéo
genética, a semelhanca bioquimica com células animais e a disponibilidade de
recursos em genbmica funcional e analise émicas, este eucarioto unicelular foi
estabelecido como uma ferramenta valiosa para a investigacdo bioquimica
(GUARAGNELLA et al., 2013). Além disso, uma grande quantidade de proteinas de
levedura pode ser substituida por proteinas ortélogas humanas (MANNARINO et al.,
2011). Para genes gue nao possuem ortélogos,a levedura geralmente apresenta uma
via de acdo analoga a via de acdo do gene humano, de modo que o0 gene pode ser
expresso de forma heter6loga em S. cerevisiae e o fendtipo resultante pode ser
estudado (TOSATO et al., 2013). Recentemente, Kachroo e colaboradores (2015)
substituiram 414 genes da levedura por seus ortdlogos humanos equivalentes,
observando que aproximadamente 43% destes genes foram capazes de manter a
sobrevivéncia da levedura e manutengdo das vias metabdlicas (KACHROO et al.,
2015). S. cerevisiae também tem sido utilizada para estudos de mutacdes no mtDNA,
incluindo componentes dos complexos de cadeia respiratoria Ill e IV (MALINA,;
LARSSON; NIELSEN, 2018).

Diversas instituicdes de pesquisa de cancer em todo o mundo fazem uso da

genética de leveduras como parte de sua estratégia de investigacao simulando nesse
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modelo as alteracdes patologicas observadas nas células cancerigenas e, em
seguida, manipulando-o para tentar reverter tais alteragdes. Pelo menos dois grupos
sao (ou foram), liderados por prémios Nobel que atingiram os seus titulos importantes
utilizando leveduras como modelo. Leland H. Hartwell e Paul Nurse, que junto com
Tim Hunt foram agraciados com o Prémio Nobel de 2001 em Fisiologia ou Medicina
por seu trabalho sobre o ciclo celular em eucarioto. O ponto chave € mimetizar, se
possivel, as alteracdes patoldgicas observadas em células cancerosas em células de
levedura e, em seguida, manipular esse modelo, a fim de tentar reduzir os efeitos
dessas mudancas. A previsao de que cerca de metade de todos os genes de levedura
que tém homologos estruturais ou funcionais do genoma humano, levou a muitos
estudos comparativos entre leveduras e células de mamiferos (TOSATO et al., 2013).

A S. cerevisiae tem sido amplamente utilizada em pesquisa basica devido a uma
série de vantagens frente a outros organismos eucarioticos, como pequeno ciclo
celular, rapido crescimento celular, facil manipulacdo e o fato de utilizar diversos
mecanismos genéticos que sdo semelhantes aos de organismos multicelulares
(TOSATO et al., 2013). Atualmente, bancos de dados contendo cole¢des completas
de delecbes de todas as ORFs (Open Reading Frames) de S. cerevisiae encontram-
se disponiveis comercialmente. Além disso, bibliotecas de ORFs fusionadas a tags de
expressdo também estdo disponiveis, o que facilita a realizacdo de estudos de
imunoprecipitacdo e interacdo proteica. Alguns dos exemplos mais importantes
incluem ORFs fusionadas a GFP (Proteina Verde Fluorescente) o que permite a
determinacao de sua localizag&o celular em diferentes condi¢gdes (BOTSTEIN; FINK,
2011).

S. cerevisiae € um modelo interessante para estudar respostas ao oxigénio, pois
€ um organismo anaerobio facultativo, podendo crescer em ambiente sem a presenca
de oxigénio (SAMANFAR et al., 2013). Segundo Louis Pasteur, o oxigénio tem efeito
inibitorio da fermentacéo da glicose em células capazes de realizar tanto anaerobiose
guanto aerobiose. Em 1929, Herbert Crabtree observou que algumas células tumorais
sob alta concentracdo de glicose mudam para o metabolismo fermentativo por
mecanismos de curto prazo, mesmo na presenca de oxigénio (CRABTREE, 1928,
1929; DE DEKEN, 1966; DIAZ-RUIZ et al., 2009). Esse fendbmeno era conhecido como
Efeito Contrario de Pasteur, Efeito Crabtree (DE DEKEN, 1966), ou efeito de
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repressdo catabolica. Deken analisou um grupo de leveduras e classificou em
Crabtree positivo ou negativo. Foi demonstrado que Saccharomyces cerevisiae, S.
chevalieri, S. italicus, S. oviforme, S. pasteurianus, S. turbidans, S. carlsbergensis,
Schixosaccharomyces pombe, Debaryomyces globosus, Brettanomyces lambicus,
Torulopsis dattila, T. glabrata, T. colliculosa , Nematospora coryli, Nadsonia fulvescens
sao positivas para Crabtree (DE DEKEN, 1966).

A glicose e a frutose séo as principais fontes de energia consumidas pela S.
cerevisiae, mas outras fontes de carbono também podem ser usadas (CARLSON,
1999; KIM et al., 2013). Células de levedura se adaptam a diferentes fontes de
carbono por um controle transcricional, a transcricdo génica é diferente de acordo com
os niveis de glicose. Quando a concentracdo de glicose é alta no ambiente, ha
repressdo da expressdo de genes envolvidos no ciclo de Krebs e na cadeia de
transporte de elétrons (KIM et al., 2013; THEVELEIN, 1994).

Em relacdo ao metabolismo energético, ha semelhancas entre a repressao do
metabolismo oxidativo induzida pela glicose (represséo catabdlica) em levedura e a
glicOlise aerdbica de células tumorais. Em ambos os tipos de células, a regulacéo
negativa do metabolismo oxidativo é observada juntamente com um aumento da
fermentacao independente da presenca de oxigénio. Isso aponta S. cerevisiae como
um modelo metabdlico favoravel para a triagem de drogas para a terapia antitumoral
cujo alvo € o metabolismo. Por exemplo, assim como em células tumorais, na
fermentacao de levedura ha a superexpressao das enzimas da glicolise (DIAZ-RUIZ;
RIGOULET; DEVIN, 2011b).

Existem alguns importantes oncogenes humanos que apresentam genes
ortélogos em S. cerevisiae. O RAS (RAt Sarcoma Virus) é um proto-oncogene humano
gue leva a sobrevivéncia, crescimento e diferenciacdo celular. Em levedura, RAS1 e
RAS2 controlam a via de sinalizacdo cAMP/PKA (DIAZ-RUIZ; RIGOULET; DEVIN,
2011b). SCH9 é um ortdlogo de levedura do oncogene humano AKT1. Sch9 esta
envolvida nas vias de sinalizagéo da glicose (DIAZ-RUIZ; RIGOULET; DEVIN, 2011b).
O mTOR (Target Of Rapamycin), também possui ortdlogo em levedura, é capaz de
ativar o efeito Warburg, uma vez que promove a expressédo de enzimas glicoliticas
(YU et al., 2017).
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1.9 REPRESSAO CATABOLICA

Quando hé elevada quantidade de glicose no meio, a levedura fermenta, mesmo
em presenca de oxigénio, num processo denominado repressao catabdlica. H4 uma
grande semelhanca entre a repressao catabdlica da levedura e o efeito Warburg da
célula tumoral. Em ambos os casos ocorre uma regulacdo negativa do metabolismo
oxidativo respiratorio associado a um aumento da fermentagdo, independente da
presenca de oxigénio. Desta forma, a levedura em fase de crescimento em meio
contendo excesso de glicose apresenta um metabolismo energético semelhante ao
da célula tumoral.

As principais proteinas envolvidas na via de repressao catabdlica sdo a Hxk2
(Hexoquinase 2) , Snfl (Sucrose NonFermenting) e Migl (Multicopy Inhibitor of GAL
gene expression). Os genes envolvidos na via de represséo catabdlica pela glicose
sdo de dois tipos: genes requeridos para a repressao, como o HXK2, e genes
necessarios a desrepressdo, como CAT1/SNF1 (THEVELEIN, 1994). O gene HXK2
codifica a hexoquinase 2, uma enzima responsavel por catalisar a fosforilacdo da
glicose no citosol e por regular a repressao catabdlica (CARLSON, 1999; THEVELEIN,
1994). O alvo primério da Hxk2 é a proteina quinase Cat1/Snf1; o alvo secundério é o
complexo transcricional Mig1l-Ssn6/Cyc8-Tupl, que esta envolvido na repressdo da
respiragdo mitocondrial, gliconeogénese, ciclo do glioxilato e no uso de fontes de
carbono alternativas. A inibicdo é mantida enquanto a concentracdo de glicose se
mantém alta no meio (THEVELEIN, 1994). De modo geral, na presenca de glicose em
concentragdes elevadas, a Hxk2 impede a fosforilagdo de Migl pela Snfl, permitindo
a Migl exercer seu efeito repressor sobre 0s genes envolvidos no ciclo de Krebs e na
cadeia transportadora de elétrons. Hxk2 também interage com Regl, facilitando a
acado da fosfatase Glc7 sobre Snfl para manté-la em sua forma desfosforilada e
inativa, contribuindo, desta forma, para o baixo nivel de fosforilacdo de Migl. Na
auséncia de glicose, Snfl é fosforilado por qualquer uma das quinases ElIm1, Tos3 e
Sakl; sob esta forma, Snfl fosforila Migl, que migra para o citosol e la se mantém
junto a Hxk2, de modo que a expressao génica pode finalmente ocorrer (Figura 5)
(GANCEDO; FLORES, 2008).
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Figura 5. Mecanismo de repressao catabélica em levedura. As principais proteinas envolvidas na
via de repressao catabolica sdo a Hxk2, Snfl e Migl (adaptado de Gancedo e Flores, 2008).

Existe uma alta similaridade entre a repressao por glicose da levedura e o efeito
Warburg em mamiferos (DIAZ-RUIZ; RIGOULET; DEVIN, 2011b), ambos os efeitos
redirecionam o fluxo metabdlico para a fermentacao (DIAZ-RUIZ et al., 2009). Assim
como células tumorais, a levedura apresenta um aumento na expressao de enzimas
chaves da via glicolitica, em resposta a presenca de glicose, e diminuicdo na atividade
e expressdo de enzimas que participam do metabolismo oxidativo (DIAZ-RUIZ;
RIGOULET; DEVIN, 2011a). A expressao de outros genes também sao afetados,
como os envolvidos na utilizacdo de outras fontes de carbono e na gliconeogénese
(CARLSON, 1999). Durante a repressao catabolica ou efeito Warburg, ha uma
diminuic&o de expressdo das enzimas do ciclo do acido citrico, resultando em um mau
funcionamento desta via (Figura 6). Os dois efeitos exibem superexpressdo de Hxkll
e piruvato desidrogenase quinase. No efeito Warburg, a isocitrato desidrogenase
apresenta um defeito; jA em S. cerevisiae sob repressao catabdlica, essa enzima é
inativa. O complexo Il da cadeia de transporte de elétrons apresenta baixa expressao
no efeito Warburg e é reprimido no efeito Crabtree. Em ambos os processos, hd uma
diminuicdo na atividade da ATP sintase (DIAZ-RUIZ et al., 2009). Apesar de o efeito
Warburg e a repressdo catabolica apresentarem diversas semelhancas, o efeito

observado em leveduras é reversivel, enquanto o efeito Warburg é irreversivel.
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Figura 6. Semelhanca entre Células tumorais e Repressdo Catabdlica. Comparacao entre o efeito
Warburg (célula tumoral) e a repressdo catabdlica (S. cerevisiae). Os dois efeitos sdo muito
semelhantes: ha a superexpressdo das enzimas que participam da glicolise e uma diminuicdo da
atividade das enzimas que participam da via oxidativa (Figura adaptada de Diaz-Ruiz et al. 2011).

1.10 ESPECIES REATIVAS DE OXIGENIO (ERO)

A maioria da producdo de EROs ocorre na CTE (Cadeia de Transporte de
Elétrons) das mitocdndrias, durante a respiracdo mitocondrial. Nesse processo, uma
molécula de oxigénio recebe quatro elétrons sendo reduzida a 4gua; no entanto, ao
longo desse processo, alguns dos elétrons vazam prematuramente durante seu
transporte para o oxigénio, produzindo EROs. Como os elétrons sao sequencialmente
transferidos do complexo | ou complexo Il para o complexo lll e depois para o
complexo 1V, os protons sédo translocados da matriz mitocondrial para o espaco
intermembrana, criando um gradiente eletroquimico que é usado como energia para
a sintese de ATP pela ATP sintase (ELEUTHERIO et al., 2017). Durante a respiracao
celular o aceptor final de elétrons € o oxigénio molecular, que é reduzido a H20 ao
final da via respiratoria (ABBOTT et al.,, 2009). O complexo |, de mamiferos, é o
principal ponto de entrada de elétrons na CTE e desempenha um papel crucial na
producdo de EROs. Os elétrons podem vazar do complexo | e reagir com 0 oxigénio,
resultando na producédo de anion superéxido (O27) (BACCOLO et al., 2018). Em S.
cerevisiae, o complexo | é substituido por Ndil, uma NADH desidrogenase, que nao

bombeia prétons na membrana interna. Ja foi observado que a superexpressao de
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Ndil na levedura leva a um aumento dos niveis de EROs (BACCOLO et al., 2018). O
complexo Il é uma das principais fontes de anion peréxido (022) na CTE (BACCOLO
et al., 2018). O superodxido, o peroxido de hidrogénio e os compostos gerados a partir
destes, como o radical hidroxila (-OH), sdo definidos como EROs. Para atenuar as
EROs, ocorre a expressdo e atuacao de enzimas responsaveis por neutralizar e
regularizar os niveis destas espécies e manter a homeostase fisiologica durante o
processo de respiracdo celular. Assim como outros organismos eucariéticos, a
levedura S. cerevisiae possui mecanismos de defesa antioxidantes enzimaticos, como
a catalase e a superéxido dismutase (ABBOTT et al., 2009), e ndo enzimaticos, como
a glutationa (GSH) (FRANCA; PANEK; ELEUTHERIO, 2007). A enzima superoxido
dismutase (Sod) remove o radical superoxido, convertendo-o a oxigénio e H202. O
peréxido por sua vez, pode atravessar a membrana e ser completamente reduzido
pela acdo das enzimas catalase e peroxidase, produzindo agua e oxigénio (ABBOTT
et al., 2009; MANNARINO et al., 2008). O superéxido também pode sofrer dismutacao
espontanea, embora a uma taxa muito mais lenta (ELEUTHERIO et al., 2017).

Na inibicdo da cadeia respiratoria, a atuacdo das enzimas de defesa antioxidante
€ baixa e a célula acumula EROs, o que resulta em danos oxidativos, definindo o
estresse oxidativo. A regulacdo negativa do metabolismo oxidativo ocorre tanto no
efeito Warburg (células tumorais) quanto no efeito Crabtree (células de levedura), de
modo que tais células ndo desenvolvem uma defesa antioxidante eficiente contra
EROs, que sdo capazes de danificar todos os principais blocos de construcdo da
célula, incluindo DNA, lipidios e proteinas. Estes danos levam a morte celular,
acelerando o processo de envelhecimento e induzem doencas relacionadas a idade.
Tanto a reducédo das defesas antioxidantes quanto o aumento da producao de EROs,
ou ambos, levam ao aumento do estresse oxidativo que reduz a longevidade celular
(ABBOTT et al., 2009; MOSKOVITZ et al., 2001).

1.11 METABOLISMO DE GLICEROL

Glicerol pode ser utilizado como fonte de carbono e energia por diversos tipos
de levedura (HIMMS-HAGEN, 1968). O glicerol é fosforilado por uma glicerol quinase
(Gutl), gerando glicerol-3-fosfato. A seguir, glicerol-3-fosfato é oxidado a DHAP (Di-
Hidroxiacetona Fosfato) pela enzima glicerol fosfato ubiquinona oxirredutase (Gut2),
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localizada na superficie da membrana mitocondrial interna. Os elétrons desta
oxidacdo sdo transferidos para a ubiquinona, entrando na cadeia respiratoria
(FLORES et al., 2000; NEVOIGT; STAHL, 1997). DHAP entra na via glicolitica,
gerando NADH (no citoplasma) e piruvato, que segue para a via respiratoria. Glicerol-
3-fosfato desidrogenase (Gpd1/2) auxilia na re-oxidacdo do NADH (Dinucleotideo de
Nicotinamida e Adenina - reduzido) citoplasmatico (HERRERO et al., 2008). Logo,
guando a fonte de carbono utilizada é o glicerol, a levedura apresenta uma elevacao
no nivel de EROs, caracteristica do metabolismo oxidativo e, portanto, ocorre um
estimulo no desenvolvimento da defesa oxidante. Com um sistema de defesa
antioxidante presente, a célula tem maior resisténcia a EROs, apesar de a producéo
de tais espécies ser maior durante o processo respiratorio do que no processo
fermentativo. Esse balangco entre a producdo de EROs e recrutamento da defesa
antioxidante durante o processo respiratorio deve ser equilibrado para evitar danos
moleculares demasiados a célula.

O processo de fermentacédo da glicose também tem como subproduto o glicerol
(HIMMS-HAGEN, 1968). A producdo de glicerol ocorre primeiramente devido a
reducdo da dihidroacetona fosfato, oriunda da via glicolitica, produzindo glicerol-3-
fosfato pela enzima G3P desidrogenase citosdlica (ctGDP). A enzima glicerol 3-
fosfatase catalisa a desfosforilagdo do G3P em glicerol. A producéo de glicerol tem
papel fundamental na manutencédo do balanco redox citosoélico. A enzima GPP tem
sua atividade aumentada em presenca de glicose, porém, a ctGDP é reprimida nessas
condi¢des. Acredita-se que um aumento da atividade da enzima ctGDP durante
crescimento em fontes de carbono ndo repressoras esta associado a uma
necessidade de balanceamento dos niveis intracelulares de G3P para sintese de
glicerideos necessaria para producdao de membrana celular. (NEVOIGT; STAHL,
1997).

1.12 PDP3

Pdp3 € uma proteina de S. cerevisiae primariamente localizada no nucleo, porém
migra para o citoplasma em resposta a condicdes de estresse, como hipoxia
(DASTIDAR et al., 2012). Composta por 304 aminoacidos, possui um unico dominio
PWWP similar ao da NSD3s (25% de identidade de sequéncia) (RONA, 2014) cuja
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estrutura tridimensional ainda n&o foi determinada. Pdp3 faz parte do complexo
NuA3b que possui uma funcdo de histona acetil-transferase e estd envolvido no
prolongamento da transcricdo. Pdp3 € responsavel pelo reconhecimento da
trimetilacdo da lisina 36 da histona 3 (H3K36me3), recrutando a proteina Sas3 para
gue ocorra a acetilacdo de histonas (Figura 7) (GILBERT et al., 2014; VICENTE-
MUNOZ et al., 2014). O complexo NuA3 existe sob duas formas diferentes: NuA3a,
gue se liga especificamente a H3K4mel/2/3 através do dominio PHD da proteina
Yngl que, em seguida, acetila H3K14, dando inicio ao processo de transcricao; e o
complexo NuA3b, no qual o dominio PWWP da proteina Pdp3 se liga a H3K36me3
atuando como um regulador positivo para o alongamento da transcricdo (Figura 7)
(GILBERT et al., 2014; MARTIN et al., 2017). A presenca de uma gaiola aromatico no
dominio PWWP de Pdp3 é necessaria para a interacdo com a lisina trimetilada na
posicao lisina 36 (H3K36me3). Os residuos aromaticos F18, W21 e F48, presentes
em Pdp3, sdo conservados e mutacdes independentes nestes residuos sao capazes
de abolir a interacdo de Pdp3 com o peptideo H3K36me3, sugerindo que Pdp3 requer
uma gaiola aromatica para ligar-se a cromatina (GILBERT et al., 2014). Gilbert e
colaboradores demonstraram que segmento amino-terminal formado pelos
aminoacidos 1-150 de Pdp3 sdo essenciais para o reconhecimento de H3K36me3.
Estes dados sugerem que Pdp3, e outras proteinas contendo o dominio PWWP,
requerem uma regido carboxi-terminal a-helicoidal para a estabilidade e funcéo da
cavidade aromética (GILBERT et al., 2014).
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Figura 7. Representacdo esquemética dos complexos NuA3. NuA3a: Yngl se liga através de seu
dominio PHD a H3K4me3 (residuo de lisina 4 da histona H3 trimetilado), recrutando o complexo NuA3a
para a regido promotora de genes transcricionalmente ativos. Em seguida, Sas3 acetila H3K14 (residuo
de lisina 14 na histona H3), dando inicio ao processo de transcri¢cdo génica. NuA3b: Pdp3 se liga através
de seu dominio PWWP a H3K36me3 (residuo de lisina 36 na histona H3 trimetilada), recrutando o
complexo NuA3b para a regido codificadora de genes transcricionalmente ativos (Gilbert et al., 2014).
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Segundo a Organizacdo mundial da saude, cerca de dois ter¢cos das mortes no
mundo séo causadas por doengas ndo-transmissiveis, como doencas cardiacas,
diabetes e cancer. O cancer é responsavel por cerca de 13% de casos de mortes no
mundo. O aumento dessa porcentagem esta relacionado com o envelhecimento da
populacdo e o tempo de exposicdo a fatores ambientais como cigarro, sol e
alimentacao. Ao ser diagnosticado tardiamente, o cancer pode se espalhar para outros
tecidos (metastase) podendo levar a morte.

O tratamento contra o cancer consiste em cirurgia, quimioterapia, radioterapia
e/ou tratamentos hormonais. Esses tratamentos apresentam uma série de limitacfes
visto que ndo ha como separar, a nivel molecular, uma célula saudavel de uma
cancerosa. Com isso, células saudaveis acabam sendo prejudicadas e, muitas vezes,
células tumorais permanecem, podendo dar inicio a um novo foco da doenca.

Muitos estudos nessa area mostram que genes especificos sdo superexpressos
em determinados tipos de cancer. Atualmente, novas linhas de pesquisa sao
baseadas na investigacdo do mecanismo, a nivel molecular, das proteinas traduzidas
por esses genes. Uma nova forma de tratamento seria a inibicdo da atividade dessas
proteinas. Com isso, o0 tratamento atingiria apenas as células cancerosas, diminuindo
a sua toxidade e, por conseguinte, os efeitos colaterais sofridos pelo paciente.

Diversos estudos mostram que o amplicon 8p11-12 é superexpresso em 15 % dos
casos de cancer de mama, além de estar envolvido em cancer de pulmao, bexiga e
pancreas. Essa regido cromossomal possui alguns candidatos a oncogene lider,
dentre eles o gene WHSC1L1/NSD3. NSD3 esta envolvido em diferentes tipos de
cancer, tais como mama, pulmao, ovario, leucemia e cabeca e pescoco. NSD3
apresenta similaridade de sequéncia com a proteina Pdp3 de S. cerevisiae. Essa
levedura € um bom modelo celular para a investigacao das alteracdes bioquimica na
tumorigénese, visto que apresenta um metabolismo primariamente fermentativo na
presenca de glicose, devido ao fenbmeno da repressao catabdlica, assim como ocorre
na célula tumoral que sofre o efeito Warburg. A S. cerevisiae apresenta grande
semelhanca com células animais, podendo apresentar genes ortélogos, além da
possibilidade de expressar proteinas humanas de maneira heteréloga.

Tanto Pdp3 quanto a isoforma curta de NSD3 apresentam um unico dominio

conhecido como PWWP. A estrutura tridimensional e o0 mecanismo de agéo dessas
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proteinas ndo sédo conhecidos, além disso pouco se sabe sobre o papel regulatorio
que desempenham no metabolismo celular. Portanto, torna-se necessario estudar a
funcdo metabdlica de NSD3s humana e Pdp3 de S. cerevisiae, a fim de estabelecer
uma conexao evolutiva entre as proteinas. No futuro, este conhecimento podera ser
empregado no desenvolvimento racional de novas estratégias anticancer que visem a

inibicdo de vias metabdlicas ativadas pela oncoproteina NSD3s.
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Objetivo Geral:

O presente trabalho experimental de tese teve como objetivo principal avaliar a fungao
metabdlica da isoforma curta da oncoproteina humana NSD3 e da proteina ortéloga

Pdp3 de Saccharomyces cerevisiae.

Objetivos especificos:

Avaliar o efeito da superexpressao de NSD3s e da Pdp3 no fendétipo de S. cerevisiae.
Avaliar a semelhanca funcional entre os dominios PWWP de NSD3s e Pdp3

Avaliar a importancia da integridade da gaiola aromética na fungcdo metabdlica de
Pdp3.

Avaliar a relagdo entre Pdp3 e Set 2.

Avaliar a dependéncia da Pdp3 do complexo NuA3b.

Determinar os metabdlitos significantemente alterados pela superexpressdo da
NSD3s e da Pdps3.
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4.1 ANALISE FENOTIPICA

4.1.1 Cepas e condicdes de cultivo de S. cerevisiae

A cepa BY4741 de Saccharomyces cerevisiae (MATa, his3; leu2; metl5; ura3)
e suas mutantes isogénicas Apdp3, Aset2, Asas3, contendo os genes PDP3, SET2
ou SAS3, respectivamente, interrompidos pelo gene KanMX4, conferindo resisténcia
a geneticina. A cepa Apdp3 foi adquirida da Euroscarf, Frankfurt, Alemanha. As cepas
Aset2 e Asas3 foram gentilmente cedidas pelo professor Claudio Akio Masuda, do
Instituto de Bioquimica Médica da UFRJ, previamente adquiridas da Euroscarf. Os
estoques das cepas foram mantidos em meio sélido YPD 2% (1% extrato de lévedo,
2% glicose, 2% peptona e 2% &agar) em condicdes apropriadas para evitar a selecao
de petites ou supressores. No caso da cepa mutante, este meio de cultivo também
continha 0,002% de geneticina.

As cepas mutantes que superexpressam NSD3s ou Pdp3 foram construidas a
partir da insercdo do plasmideo pECUN6 (Figura 8), adquirido da empresa Enzimax
(EUA), contendo o gene que codifica NSD3s ou Pdp3, respectivamente, na cepa
BY4741 (NSD3s* ou Pdp3*, respectivamente). A cepa que superexpressa o mutante
Pdp3 W21A, onde o residuo de triptofano na posicao 21 de Pdp3 foi substituido por
alanina, ou a quimera molecular Pdp3 (PWWP-NSD3s), onde o dominio PWWP de
Pdp3 foi substituido pelo de NSD3s, foram construidas a partir da inser¢cdo do
plasmideo pECUhG, contendo as sequéncias génicas que codificam cada construcao,
na cepa Apdp3 (W21A* ou Pdp3(PWWP-NSD3s)*, respectivamente). O plasmideo
pPECUN6 contendo a sequéncia génica que codifica Pdp3 também foi inserido nas
cepas Aset2 (Aset2(Pdp3)*) e Asas3 (Asas3(Pdp3)*). pECUh6 é um plasmideo de
copias multiplas com promotor forte CUP1 (induzido pela presenca de Cu*?), marcador
de resisténcia a ampicilina e marcador nutricional para uracila. A subclonagem da
sequéncia génica referente a NSD3s foi realizada utilizando as enzimas de restricdo
5’-EcoRIl e 3’-Hindlll. A subclonagem da sequéncia génica referente a Pdp3 foi
realizada utilizando as enzimas de restricdo 5’-Xhol e 3’-Hindlll. A subclonagem da
sequéncia referente ao mutante Pdp3 W21A foi realizada utilizando as enzimas de
restricdoo 5’-Xhol e 3’-Hindlll. A subclonagem da sequéncia referente a quimera

Pdp3-PWWPNSD3s foi realizada utilizando as enzimas de restricao 5’-Xhol e 3'-
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Hindlll. Os plasmideos recombinantes, contendo os genes de interesse, foram obtidos

comercialmente da empresa Genscript (EUA). Para uso como controle, foi inserido
nas cepas BY4741, Apdp3, Aset2 e Asas3 o vetor pECUh6 sem nenhuma sequéncia
génica (WT, Apdp3, Aset? e Asas3 respectivamente). As cepas utilizadas estao

apresentadas na Tabela 1.

Tabela 1. Cepas utilizadas.

Cepa

BY4741
Apdp3

BY4741 pECUNG

BY4741  pECUh6
PDP3

BY4741  pECUh6
NSD3s

Apdp3 pECUh6
PDP3w21a

Apdp3 pECUh6
PDP3pwweNsD3s
Aset2

Aset2 pECUhG6
PDP3

Asas3

Aset2 pECUh6
PDP3

Genétipo
(Fenétipo)
MATa his3A1 leu2A0 met15A0 ura3A0
Isogénica da BY4741 exceto PDP3 :: KanMX4
(Sem expresséo de Pdp3)

Isogénica da BY4741 com pECUN6
(Controle com plasmideo vazio)

Isogénica da BY4741 com pECUh6-PDP3
(Superexpressao da proteina Pdp3)

Isogénica da BY4741 com pECUh6-NSD3s
(Superexpressao da NSD3s)

Isogénica da BY4741 exceto PDP3 :: KanMX4 com
pECUh6 PDP3w21a
(Sem expressao de PDP3, superexpressao vetor
PDP3w214)
Isogénica da BY4741 exceto PDP3 :: KanMX4 com
pPECUh6 PDP3pwwensbas
(Sem expressao de PDP3, Superexpressao vetor
PDP3pwwensbs3s)

Isogénica da BY4741 exceto SET2 :: KanMX4
(Sem expresséo de Set2)

Isogénica da BY4741 exceto SET2 :: KanMX4 com
pECUh6 PDP3
(Sem expressao de SET2, Superexpressao da Pdp3)

Isogénica da BY4741 exceto SAS3 :: KanMX4
(Sem expresséo de Sas3)

Isogénica da BY4741 exceto SAS3 :: KanMX4 com
pECUh6 PDP3

(Sem expressao de SAS3, Superexpressao da Pdp3)

Nome

Apdp3

WT

Pdp3*

NSD3s*

W21A*

Pdp3(PWWP-NSD3s)*

Aset2

Aset2 Pdp3*

Asas3

Asas3 Pdp3*
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pal
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Figura 8. Mapa de restricdo do vetor plasmidial pECUG.

Os estoques das cepas superexpressando NSD3s, Pdp3, W21A, a quimera
Pdp3 (PWWP-NSD3s) e seus controles foram mantidos em meio drop out sélido sem
uracila. Todos os experimentos foram conduzidos em meio drop out liquido. A cepas
foram cultivadas em meio drop out sem uracila e suplementado com sulfato de cobre
50uM para respectiva indugao dos genes e controle. Os cultivos foram realizados a
28°C, 160 rpm, em erlenmeyers preenchidos com 1/5 do seu volume com meio de

cultura. A seguir é descrita a composi¢cao do meio de cultivo drop out:

Base nitrogenada sem aminoacidos — 0,67%

Fonte de Carbono: Glicose — 2% (fermentacao) ou Glicerol 4% (Respiracao)
Mistura Drop out — 0,2%

OBS: Para 0 meio sélido acrescentar agar - 2%
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Mistura Drop out:

Acido aspatrtico 2,0g Glutamina 2,0g
Acido glutamico 2,0g Histidina 2,0g
Adenina 0,59 Inositol 2,0g
Arginina 2,09 Isoleucina 2,0g
Asparagina 2,09 Leucina 10,09
Fenilalanina 2,0g Lisina 2,0g
Glicina 2,09 Metionina 2,09

Germana Breves Rona

Serina 2,0g
Tirosina 2,0g
Treonina 2,09
Triptofano 2,09
Uracila 2,0g
Valina 2,09

4.1.2 Meios de cultura e condicBes de crescimento de bactérias

Os meios de cultura utilizados para o crescimento de bactérias foram: meio LB

(Luria-Bertani) e meio minimo M9. Com a finalidade de selecionar as cepas com

resisténcia a ampicilina ou canamicina foi adicionado ao meio 100 pg/mL ampicilina

ou canamicina, respectivamente. Para crescimento em meio sélido, foi adicionado aos

meios 2,0% (p/v) de agar. Os crescimentos ocorreram a 37°C e, para crescimento em

meio liquido, utilizou-se agitacdo de 300 rpm em agitador rotatério.

Meio LB

1% (p/v) Triptona

0,5% (p/v) Extrato de levedura
1% (p/v) NaCl

Acertar o pH a 7.5 com NaOH 1N
Meio Minimo M9

3 g/L KH2PO4

6 g/L Na2HPO4

0,5 g/L NaCl

2 mM MgSOa4

0,4% Glicose (*3C)

100 uM CaCl2

10 pg/mL Tiamina

10 pg/mL Biotina

1g/L NH4CI
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4.1.3 Preparacdo de DNA plasmidial bacteriano em pequena escala (miniprep)

Para o isolamento rpido e em pequena escala de DNA plasmidial da E. coli foi
utilizado o kit QIAprep Spin Miniprep, da Qiagen. A extracdo de DNA plasmidial
através do kit foi efetuada de acordo com as recomendacfes do fabricante descritas
no respectivo protocolo. A solucdo de DNA plasmidial foi armazenada em &gua
ultrapura estéril a -20°C.

4.1.4 Transformacédo de levedura em fase estacionaria

Primeiramente, as cepas de levedura foram cultivadas a 28°C em meio rico
YPD2%, durante a noite e sob agitacdo a 160 rpm, até atingir a saturacédo (fase
estacionaria). O volume de 200 uL de células foi coletado em micro tubo de 1,5 e
centrifugado por 5000 rpm, temperatura ambiente por 5 s. Ap0s o0 descarte do
sobrenadante, as células foram ressuspendidas em tampéo One Step (0,2 N acetato
de litio, 40% (p/v) PEG4000 e 100 mM ditiotreitol (DTT). Posteriormente, foi adicionado
50-1000 ng de plasmideo em um volume final de 100 pL. Apos esta etapa, as células
foram incubadas a 45°C por 1 hora e plagueadas em meio minimo SD 2% (2% glicose,
0,67% base nitrogenada sem aminoéacido, 0,001% requerimentos nutricionais e 2%

agar) na auséncia de uracila com a finalidade de selecionar as transformantes.
4.1.5 Determinacdo da taxa especifica de crescimento (L)

A avaliacdo do crescimento celular foi determinada por espectrofotometria,
através da medida da absorvancia a 570 nm de uma suspensao de células, e
convertida em concentracdo de células (mg de peso seco de células/mL). O fator de
conversao em peso seco foi calculado a partir da filtragcdo de um volume adequado da
suspensao de células em filtro Millipore (45 pym) que, posteriormente, foi colocado sob
luz de infravermelho até peso constante.

Para a determinagdo da velocidade especifica de crescimento (u), foram
realizadas medidas da absorvancia a 570 nm em intervalos regulares até as células
atingirem a fase estacionaria. O y destas células foi determinado na primeira fase de
crescimento exponencial pela expressao In X/X0 = pt. Sendo que X0 corresponde a
massa de células (mg de peso seco/mL) inicial e X, a massa de células (mg de peso

seco/ mL) apGs um tempo de crescimento t.
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4.1.6 Consumo de oxigénio

O consumo de O2 pelas células crescidas em meio drop out foi obtido através
de polarografia computadorizada utilizando um eletrodo de Clark em céamara de
consumo projetada e construida para este fim (MANNARINO et al., 2008). As células
foram separadas do meio de cultivo por centrifugacéo 3000 g, por 5 min, a temperatura
ambiente e colocadas na camara de consumo na propor¢ao: 3,5 mL tampé&o (50 mM
fosfato de potassio pH 6,0, 100 mM glicose) e 50 yL da suspensao celular contendo
100 pg de células (massa umida)/100 uL de agua destilada. O consumo de oxigénio

foi avaliado durante 10 min.
4.1.7 Consumo de glicose

A taxa de consumo de glicose foi avaliada por dosagem da glicose residual no
meio por cromatografia liquida de alta eficiéncia (CLAE). As células foram cultivadas
em meio drop out e coletadas durante a primeira fase exponencial de crescimento. A
suspensao celular foi centrifugada a 3000 g, a temperatura ambiente por 5 min. O
sobrenadante foi descartado e o pellet foi ressuspendido em tampé&o (50 mM fosfato
de sddio pH 6,0, 20 mM glicose) a uma concentracao final de 3 mg peso seco/mL. Foi
retirada uma aliquota (ponto zero, 0 min) e centrifugada imediatamente a 14500 g por
5 min, a temperatura ambiente. O sobrenadante foi armazenado para posterior anélise
por CLAE. Em seguida, a suspensao celular foi incubada a 28°C, 160 rpm, e aliquotas
de 1mL foram retiradas nos pontos referentes a 20, 40 e 60min. Apds a retirada das
aliquotas, as amostras foram centrifugadas e armazenadas para posterior analise por
CLAE.

A glicose residual foi analisada utilizando um sistema de CLAE equipado com
um detector de indice de refracdo RI- 2031 Plus (JASCO, Japao). A glicose foi
guantificada em uma coluna Aminex HPX-87H (7.8 mm |.D. x 30 cm, BioRad, EUA),
com a temperatura igual a 60 °C utilizando 0,004 mM de acido sulfurico como eluente
a um fluxo de 0,6 mL/min.

Apbs a determinacédo da concentracéo de glicose residual no sobrenadante em
cada uma das aliquotas coletadas ao longo do tempo, foi feita uma curva de ajuste

cujo coeficiente angular corresponde a taxa de consumo de glicose (g.L*.mint).

58



MATERIAIS E METODOS Germana Breves Rona

4.1.8 Estresse com peroxido de hidrogénio

As células, cultivadas até metade da primeira fase exponencial, foram tratadas
com 3 mM de peréxido de hidrogénio durante 1 h a 28°C, 160 rpm. Em seguida, as
células foram lavadas duas vezes com agua, a fim de interromper o estresse, e
utilizadas nos experimentos de viabilidade e peroxidacao lipidica. J& quando a fonte
de carbono utilizada foi glicerol, a concentracdo de peréxido de hidrogénio utilizada
no experimento foi de 20 mM, tanto para a viabilidade quanto para a peroxidagao
lipidica.

4.1.9 Viabilidade celular

A viabilidade celular foi analisada por plaqueamento em meio sélido YPD2%
antes e apos o estresse com peroxido de hidrogénio. O plagueamento foi feito apds
diluicdes seriadas apropriadas para a contagem das col6énias em triplicata. As placas
foram incubadas a 28°C por 72 h e o numero de colbnias contado. A taxa de
sobrevivéncia foi calculada a partir da relagédo entre o nimero de coldnias obtido antes

e apos o estresse.
4.1.10 Peroxidacao lipidica

Cerca de 50 mg de célula foram centrifugados e lavados duas vezes com agua
milliQ gelada. Apés as lavagens, o pellet foi ressuspendido em 500 pL de solugédo 10%
(p/v) &cido tricloroacético, adicionando-se, a seguir, 1,5 g de pérolas de vidro. As
células foram rompidas por seis ciclos de agitacdo violenta em vortex por 20 s,
intercalados com 20 s em banho de gelo. O sobrenadante foi obtido apés a
centrifugacdo a 2000 g por 5 min, temperatura ambiente. O nivel de peroxidacao
lipidica foi determinado pelo método TBARS (Tiobarbithuric Acid Reagents Species)
(STEELS; LEARMONTH; WATSON, 1994). O ensaio foi feito com 150 pL de extrato,
150 pL de 10% (p/v) &cido tricloroacético, 100 yuL de 0,1 M EDTA e 600 pL de 1% (p/v)
acido tiobarbitirico em 0,05 M NaOH, para um volume final de 1 mL. A mistura
reacional foi incubada em tubos de micro centrifuga a 100°C por 15 min. A seguir, 0S
tubos foram resfriados e a absorvancia determinada por espectrofotometria a 532 nm.
Cada ensaio foi realizado em duplicata e os resultados expressos em picomoles de
malonaldialdeido, um produto da peroxidacao lipidica, por miligrama de célula (pmoles
MDA/mg célula). O resultado final, expresso em vezes de aumento, foi calculado
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através da razéo entre a peroxidacdo ap0s o estresse com peroxido de hidrogénio e
o controle (antes do estresse).

4.1.11 Analise de dados e andalise estatistica

Os resultados de todos os experimentos representam a média + desvio padrao
de no minimo 3 experimentos independentes para cada condi¢édo e cepa testada. Para
a analise dos resultados, foi feito primeiramente o teste F para a andlise das variancias
e, posteriormente, os resultados foram analisados utilizando o teste t de Student. As
barras marcadas com asteriscos representam resultados estatisticamente diferentes

para um p abaixo de 0,05 dentro de cada condi¢ao ou cepa estudada.
4.1.12 Analise de bioinforméatica

As sequéncias dos dominios PWWP de NSD3s (UniProt #Q9BZ95-3) e Pdp3
(UniProt #Q06188) foram coletados a partir do banco de dados UniProt (THE
UNIPROT CONSORTIUM, 2013). As sequéncias foram alinhadas utlizando o
programa T-coffee (NOTREDAME; HIGGINS; HERINGA, 2000). O servidor ITasser
foi usado para a modelagem ab initio dos dominios PWWP de NSD3s e Pdp3 (ROY;
KUCUKURAL; ZHANG, 2011). Os TM-scores e desvios quadraticos médios (RMSDs)
dos modelos tridimensionais foram calculados utilizando o programa TM-Align
(ZHANG; SKOLNICK, 2005).

4.2 METABOLOMICA

4.2.1 Cepas e condi¢des de cultivo de S. cerevisiae

As cepas NSD3s* e Pdp3* foram cultivadas em meio drop out com glicerol 4%

como fonte de carbono até metade da fase exponencial.

4.2.2 Extragdo dos metabdlitos polares

As cepas NSD3s* e Pdp3* foram cultivadas em meio drop out com glicerol 4%
como fonte de carbono até metade da fase exponencial. Aliquotas de células
referentes a 100 O.D.s00 foram recolhidas, centrifugadas a 7224 g por 5 min a 4 °C,

lavadas trés vezes com agua milliQ gelada e congeladas a -80 °C. Em seguida, as
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células foram vortexadas em 3 mL de solugdo 75% (v/v) etanol, utilizando 2 mL de
pérolas de vidro de 450-600 pm de didmetro. As células foram rompidas por doze
ciclos de agitacdo violenta em vortex por 30 s, intercalados com 30 s em banho de
gelo. Os extratos celulares foram centrifugados a 2000 g por 5 min a 4 °C. Uma
aliquota de 1,6 mL de sobrenadante foi coletada e evaporada utilizando speedvac
(AIROLDI ET AL, 2015). Em seguida, as amostras foram armazenadas a -80°C para
posterior analise por RMN (Ressonancia Magnética Nuclear). Os extratos foram
ressuspendidos em 600 pL de tampé&o 50 mM fosfato de sodio, pH 7,4, 10% (v/v) D20
e 0,1 mM acido 4,4-dimetil-4-silapentano-1-sulfénico (DSS). O DSS foi usado como
referéncia interna de deslocamento quimico do *H (dH = 0 ppm).

4.2.3 Espectroscopia de RMN

Os espectros de RMN foram coletados a 25°C em um espectrémetro Bruker
Avance IIl operando na frequéncia de 500,13 MHz para *H. Os espectros 1D *H RMN
foram adquiridos com a sequéncia de pulsos excitation sculpture para supressao do
sinal da agua, largura espectral de 20 ppm, tempo de relaxacdo de 1,74 s, 65536
pontos e 1024 de acumulagbes. Foi utilizado um filtro de CPMG (Carr-Purcell-
Meiboom-Gill) (atraso spin-eco de 500 s, loop 64 vezes) para suprimir 0s sinais
indesejados de moléculas de alto peso molecular. Além disso, espectros 2D [*H-13C]
HSQC, 2D [*H-'H] TOCSY e 2D pJRES foram utilizados para a atribuicdo das
ressonancias. Para os assinalamentos, foram utilizados os bancos de dados HMDB
(Human Metabolomic Database) 3.0 (WISHART et al.,, 2013) e BMRB (Biological
Magnetic Data Resonance Bank) (ULRICH et al., 2008), além do proprio programa
COLMARmM (ROBINETTE et al.,, 2008). Os espectros foram processados com o
programa TopSpin 3.2 (Bruker-Biospin). Os espectros cujas correcdo de fase e/ou
ajuste de linha base néo foram considerados satisfatérios foram excluidos da analise.
Os espectros processados foram fracionados em intervalos (buckets) de 0,03 ppm
apos a eliminacao da regido da agua (4,6-4,9 ppm), etanol (1,15-1,18 ppm e 3,64-3,66
ppm) e sinais de 8,19-8,26 ppm, e exportados para o programa AMIX (Bruker-Biospin)

para a analise multivariada.
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4.2.4 Analise estatistica

Para a andlise estatistica, foram utilizados conjuntos de dados independentes
coletados para 6 extratos polares de células WT, 5 de células que superexpressavam
de NSD3s e 4 de células que superexpressavam Pdp3. Utilizou-se analise
multivariada para discriminar o efeito da superexpressao de NSD3s ou Pdp3 sobre o
perfil metabdlico das células de levedura. Todos os espectros foram processados
utilizando o programa TopSpin 3.2 (Bruker-Biospin). Os espectros processados foram
fracionados em intervalos (buckets) de 0,03 ppm, normalizamos pela soma das
intensidades e escala de Pareto. Em seguida, o0 método de andlise de componentes
principais (PCA) foi utilizado (RAMADAN et al., 2006). A separacdo dos buckets foi
realizada com o programa AMIX (Bruker-Biospin), enquanto a andlise multivariada foi
realizada com o programa MetaboAnalyst 3.0 (XIA; WISHART, 2016).

A andlise univariada foi realizada através do mdltiplo teste t, usando a corre¢ao
para comparacbes multiplas pelo método de Holm-sidak. A andlise foi feita no

programa GraphPad Prism 6.0, com nivel de confianca de 95%.
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5.1 ANALISE FENOTIPICA

NSD3s codifica uma proteina de 645 aminoacidos que possui um Unico dominio
PWWP (YANG et al., 2010; ZHOU et al., 2010). O dominio PWWP € encontrado em
uma diversidade de proteinas que desempenham papel central na divisao,
crescimento e diferenciacéo celular. Varias dessas proteinas estdo ligadas ao cancer
e a outras patologias (SLATER; ALLEN; BYCROFT, 2003) ou agem como fatores de
crescimento. A S. cerevisiae possui uma proteina, Pdp3, que contém um dominio
PWWP e mais nenhum outro dominio enovelado (STEC et al., 2000). Pdp3 € um
membro do complexo NuA3. Esse complexo apresenta uma atividade de histona
acetil-transferase envolvida na transcricdo do DNA. A maioria dos genes controlados
pelo complexo NUA3 estdo envolvidos na replicacdo do DNA (GILBERT et al., 2014).

Através de alinhamento de sequéncia, foi mostrado que o dominio PWWP de
Pdp3 apresenta 25% de identidade com o dominio PWWP de NSD3s de humanos
(RONA, 2014). Foi realizada a modelagem estrutural ab initio dos dominios PWWP de
NSD3s e Pdp3 utilizando o servidor I-TASSER (Figura 9) (ROY; KUCUKURAL;
ZHANG, 2011). Os modelos estruturais mostraram que ambas as proteinas séo
compostas por um subdominio amino-terminal que adota um enovelamento em [3-
barril, implicado no reconhecimento de lisinas metiladas em histonas (YANG et al.,
2010), e um subdominio carboxi-terminal a-helicoidal (Figura 9). Foi realizado o
alinhamento entre os modelos estruturais dos dominios PWWP de NSD3s e Pdp3
utilizando a ferramenta TM-Align (ZHANG; SKOLNICK, 2005). O TM-score foi utilizado
para avaliar a similaridade topolégica entre as estruturas tridimensionais, enquanto o
RMSD mediu a distancia média entre os a&tomos das proteinas sobrepostas. Tais
parametros foram utilizados para analisar a topologia e a similaridade estrutural entre
os modelos (DE CARVALHO; DE MESQUITA, 2013; JIMENEZ-LOPEZ et al., 2010).
O valor de RMSD entre os modelos calculados para Pdp3-PWWP e NSD3s-PWWP
foi de 3,8 A. Esta diferenca de RMSD ¢ consistente com estruturas tridimensionais
semelhantes (ROY; KUCUKURAL,; ZHANG, 2011). O TM-score encontrado ao alinhar
os dois dominios foi de 0,5, sugerindo um enovelamento similar (STRAHL et al., 2002).
Apesar da baixa similaridade de sequéncia, a analise de bioinforméatica indicou que os

dominios PWWP de Pdp3 e NSD3s s&do altamente similares em termos
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conformacionais (Figura 9) e, portanto, possivelmente guardam uma relacéo

funcional.

Barril-p

a- hélice a- hélice

Figura 9. Modelos estruturais dos dominios PWWP de NSD3s e Pdp3. (A) Modelo estrutural de
NSD3s-PWWP(azul). (B) Modelo estrutural de Pdp3-PWWHP(rosa). O subdominio amino-terminal em
barril-B e o subdominio carboxi-terminal em a-hélice estéo indicados.

Os dominios PWWP possuem uma gaiola aromatica capaz de interagir com
lisinas metiladas especificas em histonas. Os residuos aromaticos que compdem esse
sitio de interacdo séo frequentemente conservados em dominios PWWP e ocupam as
posicoes F18, W21 e F48 na sequéncia de Pdp3 (GILBERT et al., 2014). Gilbert e
colaboradores (2014), mostraram in vitro, que a mutacdo nesses sitios abole a
interacdo com a histona, sendo crucial para o reconhecimento de H3K36 (GILBERT
et al., 2014). Para avaliar a importancia da integridade da gaiola aromatica na fungéo
metabdlica de Pdp3, foi construido o mutante Pdp3 W21A, onde o residuo de
triptofano na posigéo 21 foi substituido por alanina. Esse mutante foi superexpresso
em uma cepa de levedura onde a Pdp3 enddgena foi excluida (4pdp3). As células
foram cultivadas em glicose, uma fonte de carbono que favorece o metabolismo
fermentativo, logo o fendtipo metabdlico se assemelha ao de uma célula com
caracteristicas tumorais. Tanto a cepa Apdp3 (RONA, 2014) quanto a W21A*
apresentaram caracteristicas fenotipicas semelhantes quando comparadas ao
controle. Ambas as linhagens de levedura apresentaram taxa de crescimento
especifica menores em relacdo a cepa controle (Figura 10A). Além disso, células WT

apresentaram taxas de consumo de glicose significativamente mais elevadas do que
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as mutantes (Figura 10B).

A

0.6+
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Figura 10. A mutacdo W21A, assim como a delecdo de Pdp3, muda o metabolismo de
fermentativo para oxidativo. As cepas WT, Apdp3 e W21A* foram cultivadas em meio contendo
glicose 2% até o meio da 12 fase de crescimento exponencial. (A) Taxa de crescimento especifico. As
medidas de absorvancia a 570 nm foram realizadas em intervalos regulares até as células atingirem a
fase estacionaria. O p destas células foi determinado na fase de crescimento exponencial pela
expressdo In X/Xo = ut. (B) Taxa de consumo de glicose. A taxa do consumo de glicose residual foi
determinada utilizando CLAE. Os resultados representam a média + desvio padrao de pelo menos trés
experimentos independentes e * ou ** significam resultados diferentes em WT vos Apdp3 * p <0,05 e
WT vs W21A* ** p <0,05.

Em relacéo a sensibilidade a espécies reativas de oxigénio, tanto a deficiente
em Pdp3 quanto a W21A* apresentaram maior tolerancia a EROs (Figura 11). Apés
estresse com peroxido de hidrogénio por uma hora, as cepas Apdp3 e W21A*
apresentaram maior viabilidade e menor nivel de peroxidagédo lipidica quando
comparadas a controle (Figura 11). Estes resultados corroboram os de Gilbert e
colaboradores que demonstraram que todas as trés mutagdes (F18, W21 e F48) séo
capazes de abolir, de forma independente, a interacdo entre Pdp3 e um peptideo
derivado de histona contendo a marca epigenética H3K36me3, sugerindo que Pdp3-
PWWP requer a gaiola hidrofébica conservada para ligar-se a cromatina (GILBERT et
al., 2014). Como as cepas W21A* e Apdp3 apresentaram o mesmo fenétipo quando
comparados com a cepa controle, concluimos que a gaiola hidrofébica do dominio
PWWP de Pdp3 é essencial para a sua funcédo metabdlica.
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Figura 11. Efeito da mutagdo W21A na tolerancia ao estresse oxidativo. As cepas WT, Apdp3 e
W21A*+ foram cultivadas em meio contendo glicose 2% até o meio da 12 fase de crescimento
exponencial. Os danos oxidativos foram analisados ap6s estresse com 3 mM H202/1 h/28 °C/160 rpm.
(A) Viabilidade celular. A viabilidade celular foi medida através de plagueamento das células em meio
rico YPD2% sdlido. (B) Peroxidacao lipidica. Os niveis de peroxidacao lipidica foram determinados pelo
método de TBARS. Os resultados representam a média * desvio padrdo de pelo menos trés
experimentos independentes e * ou ** significam resultados diferentes em WT vs Apdp3 * p <0,05 e
WT vs W21A + ** p <0,05.

Posteriormente, foi analisado o efeito da superexpressao de Pdp3 sobre os
mesmos fenotipos. Foi observado que a superexpressao de Pdp3 induziu um efeito
sobre o metabolismo celular semelhante a superexpressédo de NSD3s (RONA, 2014).
A superexpressdo de NSD3s em S. cerevisae, em metabolismo oxidativo, leva ao
aumento da taxa de crescimento especifica (u) e a diminuicdo no consumo de
oxigénio, indicando que a superexpressdo de NSD3s € capaz de diminuir a
capacidade respiratéria das células para uma proliferacdo mais rapida. Além disso, a
superexpressdo de NSD3s torna a célula de levedura mais sensivel a exposicao a
espécies reativas de oxigénio (RONA, 2014). A NSD3s é capaz de alterar o
metabolismo celular de aerdbico (respiracdo) para anaerdbico (fermentacéo)
sugerindo que as células de levedura superexpressando NSD3s exibem um fenétipo
semelhante a células tumorigénicas, sob condi¢cdes que estimulam a respiracdo
(RONA, 2014). Quando cultivadas em glicerol, as células de levedura
superexpressando Pdp3 exibiram taxa de crescimento especifico aumentado (Figura
12A), diminuicdo da taxa de consumo de oxigénio (Figura 12B) e maior sensibilidade
a EROs em relacdo a WT (Figura 13). A Figura 13A mostra que as cepas Pdp3* de
levedura foram menos viaveis do que a controle quando submetidas a condi¢des de

estresse oxidativo. Além disso, as mutantes Pdp3* apresentaram maiores niveis de
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peroxidacao lipidica apds uma hora de exposicao a peréxido de hidrogénio (20 mM)
(Figura 13B). A superexpressdo de Pdp3 foi capaz de induzir uma mudanga no
metabolismo em direcdo a fermentacéo, semelhante a superexpressao do oncogene
NSD3s.

Com a finalidade de avaliar a semelhanca funcional entre os dominios PWWP
de NSD3s e Pdp3, foi construida uma forma quimérica de Pdp3, onde dominio PWWP
de Pdp3 foi substituido pelo dominio PWWP de NSD3s. Com isso, foi possivel analisar
se o dominio PWWP de NSD3s € capaz de substituir funcionalmente o dominio
PWWP da Pdp3 de levedura. Quando cultivadas em glicerol, as células que
expressaram a quimera apresentaram maior taxa de crescimento especifico (Figura
12A), menor consumo de oxigénio (Figura 12B) e aumento da sensibilidade a EROs
(Figura 13) do que a WT, assim como a superexpressdo de NSD3s ou de Pdp3. Esses
resultados mostram que o dominio PWWP da proteina NSD3s humana foi capaz de

substituir funcionalmente o da proteina de levedura Pdp3 no metabolismo respiratorio.
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Figura 12. O dominio PWWP de NSD3s substitui funcionalmente o de Pdp3. As cepas WT, Pdp3*
e Pdp3 (PWWP-NSD3s)* foram cultivadas em meio drop out glicerol 4% até o meio da fase de
crescimento exponencial. (A) Taxa de crescimento especifico. As medidas da absorvancia a 570 nm
foram realizadas em intervalos regulares até as células atingirem a fase estacionaria. O p destas células
foi determinado na fase de crescimento exponencial pela expressao In X/Xo = ut. (B) Consumo de
oxigénio. O consumo de oxigénio foi dosado utilizando um eletrodo de Clark. Os resultados
representam a média * desvio padréo de pelo menos trés experimentos independentes e * ou** significa
resultados diferentes em WT vs Pdp3+ * p <0,05 e WT vs Pdp3 (PWWP-NSD3s)* ** p <0,05.
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Figura 13. Efeito da superexpressao de Pdp3 e da quimera (Pdp3 (PWWP-NSD3s)) na tolerancia
ao estresse oxidativo. As cepas WT, Pdp3* e (Pdp3 (PWWP-NSD3s)* foram cultivadas em meio drop
out glicerol 4% até o meio da fase de crescimento exponencial. Os danos oxidativos foram analisados
apos estresse com 20 mM H202/1 h/28 °C/160 rpm. (A) Viabilidade celular. A viabilidade celular foi
medida através de plaqueamento das células em meio rico YPD2% sélido. (B) Peroxidacao lipidica. Os
niveis de peroxidacao lipidica foram determinados pelo método de TBARS. Os resultados representam
a média + padrao desvio de pelo menos trés experimentos independentes e * ou ** resultados diferentes
no WT vs PDP3* * p <0,05 e WT vs Pdp3 (PWWPNSD3s)* ** p <0,05.

Para confirmar que o dominio PWWP regula a mudanca metabdlica através de
um mecanismo depende da capacidade de Pdp3 de se ligar a cromatina metilada,
Pdp3 foi superexpressa em uma cepa Aset2. A proteina Set2 de S. cerevisiae é uma
histona (H3) metil-transferase altamente seletiva para lisina 36 (H3K36) (STRAHL et
al., 2002). Como mostrado na Figura 14, a superexpressdo de Pdp3 ndo causou
qualquer alteracdo no comportamento metabdlico da cepa Aset2. Ambos Aset2 e
Aset2(Pdp3)* exibiram a mesma taxa de crescimento especifico (Figura 14A) e de
consumo de oxigénio (Figura 14B). Além disso, a tolerancia ao estresse oxidativo
permaneceu inalterado, na qual a viabilidade e peroxidacdo lipidica foram
estatisticamente iguais entre as cepas (Figura 14C e 14D). Esses resultados indicam
que o fendtipo metabdlico induzido pela superexpressdo de Pdp3 depende da
metilagdo especifica de H3K36, que é realizado por Set2. Estes resultados
corroboram os obtidos com a cepa mutante W21A*, sugerindo que o efeito da
superexpressdo de Pdp3 nas alteracdes metabolicas depende da capacidade do seu

dominio PWWP de reconhecer e se ligar a H3K36 metilada.
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Figura 14. Set2 é essencial para o reconhecimento de H3K36me3 por Pdp3. As cepas Aset2 e
Aset2Pdp3*+ foram cultivadas em meio drop out glicerol 4% até o meio da fase de crescimento
exponencial. Os danos oxidativos foram analisados apés estresse com 20 mM H202/1 h/28 °C/160 rpm.
(A) Taxa de crescimento especifico. As medidas da absorvancia a 570 nm foram realizadas em
intervalos regulares até as células atingirem a fase estacionéaria. O | destas células foi determinado na
fase de crescimento exponencial pela expressao In X/Xo = pt. (B) Consumo de oxigénio. O consumo de
oxigénio foi dosado utilizando um eletrodo de Clark. (C) Viabilidade (D) Peroxidacgéo lipidica. Os niveis
de peroxidacéo lipidica foram determinados pelo método de TBARS. Os resultados representam a
média + desvio padrdo de pelo menos trés experimentos independentes.

Ao interagir com H3K36me3, Pdp3 recruta o complexo NuA3b para regides
codificantes de genes ativamente transcritos (GILBERT et al., 2014). Sas3, uma
subunidade do complexo NuA3b, € uma histona acetil-transferase que acetila H4, H3
e H2A (TAKECHI; NAKAYAMA, 1999). No entanto, ainda ndao se sabe a funcao
completa do complexo NuA3b e o alvo especifico de acetilacdo de Sas3 [43]. Para
verificar se a funcdo metabdlica de Pdp3 é dependente do complexo NuA3b, Pdp3 foi
superexpressa em uma cepa Asas3. A superexpressao de Pdp3 n&o leva a qualquer

mudanc¢a no comportamento metabolico de Asas3 (Figura 15), sugerindo que, sob
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condicdes respiratorias, o complexo NuA3b é responsavel por mediar o desvio

metabalico induzido por Pdp3.
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Figura 15. Sas3 é essencial para o desvio metabdlico induzido por Pdp3. As cepas Asas3 e Asas3
Pdp3* foram cultivadas em meio drop out glicerol 4% até o meio da fase de crescimento exponencial.
Os danos oxidativos foram analisados ap6s estresse com 20 mM H202/1 h/28 °C/160 rpm. (A) Taxa de
crescimento especifico. As medidas da absorvancia a 570 nm foram realizadas em intervalos regulares
até as células atingirem a fase estacionéria. O | destas células foi determinado na fase de crescimento
exponencial pela expresséo In X/Xo = pt . (B) Consumo de oxigénio. O consumo de oxigénio foi dosado
utilizando um eletrodo de Clark. (C) Viabilidade celular. A viabilidade celular foi medida através de
plagueamento das células em meio rico YPD2% sdélido. (D) Peroxidacdo lipidica. Os niveis de
peroxidacao lipidica foram determinados pelo método de TBARS. Os resultados representam a média
* desvio padrdo de pelo menos trés experimentos independentes.

5.2 ANALISE METABOLOMICA

No item 5.1 deste documento foi demonstrado que a superexpressao de Pdp3
ou NSD3s em S. cerevisiae, cultivadas sob metabolismo oxidativo, levou a um

aumento na taxa de crescimento e sensibilidade a espécies reativas de oxigénio,
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enquanto diminuiu o consumo de oxigénio. Para obter mais informagfes sobre os
mecanismos moleculares que resultaram nesse fendtipo resultante, foram analisados
0s metabdlitos mais relevantes produzidos em resultado a superexpressao de NSD3s
ou Pdp3 em meio oxidativo. A cepa WT, usada como controle, assim como as
linhagens Pdp3* e NSD3s* foram cultivadas em glicerol até a metade da fase
exponencial. Os metabdlitos polares foram submetidos a analise metabolémica por
RMN, e os espectros *H 1D NMR foram atribuidos para determinar os metabdlitos

mais relevantes (Figura 16).
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Figura 16. Espectros de 'H-RMN de 1D a partir de extracto polar de culas de levedura. Regidao
alifatica (A) e aromatica (B). PC-fosfocolina; Acido DSS-4,4-dimetil-4-silapentano-1-sulfénico; GABA-
gama amibutirato.
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As Figuras 17A e 17B mostram os graficos de PCA (Analise da Componente
Principal) para NSD3s* x WT e Pdp3* x WT, respectivamente. Os graficos de PCA
mostraram forte discriminacdo de classe entre o controle e as células que
superexpressam NSD3s/Pdp3 (Figura 17A e 17B). Ao analisar o efeito da
superexpressdo de NSD3s em relacdo a WT, observou-se um aumento no contetdo
de alanina, piruvato, valina, glutamato e aspartato. Por outro lado, o contetdo de
homoarginina, histidina, prolina e arginina foi diminuido (Tabela 2, Figura 18A). Ao
analisar o efeito da superexpressdo de Pdp3 em relacdo a WT, observou-se um
aumento no conteudo de alanina, fosfocolina e aspartato. Além disso, foi detectado
uma diminuicdo de arginina, histidina, homoarginina, aspartato, treonina, aspartato +
manose e cadaverina + lisina (Tabela 3, Figura 18B). Comparando o perfil metabdlico
de NSD3s* e Pdp3*, foram observadas mudancas similares nos metabdlitos mais
relevantes, tais como um aumento nos niveis de alanina e aspartato, acompanhado
de uma diminuicdo em histidina e arginina (Figura 18C). Além disso, certos
metabalitos exibiram um perfil especifico para cada proteina, incluindo um aumento
nos niveis de glutamato e valina em NSD3s* e um aumento no teor de fosfocolina em
Pdp3* (Figura 18C). Apesar de suas particularidades, as adaptac6es metabdlicas em
resposta a superexpressao de NSD3s ou Pdp3 sdo similares aguelas observadas em

células tumorais, como aumento da glutamindlise.
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Figura 17. A superexpresséo de NSD3s ou Pdp3 promove uma alteracdo similar no metaboloma
celular. Gréficos de PCA mostram uma forte discriminacao de classe entre replicatas do controle (WT)
(vermelho) e superexpressdo de NSD3s (verde) (A) e entre replicatas do controle (WT) (vermelho) e
superexpressao de Pdp3 (verde) (B). Os loadings plots do PCA destacam metabdlitos importantes para
a discriminacéo de classes entre NSD3s* e WT, como glutamato, aspartato e alanina (C), e entre Pdp3*
e WT, como fosfocolina, aspartato e alanina (D).
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Figura 18. Metabdlitos alterados pela superexpressdo de NSD3s ou Pdp3. O efeito da
superexpressao de NSD3s (branco) contra WT (preto) (A). O efeito da superexpressdo de Pdp3
(branco) contra WT (preto) (B). Diagrama representativo dos principais metabdlitos detectados na
superexpressdao de NSD3s ou Pdp3. Setas azuis representam a diminuicdo e setas vermelhas
representam o aumento (C).
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Tabela 2. Metaboélitos alterados pela superexpressdo de NSD3s. A tabela mostra caracteristicas
importantes dos metabolitos identificados: estado em fungdo da superexpressdo de NSD3s (1
aumentado e | diminuido), deslocamento quimico de préton, coeficientes de regressdao do PCA nos
componentes 1 e 2 (compl e comp?2) e valor de p (p <0,05).

Metabdlito Estado 6H Comp1l Comp2 p value
(ppm)

Alanina 1 1.46 0,18323 0,19269 0,000573
Piruvato T 2.34 0,16026 0,10985 0,000039
Valina T 0.96 0,13661 0,14995 0,000489
Histidina 1 7.06 -0,13746  -0,043354 0,000017
Arginina l 161 0044987 -0,038565 0,000965
Homoarginina l 1.88 -0,11615 0,022653 0,029446
Prolina l 3.32 -0,069595 -0,03496 <0,000001
Aspartato T 2.66 0,07268 0,035966 0,000033
Glutamato 1 236 0080825 0,064629 0,000609

Tabela 3. Metabdlitos alterados pela superexpressdo de Pdp3. A tabela mostra caracteristicas
importantes dos metabdlitos identificados: estado em funcdo da superexpressdo de NSD3s (1t
aumentado e | diminuido), deslocamento quimico de proéton, coeficientes de regressdo do PCA nos
componentes 1 e 2 (compl e comp?2) e valor de p (p <0,05).

Metabdlito Estado 6H Compl Comp2 p value
(ppm)

Alanina 1 1.46 0,15438 0,16036 0,002973
Fosfocolina T 3.20 0,19552 0,2124 0,002663
Histidina l 7.06 -0,12284 -0,02251 0,000017
Arginina l 1.61 -0,053594  -0,034463 0,000017
Homoarginina l 1.88 -0,13699 = 0,0033875 0,000164
Prolina l 3.32 -0,070288  -0,026126 <0,000001
Aspartato 1 2.66 0,044151  0,0085807 0,008473
Aspartato +manose l 389 | 0081661 -0,070484 0,003189
Cadaverina + lisina l 1.70 -0,069145 -0,0014328 0,000504
Treonina l 4.22 -0,038901  -0,0062421 0,003414
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6.1 ANALISE FENOTIPICA

A glicose é a principal fonte de carbono consumida pela S. cerevisiae, mas a
levedura também faz uso de outras fontes (CARLSON, 1999; KIM et al., 2013). O
cultivo de levedura em meio rico em glicose é seguido por um rapido crescimento,
impulsionando a fermentacao e, posteriormente, a producgéo de etanol (DERISI; IYER,;
BROWN, 1997). Através da andlise da expressdo génica, descobriu-se que muitos
genes sao transcritos diferencialmente em resposta a diferentes niveis de glicose. Um
conjunto de genes é induzido pela glicose, codificando transportadores de glicose de
baixa afinidade, enzimas glicoliticas e proteinas ribossémicas. Outro conjunto de
genes é reprimido pela glicose, incluindo aqueles envolvidos em utilizagdo de fontes
alternativas de carbono, gliconeogénese, respiracdo e funcdes peroxissdbmicas
(CARLSON, 1999; DERISI; IYER; BROWN, 1997; KIM et al., 2013; THEVELEIN,
1994). Genes envolvidos na via de represséo catabdlica da glicose séo de dois tipos:
genes necessarios para a repressao, como o0 HXK2 e MIG1, e genes necessarios para
a desrepressao, como SNF1 (DEVIT; WADDLE; JOHNSTON, 1997; THEVELEIN,
1994). Snfl, € uma proteina quinase que apresenta um papel central na via de
repressao catabolica sofrida pela S. cerevisiae. Sua sintese € requerida quando o0s
niveis de glicose sao baixos. Hexoquinase Il fosforila a glicose e regula a repressao
catabdlica ocorrida pelo alto nivel de glicose, logo regula a funcéo da Snfl. Mig 1 é
um repressor de transcricdo que se liga ao DNA, localiza-se no ndcleo na presenca
de alta concentracéo de glicose e migra para o citoplasma em baixas concentracdes
de glicose. A principal funcdo de Snfl é inibir a repressdo por Migl quando a
concentracédo de glicose € limitante. Snfl regula a localizacao de Mig1l de acordo com
a concentracéo de glicose (CARLSON, 1999).

A substituicdo de glicose por glicerol como fonte de carbono forca a levedura a
obter energia através da respiracdo. Quando o metabolismo respiratorio é adotado
pela levedura, o glicerol é fosforilado pela glicerol quinase a glicerol 3-fosfato. Entéo,
o glicerol 3-fosfato é oxidado a di-hidroxiacetona-fosfato pela glicerol fosfato
ubiquinona oxidoredutase, localizado na superficie da membrana interna da
mitocondria. Os elétrons referentes a essa oxidacdo sao transferidos para a
ubiquinona, entrando na cadeia respiratoria (FLORES et al., 2000; NEVOIGT; STAHL,
1997). A DHAP entra na via glicolitica, gerando NADH (citoplasma) e piruvato,
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dirigindo-se para a cadeia respiratoria. Glicerol-3-fosfato desidrogenase ajuda na
reoxidagdo do NADH citoplasmatico (HERRERO et al., 2008).

Células saudaveis utilizam a fosforilacdo oxidativa mitocondrial para producao
de energia (SANTIDRIAN et al., 2013), enquanto células tumorais apresentam um
aumento significativo na glicélise e na expressao de enzimas glicoliticas, convertendo
a maior parte de glicose em L-lactato, mesmo sob niveis normais de oxigénio
(DEBERARDINIS et al., 2008b; LOPEZ-LAZARO, 2008). Este fendmeno é conhecido
como efeito Warburg e representa uma marca metabodlica de células tumorais,
estabelecendo a ideia de que o cancer também é uma doenca com caracteristicas
metabdlicas (WARBURG, 1956b). Foi mostrado que algumas células cancerigenas
podem alternar reversivelmente entre fermentacdo e respiracdo, dependendo da
auséncia ou presenca de glicose e das condicbes ambientais (JOSE; BELLANCE;
ROSSIGNOL, 2011). Esta propriedade representa uma vantagem das células
tumorais in vivo, uma vez que podem adaptar o seu metabolismo a microambientes
heterogéneos, apresentando crescimento rapido em tumores sélidos malignos (ZHOU
et al., 2010).

O efeito Warburg, além de aumentar a taxa de proliferacéo, diminuir a atividade
mitocondrial e aumentar os niveis de glicélise, também apresenta como caracteristica
um aumento da sensibilidade das células tumorais a espécies reativas de oxigénio.
Como ha uma diminui¢édo da via oxidativa, a célula ndo produz as enzimas envolvidas
no processo de resposta ao estresse oxidativo (Ruckenstuhl et al. 2009).

NSD3s é uma oncoproteina de 645 aminoacidos que contém um Unico dominio
PWWP (YANG et al., 2010; ZHOU et al., 2010). A superexpressdo de NSD3s em S.
cerevisiae, cultivada na presenca de glicerol, uma fonte de carbono oxidativa,
promoveu uma mudanca no metabolismo celular de respiratério para fermentativo
(RONA, 2014). Essa hipotese foi confirmada pelo aumento da taxa de crescimento
especifico e diminuicdo no consumo de oxigénio, levando a uma menor tolerancia a
EROs na levedura (RONA, 2014). Em células de mamiferos, a superexpressao de
NSD3 induziu a formacgéo de colbnias em expansao em meio isento de insulina. Estas
células foram capazes de crescer continuamente na auséncia de fatores de
crescimento semelhantes a insulina, apresentaram maior taxa de proliferacdo e

formaram colbnias tridimensionais em meio de cultura semissélido (YANG et al.,
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2010). Com base no numero de fendtipos alterados adquiridos por células de
mamiferos superexpressando NSD3, Yang e colaboradores concluiram que NSD3 é
um importante oncogene transformante da regidao 8pl11-12 (YANG et al., 2010). As
células de levedura superexpressando NSD3s passaram a exibir um fendtipo
metabodlico semelhante as células tumorigénicas, sob condi¢bes que estimulam a
respiracao (RONA, 2014).

Foi observado uma semelhanca estrutural, in silico, entre o dominio PWWP de
NSD3s e de Pdp3. Pdp3 é uma proteina de S. cerevisiae que possui um unico dominio
PWWP (STEC et al., 2000). O dominio PWWP de Pdp3 possui uma gaiola aromatica
conservada necesséria para a ligacdo com H3K36me3. Os residuos aromaticos sao
conservados no dominio PWWP de Pdp3 nas posi¢des F18, W21 e F48 (GILBERT et
al., 2014). Foi observado que a integridade da gaiola hidrofobica é essencial para a
func@o metabdlica de Pdp3. A baixa taxa de crescimento especifico, o decréscimo no
consumo de glicose e o aumento da tolerancia contra EROs apresentados pelo
mutante W21A também podem ser observados para a cepa Apdp3. Estes resultados
estdo de acordo com os de Gilbert e colaboradores que demonstraram que todas as
trés mutacdes (F18, W21 e F48) abolem independentemente a interacéo entre Pdp3
e um peptideo de histona H3K36me3, sugerindo que Pdp3 necessita da gaiola
aromatica conservada para reconhecer o nucleossomo e se ligar a cromatina. Como
o mutante Pdp3 W21A* apresentou o mesmo fenétipo da cepa Apdp3, conclui-se que
a gaiola hidrofébica de Pdp3-PWWP ¢ essencial para sua funcdo metabdlica.

Pdp3 é um membro do complexo NUA3 que apresenta uma atividade histona
acetiltransferase envolvida na transcricdo do DNA. A maioria dos genes controlados
por este complexo esta envolvida na replicacdo do DNA (GILBERT et al., 2014). O
complexo NUA3 existe em duas formas diferentes: NuA3a e NuA3b. NuA3a usa o
dominio PHD de Yng1l para interagir com a lisina 4 na histona 3 trimetilada (H3K4me3)
em regibes promotoras de genes transcricionalmente ativos. Sas3 entdo acetila a
lisina 14 da histona 3 (H3K14), levando a inicia¢do da transcricdo em um subconjunto
de genes. Por outro lado, a enzima Set2 é responsavel pela trimetilagdo da lisina 36
na histona 3. A interacao entre Pdp3 e H3K36me3, que é promovida pelo dominio
PWWP de Pdp3, recruta Sas3 e outras subunidades do complexo NuA3b para as

regioes codificadoras de genes transcritos. Embora a fungéo do complexo NuA3b nao
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seja totalmente compreendida, sabe-se que Sas3 pode acetilar histonas ou proteinas
nao-histonas facilitando o alongamento da transcricdo (GILBERT et al., 2014). Foi
observado que o fendtipo metabdlico induzido pela superexpressdo de Pdp3 é
dependente da metilacdo especifica de H3K36 realizada por Set2. Além disso, Pdp3
também depende do complexo NuA3b, indicando que uma mutagcdo em outras
subunidades do complexo afeta a reprogramacao metabdlica. A superexpressao de
Pdp3 em Asas3 ndo teve efeito sobre os fenotipos metabdlicos medidos, quando
comparados com a cepa Asas3. Portanto, os resultados sugerem que, sob condi¢des
respiratérias, o complexo NuA3b é responsavel por mediar a alteracdo metabdlica
induzida por Pdp3.

Ao superexpressar Pdp3, em metabolismo respiratério, foi observado uma
mudanca no metabolismo em direcdo a fermentacdo, similar a superexpressédo do
oncogene humano NSD3s. A forma quimérica de Pdp3, substituindo o seu dominio
PWWP pelo de NSD3s, apresentou as mesmas caracteristicas funcionais tanto de
superexpressdao de Pdp3 quanto de NSD3s, ambas em metabolismo respiratorio.
Estes dados sugerem que NSD3s e Pdp3 desempenham papéis semelhantes no
metabolismo energético, mudando do metabolismo respiratorio para o fermentativo.
Cluntun e colaboradores demonstraram que a acetilacao de histonas é detectada pelo
fluxo de glicose de maneira dose-dependente, o que é uma possivel funcao do efeito
Warburg (CLUNTUN et al., 2015). Esses resultados corroboram nosso trabalho, uma
vez que Pdp3 faz parte de um complexo histona acetil-transferase.

A NSD3s humana e a Pdp3 de levedura estdo envolvidas na regulacdo da
expressao génica e sao reportadas neste trabalho como capazes de causar uma
mudanca metabdlica do metabolismo aerdbico (respiracdo) para anaerdbico
(fermentacao). As alteracdes fenotipicas observadas nas linhagens com diferentes
perfis de expressédo de NSD3s e Pdp3 no modelo de levedura sdo muito semelhantes
e concordam bem com a mudanca metabdlica de uma célula com caracteristicas
saudaveis para uma com caracteristicas tumorais. Esses resultados indicam que o
padréo de expressdo génica € importante para a transformacéo maligna dos fenétipos
metabalicos celulares, de acordo com relatos anteriores. Em resumo, NSD3s e Pdp3
parecem desempenhar papéis semelhantes no metabolismo celular e as células que

superexpressam ambas as proteinas, sob condi¢cdes que simulam a respiracéo,
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parecem se comportar metabolicamente como uma célula com caracteristicas
tumorais. A gaiola hidrofobica do dominio PWWP ¢é essencial para a funcdo de Pdp3.
O dominio PWWP de NSD3s foi capaz de substituir funcionalmente o dominio PWWP
da proteina de levedura Pdp3. Uma vez que, o remodelamento da cromatina e a
disfuncdo metabdlica estdo ganhando consideravel atengdo nos estudos sobre o
cancer, pesquisas futuras acerca dos dominios PWWP de Pdp3 e NSD3s podem

contribuir para o planejamento de novas drogas anticancer.

6.2 METABOLOMICA

Como foi observado, a superexpressao de NSD3s ou Pdp3 reprogramou o
metabolismo da levedura. A superexpressdo de NSD3s aumentou o contelddo de
alanina, piruvato, aspartato, valina e glutamato, enquanto diminuiu os de histidina,
arginina, prolina e homoarginina. Além disso, a superexpressao de Pdp3 levou a um
aumento de alanina, fosfocolina e aspartato, ao mesmo tempo em que diminuiu 0s
niveis de histidina, treonina, prolina, arginina e homoarginina.

A diminuic&o na concentracéo de histidina, tanto em NSD3s* quanto em Pdp3*,
foi observada devido ao fato de que este aminoacido € uma exigéncia nutricional para
a cepa BY4741. A superexpressao de NSD3s ou Pdp3 levou a uma diminuicdo nos
niveis de arginina, uma alteragdo metabdlica comumente encontrada no cancer. As
células tumorais utilizam intensamente arginina para processos anabdlicos (QIU et al.,
2014); desse modo, os niveis de arginina diminuem mais rapidamente do que o de
outros aminoacidos nas células em crescimento, mostrando que a arginina nao é
usada apenas para a sintese de proteinas (WHEATLEY, 2005). A sintese enddgena
de arginina nédo € suficiente para atender as necessidades de proliferacao de células
tumorais (QIU et al., 2014). Portanto, a arginina é necessaria para as células
cancerigenas e tem sido associada ao desenvolvimento de tumores (DELAGE et al.,
2010; WHEATLEY, 2005). A diminuigéo dos niveis de arginina esta relacionada a uma
desregulacédo da ASS1 (Argininosuccinato Sintase 1) (Figura 19) em varios tipos de
cancer, como o carcinoma hepatocelular (DELAGE et al., 2010), o melanoma maligno
(DELAGE et al., 2010; QIU et al., 2014), mesotelioma maligno de pleura (DELAGE et
al., 2010), prostata (DELAGE et al., 2010; QIU et al., 2014), cancer renal (DELAGE et
al., 2010), linfoma (QIU et al., 2014) e glioma (QIU et al., 2014).
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Os lipidios s&@o os principais componentes estruturais das membranas
celulares, mas também funcionam como fonte de energia e sinalizagdo nos processos
de crescimento celular, inflamacé&o e imunidade. O aumento da biossintese lipidica &
uma caracteristica das células tumorais, satisfazendo as necessidades na producao
de membrana para a proliferacdo (MORI et al., 2016). As células tumorais apresentam
um metabolismo alterado de colinas e lipidios (MORI et al., 2016), com um aumento
nos niveis de fosfocolina e colina total (fosfocolina, glicerofosfocolina e colina)
(ACKERSTAFF; GLUNDE; BHUJWALLA, 2003; GLUNDE et al., 2015; LOENING et
al., 2005; MORI et al., 2016; NATTER; KOHLWEIN, 2013; STEWART et al., 2012). A
sintese de fosfocolina é realizada a partir da colina pela a¢do da CK (Colina Quinase)
(Figura 19) (ACKERSTAFF; GLUNDE; BHUJWALLA, 2003; GLUNDE et al., 2015;
NATTER; KOHLWEIN, 2013; STEWART et al., 2012). Esta enzima é superexpressa
em determinados tipos de tumores, tais como cérebro (ELKHALED et al., 2014), mama
(JACOBS et al.,, 2004), préstata (KURHANEWICZ et al., 2002) e endométrio
(TROUSIL et al., 2014), e € considerada a principal causa do aumento de fosfocolina
e de colina total (GLUNDE et al., 2015; MORI et al., 2016; NATTER; KOHLWEIN,
2013; STEWART et al., 2012). O aumento dos niveis de fosfocolina também pode ser
explicado pela maior taxa de transporte de colina (ACKERSTAFF; GLUNDE;
BHUJWALLA, 2003; NATTER; KOHLWEIN, 2013). Aqui, um aumento nos niveis de
fosfocolina foi observado em funcdo da superexpressdo de Pdp3. O aumento na
concentracdo de fosfocolina pode estar associado a uma alteracdo na expressao ou
atividade da colina quinase, como observado em células tumorais.

Valina, assim como isoleucina e leucina, sdo aminoacidos de cadeia ramificada
(BCAA) que funcionam como importantes sinais nutricionais, e seu catabolismo
participa de diversos processos patologicos e fisioldégicos. Os pacientes com cancer
de mama apresentam aumento dos niveis plasmaticos de BCAA, assim como a
enzima BCAT1 (Branched-Chain Amino Acid Transaminase 1), que participa do
catabolismo do BCAA (Figura 19). Ja foi demonstrado que esta enzima promove o
crescimento celular (ZHANG; HAN, 2017). Os niveis de valina sdo elevados nos
canceres de endométrio (TROUSIL et al., 2014) e mama (ZHANG; HAN, 2017). Os

niveis intracelulares de valina aumentam com a superexpressao de NSD3s,
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confirmando o resultado demonstrado no item 5.1, no qual a cepa superexpressando
NSD3s apresentou taxa de crescimento maior do que a controle.

As células tumorais exibem alto consumo de glutamina, que é usado como
principal substrato para a anaplerose (YANG; VENNETI; NAGRATH, 2017b). A via da
glutamindlise (Figura 19) é responséavel pela conversao da glutamina nos metabdlitos
do ciclo do TCA (YANG; VENNETI; NAGRATH, 2017b). O primeiro passo na
glutamindlise é a conversao de glutamina em glutamato, que é catalisada pela enzima
GLS (Figura 19). Esta enzima é altamente expressa em células tumorais, favorecendo
a formacéo e consequentemente acumulo de glutamato. A atividade aumentada de
GLS estda relacionada ao aumento do crescimento e proliferagdo tumoral
(DEBERARDINIS et al., 2008a; DEBERARDINIS; CHENG, 2010). O excesso de
glutamato pode ser redirecionado para a sintese de aminodacidos, proteinas e lipidios,
como observado em células tumorais (DEBERARDINIS; CHENG, 2010). A cepa
NSD3s* apresentou niveis elevados de glutamato e maior taxa de crescimento
especifico quando comparados a controle.

Aspartato, alanina e fosfoserina sdo os principais aminoacidos nao essenciais
(NEAAS) receptores de nitrogénio da glutamina (YANG; VENNETI; NAGRATH,
2017b). As células em proliferacao preferencialmente metabolizam o glutamato para
produzir aminoacidos ndo essenciais; a maioria do aspartato intracelular vem da
glutamindlise (YANG; VENNETI; NAGRATH, 2017b). Uma alta taxa de secrecédo de
alanina é observada nas células proliferativas. As células tumorais tém um excesso
de nitrogénio intracelular que se origina do metabolismo de glutamina, que deve ser
excretado como alanina ou aménia. A alanina é produzida a partir da reacdo do
glutamato com piruvato (ALBERS et al., 2008) (Figura 19). As mitocéndrias das células
tumorais geram alanina na presenca de piruvato levando a sintese de citrato a partir
do glutamato, permitindo a biossintese de membranas celulares (ALBERS et al.,
2008). Altos niveis de alanina foram observados em varios tipos de tumores, como
préstata (ALBERS et al., 2008; TESSEM et al., 2008) e endométrio (TROUSIL et al.,
2014). Foi observado um aumento nos niveis de alanina e aspartato na
superexpressao de NSD3s e Pdp3, o que pode estar relacionado ao aumento do
metabolismo de glutamina. Este aumento beneficiaria a producéo de proteinas, bem
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como a sintese de acidos graxos e triglicerideos, como observado em células tumorais
(ALBERS et al., 2008; TESSEM et al., 2008).
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Figura 19. Vias metabdlicas dos principais metabdlitos detectados na superexpressao de NSD3s
ou Pdp3. Os principais metabdlitos detectados pertencem a glutaminélise (azul), metabolismo de
colinas (verde) e sintese de arginina (amarelo). As setas azuis representam diminuicdo e a setas
vermelhas representam aumento.

O perfil metabdlico da NSD3s* e Pdp3* € similar; no entanto, este ndo é
idéntico, indicando que cada proteina atua regulando um nucleo comum de vias
metabdlicas, além de um conjunto de outras reacfes especificas. O aumento de
aspartato e alanina, juntamente com uma diminuicdo nos niveis de arginina,
observada para as células que superexpressam NS3s e Pdp3 sugere um aumento na
taxa de glutamindlise (Figura 19). Este efeito € caracteristico das alteracdes
metabdlicas encontradas na tumorigénese, na qual as células tumorais adaptam suas
vias a producdo de macromoléculas necessarias para sustentar o crescimento e a
sobrevivéncia. Além disso, NSD3s* mostrou um aumento no contetdo de glutamato,
sugerindo aumento da glutamindlise. Também foi observado um aumento nos niveis
de valina e fosfocolina por conta da superexpressdo de NSD3s e Pdp3,
respectivamente, sugerindo que vias como a biossintese de proteinas e lipidios

podem ser diferencialmente reguladas em resposta a cada proteina (Figura 19).
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A amplificacdo de NSD3 é encontrada em diferentes tipos de cancer, como
leucemia (ALBERT; HELIN, 2010; SALOURA et al., 2017; ZHOU et al., 2010), mama
(ALBERT; HELIN, 2010; IRISH et al., 2016; SALOURA et al., 2017; YANG et al., 2010;
ZHOU et al., 2010), bexiga (SALOURA et al., 2017; ZHOU et al., 2010), pulméo
(SALOURA et al., 2017; ZHOU et al., 2010), endométrio (JONES; LIN, 2017), ovario
(JONES; LIN, 2017) e cabeca e pescoco (SALOURA et al., 2016, 2017; ZHOU et al.,
2010). A superexpressao de NSD3s levou a uma variacao principalmente nos niveis
de arginina, alanina, glutamato e valina. Essas alteracdes metabdlicas ja foram
observadas em vérios tipos de cancer, incluindo alguns onde a superexpressao de
NSD3s foi observada (BELKIC; BELKIC, 2017; CONDE et al., 2015; GLUNDE et al.,
2016; HU; SUN, 2018; JACOBS et al., 2004; MASSARI et al., 2016; SUMAN et al.,
2018; TIAN et al., 2017; TROUSIL et al., 2014; ZHANG; HAN, 2017). No futuro, o
desenho de novas drogas envolvendo inibidores dessas vias metabdlicas; ou uma
dieta regulando a ingestdo de precursores ou 0s proprios metabolitos podem ser a

chave para diminuir a progressao de tumores oriundos da amplificacdo de NSD3s.

6.3 PERSPECTIVAS

Tanto NSD3s quanto a isoforma curta de Pdp3 apresentam um Unico dominio
conhecido como PWWP. A estrutura tridimensional do dominio PWWP de NSD3s e
Pdp3 ainda é desconhecida. Portanto, torna-se necessaria a investigacdo estrutural
destas proteinas, a fim de compreender em detalhes seus mecanismos de acdo, bem
como aprofundar os estudos de suas funcdes bioldgicas identificando seus parceiros
moleculares. No futuro, este conhecimento poderd ser empregado no
desenvolvimento racional de drogas capazes de inibir a atividade transformante da
oncoproteina NSD3, podendo ser utilizado como um novo tratamento anticancer.
Alguns resultados referentes ao presente projeto ja foram obtidos por nosso grupo de
pesquisa.

Com a finalidade de determinar a estrutura tridimensional desses dominios, a
sequéncia de DNA que codifica o dominio PWWP de NSD3s (259-402) e Pdp3 (2-
150) foram clonados no vetor de expresséo bacteriano RP1B (PETI; PAGE, 2007).
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A construgdo HiseGST-NSD32s9-402, que compreende o dominio PWWP de
NSD3s, foi expressa em E. coli BL21 DE3 em meio minimo M9 (isotopicamente
enriguecida com °N) a 18 °C, induzida com 1 mM de IPTG (isopropil-b-D-
galactosideo) por 18h. A proteina foi inicialmente purificada através de cromatografia
por afinidade a niquel. Posteriormente, a cauda de purificacdo/solubilidade HissGST
foi clivada por incubacédo com a protease TEV (Tobacco Etch Virus nuclear-inclusion-
a endopeptidase) (razdo molar de 1:5, 16h, temperatura ambiente). Em seguida,
NSD3259-402 foi submetida a uma segunda etapa de cromatografia de afinidade a

niquel e, por fim, a cromatografia de filtracdo em gel (Figura 20).
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Figura 20. Purificacdo de NSD3s-PWWP. (A) Primeira cromatografia de afinidade a niquel. (B)
Segunda cromatografia de afinidade a niquel, apds clivagem com a protease TEV. (C) Terceira etapa
de purificagdo, cromatografia de filtracdo em gel (tampéo fosfato de sodio 20 mM (pH 6,5) NaCl 50
mM).

Na primeira etapa de purificacdo por afinidade a niquel, a construcdo HiseGST-
NSD3259-402 €luiu em uma concentracdo ~160 mM de imidazol (pico 1), o que €
correspondente a uma banda de ~44 kDa no gel de SDS PAGE (Figura 19, poco 1).
Observa-se que apés 16h a proteina foi clivada da sua cauda de HiseGST (Figura

19B, poco TEV). ApGs a segunda etapa cromatogréfica, a proteina eluiu com alto grau
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de pureza diretamente no flow through (poco FT) e no lavado (poco lal). A elui¢ao foi
confirmada pelo aparecimento de uma banda em ~17 kDa no gel de SDS PAGE
(Figura 20B). Na mesma purificacédo, observa-se a separacao da cauda HiseGST e da
protease TEV (poco 2) da amostra de interesse (Figura 20B). Para finalizar, a proteina
foi submetida a cromatografia por filtragdo em gel, onde observa-se um unico pico de
eluicdo compativel com o monémero de NSD3259-402 (Figura 20C).

Em seguida, a proteina purificada foi submetida a experimentos de RMN uni- e

MR
TR O
' TS
I: "ll ‘ ' (i |
' || | | |
;ﬂ( Jl |f ‘I ' r[
y | Metilas proximas
|"ﬂ'-'| | Iy | ide anel aromético
| l ‘I {" ‘. |

s X A ' |

Ly ] N v
3 | A 4 v J
Regisio NH

Triptotanos

bidimensionais.

A

"H chemical sttt (ppm)

- s B #

- e o . -;r

- ame H

Triptofanos - H
- g E>". i

i -".‘52":’ se °

. e 3

SO a

'H chemical shift [ppe)

Figura 21. Espectros de RMN adquiridos para NSD3s-PWWP. (A) Espectro 1D 'H RMN. (B)
Espectro 2D [*H, **N] HSQC.

A Figura 21A mostra o espectro 1D *H RMN adquirido para o dominio PWWP
de NSD3s. O espectro mostra sinais de hidrogénio amidicos bem dispersos (6-9 ppm)
e sinais de metilas préximas a anéis aromaticos (abaixo de zero ppm), o que é
carateristico de proteinas enoveladas. A Figura 21B mostra o espectro 2D [*H, °N]

HSQC adquirido para NSD32s9-402, onde observa-se a presencga de linhas finas,
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intensas e bem distribuidas. Ainda, € possivel observar a presenca de 4 sinais de
RMN atribuidos aos 4 residuos de triptofano presentes na sequéncia da proteina, 2
deles no motivo Pro-Trp-Trp-Pro, carateristico desse dominio. Em funcdo da
qualidade dos espectros obtidos, o proximo passo sera a producdo de uma amostra
de proteina duplamente enriquecida com *°N e 13C para a aquisicdo de espectros de
3D RMN (*H, N, 3C) para o assinalamento das ressonancias e determinacéo
estrutural do dominio PWWP de NSD3s. O mesmo procedimento sera realizado para
a construgdo Hiss-Pdp32-150. Ap0s a determinagdo das duas estruturas 3D sera
possivel a comparacao das estruturas tridimensionais do dominio PWWP de NSD3s
e Pdp3. Em seguida, sera caracterizada a dindmica interna dos dominios PWWP de
NSD3s e Pdp3. Para finalizar, sera determinada a interacdo in vitro com ligantes
através da identificacdo dos residuos que participam diretamente da ligacdo dos
dominios PWWP de Pdp3 e NSD3s com diferentes sequéncias de DNA e peptideos
de histona.
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e A superexpressdo de NSD3s e Ppd3 em células de S. cerevisiae leva a
uma alteracéo de fendtipo, apresentando caracteristicas semelhantes a de
uma célula tumoral.

e NSD3s e Pdp3 apresentam funcdes metabdlicas semelhantes.

e O dominio PWWP de NSD3s € capaz de substituir funcionalmente o
dominio PWWP de Pdp3.

e Aintegridade da gaiola hidrofobica do dominio PWWP de Pdp3 é essencial
para a sua fungdo metabdlica.

e Afuncdo metabdlica de Pdp3 depende da trimetilacdo em H3K36 realizada
pela enzima Set2.

e Os resultados indicam que a funcdo metabodlica de Pdp3 € mediada
exclusivamente pelo complexo NuA3b.

e A superexpressdo de NSD3s ou Pdp3 na levedura promoveu um provavel
aumento da glutamindlise, indicado por um aumento nos niveis de alanina
e aspartato acompanhado por uma diminui¢cdo nos niveis de arginina.

e A hip6tese do aumento da glutamindlise € confirmada pelo aumento dos
niveis de glutamato observado em células NSD3s".

e A superexpressao de NSD3s ou Pdp3 levou a adaptacdes metabdlicas
adicionais, incluindo um possivel aumento na biossintese de proteinas e

lipidios, que sdo especificos para cada proteina.
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ABSTRACT

WHSC1L1/NSD3, one of the most aggressive human oncogenes, has two isoforms
derived from alternative splicing. Overexpression of long or short NSD3 is capable
of transforming a healthy into a cancer cell. NSD3s, the short isoform, contains only
a PWWP domain, a histone methyl-lysine reader involved in epigenetic regulation
of gene expression. With the aim of understanding the NSD3s PWWP domain role
in tumorigenesis, we used Saccharomyces cerevisiae as an experimental model. We
identified the yeast protein Pdp3 that contains a PWWP domain that closely resembles
NSD3s PWWP. Our results indicate that the yeast protein Pdp3 and human NSD3s
seem to play similar roles in energy metabolism, leading to a metabolic shift toward
fermentation. The swapping domain experiments suggested that the PWWP domain
of NSD3s functionally substitutes that of yeast Pdp3, whose W21 is essential for its

metabolic function.

INTRODUCTION

Emerging evidence indicates that cancer is primarily
a metabolic disease involving disturbances in energy
production through respiration and fermentation [1]. Even
though very specific processes underlie cell malignant
transformation, a large number of unspecific factors are
able to initiate the disease, including radiation, chemicals,
viruses, inflammation, etc. The apparent contradiction that
such unspecific processes are able to cause the disease
through a very specific and common mechanism was
pointed out by Albert Szent-Gyorgyi, and considered the
“oncogenic paradox” [2]. In addition, the mutation rate
for most genes, including those considered essential for
manifesting the hallmarks of cancer [3] is low, which
makes it unlikely that the numerous pathogenic mutations
found in cancer cells would occur sporadically within a
normal human lifespan [4].

Although compelling evidence shows that genomic
instability is present to some degree in all tumor cells
[5], it is unclear how this phenotype relates to the origin
of the disease. Even though no specific gene mutation or
chromosomal abnormality is common to all cancers, nearly

all cancers express aerobic fermentation (Warburg effect),
regardless of their tissue or cellular origin [6], which is a
robust metabolic hallmark of most tumors. As reviewed
by Thomas N. Seyfried [1], several reports correlate
respiratory dysfunction and mitochondrial structural
defects to abnormalities in DNA repair mechanisms and
the upregulation of fermentation pathways [7, 8], leading
to carcinogenesis. This evidence supports the idea that
cancer is a disease of metabolic origins. In such cases,
oncogene upregulation becomes essential for increased
glucose and glutamine metabolism following respiratory
impairment [9]. The synthesis of nucleotides and fatty
acids, as well as the consumption of glucose and glutamine
are prevalent among tumor cell lines. These activities,
especially glutamine intake, are used as reducing power and
anaplerosis. Cancer cells metabolism is modified to simplify
the uptake of nutrients into the biomass requirements to
proliferation and cell growth. Recent studies show that
several signaling pathways implicated in cell proliferation
regulate metabolic pathways that incorporate nutrients into
biosynthetic pathways. Some mutations enable cancer cells
to acquire and metabolize nutrients in a way that favors
proliferation rather than efficient ATP production [10, 11].
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Gene amplification is a major mechanism for
oncogene activation in human cancers [12—14], resulting
in gene overexpression at both the RNA and protein
levels [15]. Amplification of the short arm of human
chromosome 8 has been reported in 10-15% of breast
cancers and harbors several candidate oncogenes [12, 13,
15-17]. The 8p11-12 amplicon has been associated with
estrogen receptor-positive tumors and lobular histology
[18]. Recent studies have identified the Wolf-Hirschhorn
syndrome candidate 1-like 1 gene (WHSCILI, also
known as NSD3) as one of the major leader oncogene
candidates from the 8p11-12 region in breast cancer [15].

NSD3 is the third member of the NSD (nuclear
receptor SET domain- containing) family. All proteins
from this family have been directly linked to multiple
human diseases. A striking feature of the three NSD
proteins is that they are highly similar within a region of
about 700 amino acids spanning a catalytic SET domain
together with a pre and post-SET (Enhancer of zeste)
domain, two PWWP (proline-tryptophan-tryptophan-
proline) domains, five PHD (plant homeodomain) fingers,
and a NSD-specific Cys-His rich domain (C5SHCH) [19].
However, the similar domain architecture of the three NSD
members does not indicate a functional redundancy [20].
NSD3 has been identified as a frequently amplified gene in
breast cancer cell lines and primary breast carcinoma [21].
NSD3 has two main isoforms, NSD3I (long NSD3,1437
amino acid) and NSD3s (short NSD3, 645 amino acid)
[15, 21], derived from alternative splicing of exon 10 [22].
Both NSD3 protein isoforms contain a PWWP domain;
however, the short isoform presents only a single one [15].
Yang and co-workers have shown that both isoforms are
located in the nucleus and might act as oncoproteins as
they exhibit transforming properties [15].

The PWWP domain is exclusively found in
eukaryotes, ranging from lower eukaryotes, such as
protozoa and yeast, to human. The human genome
encodes more than twenty PWWP-containing proteins,
which are always located in the nucleus and play a major
role in cell division, growth and differentiation. They
are implicated in various chromatin functions, including
DNA modification, repair, and transcriptional regulation
[23, 24]. The PWWP domain acts as a chromatin
modification reader by recognizing both DNA and histone
methylated lysines at the level of the nucleosome [25, 26].
Despite the significant progress in understanding the
PWWP domain function, many questions are yet to be
answered, including its role in tumorigenesis.

The budding yeast Saccharomyces cerevisiae has
been extensively used as a model for genetic analysis
of various complex pathways and processes, including
cell division, secretion, transcription and receptor-
mediated signal transduction [27]. Due to genetic and
metabolic similarities between S. cerevisiae and cancer
cells, this microorganism has often been used as a tool
for cancer research [28]. There are strong similarities

between mammalian and yeast cell metabolism regulation
by oncogenes/oncogene homologues. An interesting
approach is the use of “tumorized yeasts” as a model for
anti-cancer drug screening and for metabolism studies
in order to determine how each one of these mutations
would contribute to the profound metabolic alterations
in cancer [29]. There are similarities between glucose
catabolic repression of yeast oxidative metabolism and
metabolic reprogramming of cancer cells, the Warburg
effect [30]. Yeast cells growing on glucose and tumor
cells show high cell proliferation and high glucose
consumption rates and are both very sensitive to oxidative
stress. Yeast cells engineered to express apoptosis-targeted
proteins provide a powerful resource for the discovery
of new genes responsible for modulation of cell-death
pathways of humans and other higher organisms [27].
Like mammals, yeast undergoes apoptosis in response to
oxidative stress and mitochondrial dysfunction. Escape
from apoptosis and sustained cell growth are hallmarks
of cancer [30-32]. Yeast is an attractive model to
investigate the relations between programed cell death
and mitochondrial dysfunction in both physiological
and pathological conditions [33]. At least 60% of yeast
genes have statistically robust human homologues or at
least one conserved domain with human genes [30-32].
A substantial portion of conserved yeast and human
genes perform much the same roles in both organisms, to
an extent that the protein-coding DNA of a human gene
can actually substitute that of yeast [27, 34]. However, if
there are no direct yeast orthologous of human oncogenes/
oncosuppressors, these genes can be heterologously
expressed in yeast to study their function [35].

In light of these findings, the aim of this study was to
evaluate the human NSD3s PWWP domain functionality
in the S. cerevisiae experimental model.

RESULTS

Initially, we analyzed the effects of NSD3s
overexpression on S. cerevisae energy metabolism, since
overexpression of NSD3s was reported to transform
a human healthy cell into a cell with tumorigenic
characteristics [15]. Yeast strains were grown in glycerol,
a carbon source that favors oxidative respiration, so
the yeast metabolic phenotype could resemble that of a
mammalian healthy cell. Figure 1 A shows that the NSD3s"
yeast strains displayed a specific growth rate (n) higher
than the control (WT). In addition, NSD3s" cells exhibited
a decrease in oxygen consumption when compared to WT
cells (Figure 1B), indicating that overexpression of NSD3s
is capable of decreasing cell respiratory capacity leading
to a faster proliferation.

It is well known that inhibition of the respiratory
chain impairs the expression of antioxidant enzymes,
which causes the cell to be more sensitive to reactive
oxygen species (ROS) and results in oxidative damage
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[36-38]. Downregulation of oxidative metabolism short isoform of NSD3 was successfully expressed in

occurs both in the Warburg effect (tumor cells) and yeast (Supplementary Figure S1).
during catabolic repression (yeast). In such conditions, Next, we screened protein databases for yeast
cells do not develop an efficient antioxidant defense proteins containing a PWWP domain. Among them, we
against ROS, which are able to damage all major cellular selected Pdp3, which has a single PWWP domain with
building blocks, including DNA, lipids and proteins. 25% sequence identity to that of NSD3s (Figure 3A).
These damages can lead to cell death, accelerate the aging Pdp3 is primarily located in the nucleus, but undergoes
process and the development of age-related diseases cytoplasmic shuttling in response to stress conditions such
[39, 40]. Figure 2A shows that NSD3s" yeast cells were as hypoxia [41]. According to the Uniprot database [42],
less viable than the control when submitted to oxidative the PWWP domain of Pdp3 comprises amino acids 7—68
stress conditions. In addition, NSD3s" mutant cells [43]; however, Gilbert and co-workers demonstrated that
showed an increase of more than 50% in the levels of lipid Pdp3 residues 1-150 are required for the recognition of
peroxidation after one hour of hydrogen peroxide (20 mM) histone 3 trimethylated lysine 36 (H3K36me3). These data
exposure (Figure 2B). suggested that Pdp3, and likely other PWWP-containing
To examine the heterologous expression of NSD3s proteins, requires a C-terminal o-helical region for its
in yeast, we used an anti-his tag antibody, since the aromatic cage stability and function [43]. We constructed
construct contains an N-terminal six-histidine tag. We a structural model for the PWWP domains of NSD3s and
performed a western blotting analysis and found that the Pdp3 extending beyond the predicted PWWP domain
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Figure 1: Effect of NSD3s overexpression on yeast growth rate and oxidative metabolism. WT strain and the mutant
overexpressing human NSD3s (NSD3s" strain) were grown in drop out glycerol 4% until the middle of exponential growth phase. (A) For
specific growth rate measurements, the absorbance at 570 nm were taken at regular intervals until cells reached stationary phase. The inset
shows the growth rate. (B) A Clark electrode measured the oxygen consumption for ten minutes. The results represent the mean =+ standard
deviation of at least three independent experiments and *mean different results at WT vs NSD3s™ *p < 0.05.
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Figure 2: NSD3s overexpression increases yeast sensitivity to oxidative stress. WT strain and the mutant overexpressing
human NSD3s (NSD3s" strain) were grown in drop out glycerol 4% until the middle of exponential growth phase. Oxidative damages were
analyzed after stress with 20 mM H,0,/1 h/28°C/160 rpm. (A) Cellular viability was measured by standard dilution following plating on
solid YPD medium for 72 h. Colony-forming units were counted and expressed as the percentage of cell viability, calculated by the (number
of cells after stress/number of cells before stress) * 100. (B) The levels of lipid peroxidation were determined by the TBARS method and
results were expressed as a ratio between the level of lipid peroxidation of stressed cells and control situation (before stress). The results
represent the mean + standard deviation of at least three independent experiments and *mean different results at WT vs NSD3s" *p < 0.05.

www.impactjournals.com/oncotarget 54070 Oncotarget



(Figure 3B and 3C, respectively) using the I-Tasser
server [44] for ab initio modelling. One can observe that
both structures are composed of a N-terminal p-barrel
responsible for recognizing and binding histone methylated
lysines [15] and a C-terminal a-helical substructure. An
alignment between the NSD3s and Pdp3 PWWP structures
was performed using TM-Align [45]. TM-score was used
to assess the topological similarity between the two protein
structures, while root mean square deviation (RMSD)
measured the average distance between the backbone
atoms of the superimposed proteins. Such parameters were
used to analyze the topology and the structural similarity of
the models [46, 47]. The RMSD values between the Pdp3
and NSD3s PWWP models was ~3.8A for the full-length
proteins, including the C-terminal a-helical region, and
~2.3A when just the PWWP domain suggested by Uniprot
(UniProt #Q06188 residues 7—68 (Pdp3) and UniProt
# Q9BZ95 residues 270-333 (NSD3s)) was taken into
consideration. This RMSD difference is consistent with
similar 3D structures [44]. The TM-score was ~0.5 when
aligning full-length Pdp3 and NSD3s PWWP domains and
0.65 when just the PWWP domain predicted by Uniprot
was considered. It is known that a TM-score between
0.5~1.0 suggests a highly similar fold [48]. Despite the
low sequence similarity between the PWWP domains of
NSD3s and Pdp3, our bioinformatics analysis indicated

A

PDP3-PIHP2-150  EDPFV:

B- barrel \

that these structures are highly similar in 3D conformation
and thus possibly hold a functional relationship.

PWWP domains employ an aromatic cage to
interact with specific trimethylated histones. The aromatic
residues are conserved within the PWWP domain of
Pdp3 at positions F18, W21, and F48 [43]. Therefore, we
asked whether the PWWP domain aromatic cage stability
was important for its metabolic function. To answer that
question, we deleted the Pdp3 protein from S. cerevisiae
(Apdp3) and transformed this mutant with a plasmid
expressing Pdp3 harboring the tryptophan to alanine at
position twenty one (W21A) mutation. Yeast strains were
grown in glucose, a carbon source that favors fermentative
metabolism, so the metabolic phenotype resembles that
of a tumorigenic cell. We reasoned that both Apdp3
and W21A" would present similar characteristics when
compared to the control. Both yeast strains showed lower
specific growth rate compared to the control (Figure 4A).
In addition, WT cells displayed glucose consumption
rates significantly higher than the mutants (Figure 4B).
In relation to ROS sensibility, both Pdp3 deficiency and
expression of the Pdp3 W21A mutant enhanced tolerance
against ROS (Figure 5). After peroxide stress, the Apdp3
and W21A" survival rates were higher than the WT.
Moreover, lipid peroxidation levels were decreased in
Apdp3 and W21A* compared to WT (Figure 5B).

Figure 3: Primary sequence alignment and 3D structural models of NSD3s and Pdp3 PWWP domains. (A) Sequence
alignment between the PWWP domains of NSD3s and Pdp3. (B) 3D structural model of NSD3s PWWP. (C) 3D structural model of Pdp3

PWWP.
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Subsequently, we analyzed the effect of Pdp3 and oxygen consumption rates (Figure 8B). In addition,

overexpression on the same metabolic phenotypes. We tolerance to oxidative stress remained unchanged (Figure
noticed that overexpression of Pdp3 induced an effect on 8C and 8D). These results corroborate those obtained with
cell metabolism similar to that of NSD3s. When grown in the W21 A* mutant strain, suggesting that the effect of Pdp3
glycerol, yeast cells exhibited increased specific growth rate in the metabolic shift depends on the ability of its PWWP
(Figure 6A), decreased oxygen consumption rate (Figure domain to recognize and bind to methylated H3K36. As
6B) and higher sensitivity to ROS than the WT (Figure 7). previously shown, binding of Pdp3 to H3K36me3 recruits
Figure 7A shows that Pdp3* yeast cells were less viable than the NuA3b complex to coding regions of actively transcribed
the control when submitted to oxidative stress conditions. genes. Sas3, a subunit of the NuA3b complex, is a histone
In addition, Pdp3* mutant cells showed an increase in the acetyltransferase that specifically acetylates H4, H3, and
levels of lipid peroxidation after one hour of hydrogen H2A [49]. However, the complete role of the NuA3b
peroxide (20 mM) exposure (Figure 7B). To confirm that complex and the acetylation target of Sas3 remain unclear
the PWWP domain regulates the metabolic shift through a [43]. To verify if the metabolic function of Pdp3 is dependent
mechanism depend on the ability of Pdp3 to bind methylated on the NuA3b complex, Pdp3 was overexpressed in a Asas3
chromatin, Pdp3 was overexpressed in a Aset2 strain. The S. strain. Pdp3 overexpression did not lead to any change in the
cerevisiae Set2 protein is a histone (H3) methyltransferase Asas3 metabolic behavior (Figure 9), suggesting that, under
highly selective for lysine 36 (H3K36) [48]. As shown in respiratory conditions, the NuA3b complex is responsible for
Figure 8, Pdp3 overexpression did not cause any change in mediating the metabolic shift induced by Pdp3.
the metabolic behavior of the Aset2 strain. Both Aset2 and Finally, a chimeric form of Pdp3 carrying the
Aset2(Pdp3)" strains exhibited the same growth (Figure 8A) NSD3 PWWPI1 domain was constructed to analyze if
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Figure 4: Pdp3 deficiency or W21A mutation shifts metabolism from fermentative to oxidative. WT, Apdp3 and W21A*
strains were grown in drop out glucose 2% until the middle of exponential growth phase. (A) For specific growth rate measurements, the
absorbance at 570 nm were taken at regular intervals until cells reached stationary phase. The inset shows the growth rate. (B) Glucose
consumption rates were calculated by determining residual glucose level over the time. The results represent the mean + standard deviation
of at least three independent experiments and * or **mean different results at WT vs Apdp3 *p < 0.05 and WT vs W21A" **p < 0,05.
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Figure 5: Effect of Pdp3 deficiency or W21A mutation on tolerance to oxidative stress. WT, Apdp3 and W21A" strains were
grown in drop out glucose 2% until the middle of exponential growth phase. Oxidative damages were analyzed after stress with 3 mM
H,0,/1 h/28°C/160 rpm. (A) Cellular viability was measured by standard dilution plate counts and expressed as the percentage of the
colony-forming units before and after stress. (B) The levels of lipid peroxidation were determined by the TBARS method and the results
were expressed as a ratio between the level of lipid peroxidation of stressed cells and control situation (before stress). The results represent
the mean + standard deviation of at least three independent experiments and * or **mean different results at WT vs Apdp3 *p < 0.05 and
WT vs W21A* **p <0,05.
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the PWWP1 domain of NSD3s would be capable of NSD3, a human oncogene, and Pdp3, a PWWP-containing

functionally substituting that of Pdp3. When grown protein from S. cerevisiae. Using glycerol (respiratory
in glycerol, the chimera-expressing cells showed a metabolism fermentative) and glucose as the sole carbon
higher specific growth rate (Figure 6A), a lower oxygen sources we were able to mimic the metabolic profile of
consumption (Figure 6B) and increased ROS sensitivity a cell with healthy and a tumorigenic characteristics, in
(Figure 7) than the WT, confirming that the PWWP order to evaluate their metabolic similarity.
domain of the human NSD3s protein is able to replace Glucose is the main carbon source consumed by
that of yeast Pdp3 in respiratory metabolism. S. cerevisiae, but yeast also makes use of other carbon
sources [50, 51]. Inoculation of yeast into a glucose-
DISCUSSION rich medium is followed by rapid growth driven by
fermentation and subsequent production of ethanol [52].
The work presented here explores the metabolic Gene expression analysis has discovered that many genes
function of the PWWP domain of the short isoform of are differentially transcribed in response to different
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Figure 6: The PWWP domain of NSD3s functionally substitutes that of Pdp3. WT strain and the mutant overexpressing Pdp3
(Pdp3* strain), as well as the mutant expressing the Pdp3 chimera carrying the PWWP domain of NSD3s (Pdp3 (PWWP-NSD3s)") were
grown in drop out glycerol 4% until the middle of exponential growth phase. (A) For specific growth rate measurements, the absorbance at
570 nm were taken at regular intervals until cells reached stationary phase. The inset shows the growth rate. (B) A Clark electrode measured
the oxygen consumption for 10 min. The results represent the mean + standard deviation of at least three independent experiments and * or
**mean different results at WT vs Pdp3* *p < 0.05 and WT vs Pdp3 (PWWP-NSD3s)" **p < 0,05.
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Figure 7: Effect of Pdp3 and Pdp3 (PWWP-NSD3s) chimera overexpression on tolerance to oxidative stress. WT strain
and the mutant overexpressing Pdp3 (Pdp3* strain), as well as the mutant expressing the Pdp3 chimera carrying the PWWP domain of
NSD3s (Pdp3 (PWWP-NSD3s)") were grown in drop out glycerol 4% until the middle of exponential growth phase. Oxidative damages
were analyzed after stress with 20 mM H,0,/1 h/28°C/160 rpm. (A) Cellular viability was measured by standard dilution plate counts and
expressed as the percentage of the colony-forming units before and after stress. (B) Oxidative damages were analyzed after stress with
20 mM H,0,/1 h/28°C/160 rpm. Lipid peroxidation levels were determined by the TBARS method and the results were expressed as a
ratio between the level of lipid peroxidation of stressed cells and control situation (before stress). The results represent the mean + standard
deviation of at least three independent experiments and *or **mean different results at WT vs PDP3* *p < 0.05 and WT vs Pdp3 (PWWP-
NSD3s)" **p < 0,05.
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glucose levels. A set of genes are inducible by glucose,
encoding low-affinity glucose transporters, glycolytic
enzymes, and ribosomal proteins. Another ensemble of
genes is repressed by glucose, including those involved in
utilization of alternative carbon sources, gluconeogenesis,
respiration, and peroxisomal functions [50-53]. Genes
involved in the glucose catabolic repression pathway are
of two types: genes required for repression, such as HXK2
and MIG1, and genes required for derepression, as SNF'/
[53, 54].

Replacing glucose by glycerol as the carbon source
forces yeast to obtain energy through respiration. When
respiratory metabolism is adopted by yeast, glycerol is
phosphorylated by glycerol kinase (Gutl) generating
glycerol 3-phosphate. Then, glycerol 3-phosphate is
oxidized to dihydroxyacetone phosphate (DHAP) by
glycerol phosphate ubiquinone oxidoreductase (Gut2)
located on the surface of the inner mitochondrial
membrane. Electrons from this oxidation are transferred
to ubiquinone, entering the respiratory chain [55, 56].
DHAP enters the glycolytic pathway, generating NADH
(cytoplasm) and pyruvate, which goes to the respiratory
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chain. Glycerol-3-phosphate dehydrogenase (Gdpl/2)
helps the re-oxidation of cytoplasmic NADH [57].
Healthy cells use mitochondrial oxidative
phosphorylation for energy production [58], while tumor
cells exhibit a significant increase in glycolysis and in
the expression of glycolytic enzymes, converting most of
glucose into L-lactate even under normal oxygen levels
[11, 59]. This phenomenon is known as the Warburg
effect and represents a metabolic hallmark of tumor
cells, settling the idea that cancer is also a disease of
metabolic characteristics [60]. It was shown that some
cancer cells can reversibly switch between fermentation
and respiration, depending on the absence or presence of
glucose and environmental conditions [61]. This property
represents an advantage of cancer cells in vivo, since it can
adapt its metabolism to heterogeneous microenvironments
for fast-growing conditions in malignant solid tumors
[62]. In this study, we showed that NSD3s, an isoform
of the human oncoprotein NSD3 [15], is capable of
shifting cell metabolism from aerobic (respiration) to
anaerobic (fermentation). This hypothesis was confirmed
by the increase of the specific growth rate and decrease in
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Figure 8: Set2 is essential for the Pdp3 recognition of H3K36me3. Aser2 strain and the mutant overexpressing Pdp3 (Aser2
(Pdp3)*) were grown in drop out glycerol 4% until the middle of exponential growth phase. (A) For specific growth rate measurements,
the absorbance at 570 nm were taken at regular intervals until cells reached stationary phase. The inset shows the growth rate. (B) A Clark
electrode measured the oxygen consumption for 10 min. Oxidative damages were analyzed after stress with 20 mM H,O,/1 h/28°C/160 rpm.
(C) Cellular viability was measured by standard dilution plate counts and expressed as the percentage of the colony-forming units before
and after stress. (D) The levels of lipid peroxidation were determined by the TBARS method and results were expressed as a ratio between
the level of lipid peroxidation of stressed cells and control situation (before stress). The results represent the mean + standard deviation of

at least three independent experiments.
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oxygen consumption, leading to a lower tolerance against
ROS in yeast. In mammalian cells, NSD3 overexpression
induced the formation of expanding colonies in insulin-
free medium. These cells were able to grow continuously
in the absence of insulin-like growth factors, displayed the
highest proliferation rate, and formed three-dimensional
colonies in soft agar [15]. Based on the number of
altered phenotypes acquired by NSD3-overexpressing
mammalian cells, Yang and co-workers concluded that
NSD3 is an important transforming oncogene from the
8p11-12 region [15]. Taken together, our results suggest
that yeast cells overexpressing NSD3s display a metabolic
phenotype similar to tumorigenic cells, under conditions
that stimulate respiration.

NSD3s encodes a 645-amino acid protein containing
one single PWWP domain [15, 62]. The PWWP domain is
found in an extensive diversity of proteins playing a role in
cell division, growth and differentiation. Several of these
proteins are linked to cancer and certain diseases [63] or
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act as growth factors. S. cerevisiae harbors one PWWP-
containing protein, Pdp3, which does not contain any other
domain [64]. Pdp3 is a member of the NuA3 complex that
shows a histone acetyltransferase activity involved in
DNA transcription. The majority of genes controlled by
this complex are involved in DNA replication [43]. The
NuA3 complex exists in two different forms: NuA3a and
NuA3b. NuA3a uses the plant homeodomain (PHD) finger
of Yngl to interact with histone 3 trimethylated lysine 4
(H3K4me3) at promoter regions of actively transcribed
genes. Sas3 then acetylates histone 3 lysine 14 (H3K14),
leading to transcription initiation at a subset of genes. On
the other hand, Set2 trimethylates H3K36 (Figure 10A).
The interaction between Pdp3 and H3K36me3 (Figure
10B), which is recognized by the PWWP domain of
Pdp3 (Figure 10B), recruits Sas3 and other subunits of
the NuA3b complex (Figure 10C) to the coding regions
of actively transcribed genes. Although the function
of NuA3b is not fully understood, Sas3 may acetylate
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Figure 9: Sas3 is essential for the metabolic shift induced by Pdp3. Asas3 strain and the mutant overexpressing Pdp3 (Asas3
(Pdp3)*) were grown in drop out glycerol 4% until the middle of exponential growth phase. (A) For specific growth rate measurements,
the absorbance at 570 nm were taken at regular intervals until cells reached stationary phase. The inset shows the growth rate. (B) A Clark
electrode measured the oxygen consumption for 10 min. Oxidative damages were analyzed after stress with 20 mM H,O,/1 h/28°C/160 rpm.
(C) Cellular viability was measured by standard dilution plate counts and expressed as the percentage of the colony-forming units before
and after stress. (D) The levels of lipid peroxidation were determined by the TBARS method and results were expressed as a ratio between
the level of lipid peroxidation of stressed cells and control situation (before stress). The results represent the mean + standard deviation of

at least three independent experiments.
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histones or non-histone (Figure 10C) proteins to facilitate
transcription elongation [43]. Pdp3 depends on the ability
of its PWWP domain to bind methylated chromatin
(H3K36me3) in a respiratory metabolism. Our results
indicate that the metabolic phenotype induced by Pdp3
overexpression is dependent on the specific methylation
of H3K36, which is accomplished by Set2. Furthermore,
we demonstrated that Pdp3 also depends on the NuA3b
complex, indicating that a mutation in other subunits
of the complex impacts metabolic reprogramming.
Overexpression of Pdp3 in null Sas3 had no effect on
the metabolic phenotypes measured, when compared
with Asas3. Therefore, our results suggest that, under
respiratory conditions, the NuA3b complex is responsible
for mediating the metabolic shift induced by Pdp3.

A conserved aromatic cage within the Pdp3
PWWP domain is required for H3K36me3 binding. The
aromatic residues are conserved in the PWWP domain
of Pdp3 at positions F18, W21, and F48 [43]. We found
that the integrity of the hydrophobic cage is essential for

the Pdp3 metabolic function. The low specific growth
rate, decreased glucose consumption, and increased
tolerance against ROS displayed by the W21A mutant
strain can also be observed for Apdp3. These results are
in accordance with those of Gilbert and co-workers that
demonstrated that all three mutations (F18, W21, and
F48) independently abolish the interaction between Pdp3
and a H3K36me3 peptide, suggesting that Pdp3 requires
a conserved aromatic cage to bind chromatin. Since the
Pdp3 W21A" mutant showed the same phenotype as the
Apdp3 strain, we concluded that the hydrophobic cage
of Pdp3 PWWP is essential for its metabolic function.
While overexpression of NSD3s was able to transform a
healthy into a tumorigenic cell, knockdown of NSD3 in
8pl1-12—amplified breast cancer cells resulted in loss of
growth and survival [15]. Therefore, the absence of Pdp3
was beneficial to cells grown in glucose (fermentative
metabolism).

We then concluded that overexpression of Pdp3
was capable of inducing a shift in metabolism toward
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Figure 10: A model for the mechanism of action of Pdp3. (A) The Set2 histone methyltransferase trimethylates (green hexagon)
histone H3 lysine 36 (black line). (B) Pdp3 recognizes and binds to H3K36me3. (C) After binding, Pdp3 recruits Sas3 and other subunits of
the NuA3b complex, then Sas3 may acetylate (grey flag) histones or nonhistone proteins to facilitate transcription elongation [43].

www.impactjournals.com/oncotarget

54076

Oncotarget



fermentation, similar to overexpression of the human
oncogene NSD3. The chimeric form of Pdp3, replacing its
PWWP domain by that of NSD3s, functionally substitutes
the yeast protein Pdp3. These data suggested that NSD3s
and Pdp3 play similar roles in energy metabolism, shifting
from aerobic to anaerobic metabolism. Cluntun and co-
workers demonstrated that histone acetylation is sensed
by glucose flux in a dose-dependent manner, which is a
possible function of the Warburg effect [65]. These results
corroborate our work, since Pdp3 is part of a histone
acetyltransferase complex.

Human NSD3s and yeast Pdp3 are both involved
in regulation of gene expression and are reported in this
work as capable of causing a metabolic shift from aerobic
(respiration) to anaerobic (fermentation) metabolism. The
phenotypical changes observed in the strains with different
profiles of expression of NSD3s and Pdp3 in the yeast
model are very similar and agree well with the metabolic
shift from a healthy to a carcinogenic cell. These results
indicate that the pattern of gene expression is important to
the malignant transformation of cell metabolic phenotypes,
in accordance with previous reports. In summary, NSD3s
and Pdp3 seem to play similar roles in cell metabolism
and cells overexpressing both proteins, under conditions
that simulate respiration, appear to metabolically behave
like a tumorigenic cell. The hydrophobic cage is essential
for Pdp3 function. We suggest that the PWWP domain of
NSD3s functionally substitutes that of the yeast protein
Pdp3. Given that chromatin remodeling and metabolic
dysfunction are gaining considerable attention in cancer
studies, future researches on the PWWP domains of Pdp3
and NSD3s may contribute to the design of new anti-
cancer drugs.

MATERIALS AND METHODS

S. cerevisiae strains and growth conditions

WT strain BY4741 (MATa; his3; leu2; metl5;
ura3) and its isogenic mutants Apdp3, Aset2 and Asas3
harboring the PDP3, SET2 and SAS3 genes interrupted
by KanMX4 were acquired from Euroscarf, Frankfurt,
Germany. Stocks of both strains were maintained on
solid 2% YPD (1% yeast extract, 2% glucose, 2%
peptone and 2% agar) in appropriate conditions. For null
mutants, the medium also contained 0.02% geneticine.
pECUR6NSD3S (Enzimax, USA) and pECUh6PDP3
(Genscript, USA) 2 p plasmids, containing URA3 as
selectable marker and harboring the NSD3s and PDP3
genes, respectively, under control of the CUPI promoter,
were used to transform WT strain using the lithium
acetate protocol [66]. Similarly, the Pdp3 W21A and the
Pdp3 chimera carrying the PWWP domain of NSD3s,
acquired from Genscript, USA, were expressed in Apdp3
using the same vector. The Pdp3 (PWWP-NSD3s)
chimera (DNA sequence: ATGACAACGGAAGTG

TCCACTGGTGTTAAGTTTCAGGTTGGCGATCTTGT
GTGGTCCAAGGTGGGAACCTATCCTTGGTGGCCTT
GTATGGTTTCAAGTGATCCCCAGCTTGAGGTTCAT
ACTAAAATTAACACAAGAGGTGCCCGAGAATATC
ATGTCCAGTTTTTTAGCAACCAGCCAGAGAGGGC
GTGGGTTCATGAAAAACGGGTACGAGAGTATAAA
GGTCATAAACAGTATGAAGAATTACTGGCTGAGG
CAACCAAACAAGCCAGCAATCACTCTGAGAAACA
AAAGATTCGGAAACCCCGACCTCAGAGAGAACG
TGCTCAGTGGGATATTGGCATTGCCCATGCAGAGA
AAGCATTGAAAATGACTAGAGAAGAAAGAATAG

AACAGTATACTTTTATTTACATTGATAAACAGCCTG
AAGAGGCTTTATCCCAAGCAAAAAAGAGTGTTGC
CTCCAAAACCGAAGTTAAAAAAACCCGACGACC
AAGATCTGTGCTGATCAAAGAAGATCCGGAAGAT
AACCAGAAATCAAATGAAGAAGAAAGCAAACCG
AACATCAAACCGTCCAAAAAAAAGAGACCCACA
GCTAATTCGGGAGGAAAATCAAACAGTGGCAATA
AAAAGAAAGTTAAATTAGACTATTCCAGAAGAGT
AGAAATTTCACAGTTATTTCGCCGCAGGATTCAA

AGAAATCTAATCCAGAGAGAAACACCTCCTACTG
AGCATGAGATCAAGGAAACTCATGAACTATTAAA
TAGAATATATGAGAATTCTGACACCAAACGGCCCT
TTTTTGATTTGAAGGCCCTACGCGAAAGCAAATTA
CACAAGCTACTGAAAGCAATTGTTAATGATCCTGA
CTTAGGCGAATTTCACCCACTTTGTAAAGAAATTT
TACTGTCCTGGGCAGACCTAATCACAGAACTGAA
GAAAGAAAAGTTGCAAGCGCTACCTACGCCTTGA
was constructed replacing the PWWP domain of Pdp3
(residues 2-150; UniProt #Q06188) (DNA sequence:
ACAAAAGATATTAGAACAGGCGATTTAGTGTTATG
CAAAGTTGGCTCGTTTCCACCTTGGCCAGCTGTA
GTATTTCCACAGCGTTTGCTGCGAAACGATGTATA
TAGAAAGAGAAAATCCAATTGTGTTGCTGTTTGTT
TTTTCAACGATCCAACTTATTATTGGGAACAACCC
AGTAGATTAAAGGAGCTAGATCAAGACAGCATTC
ACAATTTCATATTAGAACATAGTAAAAATGCAAAC
CAAAGGGAATTGGTCAATGCTTATAAGGAAGCAA
AAAATTTTGATGATTTCAACGTATTTTTACAAGAA
AAGTTTGAAGAAGAAAACAGGTTAAGTGATCTAA
AAGCGTTTGAGAAAAGTGAAGGTTCTAAAATCGT
TGCCGGAGAAGATCCCTTTGTAGGTCGAACAAAA
GTAGTGAATAAAAGAAAAAAAAATTCAATATCC)

by the PWWPl domain of NSD3s (residues
259-426;UniProt  #Q9BZ95-3) (DNA  sequence:
ATGACAACGGAAGTGTCCACTGGTGTTAAGTTTC
AGGTTGGCGATCTTGTGTGGTCCAAGGTGGGAAC
CTATCCTTGGTGGCCTTGTATGGTTTCAAGTGATCC
CCAGCTTGAGGTTCATACTAAAATTAACACAAGA
GGTGCCCGAGAATATCATGTCCAGTTTTTTAGCAA
CCAGCCAGAGAGGGCGTGGGTTCATGAAAAACG
GGTACGAGAGTATAAAGGTCATAAACAGTATGAA
GAATTACTGGCTGAGGCAACCAAACAAGCCAGCA
ATCACTCTGAGAAACAAAAGATTCGGAAACCCCG
ACCTCAGAGAGAACGTGCTCAGTGGGATATTGGC
ATTGCCCATGCAGAGAAAGCATTGAAAATGACTA
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GAGAAGAAAGAATAGAACAGTATACTTTTATTTAC
ATTGATAAACAGCCTGAAGAGGCTTTATCCCAAG

CAAAAAAGAGTGTTGCCTCCAAAACCGAAGTTA

AAAAAACCCGACGACCAAGATCTGTGCT). WT
and Apdp3 strains were also transformed with the pECUI6
vector, as a control. Transformants were selected in drop
out medium (0.67% yeast nitrogen base without amino
acids, 0.2% of drop out mixture and 2% agar) supplemented
with 2% glucose. For all experiments, cells were grown
up to mid-exponential phase (0.8 mg dry weight/ml) in
liquid drop out medium, with or without uracil, and with
2% glucose or 4% glycerol, at 28°C and 160 rpm, with the
ratio/flask volume medium of 5:1. The CUPI-regulated
expression was induced with 50 uM CuSO, [67].

Bioinformatics analysis

The sequences of NSD3s (UniProt #Q9BZ95-3) and
Pdp3 (UniProt #Q06188) PWWP domains were retrieved
from the UniProt database [42]. The sequences were
aligned using T-coffee [68]. ITasser was used for the ab
initio modelling of the NSD3s and Pdp3 PWWP domains
[44]. The TM-scores and root mean square deviations
(RMSDs) of the mutant structures with respect to the wild-
type structure were calculated using TM-Align [45].

Specific growth rate (p)

The specific growth rate () during the exponential
phase was determined from a linear regression fit of the
semilog plot of cell growth.

Oxygen consumption

Oxygen consumption was followed at 25°C in cell
suspensions at 10 mg dry weight/mL incubated in 100 mM
glucose and 50 mM Tris—HCl (pH 4.5) using a computer-
interfaced Clark electrode operating in an air-tight chamber
with continuous stirring [71, 72]. Addition of 2 mM CN-
completely abolished the oxygen consumption of WT cells
(both when CN- is added in the middle of the curve or when
cells are previously incubated for 20 min), confirming that
oxygen consumption was solely due to mitochondrial
activity (Supplementary Figure S2). The rate of oxygen
consumption was calculated from the slope of the curves.
The percentage of oxygen consumption rate (%oxygen
consumption/minute) was calculated from the maximum
oxygen consumption trace of dithionite, which was
used as a positive control (100%) and the fitting of each
measurement curve. Each measurement was performed
three times independently, and the oxygen consumption
rate was expressed as the mean value + standard deviation.

Glucose consumption

Cell suspensions were centrifuged, the supernatant
was discarded and the pellet was resuspended in 50 mM

phosphate buffer pH 6.0, 20 mM glucose, at a final cell
concentration of 3 mg dry weight/mL. Over the time, samples
were collected, centrifuged and the cell-free supernatants
were used for glucose consumption determination. The
concentration of glucose in the supernatant was measured by
HPLC (Shimadzu) equipped with a refractive index detector.
An Aminex HPX-87H column (7.8 mm ID % 30 cm, BioRad,
USA) was used for separation. The HPLC apparatus operated
with a mobile phase of 0.004 mM sulfuric acid at a flow rate
of 0.6 mL/min [71, 72].

Ocxidative stress, cell viability and lipid
peroxidation

Cells at the first exponential phase growing on drop
out medium glucose 2% or glycerol 4% were directly
stressed (3 mM or 20 mM H,0, [73], respectively, during
1 h at 28°C/160 rpm). Cell viability was determined by
standard dilution plate counts on solid YPD medium.
Viability was expressed as the percentage of colony
forming units of stressed cells related to the control
[69, 74, 75]. Lipid oxidation was measured by TBARS
(thiobarbituric acid reactive species) method, which
detects malondialdehyde, a final product of lipid
peroxidation. Briefly, cells were centrifuged and washed
with cold distilled water. The cell pellets were resuspended
in 0.5 ml of 10% TCA (w/v) followed by addition of 1.5 g
of glass beads. The samples were lysed by 6 cycles of 20
s agitation on a vortex followed by 20 s on ice. Extracts
were centrifuged and the supernatant mixed with 0.1 ml
of 0.1 M EDTA and 0.6 ml of 1% (w/v) thiobarbituric
acid prepared in 0.05 M NaOH. The reaction mixture was
incubated in a boiling water bath for 15 min and, after
cooling, the absorbance was measured at 532 nm [76-78].

Statistical analysis
Data were expressed as mean values + SD of at least
three independent experiments. Values were compared by

Student’s ¢ -test, which denotes homogeneity between
experimental groups at p < 0.05.
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Abstract Chromatin plays an important role in gene tran-
scription control, cell cycle progression, recombination,
DNA replication and repair. The fundamental unit of chroma-
tin, the nucleosome, is formed by a DNA duplex wrapped
around an octamer of histones. Histones are susceptible to
various post-translational modifications, covalent alterations
that change the chromatin status. Lysine methylation is one
of the major post-translational modifications involved in the
regulation of chromatin function. The PWWP domain is a
member of the Royal superfamily that functions as a chroma-
tin methylation reader by recognizing both DNA and histone
methylated lysines. The PWWP domain three-dimensional
structure is based on an N-terminal hydrophobic 3-barrel re-
sponsible for histone methyl-lysine binding, and a C-terminal
o-helical domain. In this review, we set out to discuss the most
recent literature on PWWP domains, focusing on their struc-
tural features and the mechanisms by which they specifically
recognize DNA and histone methylated lysines at the level of
the nucleosome.

Keywords Epigenetics - Histone - Lysine - Methylation -
PWWP Domain
Chromatin and histones

The eukaryotic genome is highly packed in a dynamic poly-
mer called chromatin. In addition to its structural role,

< Anderson S. Pinheiro
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' Department of Biochemistry, Institute of Chemistry, Federal

University of Rio de Janeiro, Rio de Janeiro 21941-909, Brazil

allowing DNA compaction within the nucleus, chromatin reg-
ulates a number of essential cellular processes, including gene
transcription, cell cycle progression, DNA recombination,
replication and repair (Luger et al. 2012). The basic unit of
chromatin is the nucleosome, which is composed of 147 base
pairs of DNA wrapped around an octamer of histones formed
by a tetramer of H3-H4 and two dimers of H2A-H2B (Arents
et al. 1991; Luger et al. 1997; Kornberg and Lorck 1999).

Histones undergo numerous post-translational modifica-
tions (PTMs), including lysine acetylation, lysine/arginine
methylation, serine/threonine/tyrosine/histidine phosphoryla-
tion, proline isomerization, arginine deimination, lysine
ubiquitination, ADP-ribosylation, sumoylation, crotonylation,
propionylation, butyrylation, formylation, hydroxylation, and
serine/threonine O-GlcNAcylation (Arnaudo and Garcia
2013; Andreoli and Del Rio 2014; Rothbart and Strahl
2014). Most covalent modifications are present in the intrin-
sically disordered N- and C-terminal tails of histones; howev-
er, some are found in their globular, folded domains (Andreoli
and Del Rio 2014; Rothbart and Strahl 2014). Histone PTMs
occur with high substrate specificity resulting in different out-
comes in terms of chromatin structure and function (Andreoli
and Del Rio 2014; Rothbart and Strahl 2014).

Since 1964, when Vincent Allfrey first described histone
acetylation and methylation (Allfrey et al. 1964), much re-
search has been focused on the correlation between histone
PTMs and chromatin-dependent functions, namely transcrip-
tional regulation. Significant advance in this field came from
the discovery of proteins that incorporate, remove, and recog-
nize PTMs in histones, acting as “writers”, “erasers”, and
“readers” of the covalent marks, respectively. The first direct
link between histone PTMs and transcriptional regulation was
provided by the concomitant identification of a transcription-
associated histone acetyl transferase, pS5/GCNS (Brownell
et al. 1996), and a histone deacetylase, HDAC1/Rpd3
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(Taunton et al. 1996). One major landmark was the proposal
of the histone code hypothesis by Strahl and Allis (2000).
Although the existence of such a code has been the subject
of much debate in the literature (Henikoff 2005; Rando 2012),
important concepts were introduced with it. Firstly, distinct
PTMs may work individually or in combination to give rise
to different biological outcomes. Therefore, two distinct
PTMs may work together in a synergistic or antagonistic fash-
ion (Strahl and Allis 2000; Cheung et al. 2000). Secondly,
histone PTMs may have a direct effect on chromatin structure,
altering histone-histone and histone-DNA interactions, most
likely due to charge neutralization as in lysine acetylation
(Shogren-Knaak et al. 2006). Finally, histone PTMs may work
as specific docking sites for protein readers that selectively
bind to chromatin and direct downstream events (Turner et
al. 1992; Ruthenburg et al. 2011). The identification of the
bromodomain as an acetyl-lysine reader module further con-
firmed this idea and suggested the existence of other effector
proteins capable of reading histone PTMs (Dhalluin et al.
1999).

Lysine methylation

Lysine methylation is one of the major PTMs involved in
the regulation of chromatin function. Depending on the
specific site of methylation, the outcomes may vary sig-
nificantly. Methylation of histone lysines H3K4, H3K36,
and H3K79 are hallmarks of actively transcribed chroma-
tin, while those of H3K9, H3K27, and H4K20 are si-
lenced chromatin marks (Volkel and Angrand 2007;
Wozniak and Strahl 2014). The degree of lysine methyla-
tion is also a form of transcriptional regulation and his-
tones can be mono-, di- or trimethylated (Vdélkel and
Angrand 2007; Wozniak and Strahl 2014). H3K4me3 is
associated with active transcription, H3K9me3,
H3K27me3 and H4K20me3 are involved in chromatin
repression, while H3K4mel is a known gene enhancer
(Heintzman et al. 2007; Wozniak and Strahl 2014).

Methylation of specific lysines on histones is accomplished
by histone lysine methyltranferases (HKMTs). These enzymes
either contain a catalytic SET domain, homologous to the
suppressor of variegation 3—9 from Drosophila melanogaster,
or belong to the Dotl/DOTIL protein family (Volkel and
Angrand 2007). Despite its stability, lysine methylation is a
reversible process and can be removed by enzymes of the
lysine-specific demethylase (KDM) family or enzymes carry-
ing Jumonji (JmjC) domains (Vdlkel and Angrand 2007). In
addition to KMTs and KDMs, a number of other protein do-
mains are capable of binding and recognizing histone methyl-
ated lysines, acting as readers of the methylation marks. They
are present in several chromatin modifying, remodeling and
adaptor proteins (Taverna et al. 2007).

@ Springer

The royal superfamily

Among chromatin readers, we highlight the Royal superfam-
ily, which includes Tudor, Chromo (chromatin-binding),
MBT (malignant brain tumor), and PWWP domains. They
are involved in several chromatin roles by identifying histone
methylated lysines/arginines (Maurer-Stroh et al. 2003). This
family seems to be a product of divergent evolution as they
share a common ancestor structurally characterized by three
conserved [3-strands. These domains employ conserved aro-
matic residues to compose a hydrophobic cavity accountable
for methyl-histone binding (Adams-Cioaba and Min 2009;
Gayatri and Bedfort 2014).

The PWWP domain

The PWWP domain was first described as a structural motifin
WHSCI1, a HKMT involved in the Wolf—Hirschhorn syn-
drome (Stec et al. 1998). The Pro-Trp-Trp-Pro sequence motif
is conserved in eukaryotes and the protein domains that en-
compass it usually contain about 90—130 amino acids. Despite
conservation, some variations on the Pro-Trp-Trp-Pro se-
quence motif may occur. For example, the PWWP domains
of the DNA methyltransferases DNMT3a/b contain SWWP
motifs (Qiu et al. 2002), while that of the hepatoma-derived
growth factor (HDGF) comprises a PHWP motif (Sue et al.
2004) (Fig. 1). Recently, the first position of the Pro-Trp-Trp-
Pro sequence motif has been shown to regulate the PWWP
domain stability and oligomerization (Hung et al. 2015).
PWWP domains that contain a proline as the first amino acid
residue of the Pro-Trp-Trp-Pro motif are more stable, less
dynamic, and less prone to aggregation than those that display
an alanine at the same position (Hung et al. 2015).

The PWWP domain is exclusively found in eukaryotes,
ranging from lower eukaryotes such as protozoa and yeast to
men. The human genome encodes more than 20 PWWP-
containing proteins, which are located in the nucleus and play
amajor role in cell division, growth, and differentiation. They
are implicated in various chromatin functions, including DNA
modification, repair, and transcriptional regulation (Wu et al.
2011; Qin and Min 2014).

Protein-protein interactions modulate the PWWP
domain function

Stec and co-workers (2000) suggested that the PW WP domain
may work as a protein—protein interaction site, influencing
both chromatin remodeling and transcription. In fact, the
DNA methyltransferase DNMT3a directly interacts with
SAL-like 3 (SALL3) through its PWWP domain. SALL3
binding decreases DNMT3a interaction with chromatin,
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DNMT3b 234 -DLVWGKIKGE] SWRKATS-—————————————=—————————~— KRQAMPGMRWV 268
DNMT3B 227 -DLVWGKIKGE]| SWKATS-——————————————————————=—— KRQAMSGMRWV 261
DNMT3A 294 -ELVWGKLRGE| RIVSWWAMIG-——————————————————————=— RSRAAEGTRWV 328
Pdp2 127 -MRVLTRMSGE] MVVIESKMI-—-——————=—————- SVARKSK---PKRAGTFYPV 164
Pdpl 53 GDRILVERAPGY| RETRK———————— e DSLNTN----- SSFNVLYRV 92
BRPF1 1087 -DLVWARCRGY]| IIDPRKMPREGMFHHGVPIPVPPLEVLKLGEQMTQEAREHLYLV 1145
BRPF3 1078 -ELVWARCRGY| IIDPRKMPREGLLHNGVPIPVPPLDVLRLGEQRKQAEAGEKLFLV 1136
BRPF2 930 LEKVVWAKCSGY| IIDPKMPRVPGHHENGVTIPAPPLDVLKIGEHMQTKSDEKLFLV 989
HDGF-2 9 -DLVFARMKGY| PARIDDIADGA-————————————————=—=——————= VKPPPNKYPI 42
LEDGF/p75 8 GDLIFARMKGY| DEV PR = = e o o s e i e o e o VKPPTNKLPI 42
HRP-3 13 -DLVFARMKGY| IR TR T s PR o o o o o e e o e VKPPANKYPI 46
HDGF 14 -DLVFARMKGY| PARIDEMPERAA-———————————————————————— VKSTANKYQV 47
MSH6 94 -DLVWARMEGY| LVNHPTDG = = = o o o o e e TFIREKGKSVRVHV 131
ZMYND11 281 HELVWARMKGE] RVMQ— =~ == == === === == e REDNQVDV 308
MUM1 412 GMLVWHKHKKY| VMRSVRQRD - == ==== == === — e m—m— e — e KRASVLYIE 445
(B4 ) Y W
DNMT3b QWFGDGK-FSEISADKLVALGLFSQHFN---LATFNKLVSYRKAMYHTLEKARVRAGKTF 324
DNMT3B QWFGDGK-FSEVSADKLVALGLFSQHFN---LATFNKLVSYRKAMYHALEKARVRAGKTF 317
DNMT3A MWFGDGK-FSVVCVEKIMPLS SFCSAFH---QATYNKQPMYRKATIYEVLQVASSRAGKLF 324
Pdp2 IFFPNKE-YLWTGSDSLTPL-TSEATS--—-QFLEKPRKPKT-ASLIKAYRMAQSTPDLDS 226
Pdpl LEFPDFN-FAWVRKRNSVKPL-LDSEIA----KFLGSSKRKS-KELIEAYEASKTPPDLK- 144
BRPF1 LFFDNEKRTWQWLPRTKLVPLGVNQDLDKE--KMLEGRKSNIRKSVQIAYHRALQHRSKVQ 1203
BRPF3 LEFFDNKRTWQWLPRDKVLPLGVEDTVDKL--KMLEGRKTSIRKSVQVAYDRAMTHLS--- 1191
BRPF2 LEFDNEKRSWQWLPKSKMVPLGIDETIDKL--KMMEGRNSSIRKAVRIAFDRAMNHLSRVH 1046
HDGF-2 FFFGTHE-TAFLGPRDLFPYDKCKD-—--———-——- KYGKPNKRKGFNEGLWEIQNNP---- 88
LEDGF/p75 FFFGTHE-TAFLGPRDIFPYSENKE-—---—-—-—-—--— KYGKPNKRKGFNEGLWEIDNNPKVKE 92
HRP-3 FFFGTHE-TAFLGPRKDLFPYKEYKD-—————-——— KFGKSNKRKGFNEGLWEIENNP---- 92
HDGF FFFGTHE-TAFLGPRDLFPYEESKE-—=====—= KFGKPNRRKGFSEGLWEIENNP---- 93
MSH6 QFFDDS PTRGWVSKRLLRPYTGSKSKEAQKGGHFYSARPEILRAMORADEALNRDKIKRL 190
ZMYND11l RFFGHEHHQRAWIPSENIQDITVNIHR-=====~- LHVKRSMGWRKRKACDELELHQRFLREGR 361
MUM1 GHEMNPRMKGFTVSLEKSLEKHFDCRERKQ--—-—- TLLNQAREDFNQDIGWCVSLITDYRVRLG 500
—_—{T e~
DNMT 3b Do SSPGESLEDQLKPMLEWAHGGFRPTGIEGLKP- 357 (M. musculus)
DNMT3B Po—————— SSPGDSLEDQLKPMLEWAHGGFKPTGIEGLKP- 350 (H. sapiens)
DNMT3A PVCHDSDESDTAKAVEVQNKPMIEWALGGFQPSGPKGLEPP 425 (H. sapiens)
Pdp2 ettt 221 (S. pombe)
1= I e 144 (s. pombe)
BRPFI = =  ———mmm oo o m e e 1203 (H. sapiens)
BRPF3Z 3 === mmmsmsss—mmemasmsssssss—ssossss=so==== 1191 (H. sapiens)
BRPF2 G- ———m e m e 1047 (H. sapiens)
HDEGF-2 3= ————r— s — e emc e e 88 (H. sapiens)
LEDGF/p75 S 93 (H. sapiens)
BRP=3F = S sasse RS eSS Se eSS e s s e 92 (H. sapiens)
HDGE = = = = —mmmm e e — e — e 93 (H. sapiens)
MSH6 ELRVC==—=s= = es s s st s R e s e s e 195 (H. sapiens)
ZMYND1l = = mmmm e e e e e e e 361 (H. sapiens)
MUM1 CGSFAGSFLEYYAADISYPVRESIQQDV-—=========== 528 (H. sapiens)

Fig. 1 Sequence alignment of PWWP domains. Primary sequence
alignment of PWWP domains with previously determined three-
dimensional structures. The experimental secondary structure of mouse
DNMT3b PWWP (1KHC) is depicted on top of the figure. The Pro-Trp-
Trp-Pro sequence motif is highlighted by the black box. Purple boxes

inhibiting DNMT3a-mediated CpG island methylation
(Shikauchi et al. 2009). The PWWP domain of DNMT3b

mark highly conserved residues, while green boxes mark similar residues.
The aromatic cage residues that directly participate in histone methylated
lysine binding and recognition are colored red. Sequence alignment was
performed with ClustalW2

interacts with the zinc-finger and homeobox protein ZHX1,
leading to an increase in DNMT3b transcriptional repression
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(Kim et al. 2007). In addition, DNMT3b PWWP was also
shown to interact with the small ubiquitin-related modifier
(SUMO) E3 ligase PIAS1 (Park et al. 2008). The lens
epithelium-derived growth factor LEDGF/p75, also known
as PSIP1 (PC4 and SFRSI interacting protein 1), is a tran-
scriptional coactivator that tethers the HIV-1 integrase to ac-
tive host chromatin. LEDGF/p75 interacts with the
methylation-associated transcriptional modulator MeCP2
both in vitro and in human cancer cells (Leoh et al. 2012).
This interaction is mediated by its N-terminal PWWP-CR1
domain and regulates MeCP2 transcriptional activity (Leoh
et al. 2012). Furthermore, LEDGF/p75 PWWP was shown
to interact with the transcriptional activator TOX4 and the
splicing cofactor NOVA1 (Morchikh et al. 2013). These pro-
teins seem to play a role in the regulation of LEDGF/p75
interaction with chromatin, controlling processes such as virus
replication, DNA repair, and transcription (Morchikh et al.
2013). Despite the large number of binding partners, the mo-
lecular mechanisms underlying the modulation of the PWWP
domain activity by protein ligands still remain to be
elucidated.

Structural features of PWWP domains

To date, several three-dimensional structures of PWWP do-
mains have been reported, including those of DNMT3a,
DNMTS3Db, Pdpl, Pdp2, HDGF, HDGF2, HDGF-related pro-
tein 3 (HRP-3), Bromo and plant homeodomain (PHD) fin-
ger—containing protein 1 (BRPF1), BRPF2, BRPF3, LEDGF/
p75, Mutated melanoma-associated antigen 1 (MUM1), MutS
homolog 6 (MSH6), and Zinc finger MYND domain-
containing protein 11 (ZMNYDI11) (Qiu et al. 2002; Slater
et al. 2003; Sue et al. 2004, 2007; Nameki et al. 2005;
Lukasik et al. 2006; Laguri et al. 2008; Vezzoli et al. 2010;
Wau et al. 2011; Eidahl et al. 2013; van Nuland et al. 2013;
Wang et al. 2014; Wen et al. 2014). Table 1 summarizes the
structural data currently available in the literature. The PWWP
domain adopts a similar fold in all PWWP-containing pro-
teins. This fold can be divided into two distinct substructural
motifs: an N-terminal 3—barrel substructure and a C-terminal
helical substructure (Fig. 2) (Qiu et al. 2002). The N-terminal
[3—barrel is the most conserved feature of the PWWP domain
and it consists of five antiparallel 3-strands (3 1—5). The Pro-
Trp-Trp-Pro motif is located at the interface of the two sub-
structures, positioned at the end of the 3—f3 arch that connects
strands 31 and (32 (1-32 arch) and the beginning of (32
(Fig. 2). The first proline residue usually forms a {3-bulge,
while the second proline induces a bend in strand 32. In ad-
dition, the side chains of the two tryptophan residues are op-
positely oriented and partially solvent exposed (Fig. 2) (Qiu et
al. 2002. The 32—f3 loop is the less conserved part of the
[3—barrel, both in terms of amino acid composition and length,

@ Springer

allowing for the insertion of different secondary structural
elements (Qiu et al. 2002, 2012; Slater et al. 2003; Nameki
et al. 2005; Vezzoli et al. 2010; Wu et al. 2011).

In contrast to the (3-barrel, the C-terminal helical substruc-
ture is strikingly variable and may contain two to six o-helices
(Fig. 3). The PWWP domains of DNMT3a/b contain a bundle
of five «-helices (Qiu et al. 2002; Wu etal. 2011). On the other
hand, those of BRPF1, HDGF, HDGF2, and Pdp!l are com-
posed of two «-helices connected by a loop (Lukasik et al.
2006; Vezzoli et al. 2010; Wu et al. 2011; Qiu et al. 2012).
Recently, the structure of the PWWP domain from LEDGF/
p75 revealed a C-terminal region with less helical content than
its counterparts. LEDGF/p75 PWWP contains a shorter helix
«3, which leads to a longer connecting loop (Eidahl et al.
2013; van Nuland et al. 2013). Despite the lack of sequence
conservation, one «-helix is virtually identical in all PWWP
structures determined so far (Fig. 3). This common «-helix is
packed against the {3-barrel. The stability of the PWWP do-
main arises from intramolecular hydrogen bonds and polar
interactions. These interactions occur not only between resi-
dues located in the same substructure but also between resi-
dues on different substructures, such as those present in the (31
—{32 arch and 33—34 loop and the ones in the helical region
(Qiu et al. 2002, 2012; Slater et al. 2003; Nameki et al. 2005;
Vezzoli et al. 2010; Wu et al. 2011).

The PWWP domain uses a basic surface
to nonspecifically interact with DNA

The PWWP domain contains a significant amount of basic
residues (lysines and arginines), which raises its isoelec-
tric point to more than 9. This creates a positively charged
surface that functions as a favorable interface for DNA
binding. Qiu and co-workers (2002) demonstrated for
the first time that the PWWP domain of DNMT3b directly
binds DNA in vitro. In addition, mutations on the PWWP
domains of DNMT3a and DNMT3b abolish their interac-
tion with heterochromatin and inhibit their ability to
methylate DNA (Chen et al. 2004; Ge et al. 2004).
From that time until now, numerous PWWP domains have
been shown to exhibit DNA-binding activity, including
those of LEDGF/p75 (Singh et al. 2006; Eidahl et al.
2013; van Nuland et al. 2013), HDGF (Lukasik et al.
2006; Yang and Everett 2007), MSH6 (Laguri et al.
2008), DNMT3a (Purdy et al. 2010), Pdpl (Qiu et al.
2012), and the Bromo-ZnF-PWWP domain of human
ZMNYDI11 (Wang et al. 2014). For most proteins, DNA
binding occurs in a nonspecific manner, without sequence
selectivity. The PWWP domain of DNMT3b binds to a
234-bp element of the pericentric chromatin as well as
random genomic sequences (Chen et al. 2004). This inter-
action is efficiently inhibited by sheared salmon sperm
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Fig. 2 The PWWP domain fold. Ribbon diagram of mouse DNMT3b
PWWP domain three-dimensional structure (1IKHC). a The PWWP
domain fold can be subdivided into two distinct substructural motifs.
The N-terminal (3-barrel is represented in orange, while the C-terminal
helical bundle is colored blue. b The Pro-Trp-Tro-Pro sequence motif is

DNA, indicating that DNMT3b PWWP is a nonspecific
DNA-binding module (Chen et al. 2004). The PWWP
domain of HDGF is unable to discriminate between A/T
and C/G-rich sequences (Lukasik et al. 2006). NMR titra-
tion experiments showed that HDGF PWWP binds to a
15-bp oligonucleotide containing the CACC sequence and
a mutant of this DNA, confirming the lack of sequence
specificity (Lukasik et al. 2006). The PWWP domain of
MSHG6 binds to a double-stranded 35-bp oligonucleotide
without any preference for G/T mismatches or nicked
DNA (Laguri et al. 2008). Moreover, the PWWP domain
of DNMT3a exhibits no clear preference for
hemimethylated, double-methylated, or CpG-containing
double-stranded DNA sequences (Purdy et al. 2010).
Finally, consistent with previous results, the PWWP do-
mains of Schizosaccharomyces pombe Pdpl, as well as

Fig. 3 Structural diversity of the a
PWWP domain C-terminal

helical bundle. The PWWP

domain C-terminal substructure

may contain two to six helices. a

Ribbon diagram of mouse

DNMT3b PWWP (1KHC)

displaying its five x-helical

bundle. b Ribbon diagram of

human BRPF1 PWWP (2X35). ¢

Ribbon diagram of human HDGF

PWWP (1RI0). d Ribbon

diagram of yeast Pdpl PWWP c
(2L89). e Ribbon diagram of

human LEDGF/p75 PWWP

(2M16). The C-terminal

substructures of BRPF1, HDGF,

Pdpl, and LEDGF/p75 PWWP —~
domains are composed of two -
helices connected by a loop. All
C-terminal helical bundles are
blue
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HDGF

$243 W245

P246

positioned in the beginning of strand (32 and displayed in sticks. Residue
W245 of mouse DNMT3b PWWP is engaged in direct binding to histone
methyl-lysines and is red, while other residues (S243, W244, 9246) are

gray

the human proteins LEDGF/p75 and ZMNYDI11 were
shown to bind DNA nonspecifically (Qiu et al. 2012;
van Nuland et al. 2013; Eidahl et al. 2013; Wang et al.
2014). In contrast to these data, Yang and Everett (2007)
have shown that the PWWP domain of HGDF is able to
specifically recognize a 37-bp DNA element common to
the promoter of SMYD1, arguing about the specificity of
interaction between PWWP domains and DNA. DNA
binding by PWWP domains occurs with a wide range of
affinities, with K, values varying from low nanomolar to
high micromolar. DNA-binding affinity and stoichiometry
are directly linked to DNA size, suggesting that multiple
binding events may occur (Lukasik et al. 2006; Qiu et al.
2012; Eidahl et al. 2013; van Nuland et al. 2013).

NMR titration experiments revealed the DNA-binding
interface of numerous PWWP-containing proteins, such as

DNMT3b b

BRPF1

d Pdp1 e LEDGF/p75
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HDGF (Lukasik et al. 2006), Pdp1 (Qiu et al. 2012), and
LEDGF/p75 (Eidahl et al. 2013; van Nuland et al. 2013).
Several protein resonances are shifted upon addition of
DNA, indicating a DNA-binding event that happens in
the fast exchange regime. Most of the shifted resonances
localize to a single side of the PWWP domain structure.
These resonances correspond to residues located in the
31-32 arch and Pro-Trp-Trp-Pro motif, as well as strand
32 and the helical turns in the C-terminal region. This
putative DNA-binding site superimposes well with a high-
ly positively charged surface formed by lysine and argi-
nine residues exposed to the solvent (Fig. 4) (Lukasik et
al. 2006; Qiu et al. 2012; Eidahl et al. 2013; van Nuland
et al. 2013). This suggests that the PWWP-DNA interac-
tion occurs mostly through electrostatic contacts with the
phosphate backbone of the DNA, and thus agrees well
with a nonspecific binding mode (Lukasik et al. 2006;
Qiu et al. 2012; Eidahl et al. 2013; van Nuland et al.
2013).

The PWWP domain acts as a histone methyl-lysine
reader through a conserved aromatic cage

Structural and sequence similarities between the PWWP do-
main and other members of the Royal superfamily suggested
a possible role in the recognition of modified histone resi-
dues. It was only in 2009 that Wang and co-workers found
out that the PWWP domain of the yeast protein Pdp1 direct-
ly binds to histone 4 lysine 20 monomethylation

Fig. 4 The PWWP domain a
DNA-binding interface. a Ribbon
diagram of human HDGF PWWP
three-dimensional structure
(2B8A). The N-terminal (3-barrel
is colored orange, while the C-
terminal helical bundle is blue.
The HDGF PWWP structure is
first represented in the same
orientation as Fig. 2 and then
rotated 180° about the y axis. b
The HDGF PWWP-DNA
interface. Residues that directly
engage in DNA binding are
green and labeled. ¢ Surface
representation of the HDGF
PWWP structure (2B8A)
highlighting the residues that
compose the DNA-binding
interface (green). d Electrostatics
distribution of the HDGF PWWP
structure showing that the DNA-
binding surface is positively
charged

(H4K20mel) and that this interaction is crucial for the his-
tone methyltransferase Set9 chromatin association (Wang et
al. 2009). These results first established a functional role for
the PWWP domain as a methyl-lysine reader motif involved
in epigenetic regulation. After the discovery that Pdpl
PWWP recognizes H4K20mel, many other PWWP do-
mains were shown to exhibit methylated histone-binding
activity, including those of BRPFI (Vezzoli et al. 2010;
Wu et al. 2011), DNMT3a (Dhayalan et al. 2010), BRPF2
(Wu et al. 2011), HDGF2 (Wu et al. 2011), WHSCI1 (Wu et
al. 2011), WHSCIL1 (Wu et al. 2011), LEDGF/p75
(Pradeepa et al. 2012; Eidahl et al. 2013; van Nuland et al.
2013), loc4 (Maltby et al. 2012; Smolle et al. 2012),
ZMYNDI11 (Wen et al. 2014; Wang et al. 2014; Guo et al.
2014), and Pdp3 (Gilbert et al. 2014).

A high-throughput mass spectrometry screening identified
the PWWP domain as a histone 3 lysine 36 trimethylation-
binding module (Vermeulen et al. 2010). With the exception
of Pdpl1, all other PWWP domains specifically recognize
H3K36me3, suggesting a functional role for this domain as
a putative H3K36me3 sensor. This histone trimethylation
mark is associated with the coordination of important cellular
events such as transcription elongation, mRNA splicing, and
expression of developmental genes (Kolasinska-Zwierz et al.
2009; Nimura et al. 2009). Interestingly, in vitro binding of
purified PWWP domains to methylated histone peptides occur
with very low affinities, with K; values in the low millimolar
range (Vezzoli et al. 2010; Dhayalan et al. 2010; Wu et al.
2011; Qiu et al. 2012; Eidahl et al. 2013; van Nuland et al.
2013; Wen et al. 2014; Wang et al. 2014).
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Structural analysis revealed that the PWWP domain binds
to histone methyl-lysines through a hydrophobic cavity com-
posed of three aromatic residues located in the 31—32 arch,
Pro-Trp-Trp-Pro motif and strand 33 (Vezzoli et al. 2010; Wu
etal. 2011; Qiu et al. 2012; Eidahl et al. 2013; van Nuland et
al. 2013; Wen et al. 2014; Wang et al. 2014). These amino
acids side chains are perpendicularly oriented to one another,
forming an aromatic cage that accommodates the trimethyl
ammonium group (Fig. 5). Mutations of the residues that com-
pose the aromatic cage abolish methylated histone peptide
binding (Wang et al. 2009, 2014; Vezzoli et al. 2010; Maltby
etal. 2012; Smolle et al. 2012; Wen et al. 2014; Gilbert et al.
2014; Guo et al. 2014). Moreover, this aromatic cage is a
common molecular architecture found in members of the
Royal superfamily. Sequence alignment shows that the aro-
matic cage residues are conserved among several PWWP do-
mains, indicating a common binding mode to methylated his-
tone tails (Vezzoli et al. 2010; Wu et al. 2011; Qiu et al. 2012;
Eidahl et al. 2013; van Nuland et al. 2013; Wen et al. 2014;
Wang et al. 2014) (Fig. 1). However, some PWWP domains
contain a truncated version of the aromatic cage, lacking one
of the three aromatic residues, and thus are unable to bind
histone methyl-lysines (Gong et al. 2012).

In addition to the aromatic cage, the 32—(33 loop directly
participates in histone interaction as it forms one of the walls
of'the binding pocket (Wu etal. 2011; Qiu et al. 2012). The 32
—f3 loop is the region that differs mostly among PWWP

K36me3

Y1096

pB2-p3 loop

Fig.5 The PWWP domain histone methyl-lysine-binding aromatic cage.
Ribbon diagram of human BRPF1:H3K36me3 peptide complex three-
dimensional structure (2X4W). The N-terminal (3-barrel is in orange,
while the C-terminal helical bundle is blue. The H3K36me3-containing
histone peptide is displayed in sticks and colored magenta. The residues
that compose the BRPF1 PWWP aromatic cage (Y1096, Y1099, and
F1147) responsible for binding H3K36me3 are represented in sticks and
colored red
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domains. These structural differences suggest that the (32
—(3 loop may be implicated in determining ligand binding
specificity. It is worth noting that the methyl-lysine binding
pocket is located in a different position than the DNA binding
site. Therefore, PWWP domains employ distinct but contigu-
ous interfaces for binding histones and DNA (Qiu et al. 2012;
van Nuland et al. 2013).

The PWWP domain simultaneously binds DNA
and histone methyl-lysines within the context
of the nucleosome

The observation that the PWWP domain binds histones and
DNA in separate regions raised the possibility that this domain
may simultaneously interact with methylated histone tails and
nucleosomal DNA. A GST-pull down assay demonstrated that
the PWWP domain of the S. pombe protein Pdpl directly
interacts with isolated yeast nucleosomes (Wang et al. 2009).
In addition, the PWWP domain of DNMT3a is able to pull
down native nucleosomes purified from human cells
(Dhayalan et al. 2010). Direct nucleosomal binding has been
shown to a variety of PWWP-containing proteins, including
Pdpl (Wang et al. 2009; Qiu et al. 2012), DNMT3a (Dhayalan
et al. 2010), loc4 (Maltby et al. 2012; Smolle et al. 2012),
LEDGF/p75 (Eidahl et al. 2013; van Nuland et al. 2013),
and ZMNYDI11 (Guo et al. 2014). In all cases, nucleosomal
interaction is enhanced by histone methylation. The PWWP
domain of Pdpl interacts with nucleosomes purified from
wild-type yeast cells, but not with those from strains carrying
the histone methyltransferase Set9 deletion or the H4K20R
mutation, indicating that Pdpl PWWP specifically recognizes
H4K20me (Wang et al. 2009). Similarly, the PWWP domain
of DNMT3a specifically interacts with nucleosomes harbor-
ing the H3K36me3 mark (Dhayalan et al. 2010).

The understanding of the PWWP domain binding specific-
ity to nucleosomes has been greatly facilitated by the use of
methyl-lysine analogues. In this approach, nucleosomes are
reconstituted from recombinant expressed histones containing
a specific K to C mutation (i.e., K36C) and further chemically
modified to mimic the methylation state (i. e. H3K36me3).
The PWWP domain of Pdpl preferentially binds to recombi-
nant reconstituted nucleosomes carrying the H4K-20me3 an-
alogue (Qiu et al. 2012). Furthermore, the PWWP domains of
Toc4 (Smolle et al. 2012) and LEDGF/p75 (Eidahl et al. 2013;
van Nuland et al. 2013) exhibit higher affinity for
H3K36me3-containing than unmethylated nucleosomes.
In vitro binding experiments using purified nucleosomes con-
taining methyl-lysine analogues have shown that the PWWP
domain affinity is higher for intact nucleosomes than for either
isolated histone peptides or DNA. Qiu and co-workers (2012)
demonstrated that the PWWP domain of Pdp1 interacts with
H4K20me3 peptide and DNA with K values of ~6.0 mM and
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~4.2 uM, respectively. Although the interactions with the his-
tone peptide and DNA are rather weak, Pdpl PWWP displays
enhanced binding to nucleosomes containing the
H4K20me3 methylation analogue. Moreover, Eidahl and
co-workers (2013) found that GST-fused LEDGF/p75
PWWP binds to H3K36me3-containing nucleosomes (K,
~48 nM) much more strongly than to isolated H3K36me3
peptide (K; ~2.7 mM) and DNA (K; ~1.5 uM). Similarly,
van Nuland and co-workers (2013) revealed a respective four
and two orders of magnitude enhancement in LEDGF/p75
PWWP binding affinity to H3K36me3 nucleosomes (K; ~
1.5 uM) relative to H3K36me3 peptide (K, ~17 mM) and
DNA (K; ~150 uM). This affinity enhancement toward nu-
cleosomes is probably due to concerted binding of the PWWP
domain to both histone methyl-lysines and DNA.

On the basis of structural data, an atomic model for the
PWWP domain-nucleosome complex has been constructed
(Fig. 6) (Qiu et al. 2012; Eidahl et al. 2013; van Nuland et
al. 2013). In this model, the PWWP domain contacts the two
DNA duplexes wrapped around the histone core at two differ-
ent binding interfaces. Each interface shows a high degree of

electrostatic complementarity with the phosphate backbone of
the nucleosomal DNA. In addition, the methylated histone tail
emerges from between the two DNA duplexes and interacts
with the PWWP domain aromatic cage located in the middle
of the two DNA-binding sites (Fig. 6). The current model
suggests that the hydrophobic pocket and the basic surfaces
act synergistically to ensure high-affinity binding of the
PWWP domain to nucleosomes (Qiu et al. 2012; Eidahl et
al. 2013; van Nuland et al. 2013).

Conclusions

In conclusion, the PWWP domain, a member of the Royal su-
perfamily, functions as a histone methyl-lysine reader, most like-
ly H3K36me3, through a conserved aromatic cage present in its
N-terminal (3-barrel substructure. In addition, most PWWP do-
mains employ basic interfaces to nonspecifically bind DNA.
Nucleosomal DNA interaction results in an increase in binding
affinity to histone methyl-lysines. Concerted binding to methyl-
ated histone tails and DNA leads to specific recognition of

Fig. 6 Structural model of the LEDGF/p75 PWWP-nucleosome
complex. (a) Ribbon diagram of the data-driven structural model of the
LEDGF/p75 PWWP domain in complex with the nucleosome (3ZH1).
Histones are colored gray, while nucleosomal DNA is shown in salmon.
The N-terminal (3-barrel of the LEDGF/p75 PWWP domain is colored
orange, and the C-terminal helical bundle is colored blue. Histone H3
residues 3142, harboring the K36 trimehthylation mark, are displayed in

sticks and colored magenta (b) Same as in a rotated 180° about the x axis.
(¢) A zoom in on the LEDGF/p75 PWWP domain interaction with the
nucleosomal particle. The aromatic cage residues Y18, W21, F44, which
are directly engaged in H3K36me3 binding, are represented in sticks and
colored red. In addition, residues K16, K38, K56, K73, R74, K75, which
nonspecifically bind DNA, are represented in sticks and colored green

@ Springer



72

Biophys Rev (2016) 8:63-74

H3K36me3-containing nucleosomes. A similar mode of inter-
action may be used to recognize other histone PTMs located
close to the nucleosomal core.
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Abstract

The yeast Saccharomyces cerevisiae has played a vital role in the understanding of the
molecular basis of aging and the relationship of aging process with oxidative stress
(non-homeostatic accumulation of Reactive Oxygen Species, ROS). The mammalian
and yeast antioxidant responses are similar and over 25% of human-degenerative
disease related genes have close homologues in yeast. The reduced genetic
redundancy of yeast facilitates visualization of the effect of a deleted or mutated gene.
By manipulating growth conditions, yeast cells can survive only fermenting (low ROS
levels) or respiring (increased ROS levels), which facilitates the elucidation of the
mechanisms involved with acquisition of tolerance to oxidative stress. Furthermore, the
yeast databases are the most complete of all eukaryotic models. In this work, we
highlight the value of S. cerevisiae as a model to investigate the oxidative stress

response and its potential impact on aging and age-related diseases.

Keywords: Saccharomyces cerevisiae, lifespan, Reactive Oxygen Species (ROS),

cancer, neurodegenerative diseases



1. Introduction

Oxygen is required for aerobic life but may also play a crucial role in the aging
process. According to the oxidative stress theory of aging, aging and age-associated
diseases are associated with the damage caused by reactive oxygen species, ROS, to
cellular constituents (Finkel & Holbrook 2000).

The majority of ROS production occurs in the electron transport chain (ETC) of
the mitochondria (Sheu et al. 2006). In this process, one molecule of oxygen receives
four electrons being reduced to water; however, throughout the process, some of the
electrons leak prematurely from electrons carriers to oxygen yielding ROS (Murphy
2009). As electrons are sequentially transferred from complex | or complex Il to complex
[l and then to complex IV, protons are translocated from the mitochondrial matrix to
intermembrane space creating an electrochemical gradient, which is used as energy to
ATP synthesis by ATP synthase. During this transport, electrons can be directly
transferred to oxygen to generate superoxide (single-electron transfer) or hydrogen
peroxide (pair-electron transfer), mainly at complex I, 1l and Ill, which use ubiquinone as
acceptor (Brand 2016). Superoxide remains within the compartment in which is
generated, because it is unable to cross membranes. Superoxide is rapidly converted to
hydrogen peroxide by the enzyme superoxide dismutase (SOD) (Herrero et al. 2008).
Superoxide can also undergo spontaneous dismutation, although at a slower rate
(Abreu & Cabelli 2010). Contrary to superoxide, peroxide can cross membranes and be
fully reduced to water by catalases or peroxidases. Alternatively, peroxide can be
partially reduced to hydroxyl radical, the most reactive and dangerous radical, a reaction

which requires the presence of reduced iron or cupper (Herrero et al. 2008). Hydroxyl



radical can also be generated when superoxide reacts with nitric oxide, producing
another highly reactive and dangerous radical, nitrogen dioxide (Sheu et al. 2006).

The oxygen consumption rate depends on the organism and its physiological
condition. Human body extracts around 2,500 calories from food by consuming around
one hundred millions molecules of oxygen per cell per minute (Wagner et al. 2011). It is
estimated that 0.01% of all oxygen consumed is converted to ROS in the skeletal
muscle during exercise (at rest, this percentage is 10-fold higher); thus, 10* - 10°
molecules of ROS are formed per cell each minute (Goncalves et al. 2015). In face of
these high ROS production rates, which increase the risk of hydroxyl radical formation,
against which there is no defense, the cellular antioxidant system is very efficient: i) the
proportion between antioxidant enzyme and its substrate is inverted (there is much more
catalyst than substrate); ii) the rate of the antioxidant enzyme-catalysed reaction is only
limited by diffusion (kcat/Km in the order of 10® to 10° M™* s™) (Chelikani et al. 2004;
Abreu & Cabelli 2010).

The efficient and sophisticated antioxidant defense system counteracts and
regulates overall ROS levels to maintain physiological homeostasis (Fig. 1A). Lowering
ROS levels below the homeostatic set point impairs the physiological role of ROS in
some cellular processes, such as induction of antioxidant defense, cell proliferation, and
host defense. On the other hand, increased ROS levels are also detrimental. ROS are
able to damage all the cell building blocks, such as DNA, lipids, and proteins, leading to
membrane damage, loss of organelle functions, reduction in metabolic efficiency,
chromatid breaks and mutations (Schieber & Chandel 2014). Fig. 1B outlines the impact

of ROS levels on cellular physiology.



According to oxidative stress theory of aging, first proposed in 1954, aging is
correlated to the accumulation of cellular damages triggered by ROS produced by
normal cell metabolism (Harman 2006). Therefore, throughout the aging process,
antioxidants decreased, increasing oxidative damage and, consequently, the chance of
disease and death. Oxidative stress has been implicated in the progression of age-
related diseases, such as Alzheimer's disease (AD), Parkinson’s disease (PD) and
amyotrophic lateral sclerosis (ALS) (Barnham et al. 2004). Several data support the
oxidative stress theory of aging (Harman 2006; Vifia et al. 2013). In 2011, a review was
published which summarized the main data obtained from different studies that
evaluated the oxidative stress indexes in healthy individuals related to age (Del Valle
2011). In those studies, hundreds of volunteers from diverse nationalities were
analyzed, and healthy individuals were divided according to their ages, confirming the
oxidative stress theory of aging. However, some studies presented conflicting and
contradictory results concerning the level of some antioxidants found in older people. In
the last years, genetically modified animals were obtained to test the oxidative stress
theory of aging. Some studies found that the overexpression of antioxidant enzymes
extends lifespan, corroborating the theory, but other works put it in doubt by showing
that increased ROS levels increase longevity (LOpez-Otin et al. 2013; Vifa et al. 2013).
Taken into consideration the role of ROS in the response to stress condition, which is
crucial for cell survival, it is possible to harmonize both interpretations (Reczek &
Chandel 2015). Mild concentrations of ROS are necessary to induce antioxidant
defense, increasing cell protection and longevity. However, if the level of ROS exceeds
the protective capacity of the antioxidants, oxidative damage will take place,

accelerating aging and increasing the chance of diseases.



The molecular mechanisms of the oxidative stress response and the role of ROS
in the biology of aging and in the development of age-related diseases have not yet
been fully understood. The use of simple models such as the microorganism
Saccharomyces cerevisiae has helped with the elucidation of these questions. Studies
using this yeast have already contributed to the understanding of basic cellular and
molecular processes. In 1996, S. cerevisiae had its genome fully sequenced and
published. Since then, the extensive functional characterization of its genome (around
90%) along with the huge genetic conservation with humans have triggered a series of
new works which humanized the yeast (Khurana & Lindquist 2010; Engel et al. 2013;
Kachroo et al. 2015). Corroborating this evidence is the fact that between 2001 and
2016, five Nobel Prize winners (in Table 1) have used yeast as experimental model.
Thus, in addition of being used in ancient biotechnological processes, such as alcoholic
fermentation and backing, yeasts are currently explored for the production of
therapeutic products, such as human hormones (insulin, insulin analogues,
somatotropin, glucagon), vaccines (hepatitis B virus surface antigen and virus-like
particles of protein L1 of human papillomavirus), human growth factors (IGF1, NGF,
EGF) and human blood proteins (hemoglobin, factors VIII and XIlI, antithrombin IlI,
serum albumin albumin) (Ferrer-Miralles et al. 2009).

S. cerevisiae has some interesting characteristics that explain its extensive use
as an experimental eukaryotic cell model or as a platform to produce recombinant
proteins. Besides being non-pathogenic and classified as GRAS (Generally Recognized
as Safe) by Food and Drug Administration (FDA), it has a short generation time (1.5-3 h)
and grows in a highly reproducible and genetically stable way. In addition, it is amenable

to genetic modifications by recombinant DNA technology or classical genetic
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manipulations. Other advantages for choosing S. cerevisiae as model are: (i) the ease in
obtaining mutants from commercial collections of yeast strains for studies of functional
genomics, subcellular protein localization, ant protein-protein interaction; (ii) the
availability of public databases, such as Saccharomyces Genome Database (SGD),
which organize and permanently actualize data obtained from omics studies, such as
transcriptomics, proteomics, metabolomics, interactomics (protein—protein interactions),
and locasomics (protein localization) (Laurent et al. 2016).

Studies of budding yeast have made immense contributions to our understanding
of the aging process and age related-diseases (Kaeberlein 2010). It is possible to study
both chronological and replicative ageing using S. cerevisiae (Oliveira et al. 2017).
Chronological aging is defined by how long a cell can survive in a non-dividing state.
Throughout aging, cellular and molecular damages accumulate. Chronological lifespan
is measured by culturing cells in non-proliferating conditions and then determining
viability over time. Replicative ageing is defined by the number of daughter cells
produced by a mother cell before senescence. Damages are asymmetrically inherited by
the mother cell and removed from the daughter cell. Replicative lifespan (RLS) is
measured by physical removal of daughter cells, which are easily distinguished from
mother cells.

Several pathways involved in degenerative diseases are conserved in yeast, such
as protein folding and degradation, autophagy, vesicular trafficking, lysosomal and
peroxisomal role, and apoptosis (Tenreiro & Outeiro 2010). Moreover, 17% of the S.
cerevisiae genes (approximately 1000 genes) are members of orthologous genes

families associated with several human diseases (Botstein & Fink 2011).



The oxidative stress response of S. cerevisiae is similar to that of mammals,
including the sites of ROS formation in the ETC and the main antioxidant enzymes
(Herrero et al. 2008). Yeast lacks complex I, but has three rotenone-insensitive NADH-
ubiquinone oxidoreductase, Ndil, Ndel, and Nde2, located at the mitochondrial inner
membrane space. Mitochondrial matrix NADH is oxidized by the internal Ndil, while
Ndel and Nde2, with their active sites facing the mitochondrial intermembrane space,
oxide the external NADH. Like complex | of mammals, Ndel and Nde2 are important
sources of ROS in the S. cerevisiae ETC (Fang & Beattie 2003).

By manipulating growth conditions, yeast cells can survive only fermenting or
respiring (Kayikci & Nielsen 2015). At high concentrations of glucose (above 70 mM), S.
cerevisiae can only undergo fermentation; therefore, ROS levels are reduced. As
consequence, intracellular antioxidant defense system is repressed and cells are highly
sensitive to oxidative stress. However, yeast cells can adapt to severe oxidative stress if
exposed to external antioxidants or moderate concentrations of oxidants (Fernandes et
al. 2007). Thus, this strategy helps to processes involved with acquisition of tolerance to
oxidative stress and its correlation with degenerative processes. In other experimental
models, such as mammal cells, which depend on respiration to obtain energy, the
correlation ROS-aging is more difficult to analyze.

S. cerevisiae is only able to respire when growing in non-repressor carbon
sources, such as glycerol and ethanol. Thus by plating yeast cells in media containing
glucose or glycerol, we are able to determine the frequency of respire-deficient mutant
cells, known as petite (Mannarino et al. 2008). Petites are unable to respire because
they possess some mitochondrial dysfunction, a process highly implicated with

degenerative diseases (J.Barnham et al. 2004; Lopez-Otin et al. 2013). On the other
8



hand, since S. cerevisiae is not exclusively dependent on respiration to survive,
mutations that result in mitochondrial dysfunction can be investigated in this model
organism (de Carvalho et al. 2017).

This review focuses on the contribution of yeast in understanding the binomial
oxidative stress-molecular mechanisms involved in age-related pathologies, such as

neurodegenerative diseases and cancer.

2. Neurodegenerative diseases
2.1 Cellular processes and aggregation in yeast models

Protein misfolding and aggregation are widely recognized as key features of age-
related illness, specifically neurodegenerative diseases (Hartl et al. 2011; Saez &
Vilchez 2014). In recent years, the budding yeast S. cerevisisae has provided important
general insights for deciphering the basis of neurodegeneration, underlying protein
misfolding (Shrestha & Megeney 2015). Furthermore, yeast models of
neurodegeneration have identified cellular factors that modulate aggregation and
subsequent toxicity of proteins associated with PD (Outeiro 2003), AD (Vandebroek et
al. 2005; Caine et al. 2007), Huntington’s Disease (HD) (Krobitsch & Lindquist 2000;
Willingham 2003) and ALS (Johnson et al. 2009; Bastow et al. 2016). These proteins
include fibrillar a-synuclein (a-Syn), which accumulates in proteinaceous inclusions,
known as Lewy bodies observed in familial and sporadic cases of PD (Spillantini et al.
1997). The AD pathological hallmarks include the formation of extracellular plagues
structures containing amyloid-B (AB) as well as intracellular buildup of neurofibrillary
tangles of hyperphosphorylated tau protein (Fruhmann et al. 2017). Likewise, HD is

characterized by the presence of intracellular cytotoxic aggregation of huntingtin protein
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(Htt) containing polyglutamine (polyQ) expansions (Ross & Poirier 2004; Novak &
Tabrizi 2010). The accumulation of cytoplasmic aggregates of Cu,Zn-superoxide
dismutase (Sod1), the RNA-binding proteins TDP-43 and FUS, has been implicated in
ALS affected patients (Rosen et al. 1993; Neumann et al. 2006; Vance et al. 2009). The
abnormal structures formed by these different protein species have also been implicated
in impairing the proteasomal functionality as well as the expression of proteins involved
in proteostasis (Tyedmers et al. 2010; Shrestha & Megeney 2015). Because the protein
misfolding, quality control, and degradation machineries as well as oxidative stress
response are remarkably well conversed across eucaryotes (Tenreiro et al. 2013;
Oliveira et al. 2017), yeast has emerged as a robust and tractable organism to model
proteostasis and oxidative modifications in neurodegenerative diseases.

The mechanisms underlying a-Syn dysfunction in PD as well as in other disorders
termed synucleophaties have been successfully studied in yeast models based on the
heterologous expression of human a-Syn (Outeiro 2003). The first study conducted in
yeast models of PD showed that a-Syn toxicity led to the formation of intracellular
inclusions and the expression of a-Syn resulted in dose-dependent cytotoxicity (Outeiro
2003). In this study, the intracellular localization was investigated in yeast cells by
expressing the fluorescently labeled wild type (WT) and mutant A53T a-Syn. Both WT
and AS53T a-Syn were directed to the plasma membrane at lower expression levels, and
they were able to accumulate into cytoplasmic inclusions upon increased expression
levels. Moreover, a-Syn expression in yeast established dysfunction in several cellular
processes promoting lipid accumulation and affecting vesicular trafficking as well as the
proteostasis machinery (Outeiro 2003; Lazaro et al. 2017). Extensive evidences on the

involvement of the protein quality control systems, response to mitochondrial damages
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and regulation of vacuolar transport in neurodegeneration came from studies of
mutations in several genes associated with PD (eg. DJ-1, Parkin, Pinkl, ATP13A2) as
well as using yeast humanized models (Menezes et al. 2015). Hsp31, Hsp32, Hsp33,
and Hsp34 are examples of Heat shock proteins highly conserved in yeast which belong
to DJ-1 family. It was found that human DJ-1 and the yeast orthologues physically
interacted with a-Syn, ameliorating the a-Syn induced toxicity and reducing a-Syn
aggregation in yeast cells (Zondler et al. 2014). Human Parkin expressed in yeast has
promoted chronological longevity and oxidative stress resistance, which appeared to be
dependent on mitochondrial function (Pereira et al. 2015a). Yeast models were also
used to confirm the relevance of Pinkl-dependent phosphorylation of ubiquitin, in the
activation of Parkin (Koyano et al. 2014). YPK9 gene is the yeast orthologue of
lysosomal P-type ATPase ATP13A2, and the mutated protein can cause early-onset PD
(Gitler et al. 2009). Studies performed in yeast cells showed YPK9 suppressed the a-
Syn toxicity and that this benefit depends on the vacuolar localization and ATPase
activity of Vps35. In addition, the enhanced a-Syn toxicity in vps35A yeast strain
corroborated the increase in a-Syn inclusion accumulation in the vacuole (Dhungel et al.
2015).

The uses of AD humanized yeast models have provided powerful new
approaches to help understand the molecular mechanisms underlying tau and AR
toxicity. Using S. cerevisiae to study the mechanisms and phenotypical influence of
expression of alpha-synuclein as well as the coexpression of protein tau, Zabrocki et al.
2005 showed that both proteins are synergistically toxic in yeast cells, as observed by
inhibition of proliferation (Zabrocki et al. 2005). It has been shown that the human

phosphorylated Tau-3R and 4R isoforms expressed in yeast assumed a pathological

11



conformation and aggregated (Vandebroek et al. 2005). In addition to post-translational
modifications and oligomerization/aggregation, oxidative stress is also involved in AD
pathogenesis; however, the interaction between them are still unclear. In yeast,
oxidative stress and mitochondrial dysfunction, produced by the addition of Fe?* ions,
enhanced human tau aggregation independent of phosphorylation (Vanhelmont et al.
2010). Although AB aggregation is associated with the formation of extracellular amyloid
plaques in AD patients, AB species also accumulate inside the cell, including
intracellular multivesicular bodies (Almeida 2006), lysosomes, or other vesicular
compartments (Nixon 2007; D’Angelo et al. 2013). The creation of the first yeast model
to study AD in yeast cells by the expression of GFP-fused AB served as an important
basis to investigate the toxic effects of AR on these cellular processes in yeast cells
(Caine et al. 2007). Further, by using a By4741 based yeast system expressing AB-link-
GFP construct, D’Angelo et al. 2013 established a system in which AB enters the
secretory pathway and goes to the plasma membrane becoming toxic to the cells
(D’Angelo et al. 2013). Using this model, the authors were able to define intracellular
traffic pathways as a necessary process for the generation of toxic species in yeast
cells.

Yeast models to study HD have recapitulated the polyQ length-dependent
aggregation and toxicity by expressing different versions of human Htt protein.
Moreover, many other mechanisms involved in the mutant Htt-induced toxicity have
been identified from yeast models, such as the modulation of specific molecular
chaperones (eg. Hsp104, Sisl and Ssal/2), the propagation of endogenous prions, and
the autophagic clearance of polyQ protein in yeast (Krobitsch & Lindquist 2000; Meriin et

al. 2002). It has also been successfully established that aggregation of mutant Htt in
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yeast affects endocytosis, cell cycle progression, proteolysis and mitochondrial function
(Meriin et al. 2007; Bocharova et al. 2008; Duennwald & Lindquist 2008; Tauber et al.
2011; Kochneva-Pervukhova et al. 2012). Recently, the beneficial effect of the protein
refolding machinery in inhibiting the aggregation of the mutant Htt 103Q was
demonstrated as result of the activation of trehalose synthetic enzyme, trehalose-6-
phosphate synthase 1 and Hspl04 in heat shocked S. cerevisiae cells (Saleh et al.
2014).

Since oxidative modifications to proteins increase during aging, it had been
proposed that oxidation of Sod1l mutants associated to the familial form of ALS (FALS)
may trigger their misfolding and aggregation (Dal Vechio et al. 2014; Petrov et al. 2016).
By using chronologically aged yeast cells, it was shown that the expression of A4V
mutation on human Sod1l as well as the absence of the antioxidant glutathione (GSH)
affected human Sod1 activation and increased oxidative damage compared to the WT
isoform. This study indicated GSH as a prominent target in the molecular mechanism of
FALS during aging (Brasil et al. 2013). In addition, studies using a yeast background to
investigate FALS found that pathogenic mutations in TDP-43 protein promote its
aggregation and toxicity (Johnson et al. 2009). The inclusions readily formed by TDP-43
protein in yeast models showed similar effects in higher eukaryotic models (Figley &
Gitler 2013) and were structurally identical to aggregates in degenerating neurons of
patients with ALS (Johnson et al. 2008). Such studies suggest the yeast model remains
an ideal platform to study the cellular processes of several aggregation-prone proteins

that characterize neurodegeneration.

2.2. Mitochondrial Dysfunction, Oxidative Biomarkers and Antioxidant Molecules
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A large number of studies demonstrate that mitochondrial dysfunction and
oxidative stress are hallmarks of PD (Sharma et al. 2006; Vila et al. 2008; Federico et al.
2012). As mentioned before, the accumulation of a-syn protein is one of the main
causes of PD. In vitro experiments showed that a-syn reversibly blocks the largest flow
channel of metabolites in and out of mitochondria (VDAC), located on the mitochondrial
outer membrane (Rostovtseva et al. 2015). The same work, using a yeast model for PD,
demonstrated that the a-syn toxicity is VDAC dependent. On the other hand, the
autosomal recessive form of PD is associated with mutations in the Parkin protein, an
E3 ubiquitin ligase. Parkin and Pinkl are associated with mitochondrial autophagy
process in response to stress (Shiba-Fukushima et al. 2017). Pereira et al (2015) used a
yeast model to study the human Parkin protein, and noted that Parkin was able to
increase the chronological lifespan and resistance to oxidative stress of yeast cells. In
response to stress with hydrogen peroxide, the Parkin protein, initially expressed in the
cytosol, is translocated to the mitochondria, promoting greater degradation.

In AD, the AR accumulates intra and mainly extracellularly, as a result of amyloid
precursor protein (APP) cleavage (Deyts et al. 2016). In 2011, a yeast model was
created for studying amyloid toxicity, and in order to establish the relationship between
AP toxicity, endocytosis and risk factors of AD (Treusch et al. 2011). Yeast cells were
transfected with a multicopy plasmid containing AB1-42 amino acid sequence (driven to
the secretory pathway) whose expression was controlled by the galactose-inducible
promoter. This construction allowed identification of a series of AR toxicity modifiers,
involved either in endocytosis or cytoskeleton. Using a similar model, Chen and
Petranovic (2015) observed that yeast cells which produce AR constitutively, and

directed to the secretory pathway, have decreased growth and respiratory rates,
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increased oxidative stress, and markers of mitochondrial dysfunction. More recently,
Franca, Lima and Eleutherio (2017) demonstrated that mitochondrial dysfunction and,
consequently, ROS increase occurs due to a change in the activities of complexes Il
and 1V in the electron transport chain (ETC). Furthermore, to minimize the increase in
intracellular oxidation, a series of cellular responses are triggered. One of these
responses was the signaling transmitted to the nucleus to regulate the increase of the
expression of enzymes like aconitase (Acol), catalases (Ctal and Cttl) and superoxide
dismutases (Sodl and Sod2). In the mitochondria, Ctal and Sod2 demonstrated to
operate jointly in the maintenance of redox homeostasis and mitochondria integrity.

The Sod1 isoform of superoxide dismutase also plays an important role in ALS.
Martins and English (2014) used yeast cells as a model for non-dividing motor neurons
and observed that the protein misfolding mechanisms that give rise to sporadic ALS
(SALS) are triggered by oxidative damage in the wild-type Sod1. Recently, Bastow et al.
(2016) used yeast to demonstrate that the toxic effect of Sodl instability promotes
senescence because it avoids vacuole acidification and impairs metabolic regulation,
and not because it is related to loss of mitochondrial function or ROS increase.

Despite the advances made in the research on neurodegenerative disorders, they
have no cure and therapeutics needs information about the mechanisms involved in the
process, which are still poor elucidated. The neurotoxicity exhibited in a series of
disorders is associated with increased levels of oligomers and fibers in the brain. Hence,
a number of compounds have been studied in order to find toxicity suppressors by
disaggregation and/or oxidative stress reduction, and yeast has proven to be an
excellent model for this type of analysis.

Polyphenols represent the most abundant class of antioxidants in the human diet,
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being widely found in different types of foods. Therefore, in the past several years, a
great number of studies have demonstrated their beneficial effects on
neurodegenerative disorders such as AD and PD (Moosavi et al. 2016). Recently, a
family of 21 polyphenolic compounds, consisting of those found naturally in leaves of
salvia, and some of their analogues, were synthesized and subsequently screened for
their activity against the AB peptide in yeast cells, which found that they were able to
revert the toxicity generated by the peptide (Porzoor et al. 2015). The same work
observed that 14 of these compounds were able to significantly decrease fluorescence
in yeast cells transformed with AR fused to GFP. In another work, polyphenols from
Corema Album leaves were able to reduce the formation of a-syn inclusions, ROS

levels, and consequently, cytotoxicity in yeast cells (Macedo et al. 2015).

3. Mitochondrial Dysfunction in Cancer and Yeast Cells

Mutations in mtDNA and impairment of mitochondrial function arise as an
inevitable consequence of aging and oxidative stress. Mutations in nuclear and
mitochondrial genes involved in the oxidative phosphorylation (OXPHOS) were reported
to play a significant role in the development of tumorigenesis (Chandra & Singh 2011),
and mitochondrial dysfunction is being considered an important hallmark of cancer cells
(Modica-napolitano & Singh 2004; Rossignol et al. 2009). The damage to mitochondrial
function and structure can be caused by ROS generated during respiration. The
progressive loss of mitochondria respiratory capacity has been linked to the metabolic
and genetic transformation observed in cancer cells (Seyfried 2015).

Mitochondrial DNA mutations and changes in their content have been

increasingly identified in various types of cancer and correlated to malignancy (Chandra
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& Singh 2011). Mutations in mtDNA D-loop region have been reported as an
independent molecular prognostic indicator in breast cancer (Mantripragada et al. 2008).

MtDNA is small, lacks introns, has a limited DNA repair capability, lacks
protective histones and relies on a single control region (D-loop) to control replication
and transcription of its genes (Chandra & Singh 2011). As mitochondrial biomolecules
are directly exposed to ROS generated during cell respiration, mitochondria are highly
susceptible to oxidative damage. ROS generated during the ETC can damage
mitochondrial lipids (e.g., lipid peroxidation), causing changes in membrane fluidity and
permeability; can oxidize proteins, causing loss of function and metabolic burden to the
cell; and direct damage mtDNA, which causes progressive defects in the expression of
the OXPHOS components coded by mtDNA. ROS damage to mtDNA can also impair
the replicative capacity of mtDNA or even interfere with fusion and fission events that
are necessary for mitochondrial remodelling. The cumulative generation of ROS
progressively damages mitochondrial structure and function; as a consequence, the
respiratory capacity of the cell becomes impaired (Van et al. 2003).

Given the importance of mtDNA for the proper expression and constitution of the
OXPHOS system, any mutations in its genetic content will have a huge impact on the
respiratory capacity of the cell. To keep the energetic level and produce metabolic
intermediates to maintain its proper metabolic function the cell must express adaptive
responses to mitochondrial dysfunction. These responses include genetic and metabolic
adaptations that act to rearrange primary biochemical pathways and intracellular
responses to maintain cell viability in the presence of a respiratory dysfunction (Singh

2004; Seyfried 2015).
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The progressive oxidative damage is a well-known effect of aging, but the specific
oxidative damage to mitochondria has been gaining increase attention by the scientific
community and is being considered by some authors one of the most important factors
in the malignant metabolic transformation of the cell observed in cancers (Seyfried
2015). S. cerevisiae is an interesting model to study cancer as a mitochondrial metabolic
disease, because this yeast is able to survive without functional mitochondria and even
in the total absence of mMtDNA, enabling study about the effects of respiratory
impairment on the genomic and metabolic profile of the cell. Yeast cells that contain
wild-type mtDNA (referred to as rho") are able to perform the OXPHOS and metabolize
non-fermentable carbon sources. If there are mutations in mtDNA (rho™ cell) or a
complete loss of mtDNA (rho® cell), the cells are unable to express functional mtDNA-
encoded subunits of the ETC and/or OXPHOS, thus they become respiratory-deficient
and are unable to metabolize non-fermentable carbon sources (Dirick et al. 2014).
These cells, usually referred to as petite, because of their small colony size, are only
capable of growing on fermentable carbon sources (such as glucose), which are a
substrate for glycolysis. The petite phenotype can arise as a consequence of mtDNA
(cytoplasmic petite) or nDNA (nuclear petite) mutations that compromise the OXPHOS
system. The relative simplicity in identifying and isolating petite mutants in S. cerevisiae
allowed researchers to study the effects of mtDNA depletion and respiratory damage on
the metabolic and gene expression profile of the cell (Merz & Westermann 2009),
helping identify fundamental gene-products that are essential for mitochondrial function.
The investigation of mitochondrial processes in yeast provided important data for the
comprehension of mitochondrial dynamics in human cells (Kuzmenko et al. 2016),

mostly because of the similarity between human and yeast mtDNA biochemistry (Smith
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& Snyder 2006). For example, the first gene encoding a mtDNA polymerase was
discovered in yeast (MIP1) (Foury 1989).

S. cerevisiae has been used as a model organism to investigate not only
mitochondrial dynamics, function and oxidative stress, but also the dynamics of the
metabolic adaptation to mitochondrial damage. S. cerevisiae studies showed that there
Is a causal relationship between mtDNA damage and genomic instability in the nucleus
(Rasmussen et al. 2003; Doudican et al. 2005). These studies provide important data to
support that mitochondrial oxidative damage caused by ROS, associated with
respiratory impairment, can cause genomic instability and direct mutations in the
nucleus. The question raised by using yeast model in these experiments is whether
mitochondrial damage can act as a driver cause in the malignant metabolic and genetic
transformation observed in cancer cells. As ROS can damage mitochondria structure
over time, could ROS play a central role in cancer development? This issue has been
investigated and growing evidence supports direct damage by ROS to mtDNA is
important for tumorigenic profile development (Sabharwal & Schumacker 2014).

To cope with respiratory function impairment caused by progressive loss of
mitochondrial function due to oxidative damage, the cell must be able to perform an
adaptive response to reorganize cellular metabolism in order to obtain metabolite
intermediates in the presence of an impaired TCA, ETC or OXPHOS. The first well
characterized pathway that signals mitochondrial dysfunction to the nucleus in order to
express and adaptive response was studied in S. cerevisiae and is referred to as
retrograde pathway (RTG) (Ronald A Butow 2004; Da Cunha et al. 2015). Basically, the
yeast protein Rtg2p senses variations in homeostatic signals from mitochondria that are

related to respiratory dysfunction, which causes a cascade of events that culminates
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with translocation of the heterodimeric complex Rtgl-Rtg3p to the nucleus and
activation of gene expression in response to the mitochondrial dysfunction. Some of the
genes controlled by RTG response are required for activation of anaplerotic pathways
and glyoxylate cycle, which provides precursors for the biosynthesis of tricarboxylic acid
(TCA) cycle intermediates from acetate, even in the presence of a truncated TCA cycle
due to mitochondrial dysfunction (Jazwinski 2013). The retrograde pathway was also
found to play a significant role in extending yeast chronological lifespan (Hashim et al.
2014) and promoting nuclear genome stability (Borghouts et al. 2004). The retrograde
pathway is well known and characterized in the yeast model human cells also have a
pathway that signals mitochondrial dysfunction and stress signals to the nucleus to
express adaptive responses to respiratory impairment. One important effector of this
response in human cells is the transcription factor NFk-B, considered to have evolved
from RTG-dependent retrograde pathway (Srinivasan et al. 2010), and is responsible for
a wide spectrum of signalling, genetic and metabolic adaptations to stress, organelle
dysfunction and aging (Hoesel & Schmid 2013; Jing & Lee 2014). Bioinformatics
analysis has found a structural homology between mammalian Myc-Max heterodimer
and yeast Rtg1-Rtg3 complex, which is responsible for the activation of gene expression
in yeast retrograde pathway. The transcription factor c-Myc was found to be activated in
human cells upon activation of the retrograde response. NFk-B has two binding sites for
Myc, a transcription factor found to be activated upon retrograde response, suggesting
communication of these factors in the retrograde response pathway in human cells
(Jazwinski 2013). RTG pathway in yeast also plays an important role in oxidative

response. Mutant cells, with an impaired RTG pathway, decrease in important
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antioxidant enzymes, such as catalase and glutathione peroxidase, making them more
vulnerable to oxidative stress (Da Cunha et al. 2015).

ROS damage to mitochondria gradually increases with aging. As a consequence,
the respiratory function of the cell is progressively impaired. In order to cope with the
loss of respiratory function, the cell activates a retrograde pathway that signals the
mitochondrial damage to the nucleus, activating the expression of a transient metabolic
response to allow the cell to deal with the impaired respiration until the mitochondrial
damage is repaired by other pathways, such as the mitocheckpoint (Singh et al. 2009). If
the mitochondria function is restored, the cell returns to its homeostatic metabolic state.
If mitochondria damage is severe and cannot be repaired, the retrograde response is
persistent, which leads to a progressive shift in the metabolic profile of the cell and
causes genome instability in yeast (Doudican et al. 2005). In human cells, this process
culminates with the development of the tumour metabolic profile, resistance to
apoptosis, upregulation of oncogenes and nuclear genome instability (Singh 2004).

S. cerevisiae has a variety of genes that are homologous to the proto-oncogenes
of human cells, which allows the use of the yeast model to study how such genes
control essential processes in the cell. For example, the glucose-induced repression of
oxidative metabolism in yeast, referred to as catabolite repression or Crabtree effect, is
regulated by oncogene homologues, such as RAS and SCH9 (Guaragnella et al. 2014).
The yeast Crabtree effect and the Warburg effect of cancer cells are similar in terms of
the metabolic outcome (Diaz-ruiz et al. 2009; Diaz-Ruiz et al. 2011; Natter & Kohlwein
2013). In both cell types, there is a downregulation of oxidative metabolism and an
enhancement of fermentation, despite the presence of oxygen. These changes cause a

rearrangement of the oxidative profile of the cell. While the Warburg effect is considered
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an irreversible phenotype of cancer cells, S. cerevisiae Crabtree effect is a reversible
phenotype, as the catabolic repression depends on high glucose concentration. These
metabolic similarities indicate that S. cerevisiae is a useful model to study cancer cell
metabolism and screen for metabolic-targeted drugs for anti-tumour therapy.

The yeast genes RAS1 and RAS2 are homologous to the RAS proto-oncogenes
of the mammalian cells and were the first ones to be implicated in yeast longevity
(Tamanoi 2011). The convergence of the RAS pathway and the RTG pathway, through
the regulatory function of Mkslp (Sekito 2002), controls stress resistance and life span
in yeast (Shama et al. 1998; Jazwinski 1999). The SCH9 gene of S. cerevisiae codes for
a protein kinase with a catalytic domain, which is very similar to that of the human Akt1,
a known oncogene that promotes cellular growth and activates proliferation and survival
pathways in cancer (Carpten et al. 2007). Sch9p plays an important role in glucose
signalling in yeast (Diaz-Ruiz et al. 2011), regulating the expression of ETC genes
(Lavoie & Whiteway 2008), and is a central component that controls the metabolic shift
from TCA cycle and respiration (oxidative metabolism) to Glycolysis (Wei et al. 2009).

In the absence of orthologs, S. cerevisiae usually have an analogous pathway, or
the human gene can be studied by heterologous expression and the resulting phenotype
can be evaluated (Tosato et al. 2012). The well-known p53 protein, which controls some
cellular processes related to cellular growth and apoptosis (Farnebo et al. 2010) and is
frequently found mutated in cancer cells, does not have a direct homologous in yeast.
However, the effect of its expression in yeast can provide relevant information about the
role performed by this protein in regulating fundamental cellular processes conserved
among yeast and human cells. Yeast has been used to screen for toxic mutations of p53

(Inga & Resnick 2001; Smardova et al. 2005), to identify intracellular location and
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dynamics of this protein (Abdelmoula-Souissi et al. 2011) and even to find functional
homologous proteins that are able to metabolically interact with p53 (Facchin et al.

2003).

3.1 Anti-Cancer Drugs

The causes of cancer are related to point mutations, activation of oncogene,
inactivation of tumor suppressors and epigenetic changes (Wiedemann & Morgan 1992;
Gao Guangxun , Chen Liang 2014). Epigenetic modifications throughout aging lead the
cells to cancer transformation, changing essential epigenetics process, such as DNA
methylation and histone modifications, which are essential for normal cellular
development (Fraga et al. 2007). Growth signaling in S. cerevisiae and in higher
eukaryotes may impact oxidative stress and age-related diseases, like cancer,
stimulating DNA replication stress, which leads to DNA damage and genome instability
(Dayan et al. 2017). Targeted therapy is applied in cancer drug design to interfere in a
specific site (usually a protein) that plays an important role in tumor growth and
progression (Sawyers 2004).

Chemical genetics is the intervention in biological systems using small molecules,
this technique employs protein-bindings, high-throughput screening and phenotypic
methods, and have been developed in the pharmaceutical field (Spring 2005). Chemical
genetics will lead to better development of studies in new anti-tumor drugs (Spring
2005). Currently, model organisms, with the biochemistry of cancer-like tumor cells,
have been used to study the effect and design of new antitumor drugs (Gao Guangxun ,
Chen Liang 2014). In this context, S. cerevisiae is a widely known and used model

organism in the investigation of cellular processes due to yeast conserved genome and
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cellular biology (Khurana & Lindquist 2010). The current trend in cancer treatment
research is development of drugs with defined molecular targets (Sangmalee et al.
2012).

The antitumor effect of some anticancer drugs is due to the production of ROS
(Lu 2005). B-Lapachone (B-lap) is a known natural products isolated from Tabebuia
impetiginosa and is a naphthoquinone that holds anticancer activities (Hussain & Green
2017). S. cerevisiae was used to investigate the mechanisms by which B-lap acts
against cancer. Unlike other quinone drugs, B-lap cannot inactivate enzymes involved in
cancer, like topisomerase Il. Toxicity caused by B-lap in yeast cell is mainly due to
oxidative and environmental stresses, and it leads to cell death like necrosis process.
This compound has already entered in phase | and Il clinical trials against cancer
(Ramos-Pérez et al. 2014). Quercetin has powerful anticancer effects but presents
some limitations like it poor water solubility. However, 3,7-dihydroxy-2-[4-(2-chloro-1,4-
naphthoquinone-3-yloxy)-3-hydroxyphenyl]-5-hydroxychromen-4-one (CHNQ) is a
quercetin derivative naphthoquinone, which induces ROS production and autophagy in
yeast cells. CHNQ can be suggested as chemotherapeutic drug, because it can guide
tumor cell to death (Enayat et al. 2016).

S. cerevisiae has been used to investigate drugs that act on DNA
topoisomerases, which are important targets of anticancer therapeutics (Harbury et al.
1992; Sangmalee et al. 2012). Topoisomerases can be divided in type | (Topl) and type
II (Top2) enzymes. Topl cleaves a single strand of a DNA double-strand to allow
passage of a second strand between the DNA break, which is reattached. Camptothecin
is a Topl inhibitor indicated as a antitumor drug and has been tested in the budding

yeast (Nitiss & Wang 1988; Reid et al. 1998). Top2 is highly conserved, is essential
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during mitosis, and responsible for cleaving and rejoin duplex DNA (Reid et al. 1998).
Top2 enzymes are also important in cell growth and proliferation, with an increased
expression. Many drugs have been tested in S. cerevisiae. Salvacine is a diterpenoid
with a quinone moiety synthetized from a natural product isolated from Salvia prionitis
lance. When tested in S. cerevisiae, Salvacine targeted topoisomerase Il, inducing
intracellular ROS production and generating double-strand DNA breaks (Lu 2005). Top2
poisons are drugs capable of increasing breaking complexes top2-DNA, converting the
enzyme in a cellular toxin, which leads to cell death (Hammonds et al. 1998; McClendon
& Osheroff 2007). Etoposide, amsacrine, and doxorubicin can inhibit the link of the
cleaved strand (Froelich-Ammon & Osheroff 1995; Hammonds et al. 1998; Van Hille &
Hill 1998). The other Top2 poison activity tested in S. cerevisiae include Daunorubicin,
Genistein, Actinomycin D, Distamycin A, TOP 53, Cisplatin, Camptothecin,
mitoxantrone, Vinorelbine, Cytosine arabinoside, Podophyllotoxin, Epipodophyllotoxin,
Colchicine, Suramin, Irinotecan, Azatoxin, Etopophos (Van Hille & Hill 1998), Ellipticine
(Reid et al. 1998; Van Hille & Hill 1998), and bisdioxopiperazine compounds (Reid et al.
1998; Van Hille & Hill 1998).

Inhibition of histone deacetylase and DNA methyltransferase, using drugs with
epigenetic modulating activity, has become a therapeutic target against cancer and
aging (Khan et al. 2016). SIR2 encodes an NAD'-dependent histone deacetylase in
charge of the hypoacetylated state of histones in chromatin silencing (Imai et al. 2000;
Moazed 2001). In yeast, Sir2p act in transcriptional regulation, cell cycle progression,
DNA-damage repair, stress response, and aging (Gartenberg 2000; Rodriguez & Fraga
2010). Sirtuins have a high level of conservation of the catalytic domain (Grozinger et

al. 2001). Splitomicin inhibits Sir2p activity (Bedalov et al. 2001; Hirao et al. 2003) and
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can be a drug candidate in other deacetylases for treating cancer. Acetylation or
deacetylation leads to a cromatin remodeling, which drives the availability and
transcriptional ability of a gene. Mistarget of enzymes can lead to a pathological gene
silencing that appears in cancer. Histone deacetylases inhibitors are a promising
candidate to desing of new antitumor drugs (Wolffe 2001). A3 and sirtinol were the most
powerful inhibitors of human SIR2 tested in S. cerevisiae (Grozinger et al. 2001).

Methylthioadenosine phosphorylase (MTAP), an important enzyme in the
methionine salvage pathway, is silenced in a variety of human cancers (Subhi et al.
2003; Kadariya et al. 2011). All human tissues express MTAP, so it is important to
investigate compounds that are capable of inhibiting the growth of MTAP deficient cells
(Kadariya et al. 2011). S. cerevisiae was used to screen compounds that were able to
inhibit the growth of cells lacking MTAP, which showed that compounds containing a
1,3,4-thiadiazine ring enhanced growth inhibition in yeast and human cells deleted in
MTAP (Kadariya et al. 2011). MTA is a by-product of polyamine metabolism. The limiting
enzyme in polyamine synthesis is ornithine decarboxylase (ODC), and overexpression
of ODC can be observed in different kinds of cancers (Subhi et al. 2003). 4-methylthio-2-
oxobutanoic acid (MTOB), an Intermediary of MTAP pathway, is suggested as a
negative regulator of polyamine metabolism, which justifies MTAP as a tumor
suppressor (Subhi et al. 2003).

When S. cerevisiae does not have direct orthologous with human cells, these
genes can be expressed in heterologous form to study their functions and mechanisms
(Guaragnella et al. 2014). S. cerevisiae has been used to identify PARP inhibitors.
Inhibition of PARP1 and PARP2 (Poly(ADP-ribose) polymerases) activity has potential

anticancer drug activity (Perkins et al. 2001). These enzymes are activated in oxidative
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stress (Hocsak et al. 2017) involved in the DNA repair pathways DNA replication and
error-repair is a critical component of cancer cell survival (Dziadkowiec et al. 2016).
Cells with BRCA-1 and BRCA-2 mutations harbor a defect in homologous repair and
seem to be highly vulnerable to the effects of PARP inhibition. Therefore, inhibition of
PARP presents a potential anticancer drug activity (Dziadkowiec et al. 2016). S.
cerevisiae has been used to screen and identify active inhibitors of mammalian PARF in
biochemical assay and in yeast cell extracts (Perkins et al. 2001). Thiochromenone and
benzothiazinone are new inhibitors that appears to have more selectivity to PARP1; on
the other hand, phthalazine seems to be more selective to PARP2 (Perkins et al. 2001).
Some available PARF inhibitors are already in phase lll trial, and showed antitumor
efficacy (Dziadkowiec et al. 2016).

S. cerevisiae can be used to study the mechanism of a drug action. Antitumor
drugs that damage DNA are considered to interfere in chromosomal DNA replication;
however, the molecular mechanisms are not known (Wang et al. 2001). It was shown in
S. cerevisiae that Adozelesin, an anticancer drug, blocks replication fork progression
and inhibits the activity of replication origin (Wang et al. 2001). Another way to use S.
cerevisiae is to analyze the cellular mechanism of antitumor drugs resistance. Cisplatin
iIs a famous anticancer drug that forms platinum-DNA adducts (Perez et al. 1998) and
induces ROS production by a process independent of DNA damage signaling in S.
cerevisiae (Marullo et al. 2013). Unfortunately, some patients presents cellular
resistance against cisplatin, which limits its therapeutic potential (Perez et al. 1998).
Nitrogen permease regulator 2 (NPR2) is a yeast gene responsible for the inhibition of
TORCL1 activity, by regulating the synthesis and the intake of glutamine as a nitrogen

source (Laxman et al. 2014). Cells lacking Npr2 have faster proliferative rate, and these
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gene is a tumor suppressor (Laxman et al. 2014). Cells with deleted Npr2 are resistant
to cisplatin and doxorubicin (Schenk et al. 2003). Ruthenium compounds belong to the
most promising candidates of non-platinum metal complexes in cancer therapy, and
include KP1019, a promising anticancer drug during cancer treatment. Research in S.
cerevisiae demonstrated that K1019 targets histone proteins, interacting with histone 3
(H3), with important consequences for DNA damage responses and epigenetics (Singh
et al. 2014).

Another way to use S. cerevisiae to study anticancer drugs is related to the
delivery of nanoparticles (drugs) to tumor cells. Antitumor drugs, mainly composed of
small interfering RNA (siRNA) and other nucleic acids, have some problems such as
poor solubility and stability, unwanted toxicity, and inability to pass over cell membrane.
Therefore, it is important to investigate the delivery of drugs to the target cells (Yoo et al.
2011). The lipid composition in cell membrane of S. cerevisiae is quite similar to the
composition of mammal membranes (Weisman 2003; Armstrong 2010); therefore, the
yeast vacuoles are a good system for drug delivery through the mammal membrane to
targeted cells or tissues (Gujrati et al. 2016). Gujrat and co-workers, genetically
engineered S. cerevisiae to produce vacuoles displaying human epidermal growth factor
receptor 2 (HER2)-specific antibody. The vacuoles were charged with anticancer
doxrubicin and then displayed to cancer cell culture. This system enhanced drug cellular
entrance, which improved the drug delivery and avoided tumor growth (Gujrati et al.
2016). Studies in this area are increasing, pointing to S. cerevisiae as a potential

candidate in nanoparticle delivery development.

28



4. Human Premature Aging

In addition to cancer and neurodegenerative disease, S. cerevisiae has been
used to study human diseases related to aging and oxidative stress, as human
premature aging. Progeroid syndromes are classified as monogenic syndrome because
they are related to single mutations in genes from the DNA damage repair (mutations in
RecQ helicases), Lamin A/C (LMNA) and Nucleotide Excise Repair (NER) (Martin &
Oshima 2000). There are more than ten different syndromes related to progeroid,
differentiated mainly by the mutated protein, including Werner (WS) and Bloom’s
syndromes (BS) (mutations in WRN and BLM, helicases from the RecQ-like DNA
helicases family) (Myung et al. 2001) and Xeroderma pigmentosum (XP) (mutation in
XPG endonuclease) (Moriel-Carretero et al. 2015; Kang et al. 2014).

Some of the characteristics on progeroid syndromes, such as predisposition to
cancer in BS and WS and the appearance of neuronal degeneration in XP, as well as
the premature aging, are directly linked to genomic instability and defects in the
protective mechanisms against oxidative stress (Herrero et al. 2008; Moriel-Carretero et
al. 2015). ROS can induce DNA damage as double/single strand break, interstrand
cross-link, and genomic instability observed in premature aging phenotypes (Hasty
2003).

RecQ-like helicases are important, as the nucleotide excision repair (NER)
system, to maintain genome integrity, sense DNA damage, and guarantee fork
maintains the right replication process (Yoshimura et al. 2017). Beside this, DNA
damage caused by exposition to UV are initially repaired by the NER system (Kang et

al. 2014).
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To better understand the importance of WRN, BLM and XPG to protect human
cells and how mutations can lead to progeroid syndromes, it is fundamental to work with
an experimental cell model, which lacks WRN, BLM, and XPG and mimics the disease
phenotype. The difficulty to obtain mutant animal cell lines (Aggarwal & Brosh Jr. 2010)
and the high degree of conservation of RecQ-like DNA helicases (Mirzaei et al. 2011)
are the main reasons why S. cerevisiae has become an useful model to study the
molecular mechanisms involved in progeroid syndromes (Chen & Brill 2014).

Sgsl is the only RecQ-helicase in yeast homologue to human WRN and BLM
(Madia et al. 2008). S. cerevisiae cells lacking SGS1 have a short lifespan (Madia et al.
2008). Sgsl1 and WRN interact with RPA (single-stranded DNA binding protein) as well
as with Top3 (Schmidt et al. 2006; Levens et al. 2016).

The first yeast model to study progeroid syndrome was construct by expressing
WRN and BLM in mutant cells sgsl. With this model, Aggarwal and Brosh showed that
WRN is not able to rescue sgsl sensitivity to DNA damage, while BLM rescue the
phenotype. This was the first time that an experiment showed that WRN and BLM are
human RecQ-helicase with distinct functions (Aggarwal & Brosh 2009). Beyond the
function, using the same mutant, Chen and Brill determinate that the activity of WRN is
associated to N-terminus and this helicase has a coiled coil domain (Chen & Brill 2014).
Using a double yeast mutant sgs1top3, Aggarwal & Brosh observed for the first time that
WRN interact genetically with Top3, because WRN was able to restore phenotype in the
double mutant (Aggarwal & Brosh 2009). Working with combination of different mutation
in genes related to DNA damage in mutant yeast cells sgsl, followed by expression of

WRN, Madia and co-workers showed that WRN suppressed certain phenotypes, which
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indicates that the human RecQ helicase has some functional similarity to Sgs1(Madia et
al. 2008).

To verify the relation between oxidative stress and progeroid syndrome, Madia
and co-workers using S. cerevisiae sgsl cells showed that these cells treated with
hydrogen peroxide had the lower chronological survival than the same mutant, without
any kind of oxidative induction. The same was observed with cells treated with
menadione. This result confirms that cells that lack Sgsl, in a model that mimics
progeroid syndrome, have a rate of cell death higher that in control cell and are more
sensitive to oxidative agents, confirmed that RecQ-helicases are essential to protect
cells against oxidative stress (Madia et al. 2008).

S. cerevisiae is also useful to study XPG endonuclease, which are related to XS.
As in WS and BS, S. cerevisiae has a homologue to XPG known as Rad2. The
characterization and the role of XPG was only determined after the discovered of Rad2
(Kang et al. 2014). Patients with XS are extremely sensitive to UV; hence, they have
high incidence of cancer (mainly skin cancer) (Moriel-Carretero et al. 2015). This was
confirmed using yeast cells lacking RAD3 and treated with UV light, finding that these
cells are more sensitive than a cell with no mutation. As UV light releases ROS, this also
indicated that Rad and XPG are important to protect cells against oxidative stress
(Herrera-Moyano et al. 2014).

Although S. cerevisiae has shown to be a very useful model to study progeroid
syndromes, the literature still lacks works using yeast to better understand these
syndromes. However, it is believed that in about ten years more researches will use
yeast cell to gain new insight about cancer and aging related disease (Brosh & Bohr

2007), to development treatment to cure or prevent this disease.
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5. Conclusions

Some works have focused on the mechanism by which S. cerevisiae acquires tolerance
to oxidative stress, which has been linked to diseases, such as cancer, and to the aging
process. Because of the universal response to this stress, further insight into the
response of S. cerevisiae will improve our understanding of human defense
mechanisms and, consequently, the necessary foundation for practical
applications. Remarkable examples of the utility of this organism for the elucidation of
the molecular mechanisms involved in human diseases are the application of
fundamental knowledge of cell cycle regulation and autophagy uncovered in yeast
towards research in cancer and neurodegenerative diseases. These studies won the
medicine Nobel prizes in 2002 and 2016, respectively. S. cerevisiae is a very attractive
organism to work with, given its tractability, susceptibility to genetic modifications and
the high genetic conservation with humans. For studies that aim to investigate the
relation between oxidative stress and age-related diseases, the great advantage of S.
cerevisiae, compared with other experimental models, is its capacity to grow using
fermentative or oxidative metabolism. Thus, by shifting cells from the reduced
environment of fermentation to a more oxidant condition, it is easy to verify the effect of
oxidative stress on the molecular mechanisms of age-related diseases. Researchers
have been humanizing yeast by expressing human proteins in yeast or even by
humanizing entire pathways. The use of these ‘humanized yeast systems’ together with
the metabolic versatility of this yeast should help identify disease-related cellular events

and novel pharmacological agents to interfere with these processes.
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Figure legends

Fig 1 — (A) ROS production, as a result of normal metabolism, and antioxidant enzymes
that counteract and regulate overall ROS levels to maintain physiological homeostasis.
(B) Reduced ROS levels, which can be achieved by a low ROS production (for example,
during fermentative metabolism), are detrimental due to impaired physiological process,
such as the induction of antioxidant defense system. As a consequence, cells are more
sensitive to increased levels of oxidants, accelerating aging and increasing the chances
of diseases. On the other hand, increased ROS levels (oxidative stress) are also
deleterious. An oxidative stress occurs when the production of ROS overcome the
antioxidant defense, which can be achieved by an increase in ROS production, a

decrease in the antioxidant activity, or both.
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Table 1. Nobel prizes for yeast! Nobel Prizes awarded for Physiology or
Medicine and Chemistry which used S. cerevisiae as eukaryotic cell model.

Year | Nobel prize in | Laureates Rationale
1907 | Chemistry E. Buchner “for his biochemical
researches and his
discovery of cell-free
fermentation”.
1929 | Chemistry A. Harden & "for their investigations on
H. von Euler-Chelpin the fermentation of sugar
and fermentative enzymes"
1968 | Physiology R. Holley, H. Khorana "for their interpretation of
or Medicine & M. Nirenberg the genetic code and its
function in protein
synthesis".
The first primary structural
determination of a tRNA,
that of yeast alanine tRNA
by R. Holley’s group at
Cornell University
1999 | Physiology G. Blobel "for the discovery that
or Medicine proteins have intrinsic
signals that govern
their transport and
localization in the cell".
2001 | Physiology L. Hartwell, P. Nurse Hartwell discovered genes
or Medicine & T.Hunt that control the cell cycle in
S. cerevisiae
2004 | Chemistry A. Ciechanover, Ciechanover used yeast to
A. Hershko & I. Rose elucidate the ubiquitin-
mediated protein
degradation
2006 | Chemistry R. Kornberg "for his studies of the
molecular basis of
eukaryotic transcription”.
2009 | Physiology E. Blackburn, Szostak studied the role of
or Medicine C. Greider & J. Szostak telomere elongation in
yeast senescence
2013 | Physiology J. Rothman, Schekman used yeast to
or Medicine R. Schekman & T. study the mechanisms of
Sudhof vesicle traffic
2016 | Physiology Y. Ohsumi "for his discoveries of
or Medicine mechanisms for

autophagy".
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Abstract

Since the trehalose discovery, this disaccharide has been reported to accumulate in anhydrobiotic organisms which are able to survive
completely dry and dormant until living conditions improve. Trehalose has been widely studied to understand its function and abundance in
nature due to its unique features, including the ability to sustain and preserve a wide array of biological molecules. In face of these physical and
chemical properties, this sugar has been used in a variety of food, medical and cosmetic products as well as in many biomedical researches.
Currently, there is a growing interest in the use of trehalose as a relevant therapeutic agent in neurodegenerative disorders such as Alzheimer’s,
Huntington’s and Parkinson’s diseases as well as in the modification of trehalose molecule into novel inhibitors of cancer cell migration and
invasion. These current applications have proven possible because of the trehalose ability to enhance autophagic activity, respond against a
variety of environmental stressors and stabilize protein folding mechanisms. This brief review highlights the promising biotechnological and
biomedical applications of trehalose.

Keywords: Trehalose; Microorganisms; Biotechnology

Abbreviations: T6P: Trehalose-6-Phosphate; Tps1: Trehalose synthase; Ath1: Acid trehalase; HD: Huntington’s disease; PD: Parkinson’s disease;
AD: Alzheimer’s Disease; ROS: Reactive Oxygen Species; PoliQ: Polyglutamine; LBD: Lewy body disease; APP: Amyloid Precursor Protein; ER:
Endoplasmatic Reticulum; OTSA: Trehalose-6-phosphate synthase

Introduction

malto oligosaccharides into trehalose [2]. Malto oligosaccharides
and maltose can also be converted to trehalose by the trehalose
synthase pathway in some bacteria [7]. The fifth biosynthetic
pathway converts glucose and glucose-1-phosphate in trehalose

Trehalose is a non reducing disaccharide composed of two
residues of glucose joined through 1,1-a,a-glycosidic linkage
[1,2]. This sugar is found in bacteria, fungi, plants, insects, and
1n\fe_rtebrates, but not in vertebrates [_3’4]' Humans have t}_le using trehalose phosphorylase in bacteria, yeast and fungi, for
ability to hydrolyze but not to synthesize treahlose. The main
functions of trehalose are to confer protection against stress
and to serve as fuel reserve [5]. The first recorded information
of trehalose was in cocoons of Larinus beetles in 1681, and in
1953, Leloir and Cabib elucidated for the first time the complete
metabolic pathway of trehalose. Trehalose can be biosynthesized
by five pathways. It can be produced by the trehalose-phosphate
synthase/trehalose phosphatase pathway in yeast, bacteria,
archaea, insects, and plants.

example Bacillus stearothermophilus, Thermoanaerobacter
brockii and Copelatus subterraneus [6]. In face of the interesting
properties of trehalose, its role and metabolism have been
investigated since a long time. However, there are still questions
to be answered. Recently, Arthrobacter was used as a model
to analyze development switches caused by the environment.
This is possible because of its resistance to stress, probably
related to their pleomorphic behavior. Trehalose-6-phosphate
synthase (otsA) of Arthrobacter is probably involved in cellular
Archaea, like Hyperthermophilic archeae, Pyrococcus morphology, representing an adaptation of bacteria that survive
horikoshii, Thermococcus litoralis, Thermoproteus tenax can in extreme environments [8].
also. convert glu(fo.se and UDP-glucose into trehalose using The protective effect of trehalose on Rhodobacter sphaeroides
trehalose-synthesizing glycosyltransferase [6]. Through the

] has also been presented. It was shown that a trehalose matrix
TreY/TreZ pathway Sulfolobus and Mycobacterium can convert
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is able to protect the centers reactions of photosynthetic
protein complexes against dehydration, leading to a greater
maintenance of its photochemical activity [9]. Saccharomyces
cerevisiae, Candida albicans, and Candida Tropicalis were used
as experimental models to show the ability of Trehalose-6-
Phosphate (T6P) to inhibit trehalose synthase (Tpsl) activity.
In this way, T6P reduced the trehalose synthesis that is directly
related to the virulence of some pathogens [10]. The protective
effect of trehalose on Aureobasidium subglaciale, a fungus
collected on soil contaminated with radiation and heavy metals,
has already been demonstrated. In this study, a strain with
three fold higher trehalose production, due to overexpression
of Tps1l and the deletion of acid trehalase (Ath1), showed
greater resistance against heavy-metal and radiation than the
control strain. This data leads to the conclusion that there is a
relationship between trehalose accumulation and the oxidative
stress response in Aureobasidium subglaciale [11]. Subheading:
Biotechnology Applications of Trehalose More than a decade
after the liberation of the use of trehalose in humans by the
United States and the European Union, which classified trehalose
as safe, the studies about this sugar are increasingly focused
on its beneficial properties for humans [12]. Those properties
are mainly related to the trehalose structure, specifically on
the interaction between the two molecules of glucose and its
function as a kosmotrope [13]. These properties are important
for the protective roles against stress, as oxidative stress,
heating and starving. Furthermore, trehalose is synthetized in
a wide range of organism, other than humans, which lack TPS
enzyme, necessary for trehalose production [5]. Since trehalose
is able to stabilize the structure of biomolecules (proteins,
enzymes, DNA) and macrostructures (lipid bilayer) and to avoid
protein aggregation during denaturating conditions, it has
been intensively investigated for application in the treatment
of infectious diseases, caused by pathogens whose virulence
depend on trehalose synthesis, neurodegenerative diseases and
cancer [10,14]. On the other hand, some groups are developing
methodologies to introduce trehalose in different areas, as
cosmetics (development of bath oils, moisturizers, due to its role
as protection against dehydration); pharmaceutical applications
(as component in medicines to treat high blood pressure, due
to its role to protects against osmotic stress) [14]. Trehalose
can be found in some methods to produce and preserve dried
vegetables and fruits, in the production of Swiss cheeses and as
sweetener [15,16]. One of the problems faced during therapeutic
treatment, which use drugs that need to be delivered inside the
organism, is how to introduce this component without side
effects to the organism and with high rates of absorption. An
alternative for oral delivery and parenteral methods is the use
of biodegradable microneedles. Some studies are focused in
the use of trehalose during the creation of these needles due
to its capacity of interaction with the biomolecules, producing
a sugar glass layer, and then, protecting the structure against
composition alterations during its development before their use
in humans [17].

Due to its cryoprotective and preservative role, trehalose can
be found in solutions of organs transplantation, development
of vaccines, antibodies, and during skin treatment with anti-
inflammatory drugs, where trehalose is used to reduce the side
effects, as cutaneous irritation [15,18].

Trehalose as a therapeutic candidate ready to enter
clinical trials

Trehalose also displays a number of remarkable qualities
including the ability to protect the integrity of cells against
desiccation, heat, cold and oxidation(5). Moreover, trehalose
may act as a chemical chaperone, preserving protein structure
stability, protein folding as well as reducing aggregation of
pathologically misfolded proteins [19,20]. Oxidative stress,
aggregation and proteasomal dysfunction have been considered
key mechanisms associated with neurodegenerative disorders,
including Huntington’s disease (HD) [21], Parkinson’s disease
(PD) [22] and Alzheimer’s disease (AD) [23,24]. It was recently
reported the treatment with trehalose was able to counteract
the increase in reactive oxygen species (ROS), ubiquitinated
proteins, huntingtin and activated caspase-3 levels induced by
the inhibitor of proteasome activity epoxomicin. The authors
also pointed out the valuable effects of this disaccharide in
proteinopathies, as an autophagy enhancer, chemical chaperone,
antioxidant and an interesting therapeutic candidate for testing
in HD patients [21].

By using in vitro and in vivo models of HD, other studies have
shown the trehalose was able to inhibit polyglutamine (poliQ)
mediated aggregation [25,26]. Recent studies demonstrate that
trehalose protects dopaminergic neurons in the striato-nigral
pathway from the pathological symptoms induced by MPTP (eg.
vessel regression and ischemia) in mouse models of Parkinson’s
disease [27]. Other study currently highlighted the ability of
the autophagy enhancer, trehalose to protect against A53T
a-synuclein mediated dopamine degeneration in a rat model
of PD [28]. Trehalose intake has increased levels of chaperone
molecules, such as Hsp 90 and SigmaR1 along with autophagy
in brains of model mice of Lewy body disease (LBD). It has also
been reported in this study that oral administration of trehalose
suppressed the levels of detergent-insoluble a-synuclein in
mice [29]. As such, in Alzheimer’s disease, trehalose promotes
the cellular clearance of the phosphorylated pathogenic tau
protein [30-32]. In addition, cell treatment with trehalose was
capable to alter vesicular trafficking, thereby decreasing the
degradation of Alzheimer-associated Amyloid Precursor Protein
(APP) in endolysosomal compartments and the secretion of
amyloid-p peptide [33]. The role of trehalose in reducing A
peptide aggregation is still unclear, however a very recent study
concluded that trehalose affects the conformation of Af3 peptide
to form a-helical structure, which may prevent the formation of
-sheets and thereby aggregation [34].

The autophagic effects of trehalose together with its anti-
apoptotic property on tumor cells and lack of toxicity on
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normal cells has been recently used as a Potential neoadjuvant
for antitumor drugs for treating several cancers [35]. Other
medically property of trehalose include the suppression of the
osteoarthritis (OA) [36], herpesviruses [37] and age-associated
liver injuries [38] mainly through the elimination of oxidative
stress, reduction of endoplasmatic reticulum (ER) stress and
autophagic flux restoration [36].

Conclusion

Since trehalose’s discovery, this disaccharide has been widely
studied due to its interesting and unique properties. It was
formerly focused on the better understanding of the pathways
of synthesis and its role in the microorganisms that synthesized
it. In the last decade, research involving trehalose has increased
focusing on its application in the food, pharmaceutical, and
cosmetics industry. Based on the results obtained so far using
different models, and the advance of new research techniques,
more studies are on the way to find more applications of this
interesting and versatile sugar.
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