TALITA DINIZ MELO HANCHUK

CARACTERIZACAO FUNCIONAL: A CINASE HUMANA
NEKS INTERFERE NEGATIVAMENTE NA MORTE
CELULAR E NO PROCESSO DE POLIGLUTAMILACAO

Functional Characterization: The human kinase Nek5 interferes
negatively in cell death and the polyglutamylation process

CAMPINAS
2015



ii



A

¥

WM UNIVERSIDADE ESTADUAL DE CAMPINAS
INSTITUTO DE BIOLOGIA

TALITA DINIZ MELO HANCHUK

Caracterizacio funcional: a cinase humana NekS5 interfere
negativamente na morte celular e no processo de poliglutamila¢ao

Functional Characterization: The human kinase Nek$5 interferes
negatively in cell death and the polyglutamylation process

Tese apresentada ao Instituto de Biologia da Universidade Estadual de
Campinas como parte dos requerimentos exigidos para a obtengio do
Titulo de Doutora em Biologia Funcional e Molecular, na area de
Bioquimica.

Thesis presented to the Institute of Biology of University of Campinas
in partial fulfillment of the requirements for the degree of doctor in
Functional and Molecular Biology, in the Biochemistry area.

Orientador/ Supervisor: Prof. Dr. Jorg Kobarg

ESTE EXEMPLAR CORRESPONDE A VERSAO
FINAL DEFENDIDA PELA ALUNA TALITA
DINIZ MELO HANCHUK, E ORIENTADA PELO
PROF. DR. JORG KOBARG.

: br L v
\ NG ()

Campinas
2015

il



Ficha catalografica
Universidade Estadual de Campinas
Biblioteca do Instituto de Biologia
Mara Janaina de Oliveira - CRB 8/6972

Melo Hanchuk, Talita Diniz, 1985-

M491c Caracterizacgao funcional : a cinase humana Nek5 interfere negativamente na
morte celular e no processo de poliglutamilagéo / Talita Diniz Melo Hanchuk. —
Campinas, SP : [s.n.], 2015.

Orientador: Jérg Kobarg.
Tese (doutorado) — Universidade Estadual de Campinas, Instituto de Biologia.

1. Proteina Nek5 humana. 2. Proteina quinases. 3. Morte celular. 4.
Poliglutamilagéo. |. Kobarg, Jorg. Il. Universidade Estadual de Campinas. Instituto
de Biologia. lll. Titulo.

Informacdes para Biblioteca Digital

Titulo em outro idioma: Functional characterization : the human kinase Nek5 interferes
negatively in cell death and the polyglutamylation process
Palavras-chave em inglés:

Nek5 protein, human

Protein kinases

Cell death

Polyglutamylation

Area de concentracgdo: Bioquimica

Titulacao: Doutora em Biologia Funcional e Molecular

Banca examinadora:

Jorg Kobarg [Orientador]

Guido Lenz

Marcio Chaim Bajgelman

Carmen Verissima Ferreira Halder

Fernanda Ramos Gadelha

Data de defesa: 05-03-2015

Programa de Pos-Graduacao: Biologia Funcional e Molecular

v




Campinas. 5 de marco de 2015

BANCA EXAMINADORA

Dr. Jérg Kobarg ;.f) % {-/C\\&;_m
V4 (j Assinatura d

Prof. Dr. Guido Lenz Il A/l
Assir‘Iﬁtl\iray

Dr. Marcio Chaim Bajgelman /V(a,/\W\) C/?’\

Assmatura

\J
Profa. Dra. Carmen Verissima Ferreira Halder U@JQ\}J\/‘-?’

0@ Assinaturg//

Profa. Dra. Fernanda Ramos Gadelha \_‘:UL Ny \\A’O\_, Q\l)lmj
Assinatura \/

Dra. Juliana Helena Costa Smetana

Assinatura

Dra. Alessandra Luiza Pelegrini

Assinatura

Profa. Dra. Patricia da Silva Melo

Assinatura



Vi



Resumo

Membros da familia das Neks sdo cruciais para o inicio da mitose em eucariotos. Tém
sido funcionalmente atribuidas a todas as 11 Neks humanas uma das trés principais
funcgdes estabelecidas para esta familia em mamiferos: (1) centriolos / divisdo celular; (2)
fungdes no cilio primadrio / ciliopatias; e (3) resposta a danos no DNA (DDR). No artigo
de revisdo (artigo 1), relatamos uma andlise detalhada atual sobre cada uma das 11 Neks.
A hipdtese € que as Neks possam conectar elementos reguladores que permitem o
refinamento e a sincroniza¢do de eventos celulares. Dentre os membros desta familia,
Nek5 € a cinase mais negligenciada. Ensaios de duplo hibrido em leveduras (Y2H) foram
realizados para identificar e caracterizar parceiros de interacdo Nek5; e proteinas
mitocondriais foram observadas (artigo II). Ensaios de apoptose mostraram efeitos
protetores na morte celular apds tratamento com tapsigargina (2 pM) de células
HEK293T que superexpressam a hNek5, bem como a diminuicdo na formacdo de
Espécies Reativas de Oxigénio apés 4 horas de tratamento. A atividade da cadeia
respiratéria mitocondrial estava diminuida apds superexpressao de hNek3, especialmente
nas etapas de transferéncia de elétrons do TMPD para o citocromo ¢ e no complexo II. O
Y2H permitiu também a identificacdo da poliglutamilase de proteinas TTLL4 como um
parceiro de Nek5 (artigo III). Células silenciadas para a NekS5, assim como células que
expressam a versdo "kinase dead" de Nek$5, apresentaram por western blot e ensaio in
vitro de atividade poliglutamilacdo um aumento na poliglutamilacdo de proteinas apds
transfeccdo com TTLL4. Em conclusdo, nossos dados sugerem pela primeira vez a
localizagdao mitocondrial e a participagdo de Nek5 na morte celular e no processo

poliglutamilac¢do diminuindo a atividade de TTLL4 através de sua fosforilacdo inibitdria.
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Abstract

Members of the Nek Family are crucial for the initiation of mitosis eukaryotes.
All 11 human Neks have been functionally assigned to one of the three core functions
established for this family in mammals: (1) centrioles/mitosis; (2) primary ciliary
function/ciliopathies; and (3) DNA damage response (DDR). In the core section of the
review (article I), we report the current detailed functional knowledge on each of the 11
Neks. We raise the hypothesis that Neks may be the connecting regulatory elements
that allow the cell to fine tune and synchronize cellular events. Nek5 is the most
neglected among members of the Nek kinases family. A yeast two-hybrid (Y2H) screen
was performed to identify and characterize Nek$ interaction partners and mitochondrial
proteins were retrieved (article 2). Apoptosis assay showed protective effects of hNek5
over-expression from Hek293-T’s cell death after thapsigargin treatment (2 uM) as well
as an increase in ROS formation after 4 hours of treatment. Mitochondrial respiratory
chain activity was found decreased upon hNek5 over-expression especially at the
electrons transfer steps from TMPD to cytochrome c¢ and at the complex II. The yeast
two-hybrid allowed also the identification o TTLL4 as a NekS partner (article 3). Nek5
silenced cells as well as cells expressing a “kinase dead” version of Nek5, displayed an
increase in polyglutamylation of proteins after TTLL4 transfection by western blot and in
vitro polyglutamylation activity assay. In conclusion, our data suggest for the first time
mitochondrial localization and functions for Nek5 and its participation in cell death and
cell respiration regulation. This work also showed the function of Nek5 in the
polyglutamylation process decreasing the role of TTLL4 through inhibitory
phosphorylation by NekS5.
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As Proteinas cinases e a Proteina NIMA de Aspergillus nidulans

Proteina-cinases (PKs) estao entre as maiores familias de genes em eucariotos e
representam entre 1,5 a 2,5 % dos genes (Manning et al., 2002). Elas medeiam a maioria
dos eventos de transdugdo de sinal em células eucaridticas, seja pela alteracdo da
atividade ou localiza¢do do substrato, interagdo com outras proteinas ou pelo controle de
inimeros processos celulares incluindo metabolismo, transcricdo, progressao do ciclo
celular, rearranjo do citoesqueleto, movimento celular, apoptose e diferenciacao
(Manning et al., 2002). PKs que atuam na regulacio do ciclo celular, principalmente nos
checkpoints, t€m sido consideradas promissoras como alvos terapéuticos, principalmente
para o cancer. Os principais checkpoints foram identificados no final da fase G1 (ponto
de restricao), na passagem de G2 para mitose e dentro da prépria mitose (na metafase).
As PKs que atuam nestes checkpoints incluem as CDKs (cyclin dependent kinases),
cinase Aurora, cinases tipo- Polo, ATR/ATM e as NEKs (para revisio Malumbres e
Barbacid, 2007; Lapenna e Giordano, 2009). Perdas ou falhas nestes pontos de controle
vém sendo associadas com o desenvolvimento de células neoplasicas, uma vez que essas
nao obedecem mais o ritmo de divisdo celular e apresentam um actimulo de erros no
DNA (para revisao Malumbres e Barbacid, 2007).

Entre as diversas familias de PKs descritas, os membros da familia relacionados a
NIMA (never in mitosis, gene A) sdo os menos estudados e caracterizados
funcionalmente. A proteina NIMA, foi identificada por Ron Morris (1975), no fungo
Aspergillus nidulans, em um screening genético de mutantes sensiveis a temperatura que
falharam na progressao do ciclo celular. Foram identificados mutantes que bloquearam as
células em mitose (bim. blocked in mitosis) ou na intérfase, nunca entrando em mitose
(nim: never in mitosis). NimA foi a primeira proteina identificada e consiste de uma
proteina serina/treonina cinase critica para a progressao do ciclo celular, sendo necessaria
no inicio da mitose (Bergen et al., 1984). Mutantes de NIMA sensiveis a temperatura ou
a superexpressdo de formas dominante-negativas de NIMA causam interrupcao do ciclo
celular na fase G2, detectando-se DNA ndo-condensado e microtibulos na forma
encontrada em intérfase (Osmani et al., 1991). Além disso, a superexpressao de NIMA
em fungos e em células de mamiferos resultou no desencadeamento precoce de eventos

relacionados a mitose, incluindo a condensa¢do da cromatina e a despolimerizagdo dos
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microtibulos (Lu & Hunter, 1995). De Souza et al demonstraram em 2000 que a
condensacdo de cromatina observada apds a superexpressio de NimA ocorre via
fosforilacdo da histona H3. A habilidade de NIMA em regular a mitose em eucariotos
superiores sugere a existéncia de vias de sinalizacdo envolvendo proteinas homoélogas a

NIMA, conservadas durante a evolucao.

NimA related kinases - Neks

Os grupos de Pawson e Nigg foram os primeiros a identificar em mamiferos,
proteinas similares a NIMA, denominaram-nas Nek (NIMA related kinases) (Letwin et
al., 1992; Schultz & Nigg, 1993). Através de sequenciamento gendmico foram
identificados 11 genes que codificam para diferentes proteinas da familia das Neks
(Manning et al., 2002; Forrest et al., 2003). As Neks formam uma familia altamente
conservada de proteinas cinases envolvidas na regulacdo do ciclo celular. As Neks de
mamiferos podem estar localizadas nos cilios, centrossomos, nucleo, citoplasma ou
mitocondrias e podem, dentre outras funcdes, afetar a progressdao do ciclo, além de
fungdes ciliares (Quarmby & Mahjoub, 2005). Em mamiferos, as proteinas cinases
estruturalmente homoélogas a NIMA apresentam em torno de 40 - 45% de homologia com
NIMA em seu dominio catalitico. A extremidade carboxi-terminal (C-terminal) constitui
o dominio regulatério e apresenta maior variabilidade, estando envolvida na
determinagdo da especificidade por substratos e na interacio com outras proteinas
(Surpili et al., 2003; O'Connel et al., 2003; O’Regan et al., 2007; Moniz et al., 2011; Fry
et al., 2012). Esta diversidade na regido C-terminal pode ser fundamental para as fungdes
distintas de cada membro da familia.

Dentre as proteinas da familia das Neks, Nek2 é at¢é o momento a melhor
caracterizada. As proteinas Nek2 apresentam maior homologia a NIMA,
aproximadamente 47% (Fry, 1999), embora células knockdown para Nek2 consigam
entrar em mitose (Fletcher et al., 2005). A estrutura dessa proteina apresenta um dominio
coiled coil 1ogo ap6s o dominio catalitico e esse dominio é um sitio de dimerizacdo que
facilita a autofosforilagao (Fry, 1999). Ainda estd presente um sitio para ligacdo da
proteina PP1, sendo que uma vez ocupado ocorre defosforilacio da Nek2 e sua

conseqiiente inibi¢do (Rellos et al., 2007). Em vertebrados Nek2 regula a separacdo dos
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centrossomos durante a fase G2/M do ciclo celular, sendo de fundamental importancia
para a formagdo do fuso mitdtico e adequada separagdo dos cromossomos (Quarmby &
Mahjoub, 2005; Fry et al., 1999; Hames & Fry, 2002). Nek2 também pode desempenhar
um papel adicional nos pontos de controle (checkpoints), que sao momentos do ciclo
celular nos quais uma maquinaria de proteinas confere se o ciclo estd se desenvolvendo
corretamente e a partir dessa verificagdo a célula recebe sinais de que deve continuar o
processo ou que deve parar e ativar a cascata sinalizadora de apoptose. Defeitos nos
componentes dessas maquinarias podem acarretar no desenvolvimento de doencas, como
canceresdevio ao acimulo de erros e mutacdes.

Nek8 e Nekl sdao produtos de genes relativos a patologias, como a doenca
policistica do rim (PKD, Polycystic Kidney Disease). Suas fun¢des celulares envolvem,
possivelmente, uma via de sinalizag¢do relacionada aos cilios e ao ciclo celular (Quarmby
& Mahjoub, 2005). Nek8 é superexpressa em tumores mamarios humanos (Bowers &
Boylan, 2004), assim como Nek3 (Miller et al., 2005). A Nek3 humana parece apresentar
um importante papel na sinalizacdo do receptor de prolactina, especificamente em uma
via que contribui para a progressao e motilidade do cancer de mama (Miller et al., 2005).
Adicionalmente, Chen e colaboradores (1999) indicam a participa¢do da proteina Nek4
murina na divisdo celular meidtica. Aliado a esses estudos, Reininger e colaboradores
(2005) demonstraram que Nek4 € necessdria para a conclusdo do ciclo sexual do
Plasmodium, parasita da maldria.

As proteinas Nek6 e Nek7 sdo os membros menores e estruturalmente mais
simples entre as Neks conhecidas. Sao constituidas quase que somente por seus dominios
cataliticos que se localizam na regido C-terminal e, ao contrdrio das demais Neks,
apresentam uma curta extremidade N-terminal (O’Connel et al., 2003). Nek6 e Nek7
compartilham 87% de identidade nos seus dominios cataliticos e, juntamente com a
proteina F196H6.1 de Caenorhabditis elegans, t€m sido descritas como representantes de
uma subfamilia altamente conservada de Neks (Kandli et al., 2000). A Nek6 endégena é
ativada durante a mitose, concomitante com um aumento do seu nivel de expressao
(Belham et al., 2003), enquanto a Nek7, ao contrério, parece ser relativamente constante
ao longo do ciclo celular (Kim et al., 2007). Além disso, foi descrito uma localiza¢do de

Nek7 no centrossomo de células U20S e HelLa tanto na intérfase quanto na mitose



(Yassachar et al., 2006; Kim et al., 2007), enquanto a Nek6 apresenta uma distribui¢ao
difusa, principalmente citoplasmatica. Contudo, a superexpressdo de mutantes
cataliticamente inativos das Neks 6 e 7 produzem fendtipos similares, como células
exibindo elevados indices mitoticos, defeitos no fuso mitdtico, anormalidades nucleares e
apoptose (Yin et al., 2003; Yassachar et al., 2006). Esses fendtipos sdo também
observados a partir da deplecdo das Neks 6 e 7 em células HeLa, utilizando-se iRNA,
ocorrendo a retencdo das células na metédfase, condensacdo normal da cromatina e
alinhamento dos cromossomos, mas incapacidade de completar a segregacdo dos
mesmos. A atividade das Neks 6 e 7, portanto, parece ser necessdria para a progressao da
andafase, onde as células sdo retidas no ponto de controle do fuso mitético e entram em
apoptose, ou completam a mitose, mas com a aquisicdo de anormalidades nucleares
durante o processo (Yin et al., 2003; Yassachar et al., 2006; Kim et al., 2007). Além da
semelhanga estrutural, ao que tudo indica, as NEKs 6 e 7 participam de uma mesma
cascata de sinalizacdo na mitose, onde NEKG6 parece ser ativada por outra NEK, a NEK9
(Belham et al., 2003; Roig et al., 2002).

A Nek9, por sua vez, € uma das maiores Neks e seu dominio catalitico € bastante
conservado. O dominio regulatério C-terminal contem uma regido homdloga a RCCI1, um
segmento rico em Ser/Thr/Pro, e um motivo coiled-coil de dimerizacdo. A regido similar
a RCC1 seria um possivel sitio de auto-inibicdo da Nek9. Roig e colaboradores (2002),
realizaram microinjecdo de anticorpos contra Nek9, também conhecida como Nerccl, em
células de cultura, o que resultou em anormalidades no fuso mitético e desalinhamento
cromossomal. Sua expressdao ndo € alterada durante o ciclo celular, mas a atividade
aumenta na mitose.

Além de Nek 1 e 8 que estdo relacionadas a doenca cistica dos rins (Upadhya et
al., 2000 e Liu et al., 2002), varias outras proteinas da familia das Neks sdo produtos de
genes relacionados a patologias. A expressdo de muitos membros desta familia estdo
associoadas ao cincer, Nek8 e Nek3 estdo superexpressas em tumores mamadrios em
humanos (Bowers & Boylan, 2004; Miller et al., 2005), e a superexpressao de Nek6 é
identificada em carcinomas hepatocelulares (Chen et al., 2006). O gene da Nek6 também
estd freqiientemente relacionado a cancer de mama, coloretal, pulmao e laringe, além de

ser apontada como um marcador potencial de cancer géstrico (Capra et al., 2006).



Estudos indicam que Nek6 e Nek 1 estdo relacionadas aos checkpoints de dano de DNA
durante a intérfase. Nek6 € fosforilada em resposta a danos no DNA por exposicdo a raios
UV, fazendo que as células fiquem presas na transicdo G2/M da intérfase, além de ter sua
atividade totalmente abolida durante a mitose (Lee et al., 2008). Do mesmo modo, células
deficientes em Nek1 sdo defeituosas nos checkpoints da transi¢ao G1/S e da fase M, nao
reparam DNA e apresentam quebra de cromatina e cromossomos defeituosos (Chen at
al., 2008). Em geral, células que apresentam mutagdes nos genes de Nek1 e Nek6 falham
ao reconhecer e reparar danos no DNA. Apds indug¢do de dano, hd um aumento na
expressdao da NEK1 e uma migracio desta do citoplasma para o nicleo, em regides onde
os danos ocorreram (Letwin et al., 1992; Polci et al., 2004). Ainda, células que nao
expressam NEK1 apresentam hipersensibilidade a efeitos letais da radiacdo ionizante. O
mais recente membro descoberto dessa familia, Nekl1, foi implicado nas respostas a
estresses genotdxicos e de replicacdo do DNA (Noguchi et al., 2002). A NEK7 € super-
expressa em cancer de laringe e, juntamente com a NEK6, em cancer de mama e colo-
retal (Capra et al., 2006).

Além dessas super-expressoes dos genes que codificam as NEKs humanas
também ja foi descoberto que eles sdo alvos de mutacdes em cancer (Greenman et al.,
2007). Isso sugere que mutacdes nelas podem conferir vantagens seletivas para
sobrevivéncia e crescimento das células cancerigenas. Sendo assim, as NEKs ndo
somente sao objetos interessantes de estudos funcionais e estruturais, mas também 6timos
candidatos para varreduras de identificacdo de novos inibidores que possam
eventualmente ser utilizados em novas estratégias terapéuticas anti-cancer.

A tabela 1 resume as principais fungdes atribuidas a Neks, assim como sua
localizagdo celular e tecidos em que elas ja foram identificadas como expressdo alterada

(doengas relacionadas).



Tabela 1: Funcées propostas para Neks de mamiferos. As func¢des bioldgicas, localizacdo
celular e tecidos expressos / doencgas associadas dos membros da familia das Neks. DDR:
Resposta de Dano de DNA. MTOC: Centro organizador de microtibulo. PKD: Sindrome do rim
policistico.

PKDI1 e infertilidade em
Ciliogénese |_s Nucleo camundongos s
Alta expressdao em bexiga,
estdmago, intestino, colo, reto,
DDR .10 MitocoOndria 14 rim e testiculo ;5
Sinalizac¢do de apoptose ; Citoplasma 7 Polidactilia 3
Regulacdo do ciclo celular |,
Nekl1 | Regula estabilidade de centrossomos ;3
Aumento da expressdao em duto
Separacdo dos centrossomos 34, 16.20 Centrossomos 3, biliar 3¢
Aumento da expressao em cancer
de mama 37 33 € cancer ovariano
Ponto de checagem em mitose ,; MTOC ;5 39
Sinalizac¢do de SAC e alinhamento e Aumento da expressao em
segregacao dos cromossomos Citoplasma 35 mieloma 4
Transicdo G2/M do ciclo celular mitético
2325 Nucleo 34 Retinite pigmentosa 35
Expressao relacionada a
Desenvolvimento embriondrio 6 27 neuroblastoma 4
Aumento da expressao em
tumores de Ewing, linfomas de
células B, colangiocarcinomas,
adenocarcinomas de pulmao e
Segregacdo nuclear meidtica »9, 39 seminomas testiculares 4; 46
Segregacdo das cromdtides irmas em
mitose 3.3, Neurofibroma plexiforme 4;
Regulamentacdo de microtibulos do fuso Cancer de figado 119, C€rvix 1y e
para os cinetdcoros ;. 33 0OVario 39
Tumor maligno da bainha do
Nek2 nervo periférico 4;
Acetilac@o de tubulinas 4 Citoplasma s¢ Cancer de mama is_s7
Expressdo reduzida em céancer de
Morfologia e polaridade dos neur6nios 45 pulmio 5
Alta expressdo em testiculo,
Endocitoseg ovario e cérebro sg
Sinalizac¢@o da Prolactina s s;
Divisdo celular 5,
Organizacdo de citoesqueleto s3
Regulacdo de microtiibulos neuronais s,
Nek3 | Trafego de membranas ss
Reduc¢do em cancer de mama,
Estabiliza¢do dos microtibulos so Nucleo ;5 pancreas, prostata e estbmago ;s
Formacao do cilio primario 4 Desordem bipolar ¢,
DDR ¢; Alta expressao em testiculo 43
Regulacdo de senescéncia replicativa e
Nek4 | resposta a dano de DNA ¢,




Nek5 | Diferenciacdo de células muscularesg, Nio definida Reduzido em cabega e pescoco 5
Participa junto com as Neks 7 ¢ 9 da
mesma cascata de sinalizacdo na mitose Aumento da expressdo em cancer
65. 66. 67. 68 Citoplasma 81 géstrico 15. 83
A super-expressao de Nek6 correlaciona-
se a super-expressao de Pinl em 70% Linfoma nao Hodgkin, mama,
dos carcinomas de células hepaticas 7 Nucleo g; colo retal e pulmao 5 g4
Aumento em carcinoma
DDR 7, Centrossomo g, hepatocelular 7o 13
Aumento da expressao em
esofagite erosiva e
Processo apopt6tico ¢, 72 adenocarcinoma de es6fago ;4
Reducdo em cancer de prostata,
Segregacdo cromossomica 74 renal e endometrial 5
Citocinese g3 72
Desmontagem do envelope nuclear ;5
Regulacdo da senescéncia celular 7475
Regulacdo do ciclo celular mitético 79, g9
Transicdo metafase/andfase 7,
Nek6 | Formacgdo do fuso mitético ¢z 72
Alta expressdao em cancer de
laringe, mama, colorretal e
Duplicag¢@o do centriolo g Centrossomo 17 vesicula biliar g4 g5
Participa junto com as Neks 7 e 9 da
mesma cascata de sinaliza¢do na mitose Reducdo em cabeca e pescogo,
65, 66.67.73 Midbody ;17 prostata e estomago 15
Pontes
Maturag@o do centrossomo 73 citocinéticas ;7 Retardo no desenvolvimento gg
Formacao do fuso mitético 7, g6 Catarata congénita g;
Separacdo dos centrossomos gs. 6. 115 -117
Regulacdo da dindmica de microtiibulos
118
Nek7 | Citocinese 7,
Morfogénese de 6rgaos gg Cilio primdrio o PKD/ cancer de mama o4
Mutacdes do gene em céancer de
Funcio ciliar/ sinaliza¢do gg.9; Centrossomo o; pancreas o;
Regulacdo de citoesqueleto o, Citoesqueleto ;5 Displasia infantil og
Reducdo em renal e de estdmago
DDR g9, 68,93 Citoplasma o5 .
Nefronoftise o9
Nek$8 Cancer de mama o
Associag@o com cancer cabecga e
Fosforila Nek6 e 7 5. 66.67. 73 Fuso mitético o; PESCOCO 196
Separag@o dos centrossomos gs. 100 Midbody o, Alta expressdo em LMC 4
Formac@o do fuso mit6tico 73, 1o Citoplasma o5
Maturag@o do centrossomo 73, 199 Nuicleo ;o5
Alinhamento e segregacdo da cromatina
(FACT) 101
Nek9 | Progressdo do ciclo celular




Indugdo da mitose catastréfica gg

Cromossomos/Citocinese ¢s. 66, 67,73, 102.
103

Regula a progressdo de G1 e S através da interagdo com o
complexo facilitador da transcricao 14

Manutencao do checkpoint G2/M 15, Naio definida Cancer de mama 1,;
Nekl Reduc¢do em colo retal e de
0 DDR |5, estdmago ;s
Reducdo em cancer de testiculo e
Nek1 | Fosforilagdo H1, H2 e H3 e CDC25A 3 | Niicleo 36 cerebelo ;5

1 DDR/ Ponto de checagem G2/M 147 112 Microtubulos 34

1. Upadhya et al., 2000; 2. White e Quarmby, 2008; 3. Thiel et al., 2011; 4; Yim et al., 2011; 5. Holloway
et al., 2011; 6. Surpili et al., 2003; 7. Polci et al., 2004; 8. Liu et al., 2013; 9. Chen et al., 2011; 10.
Pelegrini et al., 2010; 11 Chen et al., 2010; 12. Fry et al., 1995; 13. White & Quarmby, 2008; 14. Chen et
al., 2009; 15. Berglund et al., 2008; 16. Fry et al., 1999; 17. Fry et al., 2002; 18. Rapley et al., 2005; 19.
Mardin et al., 2010; 20. Matsuo et al., 2010; 21. Liu et al., 2010; 22. Wei et al., 2011; 23 Jeong et al., 2013;
24. Mori et al., 2012; 25. Westwood et al., 2009; 26. Sonn et al., 2004; 27. Fry et al., 2000; 28. Spalluto et
al., 2012; 29. Rhee et al., 2002; 30. Uto et al., 1999; 31. Yao et al., 2004; 32. Lou et al., 2004; 33.
Jeffery et al., 2010; 34. Smith et al., 2012; 35. Wu et al., 2007; 36. Kokuryo et al., 2007; 37. Tsunoda et al.,
2009; 38. Marina e Saavedra, 2014; 39. Liu et al., 2014; 40. Zhou et al., 2013; 41. Kohler et al., 2010; 42.
Wai et al . 2002; 43. de Vos et al., 2003; 44. Landi et al.,2008; 45. Barbagallo et al., 2009; 46. Adréasson et
al., 2009; 47. Stricker et al., 2013; 48. Chang et al., 2009; 49. Benjamin et al., 2011; 50. Miller et al., 2005;
51. Miller et al., 2007; 52. Tanaka & Nigg, 1999; 53. Miller et al., 2007; 54. Chang et al., 2011; 55.
Benjamin et al., 2011; 56. Chang et al., 2009; 57. McHale et al., 2008; 58. Kimura & Okano, 2001; 59.
Doles e Hemann, 2010; 60. Coene et al., 2011; 61. Nguyen et al., 2012; 62. Sklar et al., 2011; 63. Chen et
al., 1999; 64. Shimizu e Sawasaki, 2013; 65. Belham et al., 2003; 66. Bertran et al., 2011; 67. Sdelci et al.,
2011; 68. Fry et al., 2012; 69. Choi et al., 2013 70. Chen et al., 2006; 71. Lee et al., 2008; 72. O'Regan et
al., 2009; 73. Sdelci et al., 2012; 74. Roig et al., 2002; 75. Quarmby et al., 2005; 76. Jee et al., 2013; 77. Jee
etal., 2011; 78. Zhang et al., 2014; 79. Kandli et al., 2000; 80. Kim et al., 2012; 81. Hashimoto et al., 2002;
82. Meirelles et al., 2010; 83. Takeno et al., 2008; 84. Capra et al., 2006; 85. Wang et al., 2013; 86. Salem
et al., 2010; 87. Lachke et al., 2012; 88. Fukui et al., 2012; 89. Mahjoub et al., 2005; 90. Smith et al.,2006;
91. Otto et al., 2008; 92. Holland et al., 2002; 93. Jackson, 2013; 94. Fukui et al., 2012; 95. Sohara et al.,
2008; 96. Bowers et al., 2004; 97. Carter et al., 2010; 98. Frank et al., 2013; 99. Habbig, et al., 2012; 100.
Yang et al., 2012; 101. Tan e Lee, 2004; 102. Roig et al , 2005; 103. Kaneta et al., 2013; 104. Paladino et
al., 2014; 105. Pelka et al., 2007; 106. Wu et al., 2011; 107. Ahmed et al., 2009; 108. Piao et al., 2011; 109.
Noguchi et al., 2002; 110. Noguchi et al.,2004; 111. Melixetian et al., 2009; 112. Sorensen et al., 2010;
113. Cao et al., 2012; 114. Kasap et al., 2012; 115. Kim et al., 2011; 116. Yissachar et al., 2006; 117. Kim
et al., 2007; 118. Cohen et al., 2013; 119. Drozdov et al., 2012; 120. Koch & Wiese, 2013; 121. Moniz e
Stambolic, 2011.

Nek$S

Em humanos, por meio de andlises de seqiienciamento gendmico, O gene
codificador da proteina Nek5 foi identificado no cromossomo 13 (Dunham et al. 2004).
Este cromossomo carrega genes envolvidos no cancer, incluindo cancer de mama tipo 2
(BRCA2) e retinoblastoma (RB1), e é frequentemente reorganizado em células B
leucémicas (Dunham et al. 2004). Além de humanos a sequéncia gendmica codificadora

de NekS5 foi identificada em organismos como Mus musculus, Bos taurus, Galluls gallus,
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Pan troglodytes, Ailuropoda melanoleuca, Macaca mulatta e Pongo abelii.

O primeiro trabalho relacionado a Nek5 foi publicado por Shimizu e Sawazaki
(2013). Eles demonstraram que Nek5 € substrato para clivagem por caspase-3 na regiao
regulatéria C-terminal, promovendo diferenciacdo muscular e com potenciais efeitos
pré-apoptoticos. Além disso, foi demonstrado que a expressio do mRNA de Nek5
aumenta durante a diferenciacdo muscular e o silenciamento desta proteina prejudicou o

processo de diferenciagdo (Shimizu & Sawazaki, 2013).

Morte celular

Kerr, Wyllie e Currie (1972) postularam pela primeiras vez dois mecanismos
distintos de morte celular, necrose e apoptose. De acordo com estes autores, necrose €
uma forma violenta e rdpida de degradacdo celular estimulada pelo ambiente. Ela afeta
um grande nimero de células em uma populacdo e € caracterizada pelo aumento no
volume citoplasmatico, destruicio de organelas, rompimento da membrana
citoplasmética e liberagdo de fluidos para o meio extracelular. O termo apoptose, de
origem grega, ¢ uma alusdo a queda das pétalas da flores ou folhas das drvores que se
assemelham a fragmentacdo da membrana plasmatica durante o processo apoptético. A
apoptose ocorre em células individualizadas, geralmente rodeadas por células saudéveis.
Apdés o estimulo pré-apoptético, ocorre compactacdo e segregacdo da cromatina,
condensacdo do citoplasma, fragmentacdo nuclear, convolucio da membrana celular
seguida da fragmentacdo e formacdo de “corpos apoptdticos”, sem liberacdo do contetido
citoplasmaético para o meio extracelular (Riedl & Shi, 2004; Horvitz, 1999).

A apoptose € importante ndo somente para a eliminacdo de células “doentes” mas
também durante a organogénese, desenvolvimento embriondrio, manutencdo da
homeostase tecidual e no sistema imune. Alteracdes em mecanismos de apoptose podem
levar ao surgimento de doencas neurodegenerativas, autoimunes e do cancer (Wong,
2011; Portt et al., 2011). Células que sofrem mutagdes em genes reguladores da apoptose
por exemplo, apresentam potencial oncogénico elevado, de fato, a maioria dos tumores
apresentam resisténcia a apoptose. Diversos estimulos podem levar a sinalizagdo para a
apoptose, como por exemplo, danos ao DNA, perturbacdes no citoesqueleto e tratamento

com drogas.
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A maior parte dos processos apoptéticos t€m como moléculas efetoras as
proteinas caspases (proteases cisteino-asparticas) que sdo clivadas e ativadas de forma
coordenada. As caspases podem ser classificadas como iniciadoras (caspases 2, 8, 9 e 10)
ou efetoras (Caspases 3, 6 e 7) (Riedl & Shi, 2004; Horvitz, 1999).

Atualmente duas vias principais de apoptose foram identificadas: as vias
intrinseca e extrinseca. Na via extrinseca, ou via de receptores de morte celular,
destacam-se as moléculas sinalizadoras FasL (ligante de FAS), TNF (fator de necrose
tumoral) e TRAIL (ligante indutor de apoptose relacionado ao TNF) que se ligam a
receptores de morte da superficie celular, desencadeando a clivagem e ativagdo da
proteina caspase-8, que induz a ativagdo de caspases efetoras do processo apoptotico e
clivagem de substratos (Elmore, 2007).

A via intrinseca (ou mitocondrial) da apoptose, ativada quando a célula sinaliza
algum dano de DNA, estresse do reticulo endoplasmdtico ou estresse oxidativo, é
modulada por uma familia de proteinas, a familia Bcl-2. Esta familia é dividida entre
antiapoptoticas (Bcl-2, Bel-XL, Bel-W, MCI-1 e BFL-1) e pré-apoptéticas (BH3, Bik,
Blk, BNIP-3, Bim-L, Bad, Bid, PUMA, NOXA, Bax e Bak) (Martinou & Youle, 2011).
Em linhas gerais estas proteinas modulam a permeabilidade da membrana mitocondrial
(Adams & Cory, 1998; Cory & Adams, 2002). Como pode ser observado na figura 1,
ap6s o sinal de ativacdo ocorre um desbalanco entre proteinas pré e antiapoptoticas
levando a formacgdo de poros na membrana mitocondrial e a liberacdo de citocromo ¢
para o citoplasma. A liberacio de componentes intramitocondriais para o espago
citosdlico ativa Apaf-1, formando o apoptossomo que cliva e ativa a caspase-9, que por
sua vez ativa as caspases 3, 6 e 7, executoras do processo apoptético (Elmore, 2007;

Riedl et al., 2004).
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Figura 1: Controle mitocondrial da apoptose. As cores apresentadas ndo t€ém relevancia para o
entendimento geral da via de sinalizag@o. Setas indicam ativacdo direta e sinais fechados representam
inibi¢do. Obtido de http://media.cellsignal.com/www/pdfs/science/pathways/Apoptosis_Mitochondrial.pdf.
(Acessado em 23/10/2014).

As Neks e a morte celular

O protétipo da familia das Neks, NIMA, identificado em A. nidulans, é uma
proteina essencial para a correta transmissdo de cromossomos para células filhas.
Defeitos ou auséncia desta proteina provocam a parada do ciclo celular em G2/M

(Osmani et al., 1991; Lu & Hunter, 1995) ou caso a célula consiga progredir no ciclo
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podem ser observados defeitos na formacgdo do fuso mitético (Lu & Hunter, 1995) ou até
mesmo apoptose induzida por mitose catastréfica (Loffler et al., 2006). Uma importante
etapa do processo apoptoético € a permeabilizacdo da membrana mitocondrial apds um
dano citotéxico ou genotéxico (Wang, 2001). A proteina VDAC € uma importante
mediadora deste processo que, em condi¢cdes normais, além de regular o fluxo de ATP
pelo fechamento dos poros, também impede a liberagao do citocromo c para o citoplasma
principalmente através da ruptura da membrana mitocondrial externa (Rostovtseva,
2008). A abertura e fechamento do poro de permeabilidade de transicdo € regulada pela
interacao direta entre VDAC e Nekl1 através da fosforilagdo de VDAC na serina 193 por
Nekl , prevenindo a morte celular excessiva ap6s injdria (Chen et al., 2009; Chen et al.,
2010). Experimentos em células kat2]J, células de camundongo contendo Nekl inativa,
apresentam altas taxas de apoptose (Chen et al., 2014). Pelegrini e colaboradores (2010)
demonstraram que apds indug¢do de dano de DNA com diferentes drogas, mutantes de
Nekl (knockdown - KD) nao apresentaram bloqueio em G2/M, gerando dessa forma,
células com defeitos mitdticos. Assim, Nekl também estd envolvida no comecgo da
resposta a estresse genotoxico € possui um papel importante na prevencdo de morte
celular induzida por danos de DNA (Pelegrini et al., 2010).

Diversos outros membros da familia das Neks tem sido relacionados direta ou
indiretamente ao processo de morte celular. Experimentos de microarranjo de DNA
demonstraram que o tratamento com estaurosporina induz alteragdes na expressdao de
Nek2 em células NIH3T3 (Trevifio et al., 2014). Similarmente, tratamento com TAI-95
em cancer de figado promovem a degradacdo de Nek2 levando as células a defeitos no
alinhamento de cromossomos e morte celular excessiva (Huang et al., 2014), assim como
no tratamento de células de cancer de mama silenciadas para Nek2 e tratadas com
paclitaxel e doxorrubicina (Lee & Gollahon, 2013). A superexpressao de Nek2 em
células de cancer resultou em instabilidade cromossomica aumentada, proliferacao
celular e resisténcia a drogas aumentada; ao passo que o silenciamento por shRNA
aumentou a sensibilidade a drogas e induziu apoptose in vitro e em modelos de mieloma
em camundongos (Zhou et al., 2013). O papel de Nek3 no processo apoptético parece ser
semelhante a Nek2, a superexpressdao de Nek3 inativa (kinase dead) em células T47D

levaram ao aumento de 50% no niveis de células apoptéticas (Miller et al. 2005).
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A inducdo de senescéncia em células de cancer foi proposto como uma efetiva
estratégia de tratamento do cancer e, alteracdes nos niveis de expressdo de proteinas
envolvidas neste processo se tornam promissoras. A inibicdo de Nek6 por siRNA ou a
superexpressdo de Nek6-KD provocam entrada prematura na senescéncia, assim como,
elevadas taxas de apoptose em vdrios tipo celulares de cancer (Jee et al., 2013;
Nassirpour, 2010). O’Regan e colaboradores (2009) demonstraram que os efeitos de
Nek6-KD ou com expressao reduzida por siRNA tém efeito semelhante ao silenciamento
de Nek7 ou expressdo da versdo inativa no sentido de ambas promoverem apoptose e
defeitos na progressao mitética.

O checkpoint de dano de DNA previne que as células entrem em divisao enquanto
as lesdes de DNA estiverem presentes através da degradacao de CDC25A, um ativador
de CDKs. Para que ocorra esta degradacdo € importante a fosforilacdo de CDC25A por
Nekl11. Inibicdo da atividade de Nekl1l promove um bloqueio das células na mitose e
posterior morte celular. Adicionalmente, a expressao de Nekl1 estd aumenta durante o

desenvolvimento de cancer de célon (Sgrensen et al., 2010).

Poliglutamilaciao

O citoesqueleto de microtibulos € essencial para a organizacio interna de células
de eucariotos (Bieling et al., 2008). Microtibulos sdo estruturas filamentares com uma
variedade de funcdes em células vivas, por exemplo, na divisdao celular, diferenciacao
neuronal e transporte no interior das células. Eles sao formados a partir da polimerizacao
ordenada de alfa e beta tubulinas. A grande diversidade de tubulinas dentro de uma célula
¢ devida a expressdo de diferentes isotipos de tubulina e um grande numero de
modificagdes pos-traducionais (PMT), como acetilacao/desacetilagdao, remogao e adicao
de tirosina na regido C-terminal, fosforilacdo, poliglicilacdo e poliglutamilacdo. A
glutamilacdo e glicilagdo sdo dois tipos de modificagdo pds traducional que foram
inicialmente descobertas em tubulinas (Eddé et al., 1990; Redeker et al.,, 1994) e
consistem na adicdo de cadeias laterais de glutamato adicionadas as proteinas. Esta

modificagdo estd presente em vdarios tipos de tubulinas, ao passo que a glicilacao é restrita
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a axonemas de cilios motores e flagelos (Bré et al., 1996; Plessmann & Weber, 1997;

Iftode et al., 2000) (Figura 2).
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Figura 2: A poliglutamilacio pode ocorrer em diferentes substratos. Microtibulos sdo altamente

modificados em cilios e flagelos, centriolos durante o ciclo celular e em neurdnios. Adaptado de

https://perso.curie.fr/Carsten.Janke/ (acessado em:15/02/2015).

A glutamilag@o é encontrada em microtibulos de cilios e flagelos (Lechtreck &

Geimer, 2000), centriolos, centrossomos e corpos basais (Bobinnec et al., 1998b) (Figura
2). Em neurdnios a maioria dos microtibulos sdo modificados pela adicdo de 1 a 6

residuos de glutamato (Audebert et al., 1994). Células em proliferacdo e/ou interfase

apresentam baixos niveis de glutamila¢do, porém, durante a divisdo, microtibulos do

fuso mitético apresentam niveis aumentados de tubulinas glutamiladas (Regnard et al.,

1999; Verhey & Gaertig, 2007) (Figura 3).
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Populagdes de microtibulos podem ser distinguidas entre diferentes tipos
celulares, assim como dentro de uma célula especifica através dos niveis de glutamilacao.
Estes microtibulos podem ser diferenciados de acordo com: I- a densidade das
modificacdes; II- o tipo de tubulina modificada (o e B tubulinas); III- o tamanho da cadeia
de poliglutamilacao e IV- o local de inser¢dao das cadeias de glutamato na molécula de
tubulinas. Os niveis de poliglutamilacdo podem ser responsdveis por um ‘“cédigo” das
tubulinas e dessa forma regular sua polimerizacio e/ou alteracdo com proteinas motoras.

A maioria das modificacdes de tubulinas apresentam importantes papéis na
funcdo de microtibulos (revisado por: Luduena, 1998; Westermann & Weber, 2003;
Verhey & Gaertig, 2007). A glutamilagdo ocorre no dominio C-terminal de tubulinas
(Eddé et al., 1990; Redeker et al., 1994), que sdo sitios importantes para a interacdo com
proteinas associadas a microtubulos (microtubule-asociated proteins — MAPs) e proteinas
motoras baseadas em microtubulos, como as cinesinas e dineinas. Dessa forma, acredita-
se que a poliglutamilagdo possa desempenhar um papel importante na interacdo de
microtibulos e seus parceiros (Ikegami et al., 2007, Nogales, 2000). Experimentos in
vitro demonstraram que o estado de poliglutamilacio de o ou [ tubulinas dos
microtibulos atuam como regulador da interagdo de tubulinas com MAPs e cinesinas
(Boucher et al., 1994; Larcher et al., 1996; Bonnet et al., 2001). Muitos outros processos
dependentes de microtibulos como a motilidade de cilios e flagelos (Cosson et al., 1996;
Fouquet et al., 1994, Gagnon et al., 1996, Million et al. 1999), a estabilidade de centriolos
(Bobinnec et al., 1998a e b; Regnard et al., 2003; Abal et al., 2005), controle do ciclo
celular (Bobinnec et al., 1998b; Regnard et al., 1999) e crescimento e estabilidade de
neuronios (Ikegami et al., 2006, Audebert et al., 1993; 1994; Boucher et al., 1994;
Larcher et al., 1996; Bonnet et al., 2001)) parecem ser controlados pela poliglutamilacdo

(Figura 3).
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Figura 3: Distribuicido de tubulinas poliglutamiladas e poligliciladas. As subunidades de tubulinas que
estdo poliglutamiladas sdo diferentes entre somato- dendrito e axdnios. Atualmente nenhuma evidencia estd

disponivel sobre a poliglicilacdo de tubulinas em centriolos. Adaptado de Ikegami & Setou, 2010.

Duas outras modificacdes pds-traducionais de tubulinas, a detirosinagdo (Barra et
al., 1988) e geracdo de A2-tubulina (Paturle-Lafanechere et al., 1994), também ocorrem
na regidao C-terminal de o tubulinas especificamente. Ambas as modificacdes sao
funcionalmente ligadas a poliglutamilacdo (Banerjee, 2002). A detirosina¢do é a remogao
reversivel de tirosinas do C-terminal gerando uma tubulina detyr e expondo o residuo Glu
subsequente. A A2-tubulina € a remocdo irreversivel deste residuo —glu, gerando
portanto, uma tubulina chamada A2-tubulina. A detirosina¢do tem sido observada em
diferentes espécies de microtibulos e é normalmente encontrada em microtibulos
estdveis e de longa vida. A funcdo da detirosinacdo € a regulacdo da interacdo
microtibulos-MAP cinases. As proteinas CAP-Gly, um subgrupo de proteinas de trafego
plus-end (+TIPs; Akhmanova & Steinmetz, 2008), sdo reguladas pelo estado de
tirosinacdo de a-tubulinas (Peris et al., 2006, Bieling et al., 2008). A2-tubulinas por sua
vez, sdo especificamente localizadas em neurdnios e axonemas, onde microtibulos sdo
altamente glutamilados (Lafanechere & Job, 2000), entretanto, suas fun¢des ainda ndo
sdo claras.

A tubulin tyrosine ligase (TTL) foi a primeira enzimas descrita como envolvida

na modificacdo de tubulinas (Ersfeld et al., 1993) e outras enzimas envolvidas neste
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processo foram identificadas recentemente (Tabela 2). Ensaios de imunoprecipitagdo de
microtibulos de neurdnios permitiram a purificacdo de tubulinas complexadas com a
proteina tubulin tyrosine ligase like I (TTLL1) (Janke et al., 2005). A sequéncia de
similaridade entre TTLL1 e TTL sugere que a maioria das enzimas que modificam a
regido C-terminal de tubulinas pela ligacdo de aminoécidos pertencem a familia das
TTLs. Atualmente, em mamiferos, foram identificados 12 membros para a familia das
TTLLs, 9 glutamilases e 3 glicilases (Rogowski et al., 2009). Os principais processos
bioldgicos, assim como funcdes prospostas e doengas associadas aos demais membros
desta familia de proteinas podem ser visualizados na tabela 2.

Estudos da atividade cataliticas destas enzimas revelaram que a heterogeneidade
de polimodificagdes de microtibulos se devem a especificidade de substratos destas
enzimas. As poliglutamilases sdo caracterizadas pela preferéncia pela iniciacdo ou
elongamento das cadeias glu, ou pela seletividade a o ou 3 tubulina, ou ainda por outros
substratos. Na tabela 2 € possivel observar a preferéncia de substrato de diferentes
membros da familia, assim como, o papel desempenhado na iniciagdao ou elongamento da
cadeia de glutamilacdo (Figura 4). Como vdrias enzimas localizam em determinados
subtipos de microtibulos dentro da célula e a disponibilidade de enzimas possuem
expressdo tecido-especifica, sugere-se que exista um mecanismo multi-enzimatico que
regula as vias de poliglutamilacdo (van Dijk et al., 2007, Rogowski et al., 2009, review:
Janke et al., 2008).
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Figura 4: Preferéncia de reacio de glutamilases e glicilases. Iniciagcdo: a enzima tem alta atividade na
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lateral; preferéncia por a- ou B-tubulina estdo indicadas). Diferentes vias de modificacdes sdo geradas pela
combinag¢do de diferentes enzimas. (Janke et al., 2005; van Dijk et al., 2007, Rogowski et al., 2009, review:

Janke et al., 2008).

Apesar de estar associada principalmente a tubulinas, a poliglutamilacdo ndo é
restrita a tubulinas. Foi demonstrado que ocorrem em proteinas de montagem de
nucleossomos, NAP1 e NAP2 (Regnard et al., 2000), e, provavelmente, em vdrias
proteinas ainda ndo identificadas. Proteinas ricas em glutamina poderiam ter um "papel
natural" na inducdo de morte celular desregulada em doencas neurodegenerativas (Blum
et al., 2012). TTLL4 pertence a uma familia de proteinas com um dominio de homologia
TTL e pode catalisar a ligagdo de diversos aminodcidos através dos processos de
tirosinagdo, poliglicilagdo, e poliglutamilagdo em vdérios substratos.

As Neks compreendem uma familia de proteinas que regulam eventos mitéticos
incluindo a entrada na mitose, separacao de centrossomos, formacao do fuso e citocinese
(O'Connell et al., 2003; O'Regan et al., 2007). Westermann et al., (2003) detectaram a

primeira evidéncia do envolvimento de Nek em Crithidia fasciculata no processo de
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poliglutamilacdo. Através de cromatrografia utilizando hidroxiapatita como passo final,
tubulinas poliglutamiladas copurificaram juntamente com p54, um membro da familia
das Neks em C. fasciculata. A expressdao de p54 com cauda His permitiu a identificacao
desta proteina no corpo basal e flagelo deste parasita, regides sabidamente altamente
glutamiladas. Eles demostraram ainda, que o extrato purificado de p54 foi capaz de
poliglutamilar tubulinas in vitro. Além disso, diversas funcdes estdo interligadas entre
Nek e TTLLs, como por exemplo a localizacdo de muitos membros da familia das Neks
em regides altamente glutamiladas, como centrossomos, midbodies, fuso mitético, dentre

outros.
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Tabela 2: Funcdes propostas para a familia das TTLLs. O tamanho, dominio TTL, processos bioldgicos, funcio e doengas associadas de cada

um dos membros da familia das TTLLs estdo apresentados na tabela.

Proteina Nome Nomes Tamanho Dominio Processos Funcao Doencas associadas
alternativos (a.a./kDa) TTL Biologicos
TTLL1 Tubulin-- Tubulin 423 /49 1-367 Montagem do Subunidade catalitica do Hipertrofia cardiacas;
tyrosine polyglutamylase axonema ciliar, complexo poliglutamilase de Sinusite, rinosinusite,
ligase-like  complex subunit movimento ciliar, tubulinas neuronais; ,; otite e infertilidade
protein 1 3, PGs3 poliglutamilacdo modificacd de alfa e beta masculina em
tubulinas;. camundongos,
TTLL2 Tubulin- Testis-specific 592/67 84-427 Poliglutamilagao Atua em complexo com outras
tyrosine protein NYD- proteinas.
ligase-like TSPG
protein 2
TTLL3 Tubulin- HOTTL 772187 151-510 Montagem do Monogicilases de alfa e beta Desenvolvimento de
tyrosine axonema, tubulinass, ,, iniciagdo da reacdo carcinoma coloretaisg;
ligase-like movimento ciliar, de glicilagao,. Desenvolvimento
protein 3 glicilagdo embriondriog
TTLL4 Tubulin- 1199/133  604-947 Poliglutamilacao Modifica preferencialmente Megacariopoiese;
tyrosine beta-tubulinas e proteinas de Adenorcarcinoma
ligase-like montagem do nucleossomo, pancredtico ductal;
protein 4 NAP1 e NAP2;; Iniciacdo da
reacdo de glutamlagdo; s.
TTLLS Tubulin-  SRCI and TIF2- 1281 /144 62-407 Poliglutamilagao, Modifica preferencialmente Degeneracao da retina, ;
tyrosine associated transcicao alfa-tubulinas; g; Iniciagdo da  Infertilidade masculina,s;
ligase-like modulatory dependente de reagdo de glutamilagdo; g Cancer do endométrio, s
protein 5 protein, DNA Requerida para a localizagdo de
CSAP em microtibulos do fuso
e dos cilios;,; Repressao de
receptores glucocorticoides e
inducdo de receptores
adrégenos ;.
TTLL6 Tubulin- 843 /96,4 58401 Fomacio e Modifica preferencialmente Megacariopoiese;
tyrosine separacdo de alfa-tubulinas; s; Elongamento Deficiéncia da
ligase-like microtibulos, da reagdo de glutamilacdo; s; motilidade ciliar,7;
protein 6 poliglutamilacio Medeia poliglutamilagdo de Alzheimer,s; Sindrome
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tubulinas ciliares;q »1. de Joubertyg

TTLL7 Tubulin- Testis 887 /103 38-390 Diferenciacao, Modifica preferencialmente Cancer,g; Obesidadeo;
tyrosine development desenvolvimento beta-tubulinas; g; Iniciagdo da Desenvolvimento
ligase-like protein NYD- do sistema reagdo de glutamilacdo; g; neuronaly,
protein 7 SP30 Nervoso, Necessdria para o crescimento
poliglutamilagdo de neuritos;;.
TTLLS Tubulin- 850/94,7  222-580 Glicilacdo Modifica preferencialmente alfa Defeitos em cilio
tyrosine tubulinas e outras proteinas ependimais,;
ligase-like como ANP32A, ANP32B, SET
protein 8 e NCL; Iniciacdoda glicilagdo,;.
TTLL9 Tubulin- 439 /51,5 40-380 Poliglutamilacao Atua em complexo com outras
tyrosine proteinas no processo de
ligase-like poliglutamilagdo.
protein 9
TTLL10  Tubulin- 673175 155-552 Glicilagdo,, Poliglutamila tubulinas quanto
tyrosine co-expressa com TTLLS,;
ligase-like
protein 10
TTLL11 Tubulin- 538 /58 218-538 Poliglutamilacao Modifica preferencialmente Esquizofrenia,,
tyrosine alfa-tubulinas; g; Elongamento
ligase-like da reacdo de glutamilacdo; g;
protein 11 Necessdria para a localizagao de
CSAP nos microtibulos do fuso
e dos cilios;,.
TTLL12  Tubulin-- 644 /74,4  300-644 Poliglutamilagdo - Cancer de prostatays, 26
tyrosine
ligase-like
protein 12
TTLL13 Tubulin Tubulin-- 815/93,6 85-430 Poliglutamilagado Modifica preferencialmente
polyglutam  tyrosine ligase- alfa-tubulinas; g; Elongamento
ylase like protein 13 da reacao de glutamilagdo; g
TTLL13

1-Janke et al., 2005; 2- Pathak et al., 2011; 3- Song et al., 2012; 4- Vogel et al., 2010; 5- Wloga et al., 2009; 6- Rocha et al., 2014; 7- van Dijk et al., 2007; 8-
Regnard et al., 1999; 9- Cochran et al., 2013; 10- Ye et al., 2014; 11- Kashiwaya et al., 2010; 12- Backer et al., 2012; 13- Lee et al., 2013; 14- Sergouniotis et al.,
2014; 15- Liang et al., 2012; 16- Pathak et al., 2007; 17- Ikegami et al., 2007; 18- Das et al., 2014; 19- Lee et al., 2011; 20- Ikegami et al., 2006; 21- Bocsh et al.,
2013; 22- Ikegami et al., 2008; 23- Ikegami et al., 2009; 24- Fullston et al., 2011; 25- Massoner et al., 2012; 26- Wasyllyk et al., 2010; 27- Suryavanshi et al.,

2011; 28- Zempel et al., 2013; 29- Lee et al., 2012.
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Objetivo Geral

Este trabalho teve como objetivo geral a compreensdo de algumas fungdes
exercidas pela proteina NekS5 no contexto celular através da andlise de suas interagdes

com outras proteinas.

Objetivos Especificos

e Identificar as proteinas e/ou substratos que interagem intracelularmente com a
NekS humana bem como caracterizar sua interacao.

e (aracterizar o papel de Nek5 no processo de morte celular e defeitos na cadeia
respiratoria (Artigo I).

e Caracterizar a interagdo de Nek5 com a proteina TTLL4 (Artigo II).
e Avaliar o papel de Nek5 no processo de poliglutamilacao (Artigo II).

e (aracterizagdo estrutural de Nekl.
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Abstract

Aside from Polo and Aurora, a third but less studied
kinase family involved in mitosis regulation is the never

Taisbidengr  WIBC | www.wignet.com

in mitosis-gene A (NIMA)-related kinases (Neks). The
founding member of this family is the sole member
NIMA of Aspergillus nidulans, which is crucial for the
initiation of mitosis in that organism. All 11 human Neks
have been functionally assigned to one of the three
core functions established for this family in mammals:
(1) centrioles/mitosis; (2) primary ciliary function/ciliop-
athies; and (3) DNA damage response (DDR). Recent
findings, especially on Nek 1 and 8, showed however,
that several Neks participate in parallel in at least two
of these contexts: primary ciliary function and DDR. In
the core section of this in-depth review, we report the
current detailed functional knowledge on each of the
11 Neks. In the discussion, we return to the cross-con-
nections among Neks and point out how our and other
groups’ functional and interactomics studies revealed
that most Neks interact with protein partners associ-
ated with two if not all three of the functional contexts.
We then raise the hypothesis that Neks may be the
connecting regulatory elements that allow the cell to
fine tune and synchronize the cellular events associated
with these three core functions. The new and exciting
findings on the Nek family open new perspectives and
should allow the Neks to finally claim the attention they
deserve in the field of kinases and cell cycle biology.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Cell cycle; Mitosis; DNA damage response;
Protein interactions; Kinases

Core tip: Never in mitosis-gene A (NIMA)-related ki-
nases (Neks) are a family of 11 human kinases involved
in cell cycle regulation. This article represents an in-
depth review of the current knowledge on the function
of each of the 11 human Nek kinases. Furthermore, we
present arguments in the discussion of how systems bi-
ology, especially interactomics, helped to uncover that
the majority of Neks are involved in more than one of
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the three Neks core functions: (1) centrioles/mitosis; (2)
primary ciliary function/ciliopathies; and (3) the DNA
damage response. Possibly, the Neks act on a higher
regulatory level which may control the core functions.

Meirelles GV, Perez AM, de Souza EE, Basei FL, Papa PF, Melo
Hanchuk TD, Cardoso VB, Kobarg J. “Stop Ne(c)king around™
How interactomics contributes to functionally characterize Nek
family kinases. World J Biol Chem 2014, 5(2): 141-160 Available
from: URL: http://www.wignet.com/1949-8454/full/v5/12/141.
htm DOI: http://dx.doi.org/10.4331/wibc.v5.i2.141

INTRODUCTION

The never in mitosis-gene A (NIMA)-related kinases
(Neks) represent, aside from the Polo and Aurora kinase
families, a third family of mitotic kinases, but remain the
least studied to date and hence least understood family of
kinases involved in the regulation of the cell cycle. The
founding member of this family of kinases is the _Asper
giltlas midnians NIMA, which exists as a single member in
this fungus, is functionally involved in the initiation of
mitosis and promotes the chromosome condensation by
phosphorylation of histone H3". Humans have 11 mem-
bers of the Nek family which show highly conserved
kinase domains but differ significantly in the composition
and length of their N- and especially C-terminal regula-
tory and docking domains (Figure 1).

Although some protein interaction partners have been
described for the majority of the human Neks (Figure 2),
the domain of interaction at the side of Neks has been

mapped only for a smaller subset of interacting proteins
(Figure 1). As we can see, most interactors are assigned
to specific regions in the regulatory domains, which rep-
resent in most cases classical protein-protein interaction
modules, such as coiled coil regions. Identification of mn-
teraction with the kinases domamns have been scarce due
to the transient and weak nature of these interactions and
therefore the discovery and characterization of true bona
Jide in viv substrates of Nek kinases remain one of the
main challenges in the field. Among the interacting pro-
teins identified by our™” and other groups, through both
yeast two-hybrid screens and mass spectrometry analyses,
there were hopefully not only those that regulate the
Neks but maybe also candidate substrate proteins. The
binding of these substrate proteins possibly contributes
to “opening up” the Neks or to the activation of these
kinases and then, as a consequence, these proteins may
be phosphorylated by the Neks.

There has been a series of very good and concise
reviews on NIMA and Neks in the past years™™. How-
ever, due to scatrce or absent knowledge on several family
members, including Nek5, 10 and 11 for instance, most
reviews opted to focus on a subset of Neks or grouped
them according to phylogenetic or functional relatedness.
Here, we try to discuss all 11 human Neks in some depth

[+
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and to include all recent novelty on the least studied Neks
as well as our own group’ published and unpublished
findings, with a special emphasis on the characterization
of the functional context based on the identification of
interacting proteins (interactomics). A point we would
like to stress here 1s that most Neks interact with proteins
of several of the classical functional contexts reported
initially for a subset of specific Neks. In other words, we
may characterize the following three areas as the main
functional contexts of Neks: (1) centnolar function and
mitosis regulation (Nek2, 6, 7 and 9); (2) primary cili-
ary function, ciliopathies and microtubule dynamics in
general (Nekl, 4 and 8); and more recently (3) DDR and
Ge/M checkpoint (Neki, 4, 6, 8, 10 and 11)%”

However, published interactome data (Figure 2), as
well as our group’ efforts to identify new interacting
proteins for all Neks, showed some surprising cross-
connections and novelties, which we would like to point
out here. Most of the above mentioned Neks seem to
mteract with protems that are functionally linked to two
or even 4ll three of the above mentioned areas, thereby
raising the possibility that these are somehow connected
on a higher regulatory level and that the Neks may be
key elements to understand how the regulation of these
functional contexts is performed. A typical recently
published example is the role of Nek8 mn both primary
ciliary function and DNA repair mechanisms™. Our
own studies revealed that Nek6, a kinase primarily as-
sociated with mitotic regulatory events®™, also interacts
with proteins involved in the DNA damage response,
such as putative DNA repair and recombination protein
RAD26-like (RAD26L) and PHD finger protein 1 (PHF1)
(Figure 2)P!. In fact, for the majority of Neks we found
mteracting partners of the DDR or effector protemns of
different DNA repair pathways, which clearly suggests
a larger than initially imagined involvement of Neks in
these biological processes. Other insights came from the
identification of interacting proteins from the apoptosis
regulatory pathways with several Neks (e, Nek 1™ and
5). This suggests that, aside the well established mitotic
context, we must be open minded about additional new
roles for Neks (Table 1). Before we go into details of new
cross-connections and suggested additional functional
contexts in the final discussion, we will present each of
the 11 human Neks in detail in the following section of
this review.

NEK1
Although Nek1 is only the third most studied Nek family

member after Nek2 and aside from Neko, it 1s in many
ways a representative member of this family of protein
kinases. Along this line, Nek1 started to draw the atten-
tion of the kinase and signaling research communities,
not only to itself but to the Nek famuly after the publica-
tion of the seminal article of Upadhya ez 2/ in 2000™,
It reported that deletion mutations in the Nekl gene in
mice caused polycystic kidney disease (PKD) among oth-
er pleiotropic effects, ranging from facial dysmorphism,
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Figure 1 Representation of the domain organization of the eleven human
Neks depicting the domain regions for selected protein interactions. The
gene symbols corresponding to interacting proteins are shown above the Neks
primary structure regions with which they have been found to interact. The list
of interactors is not intended to be complete but is necessarily shorter than the
list of all proteins known in the literature to interact with Neks (e.g., see Figure
2), since, for the majority of interactors, the location of interaction in the Neks
has not been reported. Different repeated domains have been indicated by the
color code at the bottom of the figure. The lengths of the full proteins are indi-
cated by number of amino acids (aa) at the C-temminal of the proteins. At least
two isoforms of Nek1, 2, 3 and three of Nek4 and 11, all generated by alterna-
tive splicing, have been reported and known functional distinctions have been
briefly discussed in the text, where feasible. References for the proteins and
their mapped interactors: Nek1®'*: Nek2™*'*"'*!: Nekd®!: Nek6™; Neko®.
Nek: Never in mitosis-gene A-related kinases.

dwarfing, male sterility, anemia and cystic choroid plexus.
The pleiotropic nature of these phenotypes suggested a
role of Nekl early on m basic cellular functions, possibly
mvolved in signaling pathways associated with polycys-
tin-1 and 2, whose mutations also cause PKD and signal-
mng mitiates at the renal epithelial cell’s primary cilia™.
Recently, another set of imsertion, non-sense and
splice site mutations in the Nekl gene were reported in
Majewski type short-rib polydactyl syndrome (SRP’S), an
autosomal-recessive farmhar ciliopathy[m’m. Ciliopathies
have been associated with a senies of defects of proteins
involved in intra-flagellar transport (IFT), as well as cilia,
basal body and centrosome maintenance, and in the
case of Nekl, SRPS also presents a broad phenotypic
spectrum, including reduced cilia number and cell cycle
associated cilia morphogenesis. This results ultimately in
severe or lethal embryonic malformations and especially
osteochondrodysplasia, shortened ribs and tibias, poly-

[+ 9

rishidenge  WIBC | www.wijgnet.com

143

syndactyly, fused kidneys, heart defects and mouth clefts,
among others” "

In terms of molecular functions, a first breakthrough
came from a protein interactome study that shed light
on the mvolvement of Nek1 in several pathways related
to the above diseases, but also opened new avenues in
the context of cell cycle regulation and DINA damage re-
sponses”. These findings were later not only confirmed
by functional studies but also extended to other Nek
family members, including Nek4, 6, 10 and 1155 The
interactome study was a yeast two-hybrid assay using
Nekl as bait and a human fetal brain cDNA library as
prey. Nekl 1s a rather large, 1258 amino acids contamning
protein and interacts with these proteins mainly through
the two N-terminals of its four coiled coil regions, which
are located at the C-terminal of its kinase domain (Fig-
ure 1). Among the Nekl interacting proteins were the
kinesin-like protein KIF3A, tuberin and alpha-catulin,
mutation in all three of these genes also have been re-
potted to cause PKD. This suggests the existence of a
multicomponent signaling or regulatory pathway, which
regulates the kidney cell’s proliferation and when affected
by mutations may lead to PKD™ Evidence in support
for a major role of Nekl in pamary ciliary function also
came from other model organisms, including Chlzsmydoso-
ﬂﬂflz.z}.

Surprising at that time was the discovery of mterac-
tions with several cell cycle repulatory proteins, 14-3-3
protein 1) (ess, YWHAH), tumor suppressor p53-
binding protein 1 (TP53BP1), serine/threonine-protein
phosphatase 2A 56 kDa regulatory subunit alpha/delta
isoform (PPP2R5SA/D) and especially with proteins
involved in the DNA damage response, such as the
double-strand break repair protein MRE11A (MRE11A)
and the transcriptional regulator ATRX (ATRX)P.
Soon, additional experiments with the irradiation of
wild-type and Nek1-/- cells revealed that Nek1 is over
expressed and activated in response to ionizing radia-
tion (IR) and co-localizes to y-H2AX positive DNA
repair foci in the nucleus™. Cells without Nek1 died in
response to sub-lethal doses of IR and knockdown of
Nek1 also diminished their capacity to clear DNA dam-
age caused by chemical genotoxic agents, such as cispla-
tin and methyl-metanesulfonate (MMS)*. ‘This line of
experiments culminated recently in a paper where the
authors showed that Nek1 kinase is not only physically
associated with ATR-ATRID, but also required for ATR
priming to allow an efficient DNA damage signaling®™.
Furthermore, Nek1 has been mdicated to act m apop-
tosis signaling, especially by phosphorylation of key
mitochondrial proteins such as the voltage-dependent
anion-selective channel protein 1 (VDACH™. This is a
pore complex that functions both as a voltage depen-
dent anion channel and permeability pore that regulates
cytochrome c leakage to the cytoplasm, which upon exit
initiates apoptotic events'™. Nek1’ activity to maintain
cells 1 homeostasis 1s mediated through phosphoryla-
tion of a specific external VDAC1 Ser residue. Upon
apoptotic stimuli, Nek1 is degraded and the lack of
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Figure 2 Global interactome of Nek1-11, involving their published interactors. The proteins color code refers to their main biological function given by the top

enriched Gene Ontology"*

biological processes (P <= 0.05). Common interactors establish crosslinks between Neks, thereby emphasizing their common functional

contexts. The protein sizes are depicted proportional to their connectivity degree. The protein-protein interaction network was built for the first neighbors of Neks using
the Integrated Interactome System (1IS) platform, developed at National Laboratory of Biosciences, Brazil (http:/iwww.Ige.ibi.unicamp.br/Inbio/lIS/) and visualized us-

ing the Cytoscape software™. Nek: Never in mitosis-gene A-related kinases.

VDACT phosphorylation causes opening of the chan-
nel, loss of the membrane potential and leakage of cy-
tochrome c to the cytoplasm.

I'inally, Nek1 has been implicated in oametooeneais
due to its high expression levels in meiotic tissues™. In
another interactome study, this time using a testicular tis-
sue cDNA library, the protein Nurit was found to be an
interactor of Nek1®". Nurit is expressed in the late phase
of spermatogenesis, has structural resemblance with leu-
cin zippers and contains additional super helix domains,
possibly involved in its homo-multimerization. Further-
more, the structural maintenance of chromosomes pro-
tein 3 (SMC3) was found to interact with Nekl, further
implying important functions in meiotic events such as
spindle assembly checkpoints™.

In summary, Nck1 has been functionally implied in
three major functional contexts and their sub-functions: cil-
iogenesis (PKD, SRPS), DNA damage response in a wider

sense, also including cell cycle checkpoints and centrosome
functions and, finally, gametogenesis. Unpublished recent
mass spectrometry studics of the Nekl interactome after
challenging cells with genotoxic drugs identified a number
of nuclear proteins, the majority of which were associated
with DNA repair, replication and transcription regulation.
This, together with a very recent article which reports on
Nek1 interaction with NHE] (Non homologous end join-
ing) repair protein Ku80, clearly establishes Nek1 as a key
player in DDR signalmgm]

WIBC | www.wjgnet.com
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NEK2

Nek2 is the most studied and most well understood of
the human Neks. In fact, it will be difficult to cover all
of its aspects in the context of this review. Therefore,
we focused on the most important features of Nek2 and
would like to apologize to the many rescarchers whose
work could not be covered here duc to space restrictions.

Nek2 shares the highest sequence similarity with
NIMA 1in its kinase domain and many biochemical,
structural and functional features. This has led many re-
scarchers to believe that it may be the prototype NIMA
among all vertebrate Neks and that Nek2 may maintain
the primordial functions of NIMA in mitosis progres-
sion. For this reason, Nek2 became the most studied Nek
family member in mammals'. However, care must be
taken with such an interpretation since Nek2 cannot res-
cue NIMA defective mutants and Nek1 also shares many
NIMA characteristics™.

Nek2 expression varies during the cell cycle, being
maximal between the S and G2 phase, during which it
localizes predominantly to the centrosome” ™. Nek2 is
a component of the MTOC (microtubule organization
center) at mitosis entry and a core component of the
centrosome, where it phosphorylates the centrosomal
key components C-Nap1 and rootletin, which form the
intercentriolar linker that holds the pair of centrioles
physically together. This event in turn promotes centro-
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Table 1 Subcellular localization, established and possible additional functions of human and mammalian Neks

Nek Gene/ protein Subcellular localization

synonyms

Established function

Possible additional functions
(under investigation)

1 NY-REN-55 Cytoplasm, cilia, centrosome, yH2X

Stability and function of the primary

[26-21

Meiosis ™™, apoptosis mediated by

cilium /polycystic kidney disease™, DN A mitochondria™

damage response to IR and chemnical

mutagens

Regulation and promotion of centrosome DNA damage response
segregation
Regulation of prolactin response
microtubule deacetylation in

@71

neurons

SRPS2, positive DN A damage sites in nucleus
SRPS2A, KIAA1901
2 NEK2A, NLK1, RP67, Centrosome
HsPK21, SRPS2 A
3 HSPK36, Cytoplasm
RP11-248G5.5
4 5TK2, NRK2, Cilia/basal bodies
ppl12301
5 = ?

Microtubule stability (silencing alters
sensitivity to vincristine/ taxol
Skeletal muscle differentiation

[223-25]
[127]
[35:35]

[41]
b ?

DNA damage response”, replicative

W senescence’™, primary cilia function™

6]
5 ?

caspase-3 substrate/ apoptosis'™

6 SID6-1512,
RP11-101K10.6
7 -

Citotic spindle, centrosome

Spindle poles

centrosome separation
Stability and function of the primary
cilium /polycystic kidney disease™, DNA and DNA damage response’”

8  JCK,NEKI12A,
NPHP9, REPD2

Centrosome, cilia,
yH2X positive DNA damage sites in
nucleus

9 NERCC, NERCC1,  Spindle poles, centrosome, cytoplasm

Mitotic spindle formation™"?,
centrosome separation

Mitotic spindle formation

damage response

Mitotic spindle formation

1113]

DNA damage response””, NF-kappa B
signaling?®”"!

[E9-70]
[1288]
’

DNA damage response ?

[83-70]

Integration of primary cilia function

0]

(106
f ], centrosome ?
nogj

KIAA1995, (NEKS) separation
0 - Possible centrosome/ pericentriolar DN A damage response after UV induced Centrosome function?
localization (?) damage™
m - Nugcleus, mucleoli DN A damage response induced by IR 2

'Souza et al, unpublished observation.

some separation itself®™¥. During the interphase, Nek2

1s maintained in an inactive state by association with the
protein kinase MST-2 and the phosphatase PP1, which
keeps Nek2 dephosphorylated. After mitosis onset, polo-
like kinase 1 (PLK1) phosphorylates MST-2, disrupting
the trimeric complex and resulting in Nek2’s actrvation
through auto-phosphorylation. In addition, the centro-
somal proteins Nlp (ninein-like protein) and centrobin
contain coiled coils and are dislocated from the centro-
somes in Nek?2 overexpression conditions. In contrast,
the Nek2 knockdown or inhibition of its catalytic activity
results in the mhibition of the centrosome Sepamtionm.

A second important functional context for Nek2 1s
at the spindle assembly checkpoint, where through its
mnteraction with the major kinetochore proteins Mad1/2
and the phosphorylation of the kinetochore core pro-
temn Hecl, Nek2 may be involved in the identification of
unaligned sister chromatids®™®. Failure at this checkpoint
may lead to aneuploidy and other chromosomal abnor-
malities and knockdown or knockout of other Neks,
including Nek?7, has been reported to cause aneuploidy,
pointing to a potential major involvement of the Nek
family in the spindle assembly checkpointm].

Another functional context for Nek2 is in the game-
togenesis, where Nek2 acts in chromatin condensation
reminiscent of the role of NIMA i Aspergillanr nidulans.
In spermatocytes, the architectural chromatin protein
Hmga?2 is under control through phosphorylation by
mitogen-activated protein kinase (MAPK) and possibly

[+ 9
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also by Nek2P?,

Finally, in Drosophila, Nek2 was detected at the mid-
body in the late mitosis and overexpression of Nek?2 led
to actin and actin-binding protein dislocation and cytoki-
nesis failure, among other phenotypic effects™.

NEK3

Nek3 is a 506 amino acid serine/threonine kinase™ and
localizes both to the nucleus and cytoplasm!™*. It is
highly expressed in testis, prostate, ovary and brain, and
shows moderate to low expression m lung and liver™”.
Its gene localizes to chromosome 13q14.2 and 1its mRNA
is expressed in tumor, normal prostate and blood con-
trol cell lines. Insertion/deletion polymorphisms were
described, n which a stretch of adenines at the end of
exon 9 leads to the introduction of a premature stop
codon, resulting in a truncated protein that encodes only
298 or 299 of the protein amino acids. Interestingly, this
polymorphism around 13q14 is a mutational hotspot for
several cancer types™ . Moreover, human Nek3 has an
N-terminal catalytic domam and a C-terminal regulatory
domain and shares high amino acid sequence identities
with mouse Nek3 (56%), but not with other NIMA-
related kinases due to the absence of coiled coil regions
(Figure 1™ This suggests that Nek3 and its orthologs
constitute a separated sub-family of the Neks"",

Nek3 is involved in the invasion and motility of
T47D cells (a human ductal breast epithelial tumor cell
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line) through interaction with the guanine nucleotide ex-
change factor VAV2, which promotes both p21-Racl and
transforming protemn RhoA activation. These mteractions
are mediated by prolactin-induced association of Nek3
with the human prolactin receptor (PRLR). The signaling
pathway resulting from prolactin’s binding to its receptor
promotes phosphorylation of paxillin, a cell adhesion
mediator, and is dependent on Nek3% association with
VAV2TH,

In 1ts C-terminal domain, Nek3 contains a PEST
motif which contains Thr475, a residue that is phos-
phorylated upon activation. The Thr475 and the PEST
domains are phylogenetically conserved, suggesting that
they are important for Nek’s regulation. Expression of
mutants without the Thr475 or the PEST domain cause
changes in cellular morphology and polarity of both epi-
thelial and neuronal cells. Thus, Nek3 may also be crucial
to the regulation of neuronal microtubules and in disot-
ders which involve axonal degeneration, possibly through
modification of its acetylation status™”.

Another functional mvolvement of Nek3 with cy-
toskeleton components is mediated through its interac-
tion with the EH domam-containing protein 2 (EHDZ2).
EHD?2 interacts with plasma membrane phospholipids,
associates with VAV, and forms the complex VAV1-
NEK3-EHD2, which modulates p21-Racl activity, caus-
mng actin reorganization close to the plasma membrane
at the initial stages of endocytosis™. In summary, Nek3
plays a role in cytoskeleton organization and dynamics
through actin re-organization and may be mvolved in the
regulation of neuronal development, endocytosis, cell
motility and invasiveness of breast cancer tumor cells.

NEK4

Nek4 was initially described as serine/threonine-protein
kinase 2 (STK2) by Cance ¢ 2. In a study of a kinase
specific cDNA library in human breast cancer tumors or
cell lines, they identified STK2 that showed homology
to Asperpillus nidulans NIMA and expression levels that
varied widely i human breast tumors. Later, Levedakou
et al” showed that STK2 is highly expressed in the heart
and that its mRNA level does not vary along the cell
cycle. After studies characterizing the murine STK2 the
nomenclature changed to Nek4®,

The human Nek4 gene is located on chromosome
3p21.1 and is transcribed into about 4kb mRNA, which
encodes an 841 ammo acid residue protein[sa]. It 1s con-
stituted by a N-terminal kinase domain and a C-terminal
regulatory domain (Figure 1). Hayashi e a{1999)"7 de-
scribed a short and a long isoform for murine Nek4.
The long mNek4 isoform differs from hNek4 due to
the absence of a small fragment in the repulatory do-
main that corresponds to an Al sequence™™”. To date,
three isoforms have been described for human Nek4.
The longest canonical sequence (isoform 1: UniProt-
Accession P51957-1, NCBI RefSeq NM_003157) was
identified by the Cance and Levedakou groups™™ and
used to compare it to mNek4. The isoform 2 (UniProt
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database (UniProt Accession P51957-2, KJ592714), is
identical to mNek4 and lacks the .44 sequence. The 1so-
form 3 (UnmiProtAccession P51957-3 and NCBI RefSeq
NM_001193533) is the shortest one, with a smaller alter-
native N-terminal region.

Hayashi ez af{m, (1999) showed that two 1soforms of
mNek4 are expressed mn most tissues, except in the liver and
heart where only a short isoform is expressed™. Recently,
hNek4 expression was also observed in ciliated tissues, such
as the retina, kidney tubules, brain (specifically the ventri-
cles), heart and testis®. Expression in testis suggests a role
in meiosis, as has been already reported for mNek4™. Fur-
thermore, these new functional studies demonstrated that
hNek4 depletion does not alter the cell cycle™]. Therefore,
as shown for other Nek family members, roles other than
the regulation of the cell cycle can be attributed to Nek4,
including microtubule stabilization, pramary cilium assembly
and, more recently, replicative senescence entry and DNA
damage response’™™4

Interestingly, Nek4 activity 1s evidenced mainly in the
presence of chemotherapeutic agents. For example, in
lymphoma cells, a simple Nek4 knockdown is not enough
to change cell cycle or microtubule dynamics, but Nek4
knockdown tnggers taxol resistance and promotes sensi-
bility to vincristine in these cells®™. These results indicate
that Nek4 has an effect on microtubule stability in the
presence of these drugs and suggests that this particularity
could be explored m therapies, depending on the patient’s
specific levels of Nek4 protein in the tumor cells.

Besides the direct role in microtubule polymerization,
Nek4 is also important for primary cihium stabilization, as
was already described for Nek1 and Nek8™**%. Nek4 in-
teracts with RPGR-interacting protein 1 (RPGRIP1) and
RPGRIP1-like protein (RPGRlPlL)[SSJ, both associated
with ciliopathies. Both the eye-restricted disease “Leber
Congenital Amaurosis™ and the “Joubert and Meckel syn-
drome”, which affects multiple organs, are at the severe
end of the ciliopathy spectrum. After Nek4 knockdown,
the number of ciliated cells decreases, but this effect
1s apparently not related to RPGRIP1 and RPGRIP1L
phosphorylation status. This suggests that Nek4 may act
as a scaffold for other cilia signaling proteins®™ and, to-
gether with Nek1 and Nek8, may be important to other
ciliopathies such as PEDM>

More recently, the role of Nek4 was also connected
to the DDR because Nek4 depleted cells were found to
be resistant to DNA damaging agents, such as etoposide
or bleomycin, and to y-irradiation. Besides, Nek4 mter-
acted with DNA-PKes, Ku70 and Ku80, proteins that
have important roles in the NHE] (non-homologous end
joining) repair pathway. Nek4 depleted cells also show a
decrease of histone y-H2AX activation, probably as a re-
sult of an impairment of the DN A-PKcs recruitment!”,

NEKb

Among all members of the Nek family, Nek5 is the ki-
nase with the least amount of information. Although
identified in different organisms such as Homwo rapiens
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Mus muscalng Arabidopss thaliana, among others, there is
little mformation about its function and localization. In
humans, Nek5 is a protein of 708 amino acids, whose ki-
nase domain is located at its N-terminus™. According to
Moniz e af”, Nek3 is the only member of the Nek famnily
that has a dead box domain (Figure 1). This domain is
mvolved in cellular processes such as pre-mRNA pro-
cessing, rearrangement of ribonucleoprotein (RNP) com-
plexes and gene expression®". In Ansbidopss thakana, dur-
mg epidermal cell expansion, Nek5 interacts with Nek4
and 6 and these interactions are important to regulate
microtubule organization, probably through the phos-
phorylation of beta-tubulins™. Therefore, Nek5 may be
associated with the already established cascade consisting
of Nek9, 6 and 7 (see details below). However, care must
be taken because the evolutionary gap between mammals
and flower-plants is too large to deduce direct conclu-
sions and the functional information on Neks in plants is
even scarcer than in mammals®”. In human cells, Nek5 is
able to interact with caspase-3 and this interaction 1s 1m-
portant for skeletal muscle differentiation™. Caspase-3 is
a protease involved in mechanisms such as apoptosis and
cell differentiation. It was proposed by Larsen er 2™ that
caspase-3 activates caspase-activated DNase to promote
and regulate DNA strand breaks introduced into pro-
moter regions of genes encoding effector proteins such
as p21 and that this process may represent a more gen-
eral mechanism of genome alterations that occur during
cell differentiation. Since Nek5 interacts with caspase-3
durmng cell differentiation, other members of this kinase
family may also be mvolved in differentiation associated
molecular events and this possibility should be explored
in future experiments.

NEK6

Unlike the other Neks, Nek6 and Nek7 are the smallest
and structurally the simplest Neks, consisting only of the
catalytic domain with a relatively short N-terminal exten-
sion. Although they share significant similarity with each
other, being about 86% identical within their catalytic
domains, their N-terminal extensions are not conserved
and it has been suggested that they may play a role in the
differential regulation of these kinases™ SAXS experi-
ments, together with SEC-MALS and comparative mo-
lecular modeling performed by our group revealed that

hNeké is 2 monomeric kinase, slightly elongated, with a
i63]

flexible and disordered N-terminal domain

Nek6 was initially identified in a classic biochemical
screen for kinases capable of phosphorylating the hy-
drophobic regulatory site of the p70 nbosomal S6 kinase
(S6K). Nek6 phosphorylated the Thr412 residue of S6K
and other sites, zn wto and i wre, suggesting it to be a
possible regulator of this kinase™. Subsequently, Nek6
was described as not seeming to be responsible for the
physiological phosphorylation of S6K, SGK or PKB
since it was characterized as having a high preference for
a Leu three residues N-terminal to the phosphorylation
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site of the substrate”™, and more recent evidence sup-

ports a NIMA-like mitotic role for Nek6.

Both Nek6 and Nek7 co-purify with Nek9 as a result
of specific interactions and strong binding to a region
located between the RCC1 domain and coiled coil motif
of Neko™ (Figure 1). The endogenous Nek6 is activated
during mitosis, concomutant with an increase in its level
of expression, but this requires phosphorylation at the
Ser206 residue, which 1s mediated through Nek9. Nek7
too 1s phosphorylated by Nek9 at Ser195 and both phos-
phorylation sites are found in the activation loops of
these kinases®”. ‘This information led to the construction
of a model m which Neks 6, 7 and 9 act as partners of
the same signaling cascade®™, with Nek6/7 being sub-
strates of Nek9. However, Nek? remains inactive during
the interphase but is activated during mitosis, phosphory-
lating and activating Nek6/7, which, in turn, coordinates
the organization and maintenance of the mitotic spin-
dle®™,

Overexpression of a catalytically mactive mutant of
Nek6 generates cells displaying high mitotic index, de-
fects in mitotic spindle, nuclear abnormalities and apop-
tosis". These phenotypes are also observed from the
depletion of Nek6/7 in HeLa cells using stRNA, which
causes retention of cells in metaphase, with a normal
chromatin condensation and alignment, but an nability
to complete the segregation of chromosomes. The activ-
ity of Nek6 and also 7, therefore, seems necessary for
the progression of anaphase, where the cells are either
retained at the spindle assembly checkpoint (SAC), or un-
dergo apoptosis or complete mitosis, but with an elevated
risk of acquiring chromosomal abnormalities during the
process'™ Moreover, treatment of these depleted cells
with an Aurora B inhibitor to bypass the SAC led to a re-
duction in the frequency of metaphase arrest, concomi-
tant with an increase in the frequency of cells blocked in
cytokinesis. Cells expressing the hypoactive mutants, even
in the absence of the SAC inhibitor, also accumulated
in cytokinesis. Therefore, Nek6 and Nek7 seem to have
mdependent, non-redundant roles in mitotic spindle for-
mation and cytokinesis: one at metaphase that requires a
certain level of kinase activity and one in late mitosis that
requires a higher level of activity[lz].

Intriguingly, using phospho specific antibodies that
detect activated Nek6, Rapley e 2™ showed that Nek6
activity increased 2 h after release from a nocodazole ar-
rest, when cells would be progressing through cytokine-
sis. In this same study, the kinesin-related motor protein
Eg5, required for spindle bipolarity, has also been de-
scribed as a substrate of Nek6. It phosphorylates Eg5 ki-
nesin ix wi#v at several residues, including Ser1033, which
is also phosphorylated s ww during mitosis at the spindle
poles™. A signaling cascade seems to occur where Nek?2
first phosphorylates proteins at the intercentrosomal
linker in G2 phase, resulting in their dissociation, followed
by activation of Nek9 by the cyclin-dependent kinase 1
(CDK1) and the polo-like kinase 1 (PLK1) in early mito-
sis and subsequent activation of Nek6 and Nek7. These
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kinases, in turn, phosphorylate Eg5 (previously phos-
phorylated by CDK1), promoting the separation of the
centrosomes by the motor activity of Eg5 accumulated in
the centrosomes™™.

Apart from roles in mitosis, human Nek6 was recent-
ly reported by our group to have a broad set of protem
partners involved in diverse biological processest™. The
hNeko interactome showed that it is a high confidence
hub kinase possibly involved in several known and novel
cellular pathways, through interactions with and phos-
phorylation of diverse proteins. Figure 3 depicts some of
the main cellular pathways identified for hNek6 based on
the interacting proteins retrieved by our screenings. The
novel putative pathways shown are the non-canonical
Wit signaling, Notch signaling and the actin cytoskeleton
regulation, whereas the other pathways were already sug-
gested by other studies: the nuclear factor kappa B (NF-
«B) signaling”™ and the DNA damage responsel™. In
regard to the DNA damage response category identified
m our work, many studies show its importance among
the tasks triggered by Neks %5527

On the other hand, Nek6 phosphorylates the tran-
scription factor Oct-1 (POU2F1), a potent regulator
of metabolism and tumorigenicity, at S335 in the DNA
binding domain during mitosis, causing Oct-1 to dissoci-
ate from the chromatin and concentrate in the centro-
somes, spindle poles, kinetochores and midbodym. Fur-
thermore, Nek6é phosphorylates histones H1 and H3 i
witrp, possibly contnibuting to mitotic chromatin conden-
sation™. Nek6 finally also binds the BTB/POZ domain-
containing protein KCTDS5, which appears to have a role
in cytokinesis” ' and apoptosis”™

As the other human Neks, hNek6 was recently found
to be linked to carcinogenesis. It shows an increased
expression and activity in gastric cancer according to
the progression of the disease” and up-regulation of
Nek6 mRNA correlates with the Peptidyl-prolyl cis-
trans 1somerase Pinl up-regulation mn 70% of hepatic
cell carcinomas®™. The overexpression of a catalytically
mactive Nek6 promotes cell cycle arrest in human breast
cancer in metaphase and leads to apoptosis™, while its
knockdown induces senescence and also apoptosis®™
In a large-scale screening of serine/threonine kinases
on different types of human tumors, Nek6 was shown
to be up-regulated in non-Hodgkin’s lymphoma, breast,
colorectal and hing tumors®™. Moreover, NEKG gene, be-
sides AURKA, has its expression increased in esophagitis
and esophageal adenocarcinoma, representing a promis-
ing candidare marker of these diseases™. Recently, it was
demonstrated that transcript, protein and kinase activity
levels of Nek6 were highly elevated i malignant tumors
and human cancer cell lines compared with normal tis-
sue and fibroblast cells, indicating an important role for
Nek6 in tumorigenesis™. Its phosphorylation at Thr210
and Ser206 is catical for the phosphorylation of STAT3
(signal transducer and activator of transcription 3) at
Ser727"% Furthermore, its overexpression suppresses
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p53-induced senescence in cancer cells: it inhibits the cell
cycle arrest at both Gi and Gz/M transition, the reduc-
tion in the Cdc2 and cyclin B levels and the increase in
ROS levels induced by p53[86]. Its overexpression also
makes cancer cells resistant to premature senescence in-
duced by the anti-cancer drugs camptothecin and doxo-
rubicin®?. The inhibition of the Nek6 function sensitizes
human tumor cells to premature senescence after anti-
cancer drug treatment or serum depletion®™, suggesting
Nek6 to be a potential therapeutic target for various types
of human cancers.

NEK?7

Human Nek7 was originally described as a possible regu-
lator of the p70 ribosomal S6 kinase™ and of important
events in the mitotic progression™>™* (see above for
Nek6). These findings have led to studies on the regula-
tory effects of hNek7 m key functions of the cell cycle
and in cancer. The siRNA-mediated down-regulation of
hNek7 and expression of kinase mactive mutants reduced
centrosomal y-tubulin levels in interphase cells and caused
prometaphase arrest with defects in mitotic spindles[ﬁ’gg]
Nek7 overexpression in culture cells, on the other hand,
resulted in multinucleated cells and a higher proportion
of apoptotic cells®. In the same line, the Nek7 deple-
tion also decreased microtubule stability, while its ectopic
overexpression rescued this phenctype™. Furthermore,
hiNek?7 deficient mice die eatly in development and, on a
cellular level, lack of Nek7 led to decreased chromosome
numbers, increased centrosome numbers, binucleation,
micronuclet formation, cytokinesis faillure, growth retarda-
tion or cell death™. The PCM (centrosomal pericentriolar
material) proteins do not accumulate at the centrosome in
Nek7-depleted cells in the G1/S and Gz2/M transitions””
mdicating that Nek7 is required for centrole duplication,
centrosome maturation and mitotic spindle formation®,

The direct mteraction of Nek7 with the non-catalytic
domain of Nek9 allosterically activates Nek7 by inter-
ruption of its autoinhibitory conformation™. Consistent
with these findings, recent studies demonstrated that
PLK1 and CDKI1 control the centrosome separation
through phosphorylation and activation of Nek9 dur-
ing mitosis. This leads to the Nek6/7-dependent phos-
phorylation of kinesin Egb, a key event for centrosome
separation and mitosis"". Thus, as in the case of Nek®, it
is not surprising that cancer cells express elevated levels
of Nek7, suggesting a role in tumor progression. Higher
expression levels of Nek7 were found in larynx, breast,
colorectal™ and gall bladder cancers™. Taken together,
these findings suggest Nek7 as a potentially important
regulator of the cell cycle and reveal it as an essential
component for growth and survival of mammalian cells.
Furthermore, the linkage with a failure in centrosome
biogenesis, chromosomal stability and ploidy, as well as
the observed disturbance of microtubule dynamics con-
nects Nek7 to hallmark features of oncogenesis.
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Figure 3 Nek6 interactome and the cellular functional contexts based on its interacting proteins. The four major pathways discussed in the text are: (1) actin
cytoskelston organization; (2) nuclear factor-+B signaling; (3) DNA darage response; (4) p53 signaling (according to Meirelles ef al). See detailed legend for symbols

at the bottom of the figure. IR: lonizing radiation.

NEKS8

Nek8 was first described as the mutated gene in murine
autosomal recessive juvenile cystic kidney (jz£) mice®
As observed for Nekl, these mutational changes found
mn Nek8 C-terminal domain can cause genetic kidney
diseases, including polycystic kidney disease (PKD)™.
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PKD is one of the most frequent genetic kidney diseases
and has a highly variable pathology, involving aberrant
cell proliferation in the kidney and pleiotropic effects in
multiple other organ systems, including the liver and the
pancreas. Evidence that renal cyst formation is caused by
defects in ciiogenesis or ciliary function is substantial™,
In mouse cells, Nek8 localizes to the proximal region of
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the primary cilium and is not observed in dividing cells®™.
In humans, Nek8 1s overexpressed m prmary breast tu-
mors”™ and localizes to centrosomes and the proximal
region of cilia in dividing and ciliated cells, respectively.
The localization of Nek8 to centrosomes and cilia 1s de-
pendent on both the kinase activity and the C-terminal
non-catalytic domain homologous to RCC 1 (regulator
of chromosome condensation). It is capable of auto-
phosphorylation in the non-catalytic C-terminal region
to regulate its localization or activation. Its activity is not
cell cycle regulated but, in the same way as observed for
Nek3, activity levels are higher in Go-arrested cells. The
kinase domain alone, although catalytically active, does
not localize correctly, while a fragment containing only
the RCC1 domain shows correct localization and can also
be phosphorylated by Nek8™.

Nek8 carries the causal mutations of two of the eight
established mouse models of polycystic kidneys (jz&). In
these models, an abnormal interaction between Nek8 and
the polycystin complex may give rise to PKD by disturb-
ing microtubule dynamics, the mitotic spindle checkpoint
and the cytoskeleton. Nek® mutations cause overexpres-
sion of galectin-1, sorcin and vimentin and accumulation
of the MUP (major unnary protein) in renal cysts of ek
mice®™.

The role of the RCC1 domain in Nek8 is yet un-
known. However, a single G448V substitution is respon-
sible for the & phenotype®™. Overexpression of mutant
forms of Nek8 (including G448V) in tissue culture cells
leads to the formation of enlarged multinucleated cells
and reduced numbers of actin stress fibers, although tu-
bule cells in jok mice are not multinucleated, suggesting
that the cellular role of Nek8 may be related to the regu-
lation of the cytoskeleton®™.

Co-immunoprecipitation expenments demonstrated
that Nek8 interacts with polycystin-2 {(PKD2), 2 mecha-
nosensing receptor protein, involved m the regulation of
the cilium length. However, the s mutation of Nek8 did
not apparently affect this interaction directly. These data
suggest that Nek§ interferes with the polycystic signal
transduction pathways and/or the control of the target-
g process of these ciliary protemns. Dysfunction of
Nek8 may lead to cystogenesis by altering the structure
and function of cilia in cells located at the distal neph-
ron”,

Recent results suggest that Nek®8 has a function in the
maintenance of genomic stability™. Loss of Nek8 leads
to spontaneous DNA damage and a defect in the re-
sponse of cells to replication stress. Furthermore, Nek8
mteracts physically and functionally with components of
the ATR-mediated DDR. The disease-related jo& mutant
of Nek8 fails to both interact with the ATR pathway
proteins and to rescue the genome maintenance defects
associated with Nek8 knockdown. Thus, Nek8 is a critical
component of the DDR that links replication stress with
primary ciliary functions and the related cystic kidney dis-
orders™
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NEK9

Nek9, also called Nerccl, is one of the largest Neks with
979 amino acids, with an extensive C-terminal regulatory
domain, which contains seven RanGEF homology re-
peats, an RCC1 domain, a segment rich in Ser/Thr/Pro
residues and, like in Nek2, a coiled coil dimerization mo-
tif (Figure 1)F%%,

Nek9 was first described as Nek8 and isclated with a
catalytic activity against beta-casein i rabbit lung extracts
treated with IL-1, revealing the co-chromatography of a
second protein homologous to the Drosophila bicaudal D
protein, Bicd2, which 1s s vizw phosphorylated by Nek9
and resembles a cytoskeleton structure™™. Moreover,
Nek9 immunoprecipitation of Xewopus laevis egg extracts
showed vy-tubulin and other members of the y-tubulin
nng complex (y-TuRC), which are essential for the mi-
crotubule nucleating activity of the centrosome. Cen-
trosomal y-tubulin recruitment depends on the adaptor
protein NEDD1 and is controlled by PLK1. In a recent
study by Sdelci et o, it was reported that PLK1 acti-
vates Nek9, which phosphorylates the Ser377 in NEDD1,
promoting its recruitment together with y-tubulin to the
centrosomes of dividing cells (independently of Nek6/7).
Furthermore, the microinjection of anti-Nek? in human
cells during prophase, after the chromosomes condensa-
tion, mterferes in the organization of the spindles and the
propet segregation of chromosomes, resulting in cell cycle
arrest in prometaphase or aneuploidy™.

Nek9 expression remains constant in different cell
cycle phases (G1/S, Gz, M, G1); however, as observed for
NIMA, there is a specific increase in its catalytic activity
during mitosis, which was found to be triggered by 2 et
and ## wiwo phosphorylation events®”. The recombinant
wild-type Nek9 shows reduced activity when extracted
from exponentially growing cells, but its pre-incubation
with ATP and Mg”" induces its autophaspharylation at its
activation loop Thr210 residue and its activation, whereas
mutants lacking the coiled coil dimerization motif show
significantly reduced activity"" . Interestingly, the dele-
tion of the RCC1 region leads to a catalytic hyperactiv-
ity, indicating that this region may be required for Nek9
autoinhibition™. Moreover, Nek9 binds to dynein light
chan 1, cytoplasmic (DYNLL1), a highly conserved pro-
tein originally described as a component of the dynemn
complex, uz its C-terminal (K/R) XTQT motif adjacent
to Nek?9 C-terminal coiled coil motif, resulting in Nek9
oligomerization, an increase in its autoactivation rate and
a reduction in its binding to Nek6™™.

It is possible that Nek® activation in mitosis involves
a very small percentage (< 5%) of the total expressed
protein, and in contrast with the vast majonty of inac-
tive protein, the active Nek9 (Thr210P) is first evident
during prophase, concentrated at the centrosome, where
it can be phosphorylated by CDK1/cyclin-B*™, until
metaphase is reached. During the transition to anaphase,
the immunoreactivity of Nek9 (Thr210P) decreases at
the centrosomes and becomes detectable at the chromo-
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somes, which is evident until telophase. Before disappear-
mng, the active Nek9 is detected at the midbody as two
points flanking the cleavage furrow during cytokinesis”™.

Due to its possible roles in the mitotic spindle or-
ganization and chromosome segregation through its
activation during mitosis and interaction with Nek6/7,
it is possible that most of the phenotypes observed with
the microinjection of anti-Nek9 antibodies in human
cells ate caused by interference with Nek6/7 function®™
Taken together, the data suggest that Nek9 is a positive
upstream regulator of Nek6/7.

Among other kinases, Nek9 was recently identified by
quantitative chemical proteomics as a possible marker for
the diagnosis and therapy of head and neck mumors™.
Moreover, Nek? shows, along with other kinases impli-
cated in cancer, its activity inhibited by the drug querce-
tin""™, Its expression is increased in chronic myeloid leu-
kemia cells resistant to imatinib™ indicating: that its up-
regulation could be involved in chemotherapy resistance
mechanisms. Depletion of Nek9 in glioblastoma (U1242)
and renal carcinoma (Caki2) cells results in failures in
cytokinesis and cell death in Caki2 cells, after overriding
mitosis, and incorrect alignment of chromosomes and
micronuclel formation. Therefore, it 1s suggested that
inhibition of Nek9 is a potential anti-cancer therapeutic
strategy by induction of mitotic catastrophe e reduced
dynamics of the spindle, cytokinesis and mitotic check-
point control™,

NEK10

One of the most intriguing but less studied members of
the Nek family is Nek10 since it has its catalytic domain
flanked by two regulatory domains (Figure 1). Each of
these two regulatory domains has their own peculiarities.
As NIMA and Neks 1, 2, 5, 9 and 11, Nek10 also has
coiled coil regions closely located to the kinase domains®™.
Furthermore, four repetitions of an armadillo repeat
motif in its N-terminal regulatory domain may serve as
an important region for protein-protemn interactions, as
has been reported for other proteins™”. In the case of
its C-terminus, a PEST region may be important to the
proteclytic regulation of the protein’s abundance. There
are some contradictions and a debate about Nek10’s full
length since several ditferent cDNAs have been depos-
ited that differ in the C-terminal domain length.
Mutations in the Nek10 gene locus have been linked
to breast cancer in different studies that were trying to
find new polymorphisms in carriers of mutations in
BRCA1/2 (breast cancer type 1/2 susceptibility pro-
tein)" " Moniz ez 2 have shown an important role
for Nek10, comparing normal and tumor mammary
rland cell lines. They found that Nek10 affects the
ERK1/2 (extracellular signal-regulated kinase 1/2) signal-
ing pathway, after activation with UV radiation. Nek10
has been shown to form a functional complex with RAF1
and MEK1 (dual specificity mitogen-activated protein
kinase kinase 1). In this sense, cell cycle arrest in Ga/M
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was observed and Nek10 caused both MEK1 activation
and the ERK1/2 phosphorylation. However, these pre-
liminary data suggest a possible involvement of Nek10
in the DDR, as already demonstrated for Nekl, 4, 6, 8
and 11B%1%522727 noreover, like BRCAT and BRCAZ,
Nek10 may be a therapeutic target in breast cancer.

NEK11

Nek11 1s one of the least studied Nek family members
and has the highest sequence similarity to Nek4. Its gene
is present on the same chromosome as that of Nek4 but
on the long arm (3g22-1). Nek11 was first identified by
Noguchi et 2/ (2002)" and shows a high sequence simi-
larity with Nek4 and 3 in its kinase domain, but is more
similar to Nek2 in its regulatory region (Figure 1). Inter-
estingly, Noguchi e o™ have not found Nek4/11-related
kinases in C. elggans or I melanopaster, suggesting that the
Nek11-containing subfamily may have only appeared
through gene or genome duplication after separation of
the deuterostome branch in the animal kingdom™™.

Noguchi ez a7 (2002) described two isoforms for
Nek11. The longer isoform {Nek11L) is composed of
645 residues, while the shorter one (Nek11S) contains
only 470 residues. Nek11 shows a N-terminal kinase do-
main and a C-terminal regulatory domain with a coiled
coil and three PEST sequences, suggesting a proteolytic,
cell cycle specific regulation of its expression. Nekll,
different from Nek1, 2 and 4, is not present in a higher
quantity in the testis or ovary, but its mRNA is found
m the brain’s cerebellum, trachea, lung, appendix and
uterus™. Another important difference to Nek4 is that
Nek11 shows a timely cell cycle related expression pat-
tern, relating it closer to Nek2, with both showing an
expression peak at the Gz/M transition.

The first indication that Nek11 could be important
in the regulation of cell cycle checkpoints was the iden-
tification of hustones H1, H2A and H3 as Nekl1 phos-
phorylation substrates. Furthermore, in the presence
of genotoxic agents, Nekl1l showed both an increased
expression and activity at the Gz/M transition. Although
this is decreased by caffeine, suggesting that Nek11 DDR
may be associated with the ATM/ATR pathways, which
also showed the same inhibition by caffeine""

Another common point between Nekll and Nek2
is their localization to the nucleolus. In the study of No-
guchi ez 27 (2004), it was observed that in U208 cells
Nek11L 1s present in the nucleolus during interphase and
telophase and that it probably interacts with Nek2A in
the nucleolus. Moreover, Noguchi e s/ Ispeculated that
Nek2A could phosphorylate Nek11L C-terminal and, in
this way, antagonize its auto-inhibitory function, which
would cause Nek11 activation in G1/S arrested cells™?.

Recently, some of Noguchi’s results were followed
up by Melixetian ez a4, This study points to Nek11 as
an impotrtant player in cancer development. Melixetian
et al” observed that Nek11 depleted UZOS cells lose an
important Gz/M checkpoint after IR. In this way, it was
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verified that after IR Chk1 phosphorylates both M-phase
mducer phosphatase 1 (CDC25A) and Nek11. Nek1l m
turn also phosphorylates CDC25A, leading to its protea-
somal degradation and subsequent inhibition of cyclins
followed by a cell cycle arrest at the G2/M transition.

The studies mvolving Nek11 so far pomt to it as an
unportant protein for the cell cycle regulation in the con-
text of the DDR. However, more interactome studies are
required to clarify other possible functions of Nek11 in
the cell.

DISCUSSION

After knowing sufficient details on all of the eleven in-
dividual Neks, we will now return to 4 more general and
integrative approach and try to find common functional
contexts for the family as a whole in human cells. As
pointed out in the introduction, Neks may be assigned to
three major functional contexts: (1) centrioles and mitotic
spindle functions; (2) primary ciliary function; and (3)
Gz/M phase associated DDR. Although most individual
Neks have been associated with one main context, recent
functional data as well as the identification of interac-
tion partners for several Neks from two or even all three
contexts may suggest that Neks have a broader function,
possibly on a regulatory level, that consequently affects
the three main functions. A first way of looking at this 1s
by comparing the interaction profiles and functional con-
texts of the published interacting partners, summarized
m Figure 2, which shows the Neks global mteraction pro-
file and the possible new biological processes in which
they are involved due to their interaction with multiple
proteins.

Several protein interactors with violet color interact
with Nekl, 2, 3, 8, 9 and 11 and can be described as as-
sociated with the “axon guidance”/transpott processes.
They include, for example, fasciculation and elongation
protein zeta (FEZ)-1 and 2 that interact with Nek1®">*,

Several proteins associated with apoptotic processes
interact with Nek6: serine/threcnine-protein kinase PAK
6 (PAKG), serine/threonine-protein kinase Sgkl (SGK1)
and DBIRD complex subunit KIAAT967 (KIAA1967)
(darker green color).

Nek9 interacts with several proteins from the autoph-
agy-related protein & family (GABARAD, GABARAPLI,
GABARAPLZ, MAPILC3A, MAPI1LC3B and MA-
P1LC3C) (light blue).

Several protems from DNA repair processes mteract
with either Nek1, 6, 9 or 10: RuvB-like 2 (RUVBL2),
Fanconi anemia group I protein (FANCI), transcriptional
regulator ATRX (ATRX), FACT complex subunit SSRP1
(SSRP1) and SUMO-1 (SUMO1) (red). The putative
DNA repair and recombination protein RAD26-like
(RAD26L), the PHD finger protein 1 (PHF1), and also
the double-strand-break repair protein rad21 homolog
(RAD?21, not shown in Figure 2), all identified as Nek6
interactors in our yeast two-hybrid screens®™, are also pos-
sibly involved in the DDRI,
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In order to demonstrate the potential discovery of ad-
ditional functional contexts through interactomics stud-
ies, we will now have a closer look at the Nek6 mterac-
tome as described by our group® (Figure 3). Novel Nek6
interacting partners are indicated by yellow ellipses and
suggest the following new functional contexts: (1) Nek6
is possibly involved in actin cytoskeleton organization
through its interaction with cell division control protein
42 homolog (CDC42) and sorting nexin-26 (SNX26)%.
Since SNX26 has a negative regulatory role on CDC42
and Nek6 interacts with both of them, the final output
of Nek6 must be addressed by future experiments. How-
ever, these findings are supported by the fact that for
Nek3 a clear involvement in related processes has been
reported (see Nek3 section above); (2) Nek6 may be in-
volved in the activation of the NF-xB signaling on mul-
tiple layers, since it interacts with the transcription factor
RelB, Prx-TM and/or TRIP-4%™ Matsuda e# 27" found
Nek6 as an activating protein in a siRNA knockdown
screen to identify proteins that participate in the regula-
tion of cellular survival transcription factor NF-BPY.
The regulation may occur on several levels: through direct
phosphorylation, interaction or regulation of the nuclear
translocation of key components of the NF-xB com-
plex, like RelB, or even on the transcriptional level. The
latter seems likely, since Neko6 also interacts with SNW
domain-containing protein 1 (SNW1) and a PHF domam
containing protein (PHE1)®, both of which have been
recently identified as key components involved in the
complex, multiprotein machinery involved in the tran-
scriptional activation of the NF-xB gene[m]. Again, Nek6
regulatory role here may be mediated through interaction
and /or phosphorylation; (3) the IR-induced DNA dam-
age response is mediated by Nek1, 6 and 11, leading to
cell cycle arrest™ ™™ The UViinduced DNA damage
response is mediated by Nek10, also leading to cell cycle
arrest’™ This may suggest that different Neks may have
specialized to mediate different forms of DNA damage
responses; and (4) it is known that Nek6 can counteract
P53 mduced senescence™. As we can cohserve in Figure
3, this may occur indirectly through Nek6é modulation of
P53 interactors 40S ribosomal protein S7 (RPS7) and/or
E3 ubiquitin-protein ligase RBBP6 (RBBP6). It 1s worth
noting here that Nek4 has the opposite effect of Nek6.
Nek4 seems to be required for the cell to enter in senes-
cence”.

Another important point is the finding that certain
functions first only described for isolated specific Neks
have been later confirmed for most if not all other Neks.
Nek1 was the first family member to be associated with
DDR signaling events™. In our yeast two-hybrid screen
to identify Nekl interacting proteins, we identified pro-
teiis involved in the repair process itself (MRE11A) and
in different signaling pathways associated with it (ATRX,
PPP2R5 A/D, YWHAH, TP53BP1) (Figure 4).

Nek4, 6, 8, 10 and 11 have also been reported to
physically interact with key members of DDR pathways
or to interfere functionally in signaling cascades in a
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Figure 4 Nek1 interactome and crosstalk with other Neks and protein interactors in the context of the DNA damage response pathways. Interactions be-
tween proteins are depicted as simple lines, activation is depicted as an arrow and inhibition as an arrow with a line as arrowhead. A red arrow for 14-3-3 means that it
causes activation by the transport of CDC25 to the nucleus. Nek1 interacted with a specific 14-3-3 isoform called YWHAH (gene symbols insice brackets correspond
to the isoforms of those proteins which were described to interact with Nek1). Not necessarily the same specific 14-3-3 protein promotes the indicated functions. Rath-
er, a family characteristic is intended to be assigned. Nek2 kinase activity is inhibited after DNA damage (arrow)"". The red protein names are those that have been
identified to directly interact with Nek1 as identified by the yeast two-hybrid system™ or other as indicated in the figure. Gene symbols above/under protein names
represent other interactors of those proteins. Nekd interactors have been identified by mass spectrometry™. As can be seen, all but three Neks (Nek3, 7 and 9) seem
to be directly linked to the DNA damage response. Most strikingly, we can see a direct connection for Nek8, 4 and 1 between DDR and primary cilium function and
ciliopathies. New connections to apoptosis have been recently pointed out for Nek1 and 5. References for interactions are depicted in brackets: Nek6®"*; Nek1®'**%,
Nek4®: Nek8"™: Nek11™; Nek10™: Nek2™"; Nek5™: KIF3A™™: Faz1/2"* various known interactions".

broader context of the Gz/M transition™ ™™ As de-
scribed above for Nek6, the interactors RAD 261, PHF1,
RAD21P! FANCI and RUVBL2" are 4ll associated with
the DDR. Together with the relatively recent wotk by
Lee e 2/ (2008)™, this supgests Nek6 may also interfere
m DDR. However, the stimuli that activate such possible
pathways 27z Nek6 are still unknown. In further yeast
two-hybrid screens and mass spectrometry interactomics
studies we found other DDR members interacting with
Nek3, 4, 5,7, 8, and 10 (unpublished data). Recent publi-
cations clearly confirmed part of those findings or went
beyond them by characterizing this new involvement not
only functionally, but also establishing possible cross-
connections between primary cilia signaling and DDR i
the case of Neka™ . For Nek4, an involvement in senes-
cence signaling was established and in mass spectrom-
etry expenments, several DDR proteins such as DNA-
PKcs (PRKDC), Ku70/Ku80 {RCC6/5) and PCNA
were identified as Nek4 interacting proteins (Figure 4)U,
Furthermore, Nek4 has been reported to mteract with
RPGRIP at the primary cilium®, thereby establishing an-
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other link between DDR and primary clium function.

A new role for Nek5 in differentiation and apoptosis
signaling has been identified and characterized through
its interaction with and proteolytic processing by cas-
pase-3"). Evidently, apoptosis signaling is closely related
to DDR and the G2/M checkpoint because cells unable
to repair major DNA damage must either halt m the cycle
or be dispatched by apoptosis. The link between Neks,
DDR and apoptosis is not new as Chen e 2/ had also
already reported an interaction of Nekl with mitochon-
drial VDAC1. Nek1 phosphorylates VIDAC1 and prevents
apoptosis by avoiding VDAC1T opening and leakage of
cytochrome ¢, which would activate apoptotic caspases.
The down-regulation of Nekl protein level or kinase
activity through apoptosis signaling decreases VDAC1
phosphorylation and results in its opening and leakage of
cytochrome c, thereby activating the apoptosis program.

For Nekl, the coexistence of functional roles in
both DDR and ciliopathies and primary cilia function
has been long established (Figure 4). Nek1 interacts with
several proteins involved in the primary cilia function

May 26,2014 | Volume 5 | Issue?2 |

45



Meirelles GV et a/. Nek family kinase interactomes and functions

1 Mitosis
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Figure 5 Functional overlap in the human Nek kinase family: seven of
eleven Neks participate in two and one Nek in all three of the main core
functions of the Nek family (centrosome-related mitosis, primary cilia and
DNA damage response). The three comers of the triangle represent each a
key concept function for the Nek family, e.g., Nek9 and 11 sole involvement
in mitosis®™**' and DDR¥ respactively, has been well documented. The Nek
names and bold lines represent cases where accumulated experimental evi-
dence strongly suggests a regulatory role for that Nek in that context or in both
of the contexts the line connects: Nek1®%*": Nek2"*’: Nek4™ (Basei et a/ un-
published); Nek8™: Nek7°™: Nek8™'™: Nek107. The thinner lines represent our
own group’s preliminary or unpublished interaction data (both from yeast two-
hybrid system and immunoprecipitation coupled to mass spectrometry analysis
data), suggestive of a participation of that Nek in both connected functions
(Nek7: Souza et &/, unpublished).

and especially in kidney duct mechanosensing (KIF3A,
tuberin, alpha-catulin, polycystin 1/2). Mutations in the
genes that encode all of these proteins like those that
cause expression of truncated non-functional Nek1 itself,
cause PKD™. Since Nek8 is functionally and evolution-
ary most closely related to Nekl among the Nek famuly, 1t
came as no surptise that Nek8 mutations were also found
to cause ciliopathies and cystic kidney disease. Moreover,
Nek8 mteracts with some key DDR proteins, including
ATR, Chkl and PCNA, just like Nek1™. What is new
in these milestone discoveries, however, is the possibil-
ity that somehow these two pathways are causative or
coincidentally connected. Choi e 2" made the observa-
tion that mice cells with diminished Nek8 kinase activity,
stmulating a kidney ciliopathy, already show a constitutive
activation of DDR pathways in the embryonic phase, as
evidenced by repair foct in their kidney cells nuclet. This
raises a couple of possibilities to consider: either the
cilia have some function in the sensing of DNA damage
of in transmitting downstream events, or otherwise, the
cilia defects somehow transduce (72 Nek8) to a possible
lack of repair of replication defects. Of course a simpler
explanation could be that both phenomena are affected
simply because Nek8 participates in both of them simul-
taneously. However, an additional possibility is that Nek8
acts on a higher regulatory level that coordinates both
pathways based on the necessity of the cell to coordinate
these events closely during the course of the cell cycle.
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Clearly, further studies are necessary to evaluate these
new possibilities. However, it seems to be clear now that
the three central functions controlled by Neks, mitosis,
prmary cilia and DDR, are more connected than previ-
ously expected and that several if not all Neks participate
in more than one of them.

A possibility exists that the Neks per se are the key
regulatory elements that may connect these three func-
tions. The seemingly functional redundancy may in fact
rather represent connecting elements between hitherto
non-connected regulatory circuits (Figure 5), 2p., be-
tween primary ciliary function and DDR for Nek8"™ and
Nek1®*4 Furthermore, these circuits may cooperate in
a concerted one or two-directional fashion (Nek8).

Most interestingly, from a cilium perspective, recent
evidence also indicates a strong link between cilia, stress
responses and DNA damage repair processes. A tecefnt
study showed that environmental stresses, including UV
and IR, result i altering the protein composition of
centriolar satellites, thereby promoting de novo ciliogen-
esisl'™ ‘Together with the recent findings that ciliopathy-
associated mutations in DNA damage key regulators
(2.2, Mre, Znf423) also connect cilia and DDR™ ™Y, it is
tempting to speculate that cilia may act as platforms for
cell cycle checkpoints or the DDR.

CONCLUSION

Cleatrly, the past 10 years have provided new and exciting
insights into the multifaceted functions of this interest-
ing protein kinase family and the future promises to hold
more surprises and the discovery of new functional con-
nections. An exciting time has come to the field of Nek
research and the Neks are ready to step out of the shade
and take a main role along the other important cell cycle
regulatory kinases: Polo-like kinases, Aurora kinases and
Cyclin-dependent kinases. It is time to stop Ne(c)king
around with them and allow them to enter the spot light
in the field of cell cycle biology.
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Mitochondria are involved in energy supply, signaling, cell death and cellular differentiation and have been
implicated in several human diseases. Neks (NIMA-related kinases) represent a family of mammal protein
kinases that play essential roles in cell-cycle progression, but other functions have recently been related. A
yeast two-hybrid (Y2H) screen was performed to identify and characterize Nek5 interaction partners and the
mitochondrial proteins Cox11, MTX-2 and BCLAF1 were retrieved. Apoptosis assay showed protective effects
of stable hNek5 expression from Hek293-T's cell death after thapsigargin treatment (2 pM). Nek5 silenced cells
as well as cells expressing a “kinase dead” version of Nek5, displayed an increase in ROS formation after 4 h of
thapsigargin treatment. Mitochondrial respiratory chain activity was found decreased upon stable
hNek5expression. Cells silenced for hNek5 on the other hand presented 1.7 fold increased basal rates of respiration,
espedially at the electrons transfer steps from TMPD to cytochrome ¢ and at the complex II. In conclusion, our data
suggest for the first time mitochondrial localization and functions for Nek5 and its participation in cell death and cell
respiration regulation. Stable expression of hNek5 in Hek293T cells resulted in enhanced cell viability, decreased cell
death and drug resistance, while depletion of hNek5by shRNA overcame cancer cell drug resistance and induced ap-
optosis in vitro. Stable expression of hNek5 also inhibits thapsigargin promoted apoptosis and the respiratory chain
complex IV in HEK293T cells.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Proteins that change localization inside the cells and undergo post-
translational modifications become candidates to connect biological

Mitochondria are organelles responsible for the generation of the
cell energy through formation of adenosine triphosphate (ATP) [1].
Besides supplying cellular energy, they are involved in the regulation
of cell death, cellular differentiation, calcium homeostasis and the con-
trol of the cell cycle and have been implicated in several human diseases
including endocrine related disorders such as diabetes mellitus [2-4].
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processes with proximal signal transduction. Most of the pro-death
BCL-2 members demonstrate modifications and protein translocation
upon receipt of a death stimulus [5]. Many other processes occur inside
or dependent of mitochondria. For example, NADH and FADH2 are gen-
erated during glycolysis, fatty acid oxidation and the citric acid cycle,
which are oxidized within the mitochondria. Electron transfer through
a series of respiratory complexes ends with the terminal reduction of
molecular oxygen to water. Four respiratory complexes designated
Complex I (NADH dehydrogenase), Complex II (succinate dehydroge-
nase), Complex III (ubiquinol cytochrome c reductase) and Complex
IV (cytochrome c oxidase). These respiratory complexes are enriched
in segments of the inner mitochondrial membrane that invaginate
into cristae [6].

A genetic screen in the filamentous fungus Aspergillus nidulans, iden-
tified Never In Mitosis A (NIMA) as a temperature sensitive mutants
that failed in cell cycle progression [7]. Osmani and co-workers, charac-
terized the NIMA gene to encode a serine/threonine protein kinase
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localized to the spindle pole body that plays essential roles in cell-cycle
progression [8,9]. The Neks (NIMA-related kinases) represent a fam-
ily of mammalian protein kinases that consists of 11 members that
share 40-45% identity with NIMA in the catalytic domain. The usual-
ly C-terminal located regulatory domain and has greater variability
and is involved in determining the substrate specificity and interac-
tion with other proteins [10]. All 11 human Neks have been function-
ally assigned to one of the three core functions in mammals,
established for this family: 1) centricles/mitosis, 2} primary ciliary
function/ciliopathies and 3} the DNA damage response (DDR) [11].
Besides that, a new function has been associated recently to the
Nek family. Chen and co-workers demonstrated that Nek1 acts in ap-
optosis signaling, specifically by phosphorylation of the voltage-
dependent anion-selective channel protein 1 (VDAC1) [12].Itis a
pore complex that functions both as a voltage dependent anion
channel and permeability pore that regulates cytochrome c leakage
to the cytoplasm, which upon exit initiates apoptosis. Upon apopto-
tic stimuli Nek1 is degraded and the lack of VDAC1 phosphorylation
causes opening of its channel, loss of membrane potential and cyto-
chrome c leakage to the cytoplasm [12].

Among the members of the Nek family, human Nek5 (hNek5} is the
kinase with the smallest amount of information. Little is known about
its function and subcellular localization. Nek5 is capable to interact
with caspase-3 and this interaction is important for skeletal muscle dif-
ferentiation [13]. Caspase-3 is a protease involved in mechanisms such
as apoptosis and cell differentiation. The functional interaction of Nek5
with caspase-3 in cell differentiation, suggests that its involvement in
cell death should be also explored. Together with the profile of mito-
chondrial proteins identified here as interactors of Nel5 we decided to
investigate the role of hNek5 in cell death and cell respiration. Our
data suggest mitochondrial localization for hNek5 and its role in the
prevention of cell death.

2. Materials and methods
2.1. Yeast two-hybrid screening

The cDNA encoding the C-terminus of hNek5 (a.a. 260-708) was
cloned in the pGBKT7 vector to be used as bait against a human universal
cDNA library. A yveast two-hybrid screen was performed following the
Matchmaker™ Gold Yeast Two-Hybrid System (Clontech Laboratories,
Inc., Mountain View, CA} according to the manufacturer’s instruc-
tions. Interactors from the screen were detected by growth of co-
transformed yeast cells in a selective media which is absent of trypto-
phan, leucine, adenine and histidine (-W, —I, — A, —H) but containing
aureobasidin antibiotic and X-a-Gal to promote a blue color to the
colony as the reporters are activated by the interaction. In order to
identify the “preys” genes, the extracted DNAs were sequenced and an-
alyzed at the Integrated Interactome System (IIS} platform, developed
at National Laboratory of Biosciences, Brazil (http://www.lge.ibi.
unicamp.br/Inbio/AI5/} [14].

2.2. bamunofluorescence and confocal microscopy

Cells grown on coverslips to 60% confluence were fixed in ice-cold
methanol. Fixed cells were permeabilized with 0.5% Triton X-100 and
blocked with 3% BSA and 0.1% Triton X-100 in PBS. Primary antibodies
included anti-Nek5 (1:50; Santa Cruz Biotechnology, Dallas, USA),
anti-BCLAF1 (1:50; Santa Cruz Biotechnology}, anti-Cox11 (1:25;
Novus Biologicals, Littleton, USA), anti-MTX2 (1:25; Novus Biologicals},
anti-VDAC (1:50; Abcam, Cambridge, UK} and Mitotracker Deep Red
(500 nM; Life Technologies, Carlsbad, USA). Subsequently, fluorescent-
labeled secondary antibodies were incubated at a dilution of 1:200,
including anti-rabbit IgG-Alexa 594 (red; Molecular Probes, Eugene,
OR, USA} and anti-mouse or anti-goat IgG-Alexa 488 (green; Molecular
Probes, Eugene, OR, USA}. Hoechst dye was used for nuclei staining.

Samples were mounted in ProLong® Gold Antifade Reagent (Life
Technologies Corporation, Carlsbad, CA} and images were acquired
using confocal microscope Leica TCS SP8 from the National Biosciences
Laboratory — LNBio/CNPEM and confocal microscopy Zeiss LSM 510
confocal laser-scanning microscope from the National Institute of
Photonics Applied to Cell Biology/UNICAMP. Images were processed
using LAS AF (Leica} and LSM 5 Image Examiner (Carl Zeiss) software.

2.3. Cell culture and generation of stable cell lines

Adherent HEK293T, T-REx-293 and U2-0S cells were obtained from
ATCC and maintained at 37 "C with 5% CO; in Dulbecco’s modified Eagle's
medium, DMEM (Gibco), supplemented with 10% certified fetal bovine
serumn (Gibco) and penicilling/streptomycin (100 units/ml, Gibco). Specif-
ically, 5 mg/ml blasticidin was added to T-REx-293 culture. To generate
Nek5 stable cell lines, T-REx-293 cells were transfected with the empty
vector pcDNATMS5/FRT/TO/FLAG and pcDNATMS5/FRT/TO/FLAG-Nek5
using Lipofectamine 2000 according to the manufacturer’s protocol (Life
Technologies). After transfection, cells were transferred into fresh
DMEM containing SO pg/ml hygromycin B (Invitrogen, Carlsbad, CA)
and the medium was replaced every 3 days. Several colonies were sepa-
rately expanded, induced with 2 mg/ml tetracycline for 48 h and analyzed
by immunoprecipitation and immunoblotting.

2.4. Generation of Nek5 depleted cells

Nek5 shRNA (h} Lentiviral Particles (Santa Cruz Biotechnology, Inc.}
were used to knock down hNek5 as previously reported by the compa-
ny. Briefly, 5.0 > 10* infectious units of virus of the lentiviral particles
were added to the Hek293T cells, followed by a clone selection with
3 pg/ml puromycin. Several colonies were picked, expanded and
assayed for stable shRNA expression by RT-PCR. The PCR pairs of primer
sequences for Nek5 were sense 5 GGAATTCGAGAATCTTATTCCCAAAT
ATTT 3/ and antisense 5" AATCTCGAGGTCGACTCACATCAGGATGAGCAC
3, and those for a-tubulin were sense 5 GGATCCAAGCTTAGATGCGT
GAGTGCATCTCCATCC 3/ and antisense 5' CTGCAGGTCGACTTAGTATT
CCTCTCCTTCITCCTC 37

2.5. Mitochondria isolation

Mitochondria were isolated using the Qproteome® Mitochondria
Isolation Handbook (Qiagen} according to the manufacturer’s instruc-
tions. Briefly, 2 x 107 of stably transfected Nek5 knocked down cells
were trypsinized, washed with PBS and 0.9% of NaCl and centrifuged
at 600 xg, 4 "Cfor 5 min. The precipitate was suspended in mitochon-
dria lysis buffer on ice for 10 min, centrifuged at 1000 =g for 10 min,
4 °C and the supernatant collected as the cytosolic fraction. To extract
high pure mitochondria, the pellet was suspended in disruption buffer
and this homogenate was centrifuged at 1.000 xg at 4 °C for 10 min.
Then, the supernatant was centrifuged in a new tube at 6.000 xg at
4 °C for 10 min and the precipitate from this process represents the
isolated mitochondria. Protein extract from the mitochondria fraction
was suspended as previously described.

2.6. Immunoprecipitation

IP procedures were performed at 4 °C with Hel<293T and hNek5 sta-
bly transfected-cells that were lysed in ERB buffer (50 mM Tris, 2 mM
MgCly, 1 mM EGTA, 1 mM DTT, 10% glycerol and 0,2% NP40) with pro-
tease inhibitor cocktail (Roche Applied Science, Mannheim, Germany)
and centrifuged at 20.000 g for 30 min at 4 °C. The supernatants
were used for immunoprecipitation with protein G sepharose slurry
(20 W}, which had been washed twice with dilution huffer (DB:
10 mM Tris, 150 mM NaCl and 0,5 mM EDTA) and were then incubated
with 5 ug Nek5 or BCLAF1 antibody for 2 h with DB at 4 °C on a mixer.
For FLAG immunoprecipitation we used the ANTI-FLAG(R) M2 Affinity
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Gel washed three times with DB. The proteins in the supernatant were
incubated with the resin (FLAG or with BCLAf1 and Nek5 antibody}
overnight at 4 °C on a mixer. The supernatant was discarded and the
beads were washed five times with 1000 pl DF, followed by incubation
with Laemmli buffer (30 mM DTT, 2% SDS, 80 mM Tris and 10% glycerol}
at 100 °C for 10 min. The supernatants were separated by SDS-PAGE.

2.7. Immunoblotting analysis

The Bradford Method was used to determine the protein concentra-
tion of the extracts from mitochondria isolation [15]. Thus, 50 pg of
protein was separated by SDS-PAGE and blotted onto Immobilon-P
membrane (Millipore Corp., Bedford, MA}. The protein bands were
probed by using the proper primary antibodies in 3% bovine serum
albumin blocking solution: anti-VDAC (dilution: 1:500), anti-p-Tub
(1:1000) and anti-Cox11 (1:750) were obtained from Abcam; anti-
Nek5 (1:500), anti-BCLAF1 (1:1000), anti-GADPH (1:500} and anti-
lamin A (1:500} from Santa Cruz Biotechnology; anti-MTX2 (1:250)
from Abnova and anti-FLAG (1:5000} from Sigma. Detection of the
antibodies was performed with the chemiluminescent ECL. Western
Blotting System {Amersham).

2.8. Cell viahility analysis

Stable FLPIn and knockdown cells to hNel<5 were prepared for cell
viability studies in 96-well plates (10 x 10 cells per well). The cells
were induced for 48 h with 2 pg/ml tetracycline and, exposed to differ-
ent drugs for 4 h at 37 °C. The hydrogen peroxide was administered at
final concentration of 0, 10, 50, 150 and 300 pM; thapsigargin at 0, 10,
50, 150 and 300 uM. Cell viability was accessed by MTS assay, which
was performed in triplicate. The measurement was performed using
the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay
(Promega} according to the protocol provided. Formazan product is
quantified by the amount of 490 nm absorbance, which is directly pro-
portional to the number of living cells in culture. The data is normalized
as a percentage of control.

2.9, Annexin V-FITC and propidium iodide staining

1 x 10° cells were stained with Annexin V-FITC and propidium
iodide for 15 min at room temperature in the dark using Annexin
V-FITC Apoptosis Detection Kit from BD Pharmingen™, followed by
flow cytometry analysis (FACS). For statistical analysis, the double
positive staining cells were considered.

2.10. Measurement of reactive oxygen species generation

General ROS production was measured using 27, 7'-
dichlorodihydrofluorescein (H2ZDCFDA), which is oxidized to a fluo-
rescent product when exposed to ROS [16]. Cells were incubated
with in standard reaction medium containing 5 pM of H2ZDCF-DA
(Molecular Probes, Invitrogen, Carlsbad, CA} at 37 °C for 30 min be-
fore the thapsigargin treatment. Stable FLPIn and knockdown cells
to hNek5 were treated with or without 2 uM thapsigargin for 4 h at
37 °C and 10 mM of pyruvate was used as a scavenger [17].
The cells were trypsinized and analyzed by a FACSCanto 1I flow
cytometer (BD Biosciences). Results are given as mean fluorescence
intensity (MFI). The analysis of ROS was performed in triplicate.

2.11. Statistical analysis

Data of measurement of ROS, apoptosis and viability are repre-
sented as the mean =+ standard error of the mean (SEM}). Data were
analyzed using two-way ANOVA followed by Bonferroni post hoc
tests using GraphPad Prism 4.0 software. A value of p < 0.05 was

considered as statistically significant. All experiments were repeated
at least three times.

2.12. Mitochondrial respiratory chain

Oxygen consumption was determined in a closed-chamber high-
resclution respirometry OROBOROS Oxygraph-2K (OROBOROS In-
struments, Innsbruck, Austria) equipped with a magnetic stirrer
and temperature control set at 37 °C [18,19]. Approximately
2 » 108 viable cells stably expressing hNek5 or cells depleted for
hNek5 were compared to FLAG control. The cells were suspended
in KCl medium (65 mM KCl, 125 mM sucrose, 10 mM HEPES, 2 mM
K>HPO,4 and 1 mM MgCl,, pH 7.2}. Cells were permeabilized with
200 uM EGTA and 20 uM Digitonin maintaining intact mitochondrial
membrane as previously described [20-22]. The steady-state basal
respiratory flux was measured after permeabilization. The oxidative
phosphorylation and mitochondrial respiratory activity were
analyzed by the sequential addition of substrates and inhibitors of
mitochondrial respiratory chain complexes in the following concen-
trations: 100 uM ADP, 2 ug/ml oligomycin, 100 nM FCCP, 2 uM rote-
none, 5 mM succinate, 0.5 UM antimycin A and 200 uM TMPD/
2 mM ascorbate. OROBOROS DatLab software was used to calculate
the oxygen consumption.

3. Results
3.1. hNek5 is a partner of mitochondrial proteins

NekS has two major domains: an amino-terminal kinase domain
and a regulatory C-terminal coiled-coil containing domain {C-terminus}
(Fig. 1A). Among the members of the Nek family, the C-terminal shows
great vanability, and is involved in determining sub-cellular localization
and to mediate interactions with other proteins [10]. Nek5 has also a
Dead Box domain. This domain is involved in cellular processes such as
pre-gene expression, mRNA processing and rearrangement of
ribonucleoprotein complexes [23] (Fig. 1A}).

We performed a yeast two-hybrid screen to identify hNek5
interacting partners, to learn about its interactome and function.
The ¢cDNA encoding the C-terminus of hNek5 (a.a. 260-708} was
cloned in the pGBKT7 vector to be used as bait against the Mate &
Plate Library — Universal Human (Normalized). By yeast two-
hybrid screening among others, four positive clones were identified
that encoded partial cDNA sequences of three proteins associated
with mitochondrial functions: metaxin-2 (MTX2, represented by
two cores of different size}, BCL2-associated transcription factor 1
{BCLAF1} and cytochrome C oxidase assembly protein 11 (COX11}
(Table 1, Fig. 1B}. We found that the co-transfection of hNek5 C-
terminus or its full length with MTX2 and BCLAF1 is capable to acti-
vate the reporters of interactions between these pairs of proteins in
yeast. In contrast, the interaction with Cox11 was confirmed only
for the C-terminal region (Fig. 1B}.

For the interactions to occur in vivo they need to have approximate
subcellular colocalizations. Accordingly, we studied their localization
in mammalian cell lines (U2-0S} by confocal microscopy as shown in
Fig. 1C, and found that they colocalize in both a diffuse but also a dotted
fashion in the cell’s cytoplasm, although Nek5 can also be detected addi-
tionally in the nucleus. The colocalization of Nek5 with COX11 and
MTXZ2 showed a Pearson coefficient of 0.7609 and 0.6760, respectively.
We did not obtain the Pearson coefficient for BCLAF1 because the image
was not collected using the colocalization parameters.

The interactions between hNek5 and Cox11, MI'X2 and BCLAF1 were
also confirmed by immunoprecipitation using endogenous proteins or
lysate of stable cells expressing hNek5. Hel293T or stably Nek5-Flag
transfected cells lysates were subjected to co-immunoprecipitation
using anti-Nek5 (Fig. 1D}, anti-FLAG (Fig. 1E} or anti-BCLAF1 (Fig. 1F) an-
tibody as the precipitating antibody, followed by Western blotting. All
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used as control and did not show any detectable binding (lane 2). (F) Hek293T cells were used to immunoprecipitate BCLAF1 using anti-BCLAF1 antibody and detection of co-precipitated
Nek5 with anti-Nek5 (lane 3). (D, E and F) Red arrows represent the Nek5 expression; blue arrows are the proteins identified by Y2H screening and confirmed by immunoprecipitation.
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three targets were detected in the complex with hNek5 in the cell lysates 3.2. hNek5 is a mitochondrial protein
of HEK293T or stable cells whereas no targets were found in complex

with the negative control. The reverse co-immunoprecipitation was also As the location of hNek5 in cells is still unknown and some of its
confirmed by the detection of hNek5 after BCLAf1 immunoprecipitation. interactors have been reported as mitochondrial proteins or with func-
In conclusion, all three proteins (Cox11, MTX2 and BCLAF) are confirmed tions related to this organelle [24-26], we analyzed if hNek5 is also
novel human Nek5 interactors. localized to these cellular organelles. Therefore, we performed
Table 1
Human Nek5 interacting proteins identified by yeast two-hybrid system screens.
Protein Gene®  Uniprot Coded protein residues  Biological process Potential phosphorylation sites®
interacting accession (retrieved/complete
with Nek5* number sequence)
Metaxin 2 MTX2 AAC25105.1  4-181 and Cellular protein metabolic process, protein targeting to 598, 52, T221, T228, T141, 5194,
207-261 (263) mitochondria 510, T124, T224, 5233
B(ClL2-associated BCLAF1 AAF64304.1 677-725(920) Induction of apoptosis, DNA-dependent, positive T572, T564, 5262, S609, S602,
transcription factor 1 regulation of intrinsic apoptotic signaling pathway, $154, S576, T472, S343, 5359, $596,
positive regulation of response to DNA damage stimulus T664, S791, S196, T164, S237
Cytochrome c oxidase ~ COX11  AAD08645.1 91-276 (276) Respiratory chain complex IV assembly, respiratory $110, T81, S228, T26
assembly protein 11 gaseous exchange
2 The proteins were selected from yeast cells under growth conditions in minimal medium without tryptophan, leucine, adenine and histidine and containing Aureobasidin and x-alfa-
gal.

b Results from Blastx (GenBank).
¢ Sites predicted to be phosphorylated by Nek member using GPS 2.1.
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0.7172 for VDAC and Mitotracker Deep Red respectively. (B) Western blot analysis of subcellular fractionation of HEK293 cells expressing hNek5 reveals presence of endogenous
hNek5 proteins in the mitochondrial but not cytoplasmic fraction marked by VDAC and GAPDH respectively. Lamin A served as marker for the possible contaminating nuclear fraction.
Scale bars of 10 pun. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

confocal microscopy analysis using mitochondrial marker
(Mitotracker Deep Red and VDAC) and found that hNek5 colocalized
with Mitotracker and VDAC in mitochondria of U2-0S cells with a
Pearson coefficient of 0.7172 for Mitotracker Deep Red and 0.8397
for VDAC staining (Fig. 2A). The mitochondrial localization of
Nek5 was also confirmed by cell fractionation and analysis of mito-
chondria content by Western blot. hNek5 co-migrated with the mi-
tochondrial marker VDAC containing fraction and was not detected
in the cytoplasmic fractions (Fig. 2B), characterized by GAPDH
staining.

3.3. hNek5 reduces thapsigargin mediated cell death

As we confirmed the mitochondrial location of hNek5, it was rele-
vant to access its role in this organelle. Beside the nuclear location,
Bclaf1 interacts with Bcl2 family members and its overexpression was
shown to result in apoptosis that was reversible in the presence of
Bcl-2 or Bcel-XL [27]. To analyze the potential role of hNek5 in cell
death regulation it was generated a Hek293 stable cell line that is
tetracycline-inducible to express hNek5 protein (Fig. 1E, Anti-FLAG
and Anti-Nek5 panels) and cells were challenged with hydrogen perox-
ide or thapsigargin and measured for cellular/mitochondrial viability
(MTS assay). Nek5 stable expression showed an increased survival
rate at high concentrations of hydrogen peroxide (150 and 300 uM),
compared to cells that do not express Nek5 (Fig. 3A).

Thapsigargin inhibits Ca>* ATPases and interferes thereby in intra-
cellular Ca? *levels, promoting collapse of the mitochondrial membrane
potential, membrane fragmentation and loss of cell viability [28,29]. As
MTS assay provides the measurement of mitochondrial enzymatic
activity that reflects the number of viable cells, we performed it in
order to address the effects of hNek5 on cell viability after thapsigargin
treatment. After the treatment with different doses of thapsigargin
for 4 h, the levels of cell viability had a slight increase in cells expressing
hNek5 compared to HEK293T cells. The MTS results are consistent with
apoptosis assay. After hNek5 induction for 48 h the cells were treated
with thapsigargin (2 uM for 16 h) and the levels of cell death were
accessed by Annexin V-FITC and propidium iodide assay. The presence
of hNek5 resulted in decrease of cell death, suggesting an hNek5-
mediated resistance to thapsigargin (Fig. 3B).

To study whether the decreased level of cell death is caused by
endogenous formation of reactive oxygen species formation (ROS) we
treated the stable cells with 2 uM thapsigargin for 4 h. Upon stable
expression of hNek5 we observed a decrease of ROS formation
(Fig. 3D). Furthermore, pyruvate was used as ROS scavenger, since it

has been show to be taken up actively by cells via monocarboxylate
transporters and to act as a potent intracellular scavenger for H,O,
[30-33]. hNek5 expression was shown to act in synergism with
pyruvate and reduce further the levels of ROS in the cells (Fig. 3C).
Based on that, hNek5 expression decreases the effects of thapsigargin
on cell death through the direct or indirect reduction of formation of
reactive oxygen species and may thereby act as an anti cell death protein.

3.4. hNek5 depletion increases cell death

Since hNek5 expression seemed to exhibit protective effects in the
context of cell death regulation, we asked whether hNek5-deficient
cells would show deficiencies in their ability to promote cell death.
shRNA lentiviral particles were transduced in Hek293T cells allowing
the integration of the shRNA constructs into the genomic DNA of target
cells.

The silencing resulted in an over 60% decrease in the relative mRNA
levels (normalized with tubulin m-RNA levels) of hNek5 (Fig. 4A), as
assessed by RT-PCR. Cells depleted for Nek5 were then treated with
hydrogen peroxide for 4 h and the cell viability assessed by MTS. Indeed,
as expected, cells depleted for hNek5 displayed a significant decrease in
cell viability (Fig. 4B and data not shown) upon challenge with H,0,.

Next, after 16 h of treatment with thapsigargin, Annexin V-FITC and
propidium iodide staining was used to access the levels of cell death. In
contrast to tetracycline-inducible hNek5 cells, the number of FITC and PI
positive cells was higher in cells depleted of hNek5 compared to
HEK293T cells (Fig. 4C). After 4 h of thapsigargin treatment, we
observed a higher ROS formation in hNek5-deficient cells (Fig. 4D) but
not in the apoptotic levels, suggesting that the increase on ROS levels
precedes cell death. Together, these data confirm the effects of Nek5
in the cell death process, acting as a possible anti-apoptotic protein.

3.5. The rate of mitochondrial respiration increases in cells depleted for
hNek5

Our findings suggest an increase in ROS production in cells depleted
for hNek5 and treated with thapsigargin. This may suggest a possible
regulatory, activity of hNek5 towards, mitochondrial functions. There-
fore we examined in more detail the effects of hNek5 on mitochondrial
respiration, using permeabilized cells.

Mitochondrial respiratory chain activity of stable and depleted
hNek5 cells was determined using the Oroboros Oxygraph in the
presence of substrates and inhibitors of the mitochondrial respirato-
ry chain. Fig. 5A demonstrates typical measurements of oxygen
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Fig. 3. hNek5 is involved in cell survival after thapsigargin treatment. (A) Hydrogen peroxide (10,50, 150 and 300 pM) or (B) thapsigargin (1, 10,550,100 and 330 M) treatment for 4 h. Cell
viability was measured by MTS. Analysis of viability levels for the treatments was made by two way ANOVA and Bonferroni post test. * = 0.05 < p < 0.01; ** = 001 <p < 0.001; ** =
p<0.001. (C) Hek93T-hNek5 cells were treated with thapsigargin for 16 h. Apoptotic cells were detected by Annexin V and propidium iodide double staining followed by flow cytometry
analysis. (D) The intracellular ROS concentration was measured using the DCFDA assay. The median peak determined the intensity of staining. The data are presented as the mean = SD.
Statistical analysis was made by two-way ANOVA and Bonferroni post-test was used. * = 0.05 < p < 0.01; ** = 0,01 <p < 0.001; *** = p <0.001.

consumption in cells. Basal respiration was measured in the
presence of EGTA, site I substrates and digitonin. State 3 coupled
respiration was induced by the addition of ADP. After this measure-
ment, the specific ATP-synthase inhibitor, oligomycin, was added
to inhibit oxidative phosphorylation, and then the uncoupling was
induced by addition of the protonophore FCCP. Next, rotenone was
used as a Complex I inhibitor to block the transfer of electrons from
iron-sulfur centers in complex I to ubiquinone. Subsequently,
succinate was applied to certify the operation of complex II
and then uncoupled respiration was inhibited at complex IIl by
addition of antimycin A. Ascorbate (Asc) and N,N,N,N-tetramethyl-
p-phenylenediamine (TMPD) were then added to access the activity
of cytochrome c oxidase (complex V). TMPD is an artificial redox
mediator that participates in the transfer of electrons from
ascorbate to cytochrome c (Fig. 5A).

Defects through the respiratory chain were more pronounced during
basal respiration, and after succinate or ascorbate/TMPD addition in
hNek5 stable and depleted cells. The O2 flux in basal conditions was 1.7
fold higher in shRNA-hNeks5 cells (Fig. 5B) indicating that silenced cells
had increased respiratory activity. The succinate and TMPD/Ascorbate
addition, substrates for complex Il and IV respectively, resulted in higher
rates of oxygen consumption in the hNek5 silenced cells (Fig. 5C and D).
The expression of Nek5 on the other hand caused an inhibition of mito-
chondrial respiration, also with most prominent effects at the complexes
Iland IV (Fig. 4B-D). hNek5 cells resulted in approximately 16% reduction
in respiratory rates after succinate addition whereas the addition of
TMPD/ascorbate decreased the respiratory activity in 22% compared to
HEK293T cells (Fig. 5C and D).

4. Discussion

hNek5 belongs to the NIMA-related kinase (Nek) family but is
among the least studied members of this family. Shimizu et al. (2013)
identified hNek5 as a key substrate of caspase-3, promoting skeletal
muscle differentiation. The levels of hNek5 increase during differ-
entiation and the expression of hNek5 was able to exert both
promyogenic and pro-apoptotic effects [13].

A yeast two-hybrid assay using the C-terminus of hNek5 as ‘bait’
allowed us to identify MTX2, BCLAF1 and COX11 as hNek5 partners.
MTX2 is located on the cytosolic face of the mitochondrial outer
membrane and interacts with metaxin-1. This complex plays a role
in the protein import into mammalian mitochondria [34]. Cyto-
chrome c oxidase (Cox) is the terminal member of the respiratory
chain, and promotes reduction of oxygen to water. Complex IV also
translocates protons from the matrix to the intermembrane space,
across the inner mitochondrial membrane [35]. The assembly of
functional complex IV, is a multistep process and accessory proteins
are necessary for the correct translation, post-translational modifica-
tion, processing, membrane insertion, assembly of the structural
subunits, as well as, the synthesis and insertion of the prosthetic
groups [36-38].

In the Cox structure the two copper ions centers are designated as
Cup and Cug that are coordinated within Cox2 and Cox1, respectively
[39]. The Cug site formation is dependent of cytochrome c oxidase assem-
bly protein 11 (Cox11). It was demonstrated in Acox11 cells that the
cytochrome c oxidase isolated from R. sphaeroides lacked Cup, but
contained both hemes [40]. Nek5's interactor, Cox11, is anchored in
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Fig. 4. The knockdown of hNek5 potentializes the effects of thapsigargin on cell death. (A) HEK293T cells were silenced for hNek5 (shNek5) and the expression of mRNA was analyzed by
RT-PCR using specific primers for hNek5 amplification. The levels of hNek5 mRNA were measured by band intensity and normalized by a-tubulin. (B) 10 x 10 of shNek5 cells were
exposed to hydrogen peroxide (10, 50, 150 and 300 uM) treatment for 4 h. Cell viability was measured by MTS assay. (C and D) Cells were exposed to thapsigargin (2 pM) and etoposide
(30 pg/ml) treatment for 4 h. (C) Annexin V and propidium iodide double staining were used to access apoptotic cells. (D) The intracellular ROS concentration was measured using the
DCFDA assay. All the experiments were performed in triplicate. Analysis of viability levels for the treatments was made by two way ANOVA and Bonferroni post test. * =
0.05 <p<0.01;* = 0,01 < p<0.001; *** = p<0.001. The data are presented as the mean 4 SD.

the inner mitochondrial membrane and exerts protein chaperone roles
in folding and stabilizing both Cox1 and Cox2 chains [41].

Finally, the hNek5 interacting protein, BCALF1 is a nuclear protein
identified in a yeast two-hybrid screen against the adenoviral Bcl-2 ho-
mologue E1B19K and was shown to interact with apoptosis regulators
Bcl-2 and Bcl-x. in humans [42]. Aside being a nuclear protein, BCLAF1
exerts also important roles in the cytoplasm and mitochondria.
BCLAF1 has a substantial role in activation of caspase-dependent
mitochondrial-mediated apoptotic pathways in cells responding ioniz-
ing radiation (IR)-responsive cells [26].

On identifying these mitochondria associated hNek5 interactors, we
next tested if hNek5 is localized to mitochondria. Both confocal micros-
copy and cell fractioning followed by Western blot showed the mito-
chondrial localization of hNek5. The Nek family members are usually
involved in one or more than one of the three Neks core functions: 1.
centrioles/mitosis, 2. primary ciliary function/ciliopathies and 3. DNA
damage response [43]. To execute these functions they are generally lo-
calized in the nucleus or cytoplasm (centrioles, cilium, etc.). However,
besides the nuclear and cytoplasmic functions, Nek1 was the first
member of Nek family related to mitochondria. In mitochondria, Nek1
is involved in cell death regulation through phosphorylation of
VDAC1, regulating its opening and closing [12,44].

Thapsigargin treatment was used in this approach after a screening
of different drugs involved in cell death (data not shown). Thapsigargin
is a well-known inhibitor of Ca?*-ATP-ases, both in sarcoplasmic and
endoplasmic reticulum [45]. This drug can also increase calcium levels,
promote mitochondrial depolarization and fragmentation, and cell
viability loss [29].

After thapsigargin treatment, the stable expression of hNek5 results
in a decrease of cell death, suggesting an hNek5-mediated susceptibility
to thapsigargin. Furthermore, we observed a decrease of ROS formation
upon stable Nek expression. In agreement with these findings the

number of dead cells was higher in cells depleted for hNek5 and ROS
formation rates were higher.

In the same line, the presence or higher expression of hNek5 de-
creases the effects of thapsigargin on cell death through the reduction
of ROS formation and suggests that Nek5 may act as an anti cell death
protein. Nek1 acts also as an anti-cell death protein [12]. It phosphory-
lates VDACT on Ser193 to prevent excessive cell death after injury, clos-
ing VDAC and preventing cytochrome c efflux [44]. In addition to hNek1
and hNek5, hNek2 depleted cells also overcame cancer cell drug resis-
tance, and entered in apoptosis in vitro in a xenograft myeloma mouse
model [46].

Our report did not show the mechanism of action of hNek5 on cell
death. But based on yeast two-hybrid screening is possible to assume
that the mechanism may occur through the identified interacting pro-
teins, or other mitochondrial related effects. The hNek5's interactors
are all associated with cell death regulation events. MTX2-depleted mi-
tochondria were deficient in import and assembly of VDAC and Tom40
[47]. Metaxin-1 and 2 are required for TNFa-induced cell death [48,49].
Mitochondrial Bak is part of VDAC2/Mtx1/Mtx2 multi-protein complex
and after the induction of apoptosis, Bak switches from its association
with Mtx2 and VDAC2 to interact with Mtx1 [24]. BCLAF1, another
hNek5 interactor, may negatively regulate the DNA repair process
mediated by Ku70/p18-cyclin E complex, promoting apoptosis
[50]. In irradiated cells, BCLAF1 promoted apoptosis through disturbing
p21-mediated inhibition of caspase/cyclin E-dependent, mitochondrial-
mediated pathway [26].

Isolated defects of COX activity have been described in numerous
mitochondrial disorders [51]. Studies of human/yeast Cox11 chimeric
molecules revealed the replacing the yeast Cu(l)-binding domain by
the human equivalent failed to generate a functional complex. Sequence
differences in the human protein may attenuate an interaction for a
Cu(l) donor protein or a Cox1-associated protein. The inability of
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Fig. 5. Mitochondrial respiration had the activity reduced by stable expression of hNek5. (A) Representative profiles of oxygen consumption in permeabilized cells. Oxygen consumption
was assessed in HEK293T, hNek5 and shRNA-hNek5 cells using oxygraphy as described under Materials and methods. ADP, adenosine diphosphate; oligo, oligomycin; FCCP, anti. A,
antimycin A; Asc, ascorbate; TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride. Basal respiration (B), succinate (C) and the respiration rate with Asc/TMPD (complex
V) (D) were measured in HEK293T, stable hNek5 expressing cells and shRNA-hNek5 knocked down cells. Values are means SD, n = 3. Analysis of oxygen consumption comparing
cells in the presence or not of hNek5 was made by two way ANOVA and post-test was used to compare oxygen consumption between cells. * = 0.05 <p <0.01; ** = 0,01 < p<0.001;

*** = p<0001.

human COX11 to complement yeast Acox11 cells suggests that human
Cox11 may be impaired in its interaction with another protein, perhaps
Cox1 itself or could be regulated by post-translational modification as
phosphorylation.

Steenaart and Shore (1997) found that COX was phosphorylated on
subunit IV-1 by labeling mitochondrial proteins with radioactive ATP
[51]. Since then other phosphorylation sites have been mapped on
COX [52-60]. In silico analysis of human Cox11 sequence (GPS 2.0 soft-
ware, CUCKOO Workgroup) suggests the phosphorylation of serines
110 and 228 or the threonine 26 and 81 by members of the Nek family
[61] (Table 1). The interaction between hNek5 and Cox11 was also con-
firmed by immunoprecipitation but phosphosites were not analyzed at
this time.

In yeast, Cox11 mutants, but not Acox4 and Acox17 display hyper-
sensitivity to hydrogen peroxide treatment, suggesting a possible
secondary role for Cox11 in oxidative stress responses [62-63]. The
peroxide hypersensitivity is probably linked to the functionality of
the Cox11 molecule. Mutants with a partial respiratory deficiency
proved insensitive to peroxide suggesting that even partially

functional Cox11 can fully protect against peroxide exposure [62].
The selective peroxide sensitivity of Acox11 cells suggests that
Cox11 has a mitochondrial function independent of copper metal co-
ordination and Cox folding.

Mitochondria are important not only for providing energy through
ATP synthesis in the electron transport chain, but also have a central
role in the activation of cell death pathways. The inhibition of the elec-
tron transport chain leads to failures in energy generation, thereby in-
creasing the cells vulnerability to apoptosis [64].

Metabolic alterations in Alzheimer's disease involve the impairment
of the mitochondrial electron transport chain, specially, cytochrome c ox-
idase (COX) activity [65]. Thereby, ER-to-mitochondria Ca®* transfer
plays an essential role during AR-induced neuronal apoptosis [66, 67]. Mi-
tochondrial impairment due to COX inhibition increases the susceptibility
to Ap-induced ER stress-mediated apoptosis or thapsigargin treatment,
pointing to the important crosstalk between ER and mitochondria during
Ap-induced neuronal cell death in Alzheimer’s disease [68].

Four hours after treatment with thapsigargin, the depletion of
hNek5 resulted in an increase of the ROS production and 16 h
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after the treatment the cells entered in apoptosis (Fig. 4). The mito-
chondrial electron transport chain is a potential source for the pro-
duction of reactive oxygen species (ROS) [69]. In yeast the
reduction of COX complex function correlates with increased ROS
levels in vivo [70].

Based on the foregoing, the exact mechanism of action of NekS5 in
the cell death process was not fully elucidated, however, this work
has opened several perspectives to be explored in the future as the
possible involvemnent of Nek5 in cell death and mitochondrial dys-
function through COX11, MTX2 and BCLAF1. Nek5 represents a pre-
dictor for drug resistance and could be an important target for
cancer therapy.

5. Conclusions

In conclusion our data suggest for the first time the hNek5 mito-
chondrial localization and its role on cell death and cell respiration
defects. Stable expression of hNek5 in Hek293T cells resulted in en-
hanced cell viability, decrease on cell death, and drug resistance, while
targeting hiNek5 knockdown by shRNA, on the other hand, overcame
cancer cell drug resistance and induced apoptosis in vitro.
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INTRODUCTION

The microtubule cytoskeleton is essential for the internal organization of eukaryotic
cells and are involved in cell division, differentiation and neuronal transport inside the cells
(Bieling et al., 2008). The great diversity of tubulin inside the cells is due to the expression
of tubulin isotypes and a large number of post-translational modifications (PTM) as
acetylation / deacetylation, removal and addition of tyrosine in the C-terminal region,
phosphorylation, and polyglycilation and polyglutamylation (Eddé et al., 1990; Redeker et
al., 1994).

The glutamylation was initially discovered in tubulin and consists of the addition of
glutamate side chains to proteins (Eddé et al., 1990; Redeker et al., 1994). It is found in
microtubule cilia and flagella (Lechtreck & Geimer, 2000), centrioles, basal bodies and
centrosomes (Bobinnec et al., 1998b). During the division, mitotic spindle microtubules
have increased levels of glutamylated tubulin (Regnard et al., 1999; Verhey & Gaertig,
2007).

In vitro experiments have shown that the state of polyglutamylation in o or  tubulin
microtubules act as regulator of tubulin interaction with MAPs and kinesins (Boucher et al.,
1994; Larcher et al., 1996; Bonnet et al., 2001). The tubulin tyrosine ligase (TTL) was the
first enzymes involved in modification of tubulin (Ersfeld et al., 1993).
Immunoprecipitation assays of microtubule neurons allowed the purification of tubulin
complexed with tubulin tyrosine ligase like 1 (TTLL1) protein (Janke et al., 2005). Studies
of the catalytic activity of TTLL family members revealed that the heterogeneity of
microtubules poly-modifications is due to specificity of substrates of these enzymes. But
polyglutamylation is not restricted to tubulins. It has been shown that occur in nucleosome
assembly protein NAP1 NAP2 (Regnard et al., 2000), and probably in many proteins not
yet been identified. Glutamine rich proteins may have also a “natural role” in deregulated
inducing cell death in neurodegenerative diseases (Blum et al., 2012). TTLL4 is a protein
of TTLL family and is capable to catalyze ligations of diverse amino acids like
tyrosination, polyglycylation, and polyglutamylation (Westermann et al., 2005). Besides to
catalyse the tubulins polyglutamylation, TTLL4 and TTLLS were shown to have the ability
to polyglutamylated nontubulin proteins (van Dijk et al., 2008).
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Although Neks comprise a family of proteins that regulate mitotic events including
entering mitosis, centrosomes separation, spindle formation, and cytokinesis (O'Connell et
al., 2003; O'Regan et al., 2007), Westermann et al., (2003) detected the first evidence in
Crithidia fasciculata of the involvement of Nek in polyglutamylation. Chromatography
experiments using hydroxyapatite as a final step copurified polyglutamilated tubulins with
CfNek. In addition, purified extract of CfNek5 was capable to polyglutamylated tubulins in
vitro.

The NIMA-related kinases (Neks) are mammalian enzymes with high identity (40-
45%) to the Aspergillus nidulans mitotic protein NIMA (never in mitosis gene A) within
their catalytic domain (O’Regan et a., 2007; Belham et al., 2003). NIMA is related to
mitotic entry, chromatin condensation, spindle organization, and cytokinesis.11 . In human,
the Nek family is represented by 11 members that have been functionally associated to one
of the three core functions established for this family in mammals: (1) centrioles/mitosis;
(2) primary ciliary function/ciliop- athies; and (3) DNA damage response (DDR)
(Meirelles et al., 2014). But new functions have been associated to this protein, as example,
apoptotic functions (Hanchuk et al., 2015) and cell cycle (1 Mahjoub et al., 2005; Fletcher
et al., 2005; Yin et al., 2003; Belham et al., 2003; Yissachar et al., 2006; Roig et al., 2002;
Roig et al., 2005; Noguchi et al., 2004; O’Regan et al., 2009). No relation between Neks
with polyglutamylation has been made until the present moment.

Here we describe the identification of Nek5 and TTLL4 protein partners by yeast
two-hybrid screening that was confirmed by immunoprecipitation. Notably, stable cells
expressing Nek5 regulates the activity of TTLL4 reducing the level of polyglutamylation
while the knockdown or the kinase dead version increased the polyglutamylation profile
after TTLL4 transfection. The in vitro polyglutamylation activity was also decreased in
cells expression Nek5. The regulation of TTLL4 by Nek5 occurs in the C-termini region
and the phosphorylation seems to be the mechanism of regulation. In a broader context, our

analysis showed for the first time a mechanism for TTLL regulation.

MATERIALS AND METHODS
Stable cells, mutagenesis, and shRNA
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The production of Hek293 cells stable expressing hNek5 and the silencing of Nek5
by shRNA (h) Lentiviral Particles (Santa Cruz Biotechnology, Inc) has been described
previously (Hanchuk et al., 2015). Point mutations were introduced by QuikChange II Site-
Directed Mutagenesis Kit (Stratagene, LaJolla, CA) to generate the Nek5-K33A, the
inactive version of Nek5. Mutation was confirmed by DNA sequencing.

Yeast two-hybrid screening

The cDNA encoding the C-terminus of hNek5 (a.a. 260-708) was cloned in the
pGBKT7. The yeast two-hybrid screen was performed following the Matchmaker™ Gold
Yeast Two-Hybrid System (Clontech Laboratories, Inc., Mountain View, CA) according to
the manufacturer’s instructions. Selective medium absent of tryptophan, leucin, adenin and
histidin but containing aureobasidin antibiotic and X-a-Gal was used to screen interactors
from human universal cDNA library. To identify the “preys” genes, the DNA was extracted
and sequenced.

DNA Transfection

TTLL genes amplified from mouse brain or testis cDNA were previously cloned in
vector containing a C-terminal EYFP tag (van Dijk et al., 2007). Expression plasmids were
transfected using JetPEI (Polyplus transfection) or homemade PEI.

Immunoprecipitation

Cells were lysed in RIPA buffer with protease inhibitor cocktail (Roche Applied
Science, Mannhein, Germany), subjected to freeze/thaw, submitted to three cycles of 5
minutes in an ultrasound bath (UltraSonic Clear 750, UNIQUE) for complete pellet
resuspension and centrifuged at 20,000 x g for 30 min at 4°C. Protein concentration was
determined by the method of Bradford (Bradford, 1976). The supernatants were used for
immunoprecipitation as described by Chen, et al. (1989). Briefly, the supernatant was
added to GFP-Trap® (ChromoTek GmbH, Germany) or anti-FLAG coupled to agarose
beads and incubated overnight. Beads were collected, washed five times with wash buffer
(10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA) and then elute with 2 x SDS-
sample buffer (120 mM Tris/CI pH 6.8; 20% glycerol; 4% SDS, 0.04% bromophenol blue;
10% pB-mercaptoethanol). The proteins were immunoblotted to Immobilon-P membrane
(Millipore Corp., Bedford, MA and probed with anti-Nek5 antibody. Blots were developed

using an ECL chemiluminescence kit (Amersham Biosciences).
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Immunoblotting analysis

50 pg of protein were separated by SDS-PAGE and blotted onto Immobilon-P
membrane (Millipore Corp., Bedford, MA). In the case of mammalian tubulin was used
special protocol, as in Edd. et al., 1987. The protein bands were probed by using the proper
primary antibodies diluted in 3% bovine serum albumin blocking solution: mouse anti-GFP
(1:1000, Sigma), mouse anti-Nek5 (1:500, Santa Cruz Biotechnology) and rabbit anti-
TTLL4 (1:500, Novus Biologicals). The mouse GT335 (anti-polyglutamylation, 1:1000)
and mouse 12G10 (anti-tubulin, 1:500) were produced by Janke’s group (Wolff et al., 1992,
van Dijk et al., 2007) and were used at 1:1000 dilutions. Detection of the bands were
performed with HRP-labeled anti—rabbit or anti—-mouse IgG (1:5,000; Sigma) followed by
the chemiluminescent ECL Western Blotting System (ECL Western blot detection kit; GE
Healthcare). Protein bands were quantified using the Imagel software (National Institutes
of Health, USA).
In Vitro Polyglutamylation Assay

Stable or silenced cell extracts were transfected with the active or an enzymatically
inactive version of TTLL4 (E901G) and TTLLS. The cell extract was used for the
determination of polyglutamylase activities as previously described (Janke et al., 2005;
Regnard et al., 1998). Cells were resuspended in MEM buffer (50 mM Mes/NaOH, pH 6.8,
2 mM EGTA, 1 mM MgCl,) buffer 0.2% NP-40 containing protease inhibitors). Reaction
mixtures (S0mM Tris-HCI [pH 9.0], 400 mM ATP, 2.4 mM MgCl2, 500 uM DTT, 4,6 uM
taxol, 8 mML—-[3H]-glutamate (45-55 Ci/mmol, GE Healthcare) and 0.2 mg/ml tubulin
were incubated at 30°C for 2 hr. Tubulins were prepared from adult mouse brains as
described (Regnard et al., 1999). The samples were separated in SDS-PAGE gels, blotted
onto nitrocellulose membrane, and stained with Ponceau. Quantification of the radioactivity
incorporated was performed by scintillation counting, as described before (Regnard et al.,
1998).
Mass Spectrometric Analysis

Proteins content of the GFP affinity-purified fraction were separated by SDS-PAGE
and Coomassie stained. Bands on expected size of TTLL4 and TTLLS were excised from
the gel and submitted to in-gel trypsin or chymotrypsin digestion. Peptides were

concentrated and analyzed by MS/MS on a Q-Tof II mass spectrometer (Micromass Ltd.,
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Manchester, UK). Data analysis was performed with Mascot (Matrix Science Ltd., London,
UK) against the NCBI (The National Center for Biotechnology Information) Database.
Flow Cytometry and sorting

Transfected HEK293T, stable-Nek and shRNA-Nek5 cells were collected and
disassociated using trypsin. Cells were resuspended in saline solution (PBS), passed
through a 0,45uM and analyzed by flow cytometry. Gates were created to separate single
cells using the FSC and SSC paramenters followed by a new gate for YFP positive cells.
The sorting was performed by separation in positive and negative YFP cells on BD-FACS
Aria flow cytometer using FACS Diva 6.0 software and data analyzed using FlowJo (Tree
Star Inc., Ashland, OR, USA). The polyglutamylation analysis was done in BD-
FACSCanto flow cytometer and the median of the Alexa-568-Mouse peak

(polyglutamylation level) was generated solely with the positive YFP cells.

RESULTS
Yeast two-hybrid screening and immunoprecipitation identified TTLL4 as a new
partner of NekS.

The functions of NekS5 are little known. To the understanding of their interaction
partners and their possible functions the yeast two-hybrid assay were performed with
Matchmaker GAL4 system (Clontech Laboratories, Inc) using the C-terminal of Nek5 as
bait fused to Gal4-DNA binding domain (DNA-BD). A cDNA human library were
expressed fused to Gal4-activation domain (AD; Fields & Song, 1989; Chien et al., 1991).
After the protein-protein interaction, four independent transcription factors of reporter
genes were activated (AURI-C, ADE2, HIS3, e MELI). The growth in selective medium
allowed  the identification of TTLL4 as Nek5 partner (fig. 1 a and b). By
immunoprecipitation assay was possible to detect the co-immunoprecipitation of
endogenous TTLL4 with Nek$ ful lenght fused to TTLA.

TTLLs are the effector proteins in polyglutamylation of tubulins. As Nek5 and
TTLA4 interact it was suggested a regulation of TTLL4 by Nek5. To confirm this, stable
cells expressing Nek5 (NekS5) full length or the inactive version (kinase dead — Nek5-KD),
as well as cells silenced for Nek5 (shRNA-Nek5) were transfected with TTLL4 and TTLLS5

and the polyglutamylation profile was accessed by western blot. In the figure 1D is possible
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to observe that in the presence of Nek3 the levels of polyglutamylation reduced drastically.
The balance of alfa and beta tubulin also was altered by the presence of Nek5 and TTLL4
or TTLLS5. shRNA-Nek5 and Nek5-KD cells transfected with TTLL4 showed exacerbated
levels of polyglutamylation in B-tubulins when compared to Nek5 cells, but an increased on
a-tubulin where also observed (Figure 1E). Although only Nek5 have been identified by
yeast two-hybrid screening, the potentiating effects of Nek$5 after transfection with TTLL4
were also observed with TTLS, suggesting that, Nek5 may play a role in other members of
the TTLL’s Family (Figure 1D and E). Beside this, polyglutamylation is not restricted to
tubulin, it was shown to occur on nucleosome assembly proteins, NAP1 and NAP2
(Regnard et al., 2000), and probably on several yet unidentified proteins. In the figure 1,
polyglutamylation of other proteins have been also altered in the absence of Nek5 and
presence of TTLL4 or TTLS.
The presence of NekS5 reduce the levels of polyglutamylated proteins

The putative catalytic domain TTLL4, previously referred to as TTL domain, is
subdivided two groups, one common to all TTLLs and TTL, now called ‘‘core TTL
domain,”” and the second conserved region upstream of it is now the ‘‘extended TTL
domain’’ (Figure 2a) there is also necessary for TTLL4 activity the required region. Except
for the mTTLL4 C606-1193 construction all the other truncations did not affect the activity
of polyglutamylases (Van Dijk et al., 2007) but the presence of Nek5 was fundamental for
this (Figure 2). To analyze the minimum sequence for Nek5 regulation truncated isoforms
of TTLL4 were transfected in Nek5, Nek5-KD or shRNA-Nek5 cells (Fig. 2a-D). In the
figure 2 it is possible to observe that Nek5 is capable to reduce the levels of
polyglutamylation even in the smallest fragment suggesting that the regulation by Nek5
occur in the C-terminal region. The sequence interacting with Nek5 in the yeast two hybrid
screening corresponds to the aa. 985 to 1189 in the C-terminal region. According to Uniprot
TTLL4 is phosphorylated on S691 an S696 residues and using the Kinase-specific
Phosphorylation Site Prediction GPS 2.1 several residues could be phosphorylated by Nek
proteins by the aminoacids residues with the highest score are S960, S177, S946 and S912
(Supplementar data 1 —S1). By TTLL4 transfection is possible to observe several of non-
tubulin proteins polyglutamylated in Nek5-KD and shRNA-Nek5 but for TTLLS the

differences are more pronounced in tubulins (Fig 2¢ and d). The transfection of TTLLs in
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cells with active Nek5 did not alter the levels of polyglutamylation (Figure 2b).
In the presence of Nek5 TTL4 and TTLLS are phosphorylated in several residues

The previous data suggests that Nek5 is capable to phosphorylate TTLL4 inhibiting
its activity. To identify the phosphorylated residues in TTLL4 and TTLLS stable cells
expressing Nek5 and shRNA-Nek5 cells were transfected with EYFP-TTLL4 and EYFP-
TTLLS. Nek5 and shRNA-Nek5 cells were transfected with TTLL4 and TTLLS. As the
efficiency of the transfection is weak, transfected cells were submitted to sorting in flow
cytometry to collect separately the cells expressing EYFP-TTLL4 or EYFP-TTLLS and the
negative cells. The positive and negative cells were lysed and the proteins separated by
SDS-PAGE and analyzed by western blot. Cells expressing TTLL4 showed as expected, an
increase in polyglutamylation profile in cells knockdown for Nek35, it is also possible to
observe that negative cells did not show any polyglutamylation activity (Figure 3a). Using
anti-GFP (TTLL4 staining), Stable cells expressing hNek5 and that were positive to EYPF-
TTLL4 showed two closely located bands around the expected position, indicating
phosphorylation (Fig. 3a). The presence of two nearby bands indicates phosphorylation or
another kind of post-translational modification. As the second band is weak in the absence
of Nek$5, is suggested an inhibitory phosphorylation of TTLL4 by Nek5 (Fig. 3a). To
analyze the residues phosphorylated in EYFP-TTLL4 and EYFP-TTLLYS, the YFP positive
cells sorted by flow cytometry were lysated and immunoprecipitated using anti-GFP beads
and the elute fractions were separated by SDS-PAGE and he gel stained with coomassie
blue (Fig. 3b). The bands in the height of TTLL4 or TTLLS were cut, de-stained, submitted
to trypsin or chymotrypsin digestion and analyzed by mass spectrometry. The phosphosites
are represented in the figure 3C.
The activity of TTLL4 is highly regulated through phosphorylation

After the detection of phosphorylated sites it was generated phosphomimetic
mutants to evaluate the capacity of phosphorylation to regulate the activity of TTLLs. The
residues S912, T968, S1136 and S1139 of EYFP-TTLL4 were mutated to glutamic acid (E)
and aspartic acid for S1139, mimicking the phosphorylation. The serine residues S1136 and
S1139 were also mutated to alanine, blocking the phosphorylation. The phosphosites S281
and S1042 identified by mass spectrometry were also mutated to glutamic acid (S281E and
S1042E). The mutants were transfected into Hek293T, Nek5-stable and shRNA-Nek5 cells.
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The polyglutamylation level was analyzed by flow cytometry after staining of the cells with
anti-GT335 and alexa-568. Only the positive cells for YFP were used in the identification
of the level of polyglutamylation. As expected all the constructions transfected in shRNA-
NekS5 cells showed pronounced levels of polyglutamylation when compared to stable-NekS5
and Hek293T cells (Fig 4A). The more pronounced effect observed was the decrease on
TTLL4 activity when S1136 was mutated to alanine (S1136A) in Hek293T cells (Fig. 4B),
indicating that TTLL4 may be regulated by phosphorylation. The shRNA-Nek5 cells
showed reduced level of polyglutamylation when transfected with EYFP-TTLL4-S1136A
when compared to the other construction, but no statistical differences were observed to the
control group (EYFP-TTLL4). However, when transfected in stable-NekS cells all the
constructs for TTLL4 presented similar results in the polyglutamylation level (Fig. 4D) and
no effects were observed in S1136A. The phosphosites of EYFP-TTLLS was also
investigated. Serines 281 and 1042 were mutated to glutamic acid (S281E and S1042E) and
transfected in the presence of NekS. Besides the fact that sShRNA-NekS5 cells showed higher
levels of polyglutamylation in general, both S281E and S1042E showed more
polyglutamylation in shRNA-Nek5 and stable-Nek5 cells (Fig. E-H). Together, these data
may suggest that the regulation of TTLL4 by Nek5 occur through unknown residues or in

complex with another protein. To answer these questions new experiments need to be done.

DISCUSSION

Tubulin polyglutamylation occurs at C-termini of both o and B tubulins by the
addition of glutamate residues (van Dijk et al., 2007; Ikegami et al., 2006; Janke et al.,
2005; Edde et al., 1990). Is suggested that polyglutamylation anchors MAPs and molecular
motors (Janke & Bulinski, 2011) or can acts as a signal for a selective group of MAPs to
associate with MTs for specific cellular functions clearly show selective association of the
centriole and spindle-associated protein (CSAP) with polyglutamylated tubulin (Becker et
al., 2012).

Enzymes that regulate the polyglutamylation have only been discovered recently
and in total thirteen TTLL proteins and TTL were identified (van Dijk et al., 2007; Janke et
al., 2005). TTLL4, 5, 6, 7, 11, and13 are involved on tubulin polyglutamylation activity

when over-expressed in mammalian cells. TTLLS, 6, 11, and 13 prefer o —tubulin, while
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TTLL4 and 7 prefer B -tubulin (Janke et al., 2005; Ikegami et al. 2006; van Dijk et al.
2007). TTLL12 has an increased expression in epithelial cells of prostate gland (Wasylyk et
al., 2010), can delay cell cycle progression from G2/M phase to G1 (Brants et al., 2012)
and is considered an antigen in cancer patients (Massoner et al., 2012). TTLL4 is a know [-
tubulin modifier (van Dijk, 2007) which its increased activation causes polyglutamylation
of non-tubulin substrates and remodels chromatin (van dijk et al., 2007; Kashiwaya et al.,
2010). TTLL4 showed increased levels of expression in pancreatic cancer cells and its
knockdown reduced their growth (Kashiwaya et al., 2010).

Mutations of Nek family members have been associated to development of
ciliopathies and cancer (Tsunoda et al., 2009; Marina e Saavedra, 2014; Liu et al., 2014;
McHale et al., 2008; Takeno et al., 2008; Capra et al., 2006; Bowers et al., 2004; Cao et al.,
2012. In this study we showed that Nek$5 interacts with TTLL4 by Y2H screening and
immunoprecipitation assay.

Also we show that in the presence of Nek3, the transfection of TTLL4 do not
increase the levels of polyglutamylation, suggesting an inhibition of activity. The fine
regulation of polyglutamylation profile contributes to defects on ciliary beating (Million et
al., 1999) and decrease on polyglutamylation- conjugating enzymes reduces
polyglutamylation on tubulins and the cilia beating in Chlamydomonas reinhardtii (Kubo et
al., 2010), Tetrahymena (Suryavanshi et al., 2010), and zebrafish (Pathak et al., 2007). On
the other hand overexpression of TTLLs involved on B-tubulin polyglutamylation results in
inhibition of ciliary beating (Janke et al., 2005). Kinase dead and shRNA-Nek5 cells
showed increased levels of polyglutamylation when transfected with TTLL4. But not only
tubulins presented increased levels of polyglutamylation, TTLL4 is a well know TTLL
member involved on polyglutamylation of different substrates (van Dijk et al., 2008).
Nucleosome assembly proteins (NAPs) and end binding protein 1 (EB1) also are modified
by polyglutamylation (Regnard et al., 2000; van Dijk, 2008).

The relation between Neks and TTLLs is favored by localization. Both are located
and/or have functions related to cilium and centrosomes. Neks are extensively related to
centrosomes and primary cilium (Patil etal., 2013; Hilton etal., 2009; Mahjoub et al., 2005;
Lee et al., 2014; Sdelci et al., 2012; Kim et al., 2011; Sdelci et al., 2011; Habbig et al.,
2012; Zalli et al., 2012). Nekl and Nek8 have a ciliary function and mutations in its genes
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lead to polycystic kidney disease (Guay-Woodford et al., 2003; Upadhya et al., 2000).
NEKI, has also previously been shown to localize near centrosomes and to play a role in
centrosomal stability and ciliogenesis (Mahjoub et al., 2005; White et al., 2008). Indeed,
centrosomes and basal bodies are highly polyglutamylated with long Glu side chainsand
this modifications are related to function in generating or maintaining the stability of the
organelle (Bobinnec et al., 1998; Geimer et al., 1997).

Aberrant  glutamylation are related to different diseases. Disturbed
polyglutamylation and tyrosination/detyrosination are mediators of cancer progression
(Soucek et al., 2006; Kato et al., 2004) and hiperglutamylation has been associated to
neurodegeneration in mouse models and can be reversed by TTLL1 inhibition (Rogowski et
al., 2010). In this work we showed that the serine 1136 of TTLL4 is important for its
activity. Inhibitors of tubulin tyrosination and deacetylation are not only promising
therapeutic candidates for cancer treatment (Dal Piaz et al., 2009; Lane et al., 2009) but
also have contributed to our knowledge about the biological roles of these enzymes. So,
polyglutamylase inhibitors/ regulators could also work similarly.

Westermann and colleagues (2002) reported for the first time an CfNek present in a
highly purified preparation of tubulin polyglutamylase. Isolated cytoskeletons from
Crithidia fasciculate was used to purify glutamylation activity by ATP-affinity
chromatography and the CfNek was copurified. However, the expression of CfNek in E.
coli or insect cells did not show phosphorylation or glutamylation activity that could be due
to wrong folding, the lack of some activation step or the necessity to work in a complex
(Westermann et al., 2002). Despite to indicate the role of CfNek in polyglutamylation, it
was not showed any directly catalyse of glutamylation suggesting that the role of CfNek is
similar to Nek5 that alters the level of polyglytamylation through phosphorylation of
effector enzymes (TTLL4 for example).

The relation between Neks and members of TTLL family needs to be more
explored. The regulation of TTLL4 by NekS5 and the fact that centrosome stability depends
upon tubulin polyglutamylation (Bobinnec et al., 1998b) and Nek?2 kinases from different
organisms are involved in centrosome maturation and integrity (Fry et al., 1998; Uto and
Sagata, 2000) indicates that this two family of proteins are more related to the hypothesized

until the moment.

77



L
T
b
[
v
U
=
]
(=]
®
o
=
D
3
)l
i
(%)
[#1]
(=]
)
[=]
®
-
C)

(

nkeko(1-/Us) [ =hte Ry -Us) @
1 as] e e 53] = - =
[ L | o . =B E =
| . 5. ] B = =z =
4 =2 = 2
= g £ £
g £ g E
o & B v g
= - 4 € e
. . R : = = s
e | Attession | Residue of | oy v iont wrocmce = = =
hivek5 partner | """ " [number|interactign |~ 7 7R ErEEEas T . e e |
WEB: o.TTLLs I
il el o
| T ——
D no B s g o q Detain mrheal kel ab e o TP a FLAG
1] NP_055135.3 [ B95-1189 | Protein polyglutamvlaticn LS L LY
M Lo E
&) =+ < L) =
B .
& 4 = £ 4 w
= - a4 = = 4 140
c — 4 e =z — o =
o o = = n = = 120 ]
[N ™ [N ~ ': [Nl ~ ': — .
Y bl ey lor] — e = L ||
\& x o x 7 [ 4 N non B _
n W0 W W WY W W - L |
s o . "4 X X s 0,60 | o
[ L] L @ [ [ Q ' = B
=z =z =z =Z z =Z =z = = 040 T— = - I B -tub normzlized
0.0 i i i i i i i = g-tub normalized
P —  §
SERLD . 1 o N N
£IRLIG i el kg & a
1E0KDE = ———— — -—-J.
= _— o = ==
T S
100kD4 - e —— b |
— - — | — —— i i
72kD3 _— _— e el |
50kDz " — e — ) gl > 0-Tub
aun == — > B-Tub
Anti-GT335
.
50kD.
3 ———— | ;
—— Anti-12G10

Figure 1: Nek5 interacts with TTLL4. a) The colonies grew in selective medium SD-WLAH with
aureobasidin and X-o-Gal. In addition to the reporter gene Auri-C were also activated the genes MELLI,
ADE? His3 as indicators of interaction between the proteins. b) The table indicates the identified region of the
TTLL4 by yeast two-hybrid screening. The C-terminal region of hNek5 (260-708) was positive to interact
with the region of TTLL4 (895-1189aa). c) Stable cells expressing Nek5-FLAG were induced with 2ug/mL of
tetracycline and fractionated in cytoplasm and mitochondria. lug of proteins were used to immunoprecipitate
Nek5 using an anti-FLAG resin, after elution the proteins were separated by SDS-PAGE and blotted to

nitrocellulose membrane. TTLL4 co-immunoprecipitated with NekS5 as accessed with anti-TTLL4 antibody.
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Figure 2: The effect of Nek5 in different truncations TTLL4 and its corresponding enzymatic activity
was determined. a) Schematic representation of the TTLL constructs used. The sequences expressed for each
truncated version are depicted as black bars underneath the pictograms of the full-length TTLL proteins.
Domains dispensable or required for autonomous activities are shown. B, ¢ and d) Analysis by western blot of
truncations TTLL4 and 5 in polyglutamylation in the presence of stable cells for Nek5 and silenced for this
protein. E) In vitro experiment for polyglutamylase activity: Tubulins from brain were subjected to in vitro

polyglutamylation assays with extracts from Nek5 and shRNA-Nek5 cells expressing the respective TTLL-
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EYFP proteins. F) Membrane used on in vitro polyglutamylase activiy stained with Ponceau showing the

loading of proteins.
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Figure 3: NekS5 decreased TTLL4 activity. sShRNA-Nek5 and stable-Nek5 cells transfected with EYFP-
TTLL4 or EYFP-TTLLS were sorted by flow cytometry. A) cells transfected with EYFP-TTLL4 were lysed
and analyzed by western-blot. B) The protein extract from EYFP positive cells were immunoprecipitated

using GFP-beads for TTLLS purification. C) Phosphorylated residues detected in TTLL4 and TTLLS.
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Figure 4: The serine 1136 is important for TTLL4 activity. Based on the residues identified by mass
spectrometer, phosphomimetic mutants were generated. Hek293T, shRNA-Nek5 and stable-Nek5 cells
transfected with EYFP-TTLL4 and EYFP-TTLLS were stained with anti-GT335 and anti-mouse Alexa®568
and analyzed by flow cytometer. The EYFP-TTLL4 mutants were transfected in Hek293T (B), shRNA-Nek5
(C) and stable-Nek5 cells (D). EYFP-TTLLS5 mutants were transfected in Hek293T (F), shARNA-Nek5 (G) and
stable-Nek5 cells (H).
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As Neks representam a terceira maior familia de cinases envolvidas na regulagcdo do
ciclo celular. Embora os membros desta familia compartilhem alta similaridade em seu
dominio catalitico, o dominio regulatério possui cldssicas regides de intera¢do proteina-
proteina, como a regido coiled—coil. Dessa forma, a diversidade de substrato, bem como os
diferentes processos bioldgicos aos quais estas proteinas estdo relacionadas, se devem a
diversidade do dominio regulatério (Artigo I). A identificagdo de parceiros de interagdao
com cinases possui informacdo relativamente restrita na literatura devido a fraca e
transiente interacao entre as proteinas.

Neste trabalho € possivel observar no artigo I uma revisao bibliogréfica da familia
das Nek cinases e os principais avancos sobre cada um dos 11 membros da familia das
Neks. Em linhas gerais postulamos que cada membro da familia deve estar envolvido em
pelos menos um dos processos bioldgicos: func¢do centriolar/mitose, cilio
primdrio/ciliopatias e na resposta a dano de DNA. Além destas fung¢des, a rede de interacio
entre as Neks e outras proteinas permitiram observar que as elas podem regular outros
processos bioldgicos, tais como a morte celular. A Nek6 por exemplo interage com
proteinas associadas ao processo de apoptose, como a proteina cinase serina/treonina PAK6
(PAKS6), proteina cinase serina/threonina Sgk1 (SGK1) e o complexo DBIRD (Meirelles et
al., 2010). A Nekl também atua no processo apoptético através da fosforilacdo do canal
anidnico voltagem dependente (VDAC). VDAC é um complex poro que funciona como
canal de voltage dependente de anion e como poro de permeabilidade que regula a
liberacdo de citocromo ¢ para o citoplasma, necessdrio para iniciar os eventos apoptotico
(Chen et al., 2009).

Como a regido regulatdria € a principal regido de interacao das Nek cinases e seus
substrates, foi utilizada a regido regulatéria de Nek5 (260-708 aa.) para o screening de
parceiros por duplo hibrido. Foram obtidos 10 parceiros de interacdo com Nek5: MTX2,
SNX6, c6orf225, DCAF10, CAP2, BCLAF1, SETDBI1, TTLL4, TOPO2B e COXI1.
Experimentos de imunoprecipitacio de Nek5 seguido por espectrometria de massas
também revelaram diversos pontenciais alvos para Nek5. Dentre as proteina identificadas
por Y2H, trés apresentaram localizagao mitochondrial (COX11 e MX2) ou com fungdo
relacionada a mitochondria (BCLAF1). A tabela dos parceiros identificados encontra-se no

anexo deste trabalho. No artigo II exploramos a interacdo entre NekS e estas proteinas
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mitochondrias, bem como o papel de Nek5 no processo de morte cellular. Além da
localizagdo nuclear e citoplasmatica, novas localizacbes estdo sendo recentemente
atribuidas as Neks. Nek1, ja foi identificada como uma proteina mitocondrial € mostramos
neste trabalho que Nek5 também estd localizada nesta organela (Chen et al., 2009). Células
expressando estavelmente NekS ou células silenciadas para a expressao desta proteina
foram tratadas com a tapsigargina. Células silenciadas para Nek5 apresentaram uma morte
acentuada apds o tratamento com a tapsigardina e de taxas elevadas de formacdo de
espécies reativas de oxigénio, sugerindo que Nek5 possa atuar como uma proteina anti-
apoptética, assim como o papel desenvolvido por Nekl. O papel de Nek5 na morte cellular
pode ocorrer via interacdo entre Nek5 e suas presas, uma vez que MTX2, BCLAFI e
COX11 possuem papel relacionado a morte celular. MTX1 e MTX2 estao envolvidas na
morte celular induzida por TNFa (Wang et al., 2001; Mazumder et al., 2007) e a deplecao
de MTX2 provoca uma deficiéncia na importacdo de VDAC e Tom40 (Abdul et al., 2000).
BCLAF1 pode regular negativamente o processo de reparo mediado pelo complexo
Ku70/p18-ciclinaE promovendo a apoptose (Zeviani et al., 1998). E em células silenciadas
ou mutadas para Coxl11 apresentaram hipersensibilidade a tratamentos com peréxido de
hidrogénio (Pungartnik et al., 1999). Em linhas gerais, apresentamos no artigo II as
primeiras evidéncias sobre o papel de Nek5 no processo de morte celular, uma vez que o
Unico artigo existente na literatura sobre a Nek5 associa esta proteina com a diferenciacio
muscular ap6s clivagem por Caspase-3 (Shimizu et al., 2013).

O interacdo entre Nek5 e TTLL4 também foi explorada em parceria com o Dr.
Carsten Janke do Institut Curie. O artigo II apresenta os principais resultados obtidos desta
caracterizacdo de interacdo. A TTLL4 (tubulina poliglutamilase 4) estd envolvida na
iniciac@o da poliglutamilacdo. A poliglumatamilacdo é uma modificagdo pés traducional no
qual cadeias laterais de glutamato sao adicionadas a regido C-terminal de proteinas (Eddé et
al., 1990; Redeker et al., 1994). O papel da poliglutamilacdo no contexto celular ainda ndao
estd bem esclarecido, porém, acredita-se que esta modificacdo regule a interacdo entre
proteinas. As tubulinas sdo os principais substratos para poliglutamilagdo principalmente
em neuronios, células em divisdo, midbodies, centrossomos e cilios e flagelos (xxx) e
podem modular a associacao dos microtiibulos com proteinas motoras (Bonnet et al., 2001;

Boucher et al., 1994; Larcher et al., 1996). Além das tubulinas, as proteinas TTLL4 e
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TTLLS sdo capazes de glutamilar diversas proteinas como PELPI1 cuja glutamilacio esta
envolvida com o processo de remodelamento da cromatina em células de cancer
pancredtico (Kashiwaya et al., 2010). Ap6s transfec¢do de TTLL4 em células expressando
estavelmente Nek5 os niveis de proteinas poliglutamiladas reduziram drasticamente, ao
passo que células silenciadas ou expressando estavelmente a versdo kinase dead
apresentaram niveis elevados de poliglutamilacdo. Células com Nek$5 ou silenciadas foram
transfectadas com TTLL4 e as células TTLL-positivas foram separadas por citometria de
fluxo e analisadas por western blot. Na presenca de Nek5 duas bandas foram observadas
por western blot, sugerindo fosforilacdo. As bandas relativas a TTLL4 foram analisadas por
espectrometria de massas e diversos residuos foram identificados como fosforilados. Em
linhas gerais, demonstramos neste trabalho que a fosforilagio de TTLL4 por Nek5 pode
inativar esta proteina e o processo de poliglutamilacdo de tubulinas e outros substratos. A
poliglutamilagdo estd envolvida com a estabilidade de centrossomos (Bobinnec et al.,
1998b) e a Nek2 envolvida na sua maturagcdo e integridade (Fry et al., 1998; Uto and
Sagata, 2000) sugerindo que estas familias de proteinas estdo mais relacionadas do que
hipotetizado até o momento. A relacdo entre os membros das familias Nek e TTLL
precisam ser melhor explorados porém com este trabalho o primeiro passo ja foi dado no
sentindo de estabelecer uma nova funcao para a familia das Neks.

Este projeto direcionou-se portanto, no sentido de desvendar funcionalmente a
proteina humana hNek5. Em linhas gerais, este projeto identificou potenciais vias de
sinalizacdo da Nek5 humana, com é&nfase na morte celular e no processo de
poliglutamilacdo. As informacgdes obtidas por este trabalho sdo as primeiras sobre a funcio
de Nek5 no contexto celular e contribuem, ndo somente para o campo da biologia
molecular, como para futuros estudos visando o maior conhecimento sobre o0 membros da

familia das Neks.
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Muitos avangos tem sido realizados no intuito de expandir o conhecimento sobre 0s
membros da familia das Neks, entretanto, alguns membros desta familia, principalmente a
Nek5, continuam sendo negligenciados quanto as suas fungdes. No presente trabalho foi
realizada a caracterizacdo funcional de Nek5. Foram realizados ensaios funcionais,
moleculares e bioquimicos para caracterizar os parceiros de interacdo da NekS5 e as funcdes
atribuidas a esta proteina.

Em linhas gerais este trabalho conclui que:

e No artigo de revisdo foi realizada uma andlise detalhada atual sobre cada uma das
11 Neks e seu envolvimento principalmente na formacdo de centrossomos e mitose;
formacao de cilios primadrio e ciliopatias; e respostas a danos de DNA.

® O duplo hibrido em leveduras foi realizado utilizando-se o sistema Matchmaker
GALA4 (Clontech Laboratories, Inc) no qual a isca foi a regidao C-terminal da proteina NekS5.
No total 10 proteinas foram identificadas: MTX2, SNX6, DCAF10, Cé6orf225, CAP2,
BCLAFI1, SETDBI1, TTLL4, TOP2B e COX11. A interacdo com algumas destas proteinas
foram caracterizadas neste trabalho e outras ainda precisam ser exploradas.

e Uma vez que interagem com proteinas mitocondrias a localizacdo mitocondrial de
Nek5 foi avaliada por microscopia confocal e fracionamento de mitocondrias seguido por
western blot, confirmando a presence de hNek5 neste microambiente.

¢ Ensaios de apoptose mostraram que células silenciadas para Nek5 apresentam maior
sensibilidade ao tratamento com tapsigargina (2 uM), além de apresentarem niveis elevados
de ROS.

e A atividade da cadeia respiratéria mitocondrial estava diminuida apods
superexpressdao de hNek5, especialmente nas etapas de transferéncia de elétrons do TMPD
para o citocromo ¢ e no complexo II.

¢ A interacdo de Nek5 com TTLL4 foi confirmada por imunoprecipitacao e ensaios in
vitro e in vivo demonstraram que na presenca de Nek5 a atividade de TTLL4 € diminuida, e
consequentemente a poliglutamilacdo de proteinas. Células silenciadas para a Nek$5, assim
como células que expressam a versao "kinase dead" de NekS5, apresentaram por western
blot e ensaio in vitro de atividade poliglutamilacdo um aumento na poliglutamilacdo de
proteinas apds transfec¢do com TTLL4, o que ndo pode ser observado na presence de

hNeks.
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¢ Ensaios de imunoprecipitagdo seguido por espectrometria de massas permitiram a
expansdo do conhecimento sobre proteinas que interagem direta ou indiretamente com
Nek5. No total 225 proteinas foram capazes de imunoprecipitar com Nek5. As proteinas
identificadas estdo envolvidas em processos biologicos como: expressdo génica,
transcricao, traducao, apoptose e morte celular.

e A parceria entre o0 SGC e LNBIO permitiu a expressdo em larga escala em bactéria
das cinases Nekl, 6 e 7; além de ter resolvido a estrutura da Nekl na presenca e auséncia

de compostos inibitérios (PDB nimero 4B9D e 4APC respectivamente).
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Duplo hibrido em leveduras

O sistema duplo hibrido em levedura é uma poderosa metodologia para identificar
proteinas que interagem com proteinas alvo in vivo, fornecendo a possibilidade do estudo
das interacdes dessas proteinas em sua conformacao original. Este sistema também pode ser
utilizado para delinear dominios ou residuos criticos de aminodcidos envolvidos nesta
interacdo (Fields & Sternglanz, 1994; Park et al., 2008). Nesse sentido, é bastante relevante
empregar o sistema duplo hibrido em levedura para identificagdo de possiveis parceiros de
interacdo da Nek5 humana, buscando desvendar as vias de sinalizagdo e 0os mecanismos
funcionais aos quais a Nek5 pode estar envolvida no ciclo celular.

Neste trabalho foi utilizado o sistema Matchmaker GAL4 (Clontech Laboratories,
Inc) no qual a isca foi a regido C-terminal da proteina Nek5 clonada em vetor PGBKT7 e
expressa em fusdao com o dominio de ligacao ao DNA Gal4 (DNA-BD) e tranformadas em
cepa de S. cerevisiae Y2HGold (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, galdA,
gal804, LYS2 : : GALIUAS-GallTATA-His3, GAL2UAS-Gal2TATA-Ade2 URA3 : :
MELIUAS-MellITATA AURI-C MELI). A biblioteca Mate & Plate foi comercialmente
clonada em vetor pGAD e transformada na cepa de S. cerevisiae Y187 (MATa, ura3-52,
his3-200, ade2-101, trpl-901, leu2-3, 112, gal4A, met—, galS8OA, URA3 : : GALIUAS-
GALITATA-lacZ; Harper et al., 1993; AD = Fields & Song, 1989; Chien et al., 1991).

Neste sistema, quando a isca interage com alguma proteina da biblioteca o DNA-
BD e AD ficam préximos o suficiente para ativar fatores de transcricdo de quatro genes
reporter independentes (AURI-C, ADE2, HIS3, e MELI) aumentando a seletividade do
sistema. A AUR1-C € uma versao dominante do gene AUR1 que codifica a enzima inositol
phosphoryl ceramide synthase e € expressa em Y2HGold em resposta a interagdes proteina-
proteina, em Saccharomyces cerevisiae e sua expressdo confere resisténcia (AbAr) a droga
Aureobasidina A. Adicionalmente, Y2HGold € incapaz de crescer em meio ausente em
histidina, entretanto, quando isca e presa interagem € ativado o gene His3 permitindo que a
célula biosintetize este aminodcido, assim como ocorre para o gene ADE2 que codifica para
adenina. MEL1 € outro gene repodrter deste sistema que codifica a enzima a-galactosidase.
Em resposta interacdo entre isca e presa, MEL1 € expressa e a colOnia se torna azul em

presenca do substrato cromogénico X-o-Gal. A biblioteca Mate & Plate (Clontech
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Laboratories, Inc) é normalizada, e dessa forma, uma menor quantidade de clones ¢é
necessdrio para ser detectado, uma vez que a representacdo de cada gene € equalizada,
diminuindo significativamente a abundancia de genes housekeeping. Este sistema utiliza a
habilidade natural de linhagens de leveduras hapléides como Y187 e Y2HGold para
interagir uma com a outra para formar uma célula dipldide, favorecendo a introdugdo de
toda a biblioteca.

Para a conjugacao das cepas Y187 contendo a biblioteca e Y2HGold contendo Nek5
clonado em pGBKT?7 foi coletada uma col6nia de Y2H+pGBKT7-Nek5 e inoculada em

50mL de SD-W em meio liquido e incubada a 30° C a 250 rpm até atingir OD600 de 0,8.

As células foram centrifugadas a 1000 g por 5 min e o pellet ressupendido em 10mL de
SD-W. Em seguida foi adicionado a estas células 1mL de Biblioteca Universal Mate &
Plate (Clontech) e incubadas a 30°C por 30 horas com agitacdo de 40 rpm. Apds este
periodo as células foram centrifugadas, ressupendidas 10mL de 0,5xYPDA/Kan liquido,
plaqueadas em placas SD-WL contendo aureobasidina, antibiético utilizado para o sele¢ao
de clones que tiveram interagdo proteina-proteina, e incubadas em estufa a 30°C até o
surgimento de coldnias. As coldnias que cresceram em placas SD-WL Aureobasidina foram
repicadas para placas mais seletivas SD —-WLAH contendo aureobasidina e X-a-Gal (Fig.
5). Para identificar o cDNA clonado no vetor presa (biblioteca) foi realizado o isolamento
de DNA plasmidial de levedura sugerido pelo Clontech dos clones positivos. O DNA
plasmidial foi amplificado em E. coli (DHS5a), utilizando-se o antibidtico de selecdo do
plasmideo da biblioteca, e entdo seqiienciado com os primers (sense) indicados pelo

fabricante da biblioteca. As seqiiéncias obtidas foram submetidas a andlise no banco de

dados GenBank (NCBI, http://www.ncbi.nlm.nih.gov/) e analisadas através do programa

BLASTX (Altschul et al., 1997).
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Figura 5: Colonias obtidas pelo sistema de duplo hibrido utilizando como isca a proteina hNEK5. A)
Coldnias que cresceram em meio seletivo SD-WL contendo aureobasidina. O crescimento em aureobasidina
representa que as coldnias ativaram o gene reporter AuriC. B) Col6nias que cresceram em meio ainda mais
seletivo SD-WLAH contendo aureobasidina e X-a-Gal.. Além do gene repodrter AuriC foram ativados os
genes Mell, His3 e Ade2 como indicadores de interac@o entre as proteinas. O clone B9 € o controle positivo

contendo a proteina p53 e T7.

A tabela 3 apresenta as proteinas identificadas por duplo hibrido como interactoras
de Nek5. Ao total 10 proteinas foram identificadas e estdo envolvidas em diferentes
processos celulares. Trés destas proteinas estdo localizadas ou envolvidas com processos
mitocondriais e foram abordadas no artigo II do presente trabalho. Sdo elas Metaxina-2
(MTX2), proteina de montagem do citocromo c oxidase (COX11) e fator 1 de transcri¢do
associado a Bcl2 (BCLAF1).

A proteina Metaxina-2 estd ligada a membrana mitocondrial externa e juntamente
com a Metaxin-1 sugere-se que estejam envolvidas na importagdo de proteinas para a
mitocondria (Armstrong & Bornstein, 1999). Ela tem seus niveis de expressdo aumentados
em diferentes tipos de cancer como o de préstata (Lexander et. al, 2006) e é requerida para
a morte celular induzida por TNF (Wang et al., 2001). A MTX2 esta ainda envolvida na
biogénese do canal seletivo de voltagem dependente de anion (VDAC) que é responsavel
pela troca de metabdlitos entre o citosol e mitocondria e tem sido correlacionado a
diferentes formas de apoptose (Kozjak-Pavlovic et al., 2007 e Cheng et al., 2003). A

z

proteina Cox 11, presente na membrana mitocondrial interna, € essencial para o
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crescimento respiratorio e estd envolvida na biogénese do centro Cug da enzima citocromo

c oxidase envolvida no passo final da cadeia respiratoria mitocondrial, no qual o oxigénio é

reduzido a dgua (Greiner et al., 2008). Ela € responsdvel ainda pela entrega de cobre (Cu)

ao centro Cug do citocromo c¢ oxidase, (Carr et al., 2002). A proteina BCLAFI, por sua

vez, interage com membros antiapoptéticos da familia BCL2 atuando como indutor de

apoptose (Kasof et al., 1999). Ela estd reduzida ou ausente em células tumorais, sendo

considerada agente supressor de tumor (Sarras et al., 2010). BCLAFI também participa

como repressor de transcricdo e em processos como desenvolvimento pulmonar

(McPearson et al., 2009), ativacdo de células T e controle da infec¢do litica do sarcoma de

Kaposi (Ziegelbauer et al., 2009).

Tabela 3: Proteinas que interagem com hNek5 identificadas por Duplo Hibrido.

Proteina Gene Numero Residuos Fram Cobertur Processo bioldgico

(Blastx) de acesso identificados e a %

metaxin 2 MTX NP_0065 4-181, 207- 1 58 Processos celulares

2 45.1 261 metabolicos, direcionamento

de proteinas para a mitocondria

sorting nexin SNX6 EAW659 9-289 1 74 Comunicacdo celular,

6 16.1 transporte de proteinas
intracelular

UPF0731 Cé6orf NP_0010 1-80. 1 22

protein 225  28736.1

Céorf225

DDBI1- and DCA XP_0028 97-221 2 37 Ubiquitinag@o de proteinas

CULA4- F10  19646.1

associated

factor 10

CAP, CAP2 CAI1225 131-410 1 87 Ativacdo de adenilato ciclase,

adenylate 0.1 estabelecimento ou

cyclase- manuten¢do da polaridade

associated celular, transducdo de sinal

protein, 2

(yeast)

BCL2- BCL NP_0010 677-725 1 13 Inducio de apoptose, regulador

associated AF1 70909.1 negative da transcri¢do,

transcription regulador positive da via

factor 1 intrinseca da apoptose,
regulador de resposta a danos
de DNA

SET domain, SETD AAH286 602-670 3 35 Regulacdo da transcrigdo,

bifurcated 1 Bl 71.1 transcricdo DNA dependente

tubulin TTLL NP_0554 895-1189 3 81 Poliglutamilacdo de proteinas

polyglutamyl 4 55.3

ase TTLL4

DNA TOP2 AAC774 1283-1347 1 56 Mudanca topolégica de DNA,
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topoisomerase B 32.1 transi¢do G2/M do ciclo

II beta celular, segregacao de
cromatides irmas, checkpoint
de ciclo celular

cytochromec COX XP_0028 91-287 2 51 Montage do complex IV da
oxidase 11 27408.1 cadeia respiratoria, troca de
assembly gases respiratorios

protein

COX11,

Outra importante proteina identificada foi a tubulina poliglutamilase (TTLL4) que
estd envolvida na glutamilacdo de proteinas. A caracterizacdo desta proteina pode ser
observada no artigo III desta tese. A poliglumatamilagdo € uma nova modificacdo pods
traducional no qual cadeias de glutamato sdo formadas na proteina (Eddé et al., 1990;
Redeker et al., 1994). Dominios ricos em repeti¢des de glutamina podem formar estruturas
em o-hélices e coiled-coil levando a agregacdo de proteinas. Esta agregacdo estd associada
a diversas doencas como formacdo do peptideo P-amiléide e mal de Alzheimer
(Michelitsch & Weissman, 2000, Link & Saldi, 2012). Repeti¢des de glutamina podem
ainda ter um “papel natural” na inducdo de morte celular que se torna desregulada em
doencas neurodegenerativas. Além das tubulinas, as proteinas TTLL4 e TTLLS sdo capazes
de glutamilar diversas proteinas como PELP1 cuja glutamilacdo esta envolvida com o
processo de remodelamento da cromatina em células de cancer pancredtico (Kashiwaya et
al., 2010). Além das funcdes anteriormente descritas. TTLL4 ainda participa do processo de
poliglutamilagdo de tubulinas, no qual foi primeiramente descoberto este tipo de
modificagdo. A poliglutamilagdo ocorre na regido C-terminal, responsdvel pela ligacido de
diversas proteinas motoras e associadas aos microtibulos. Assim, acredita-se que a
poliglutamilagdo de tubulinas pode modular a associacdo dos microtibulos com estas
proteinas motoras (Bonnet et al., 2001; Boucher et al., 1994; Larcher et al., 1996).

Foram identificadas ainda as proteinas Sortin Nexin 6 (SNX6), Fator 10 associado a
DDBI1- e CUL4 (DCAFI10), Proteina 2 associada a adenilato ciclase (CAP2) e DNA
topoisomerase II beta (TOPO2B). A SNX6 pertence a familia das proteinas SNX
envolvidas com o transporte de vesiculas e sorting de proteinas (Worby and Dixon, 2002).
Okada e colaboradores (2010) identificaram a interacdo de SNX6 com a BACEI que
promove a primeira clivagem do precursor B-amildide para formacdo do peptideo B-

amiléide na doenca de Alzheimer. E possivel observar que tanto TTLL4 quanto SNX6
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parecem estar relacionadas ao surgimento de doencas como a de Alzheimer. Neste contexto
no futuro pretendemos avaliar se hNekS exerce algum tipo de funcdo neste tipo de
patologia. A SNX6 também estd envolvida no transporte intracelular de receptores de
membrana e interage com o TGF, EGF e insulina. Estd localizada no citoplasma em um
complexo protéico denominado retrdbmero que medeia o transporte retrégrado de membrana
cargo dos endossomos para o trans-Golgi (Parks et al., 2001). A proteina CAP2, também
identificada por duplo hibrido, possui pouca informac¢do em bancos de dados, mas,
acredita-se que ela tenha fungdes similares a CAP1, outro membro da familia com a qual
compartilha 64% de identidade (Yu et al., 1994). CAP1 estd superexpressa em cancer
pancredtico e estd envolvida na motilidade celular de canceres (Yamazaki et al., 2009). As
CAPs sao moléculas multifuncionais e em Candida albicans CAP1 regula a transicao Bud-
Hypha, o crescimento de filamentos e os niveis de cAMP necessdrios para sua viruléncia.
(Bahn & Sundstrom, 2001). Em eucariotos elas estdo relacionadas ao remodelamento do
citoesqueleto de actina (Deeks et al., 2007) e ativacdo dependente de Ras regulando
crescimento celular e diferenciacao (Shima et al., 2000).

Para entender melhor as proteinas identificadas em um contexto mais global
submetemos os cromatogramas obtidos do sequénciamento das presas a plataforma

Integrated  Interactome  System  (http://bioinfo03.ibi.unicamp.br/Inbio/interactome/)

desenvolvida pela Dra. Gabriela Meirelles (Carazzolle et al., 2014). Esta plataforma utiliza
a ferramenta de alinhamento Blast (banco de dados do NCBI) para a andlise das sequéncias.
Como pode ser observado na figura 6 o programa compara diferentes bancos de dados de
interagdes, criando uma rede em nivel primario da proteina alvo (hNek5 em vermelho) com
as proteinas identificadas pelo duplo hibrido e interacdes descritas nos bancos de dados
(circulos em azul). Além disso, € possivel ainda, formar uma rede em segundo nivel no qual
proteinas que interagem com as iscas identificadas também sdo adicionadas a rede (circulos
em verde). Como as informagdes sobre hNekS5 e seus parceiros sdo restritas, a utilizagdo da
plataforma ndo permitiu adicionar informagdes quanto a parceiros diretos da hNek5, mas
nos permitiu agrupar estes parceiros, assim como descobrir proteinas que interagem com
mais de uma proteina como foi o caso de SRRM1, HDACI1, HDAC2 e SUMO3, sugerindo

vias convergentes de acdo das proteinas identificadas.
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Figura 6: Rede de interacoes da proteina humana NekS5. A rede de interagdes de hNek5 possui 10
proteinas que interagiram diretamente com hNek5 por duplo hibrido (nodos azuis). Os 164 nodos verdes
representam proteinas que interagem com estes parceiros de acordo com o programa Integrated Interactome

System desenvolvido por nosso grupo.

Considerando os resultados obtidos pelo sistema de duplo hibrido foi utilizada a
microscopia confocal para observar se as proteinas identificadas colocalizavam com
hNekS5, tornando possivel a interag@o entre estas. A colocalizagdo destas proteinas pode ser
observada nas figuras 7 e 8 e foram realizadas em células de osteosarcoma, U20S (Fig. 7),
e de cincer de mama, MCF7 (Fig. 8). hNek5 enddgena foi marcada em vermelho com
Alexa-594, ao passo que as presas foram marcadas em verde com Alexa-488. A imagem
sobreposta (merge) mostra uma ampla distribuicdo da hNek5 no nucleo e citoplasma. A
andlise de colocalizacdo foi realizada pelo programa Zen Light blue edition e representa as
regides da célula onde isca e presa colocalizaram. A partir destas imagens € possivel
afirmar que hNek5 colocaliza com todas as proteinas testadas em diferentes regides da
célula. A proteina Topoisomerase IIB, apesar de ser nuclear apresentou forte colocaliza¢ao

com hNek5. DCAF e MTX2 sdo proteinas citoplasmdticas e mitocondriais respectivamente,
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e também apresentaram significativa colocalizagdo com hNek5. Desta forma € possivel
observar que hNek5 apresenta uma ampla distribuicdo nas células, sendo encontrada no

nucleo, citoplasma e mitocondrias até o presente momento.

U20S
Nek5 DAPI Merge  Colocalizado

SNX6

COX11 DCAF BCLAF

TOPOIIB

MTX2

Figura 7: hNek5 colocalizou com todas as proteinas testadas na linhagem celular humana de
osteosarcoma, U20S. Em vermelho hNek5 marcada com Alexa 594 e em verde, presas identificadas ao lado
esquerdo da figura, marcadas com Alexa 488. Os nicleos foram corados com Hoenchst. A coluna
colocalizagcdo representa a imagem gerada pelo programa Zen 2009 da colocalizacdio de hNek5 e suas

respectivas presas.
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MCF7
Nek5 DAPI Merge  Colocalizado

TOPOI1IB COX11 DCAF BCLAF SNX6

MTX2

Figura 8: hNek5 colocalizou com todas as proteinas testadas na linhagem celular humana de
adenocarcinoma de mama, MCF7. Em vermelho hNek5 marcada com Alexa 594 e em verde, presas
identificadas ao lado esquerdo da figura, marcadas com Alexa 488. Os nticleos foram corados com Hoenchst.
A coluna colocalizacio representa a imagem gerada pelo programa Zen 2009 da colocalizacdo de hNekS5 e

suas respectivas presas.
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Fracionamento e Espectrometria de Massas

O estudo de moléculas que interagem com uma proteina pode ser fundamental para
a compreensdo da sua fungdo. Através da protedmica, muitos avangos tém sido feitos em
diferentes dreas. As ferramentas utilizadas para a anélise do proteoma geralmente incluem
inicialmente a extracdo do material proteico de um modelo biolégico que pode ter sofrido
uma condicao diferente da normal, como por exemplo, a super expressao de proteinas alvo.
As proteinas de interesse sao separadas do total para identificagdo através de técnicas mais
refinadas como espectrometria de massas.

O ensaio de duplo hibrido permitiu a identificacdo de algumas proteinas parceiras de
hNek5. Muito foi avancado a partir destes resultados, como por exemplo, a descoberta da
localizagao mitocondrial de hNek5 e seu envolvimento em processos como morte celular e
poliglutamilacdo. Tendo em vista a presenca de hNek5 no microambiente mitocondrial
utilizamos da estratégia de imunoprecipitacdo para verificar a interacdo in vitro de extratos
protéicos provenientes de células expressando estavelmente hNek5-Flag e vetor Flag vazio.
As células em questdo foram fracionadas utilizando o kit Qproteome® Mitochondria
Isolation (Qiagen) e as proteinas das fracdes de citoplasma e mitocondria foram submetidos
a imunoprecipitagio com o resina anti-FLAG M2® (Sigma). As proteinas
imunoprecipitadas e os imunocomplexos gerados foram eluidos da matriz sélida com
tampao de amostra contendo SDS, aquecidas a 100°C, corridas em gel SDS-PAGE, coradas
com prata e coomassie e analisadas por espectrometria de massas. Este experimento foi
realizado em triplicata e a figura 9 representa as amostras de citoplasma e mitocondria de
ambas as linhagens celulares que foram separadas por SDS-PAGE e coradas com prata
(Fig. 9). Os imunoprecipitados foram digeridos com tripsina e avaliados no espectrometro
de massa do tipo Eletrospray Q-Tof no modo positivo para a obtencdo de espectros do tipo
MS-MS. A andlise dos dados foi feita utilizando o software MASCOT e o Swiss prot como
banco de dados, disponivel na internet, considerando apenas sequéncias humanas.
Amostras do clone estdvel apenas para o vetor FLAG vazio foram utilizadas como controle
e apenas as proteinas que ndo apareceram em nenhuma das triplicatas do grupo FLAG e
que apareceram pelo menos em uma das triplicatas de hNek5 FLAG foram utilizadas nas

andlises subseqiientes. As proteinas que interagem direta ou indiretamente com hNek5 nas
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fracOes de citoplasma estdo demonstradas na tabela 4 e as proteinas das fracdes

mitocondriais apresentadas na tabela 5.
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Figura 9: Gel de eletroforese em poliacrilamida SDS-PAGE das amostras de imunoprecipitacao
submetidas a espectrometria de massas. As amostras foram aplicadas em triplicata, fracionadas, submetidas a

digestdo com tripsina e analisadas por espectrometria de massas.
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Tabela 4: Proteinas identificadas na fracdo mitocondrial de células hNek5-FLAG. - Identificagdo por espectrometro de massas das proteinas

detectadas na fracdo mitocondrial de células hNek5-FLAG apds imunoprecipitagdo.

Acesso Descricao Amostral | Amostra2 | Amostra3 | MW [kDa] | calc. pI
P04406 Glyceraldehyde-3-phosphate dehydrogenase 2 1 3 36,0 8,46
P29692 Elongation factor 1-delta 7 2 1 31,1 5,01
P54819-5 Isoform 5 of Adenylate kinase 2 3 2 3 24,6 6,70
P60174-4 Isoform 4 of Triosephosphate isomerase 2 1 17,9 5,58
P30041 Peroxiredoxin-6 5 1 25,0 6,38
P21912 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 3 4 4 31,6 8,76
MOR208 ATP-dependent Clp protease proteolytic subunit 3 1 2 20,6 5,50
P52597 Heterogeneous nuclear ribonucleoprotein F 3 1 45,6 5,58
F8WO020 Nucleosome assembly protein 1-like 1 3 24,4 4,51
MORO0Z3 General transcription factor IIF subunit 1 2 14,7 9,88
060506-4 Isoform 4 of Heterogeneous nuclear ribonucleoprotein Q 5 3 3 58,7 7,56
Q00688 Peptidyl-prolyl cis-trans isomerase FKBP3 3 1 25,2 9,28
P43686-2 Isoform 2 of 26S protease regulatory subunit 6B 4 43,5 5,26
F5H3X9 Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform | 7 1 1 59,2 5,68
E9PM69 268 protease regulatory subunit 6A 5 443 5,05
P06748-2 Isoform 2 of Nucleophosmin 4 1 1 29,4 4,61
Q5RKV6 Exosome complex component MTR3 2 28,2 6,28
E9PDU6 Calponin-3 2 20,2 9,42
K7EL96 Perilipin-3 2 18,1 5,34
P12004 Proliferating cell nuclear antigen 5 28,8 4,69
QINTKS Obg-like ATPase 1 5 44,7 7,81
K7ENH2 Proteasome activator complex subunit 3 2 20,6 5,34
E9PJ81 UBX domain-containing protein 1 2 32,6 5,14
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Acesso Descricao Amostral | Amostra2 | Amostra3 | MW [kDa] | calc. PI
Q5VvU61 Tropomyosin alpha-3 chain 3 26,3 4,84
K7EMD6 Small glutamine-rich tetratricopeptide repeat-containing protein alpha 2 17,8 4,75
H3BU31 60S ribosomal protein L4 3 1 19,0 11,72
F5GZ27 Lon protease homolog 6 4 4 85,6 6,04
Q12904 Aminoacyl tRNA synthase complex-interacting multifunctional protein 4 343 8,43
Q5SQT6 Inorganic pyrophosphatase 3 20,0 5,25
P50454 Serpin H1 3 4 46,4 8,69
043399-6 Isoform 6 of Tumor protein D54 2 17,5 6,60
Q12906-5 Isoform 5 of Interleukin enhancer-binding factor 3 4 3 2 74,6 8,24
P49006 MARCKS-related protein 2 4 2 19,5 4,67
Q99614 Tetratricopeptide repeat protein 1 3 33,5 4,84
P50897 Palmitoyl-protein thioesterase 1 3 2 34,2 6,52
B5MCY6 Protein phosphatase 1 regulatory subunit 7 2 25,6 5,02
J3QLO5 Serine/arginine-rich-splicing factor 2 2 15,1 10,96
Q9Y3Y2-4 Isoform 3 of Chromatin target of PRMT1 2 21,9 11,97
P31948 Stress-induced-phosphoprotein 1 4 2 62,6 6,80
Q9UBVSE Peflin 3 30,4 6,54
Q92820 Gamma-glutamyl hydrolase 2 1 35,9 7,11
P31942-3 Isoform 3 of Heterogeneous nuclear ribonucleoprotein H3 2 1 1 31,5 7,31
K7EPL2 SUMO-activating enzyme subunit 2 2 29,8 6,42
Q9UHD9 Ubiquilin-2 4 65,7 522
Q14257 Reticulocalbin-2 2 1 1 36,9 4,40
P36543 V-type proton ATPase subunit E 2 26,1 8,00
QI9UNZ2-4 Isoform 2 of NSFLI cofactor p47 2 37,3 5,11
Q92522 Histone H1x 2 22,5 10,76
P20645 Cation-dependent mannose-6-phosphate receptor 2 31,0 5,83
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Acesso Descricao Amostral | Amostra2 | Amostra3 | MW [kDa] | calc. pI
HOYI98 Dynactin subunit 2 2 29,3 6,80
HOY2YS Zyxin 3 57,6 6,87
K7EL20 Eukaryotic translation initiation factor 3 subunit G 2 29,4 5,41
QYHC38-3 Isoform 3 of Glyoxalase domain-containing protein 4 2 21,2 5,66
014654 Insulin receptor substrate 4 6 4 133,7 8,44
P00492 Hypoxanthine-guanine phosphoribosyltransferase 2 24,6 6,68
F8WD96 Cathepsin D light chain 2 2 1 30,0 742
Q07866-3 Isoform G of Kinesin light chain 1 4 64,3 6,30
Q06323 Proteasome activator complex subunit 1 2 28,7 6,02
Q96AE4 Far upstream element-binding protein 1 4 1 67,5 7,61
Q96AG4 Leucine-rich repeat-containing protein 59 2 1 1 349 9,57
Q14677-3 Isoform 3 of Clathrin interactor 1 3 70,2 6,58
Q08J23-2 Isoform 2 of tRNA (cytosine(34)-C(5))-methyltransferase 3 1 82,3 7,01
C9JH18 PERQ amino acid-rich with GYF domain-containing protein 2 2 16,8 9,79
QI9UMXO0-2 | Isoform 2 of Ubiquilin-1 4 59,2 5,10
Q8NBS9-2 Isoform 2 of Thioredoxin domain-containing protein 5 2 2 36,2 5,47
F8SW6E4 Glycerol-3-phosphate dehydrogenase 2 2 55,7 6,25
Q8N1G4 Leucine-rich repeat-containing protein 47 2 1 1 63,4 8,28
Q8N8S7-2 Isoform 2 of Protein enabled homolog 2 63,9 6,43
B7Z6M1 Plastin-3 4 65,6 6,30
P18206-2 Isoform 1 of Vinculin 2 3 116,6 6,09
Q99689 Fasciculation and elongation protein zeta-1 3 45,1 4,30
P78347-2 Isoform 2 of General transcription factor II-1 3 2 107,9 7,94
MOQYLA4 A-kinase anchor protein 8 2 39,4 5,06
Q5T757 Serine/arginine-rich-splicing factor 11 2 48,5 10,54
Q8WZA9 Immunity-related GTPase family Q protein 2 62,7 4,88
B4DXI8 268 proteasome non-ATPase regulatory subunit 7 2 28,3 7,62
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Acesso Descricao Amostral | Amostra2 | Amostra3 | MW [kDa] | calc. pI
Q4VXW4 Opioid growth factor receptor 2 52,4 5,20
B4DME9 Kinesin light chain 4 2 59,6 6,15
Q9Y376 Calcium-binding protein 39 2 39,8 6,89
Q99543-2 Isoform 2 of Dnal homolog subfamily C member 2 2 65,9 9,07
Q5TFE4 5'-nucleotidase domain-containing protein 1 2 51,8 6,35
C9JZG1 Eukaryotic translation initiation factor 3 subunit B 3 33,4 4,36
015355 Protein phosphatase 1G 3 59,2 4,36
Q7KZF4 Staphylococcal nuclease domain-containing protein 1 2 1 101,9 7,17
Q77417 Nuclear fragile X mental retardation-interacting protein 2 2 76,1 8,70
Q16822 Phosphoenolpyruvate carboxykinase [GTP] 2 70,7 7,62
Q15007 Pre-mRNA-splicing regulator WTAP 2 44,2 5,19
P46821 Microtubule-associated protein 1B 2 1 1 270,5 4,81
P48634 Protein PRRC2A 2 2 2287 9,45
Q96QCO Serine/threonine-protein phosphatase 1 regulatory subunit 10 2 99,0 9,17
P12270 Nucleoprotein TPR 2 1 267,1 5,02
075369-5 Isoform 5 of Filamin-B 2 1 230,1 5,54
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Tabela 5: Proteinas identificadas na fracio citoplasmatica de células hNek5-FLAG. - Identificacdo por espectrometro de massas das proteinas

detectadas na fracdo citoplasmatica de células hNek5-FLAG apds imunoprecipitacéo.

Acesso Descricao YCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
ESRHC7 Eukaryotic translation initiation factor 3 subunit H 41,30 2 1 1 43
B7Z6P0 Cytosolic Fe-S cluster assembly factor NUBP2 40,77 1 1 13,8
MOR210 40S ribosomal protein S16 39,53 4 3 2 14,4
Q5T7C4 High mobility group protein B1 37,97 1 4 1 18,3
Q96SI1 BTB/POZ domain-containing protein KCTD15 36,40 1 5 3 31,9
P62829 60S ribosomal protein .23 32,14 4 3 14,9
Q5TOR7 Adenylyl cyclase-associated protein 1 29,89 4 19,2
P62805 Histone H4 29,13 2 3 11,4
A8KS8GO Hepatoma-derived growth factor 25,96 1 1 2 22,9
E3W974 Aspartyl aminopeptidase 25,53 2 5,1
P62280 40S ribosomal protein S11 24,68 2 3 18,4
F5HO18 GTP-binding nuclear protein Ran 24,12 2 5 3 22,5
P62081 40S ribosomal protein S7 23,20 5 7 4 22,1
HOY9G8 Septin-11 23,17 1 1 9,8
E9PBS1 Phosphoribosylaminoimidazole carboxylase 23,00 7 5 1 45,6
Q9Y5Z74 Heme-binding protein 2 22,93 2 1 3 22,9
E7EXS53 Ribosomal protein L15 22,56 2 1 15,7
CI9JLN6 Asparagine synthetase [glutamine-hydrolyzing] 22,22 1 1 2 7,5
F5H218 Cell division cycle and apoptosis regulator protein 1 21,25 1 8,9
J3KPD3 RNA binding motif protein 7, isoform CRA_c 20,97 2 3 30,6
H3BQA6 Cyclin-D1-binding protein 1 20,97 1 7,1
QI9Y580 RNA-binding protein 7 20,68 2 3 30,5
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Acesso Descricao XCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
P78371 T-complex protein 1 subunit beta 20,19 6 4 3 57,5
Q8WXX5 Dnal homolog subfamily C member 9 20,00 1 1 3 29,9
P30050 60S ribosomal protein L12 19,39 1 1 17,8
E9PP76 Superoxide dismutase [Cu-Zn] 19,12 1 1 7,3
Q5QPB1 ANI1-type zinc finger protein 5 18,96 1 2 22,5
F8VQSO0 Ataxin-2 18,30 1 1 1 17,5
Q9H446 RWD domain-containing protein 1 18,11 2 1 2 27,9
B4DP11 Prostaglandin E synthase 3 17,99 2 16,5
Q04760-2 Isoform 2 of Lactoylglutathione lyase 17,75 2 19,0
1314X3 NF-kappa-B inhibitor beta 17,52 3 25,2
B77B63 ADP-ribosylation factor 3 17,36 2 2 1 16,1
B4DTG6 Protein LSM14 homolog A 17,30 1 4 2 46,4
B77972 Protein-L-isoaspartate O-methyltransferase 17,19 2 20,7
F8WDD7 Actin-related protein 2/3 complex subunit 4 16,81 2 1 13,0
P60842 Eukaryotic initiation factor 4A-1 16,75 4 2 2 46,1
Q5QNYS5 Peroxisomal biogenesis factor 19 16,60 1 2 26,1
P51148 Ras-related protein Rab-5C 16,20 3 1 23,5
H7C488 Leucine zipper transcription factor-like protein 1 16,17 1 1 1 26,9
Q99832-3 Isoform 3 of T-complex protein 1 subunit eta 15,63 3 3 5 54,8
FSH7C6 COP?9 signalosome complex subunit 7a 15,63 1 1 21,3
E9PM17 Serine/threonine-protein kinase PAK 1 15,60 2 3 50,8
D6RES3 Ubiquitin carboxyl-terminal hydrolase isozyme L1 15,46 5 23,2
P62266 40S ribosomal protein S23 15,38 3 3 1 15,8
13L2E3 Leucine carboxyl methyltransferase 1 15,05 2 10,6
E9PH29 Thioredoxin-dependent peroxide reductase 14,71 1 2 25,8
HOYMH?7 CTD small phosphatase-like protein 2 14,55 2 18,3
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Acesso Descricao XCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
P17987 T-complex protein 1 subunit alpha 13,49 4 1 60,3
E9PM04 DCN1-like protein 5 13,16 2 17,8
QY6F86 Enhancer of mRNA-decapping protein 3 12,99 3 2 56,0
P46777 60S ribosomal protein L5 12,12 2 1 34,3
B4E3P0 ATP-citrate synthase 11,93 5 4 91,0
Q12962 Transcription initiation factor TFIID subunit 10 11,47 2 1 1 21,7
HOYCP8 Poly(U)-binding-splicing factor PUF60 11,36 1 1 28,1
P62820-2 Isoform 2 of Ras-related protein Rab-1A 11,35 1 1 15,3
QINYBO Telomeric repeat-binding factor 2-interacting protein 1 11,28 1 1 44,2
QYH444 Charged multivesicular body protein 4b 10,71 1 1 249
043242 268 proteasome non-ATPase regulatory subunit 3 10,67 2 2 3 60,9
Q9Y6I3-3 Isoform 3 of Epsin-1 10,55 2 1 57,5
Q93062-4 Isoform D of RNA-binding protein with multiple splicing 10,49 1 1 1 15,8
075446 Histone deacetylase complex subunit SAP30 10,45 2 1 1 23,3
Q96G25 Mediator of RNA polymerase II transcription subunit 8 10,45 2 29,1
P41250 Glycine--tRNA ligase 10,42 3 1 2 83,1
Q9Y371 Endophilin-B1 10,41 2 1 40,8
Q961Z0 PRKC apoptosis WT1 regulator protein 10,29 1 2 36,5
P17028 Zinc finger protein 24 10,05 1 2 421
Q68CR9 Aspartate--tRNA ligase 9,48 1 1 45,7
B4DME9 Kinesin light chain 4 9,41 2 1 59,6
B4DNE4 Septin-7 9,16 1 3 44,6
I3L1P5 Hepatocyte growth factor-regulated tyrosine kinase substrate 9,13 2 1 30,0
Q12846 Syntaxin-4 9,09 1 1 34,2
075351 Vacuolar protein sorting-associated protein 4B 9,01 1 2 3 49,3
Q9Y265 RuvB-like 1 8,99 3 1 50,2
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Acesso Descricao XCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
Q9HBM1 Kinetochore protein Spc25 8,93 2 26,1
Q8WWZ3-2 | Isoform B of Ectodysplasin-A receptor-associated adapter protein 8,78 2 23,7
043776 Asparagine--tRNA ligase 8,76 1 3 1 62,9
014773-2 Isoform 2 of Tripeptidyl-peptidase 1 8,75 2 34,4
060784-3 Isoform 3 of Target of Myb protein 1 8,72 1 1 48,6
P29084 Transcription initiation factor IIE subunit beta 8,59 2 33,0
015446 DNA-directed RNA polymerase I subunit RPA34 8,24 2 2 55,0
Q8TBZ6 tRNA methyltransferase 10 homolog A 7,96 1 1 39,7
D6RHWI1 Transcription initiation factor TFIID subunit 9 7,84 1 1 1 11,6
B77848 DNA-binding protein RFX5 7,81 1 2 60,5
Q96BDS Spindle and kinetochore-associated protein 1 7,45 1 1 1 29,5
000232-2 Isoform 2 of 26S proteasome non-ATPase regulatory subunit 12 7,34 2 50,5
P49643 DNA primase large subunit 7,27 1 2 58.8
P26196 Probable ATP-dependent RNA helicase DDX6 7,25 3 2 2 54,4
Q8WXAO-2 | Isoform 2 of Splicing regulatory glutamine/lysine-rich protein 1 7,21 1 2 71,6
P62851 40S ribosomal protein S25 7,20 1 1 13,7
P38919 Eukaryotic initiation factor 4A-III 7,06 2 2 1 46,8
HOYAS83 Beta-hexosaminidase subunit beta 7,06 1 1 19,5
F5GY39 WASH complex subunit FAM21B 7,06 2 55,4
QY9BT09 Protein canopy homolog 3 6,83 1 1 30,7
QI9UBBS Methyl-CpG-binding domain protein 2 6,81 1 1 1 43,2
QI9NQA3 WAS protein family homolog 6 6,71 1 1 48,0
B7Z7N2 Conserved oligomeric Golgi complex subunit 2 6,56 2 48,1
P53367-2 Isoform A of Arfaptin-1 6,45 1 1 38,6
F5H897 Heat shock protein 75 kDa 6,45 3 4 2 74,2
Q99460-2 Isoform 2 of 26S proteasome non-ATPase regulatory subunit 1 6,29 1 2 1 102,2
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Acesso Descricao XCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
QIUGY1 Nucleolar protein 12 6,10 2 24,6
B4DP52 HCG2005638, isoform CRA_c 6,00 1 2 1 40,6
Q96CT7 Coiled-coil domain-containing protein 124 5,83 1 1 25,8
Q53GGS5-2 | Isoform 2 of PDZ and LIM domain protein 3 5,70 1 1 34,3
A6NGX6 DNA-directed RNA polymerase III subunit RPC7-like 5,64 1 1 22,6
P46783 40S ribosomal protein S10 5,45 1 1 18,9
QI9NR30-2 | Isoform 2 of Nucleolar RNA helicase 2 5,17 1 2 1 79,6
Q15398-3 Isoform 3 of Disks large-associated protein 5 5,11 2 1 94,1
QI9BTT6 Leucine-rich repeat-containing protein 1 4,96 2 1 59,2
QY9HOGS Nuclear speckle splicing regulatory protein 1 4,66 1 3 1 66,4
HOYJX6 Protein arginine N-methyltransferase 5 4,66 2 32,3
C9JWO01 Pumilio homolog 2 4,44 1 1 32,0
Q7Z7F0-2 | Isoform 2 of UPF0469 protein KIAA0907 4,43 1 1 59,1
060841 Eukaryotic translation initiation factor 5B 4,34 4 1 138,7
Q96CN9 GRIP and coiled-coil domain-containing protein 1 4,00 1 1 87,8
075976 Carboxypeptidase D 3,62 2 152,8
043143 Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 3,52 2 1 90,9
QI9Y5B9 FACT complex subunit SPT16 3,44 1 1 1 119,8
Q15029-2 Isoform 2 of 116 kDa U5 small nuclear ribonucleoprotein component 3,31 1 1 105,3
Q13823 Nucleolar GTP-binding protein 2 3,15 1 2 83,6
095677-3 Isoform 3 of Eyes absent homolog 4 3,10 1 1 48,7
FSHON7 CAP-Gly domain-containing linker protein 1 3,06 2 116,2
Q9BQ52-4 | Isoform 4 of Zinc phosphodiesterase ELAC protein 2 2,80 1 1 87,5
H3BRVO Eukaryotic translation initiation factor 3 subunit C 2,66 2 1 104,0
P49756 RNA-binding protein 25 2,61 1 1 100,1
P56192 Methionine--tRNA ligase 2,56 1 1 101,1
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Acesso Descricao XCoverage | Amostra 1 | Amostra 2 | Amostra 3 | MW [kDa]
P29144 Tripeptidyl-peptidase 2 2,16 2 1 138,3
Q08211 ATP-dependent RNA helicase A 2,05 1 1 140,9
BOV043 Valine--tRNA ligase 1,82 1 1 140,4
E9PFK5 Nucleolar protein 14 1,78 1 1 1 88,8

P49327 Fatty acid synthase 1,59 1 2 2733
H3BQQ2 Zinc finger protein 598 1,41 2 1 93,2
QI96RTI1-7 | Isoform 7 of Protein LAP2 0,92 1 1 146,0
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Os experimentos de imunoprecipitacdo permitiram a identificacio de 225
proteinas totais capazes de imunoprecipitar com hNek5. Destas, 92 estavam presentes nas
fracdes mitocondriais e 133 nas fragdes citoplasmadticas. Para identificagdo destas
proteinas foi utilizado como critério de selecdo para eliminagdo de falsos positivos filtros
bastante rigidos e por isso proteinas identificadas no duplo hibrido ndao foram
confirmadas por espectrometria de massas, o que ndo invalida nenhuma das duas
abordagens, apenas agrega resultados.

Algumas das proteinas identificadas ja foram caracterizadas como proteinas
capazes de interagir com outros membros da familia das Neks. Como por exemplo, a
proteina Fez-1 que interage com Nek1 (Lanza et al., 2010). Apesar de ndo ser classificada
como uma proteina mitocondrial, Fezl estd envolvida no processo de transporte de
mitocOndrias. A proteina FEZ1 foi caracterizada inicialmente como um ortélogo da
proteina UNC76 de C. elegans, responsdvel pelo desenvolvimento e fasciculagdo
neuronal nesse verme (Bloom & Horvitz, 1997). Fezl estd envolvida em processos de
desenvolvimento neuronal (Miyoshi et al., 2003; Honda et al., 2004), polarizacdo celular
(Ikuta et al., 2007), mecanismos de transporte associado a kinesinas (Bloom & Horvitz
1997; Gindhart et al., 2003) e transporte de vesiculas e mitocondrias (Suzuki et al., 2005;
Fujita et al., 2007). FEZ1 € capaz de interagir com mais de 51 proteinas diferentes, e
participa em muitos processos celulares. Sua capacidade de interagir com outras proteinas
¢ influenciada pela fosforilacio da sua regido C-terminal por diferentes isoformas de
PKC. FEZI interage e colocaliza com NEKI1 em uma regido candidata ao centrossomo
(Lanza et al., 2010). Essas interacdes sdo dependentes da regido coiled-coil presente na
parte C-terminal de FEZI1, e ocorrem em regides coiled-coil de NEK1. Baseado nestes
dados Nek5 apresenta regides coiled coil que podem ser investigadas como potenciais
sitios de interacao com Fezl.

Outras proteinas identificadas como potenciais interatores de hNek5 sdao membros
de familias que interagem com outras Neks como é o caso de PPPIR7 (Protein
phosphatase 1 regulatory subunit 7), PRDX6 (Peroxiredoxin-6) e CAPl (Adenylyl
cyclase-associated protein 1) que foram identificadas na imunoprecipitagdo. Nekl
também interage com PPP2R5A/D (protein phosphatase 2A) através de regides de coiled
coil (Surpili et al., 2003). A PPP2R5A é uma Ser/Thr fosfatase com elevada expressao
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em cérebro e estd relacionada com o controle negativo de células em crescimento e
divisdo (Gentry & Hallberg, 2002). Ja a PPP1R7 é uma proteina de 360 aa fortemente
correlacionada com a vulnerabilidade regional associada a doenca de Huntington
(Lewandowski et al., 2003). Ela também estd relacionada a regulagdo da polaridade e
forma em células epiteliais (Grusche et al., 2009), além de regular a atividade da aurora B
e interacdes microtibulos-cinetocoro (Posch et al., 2010). Funcdes relacionadas a
microtibulos sdo fortemente relacionadas as Neks. Identificada na fracio mitocondrial da
imunoprecipitagdo a peroxiredoxina 6 estd envolvida na regulagdo redox celular e pode
ter um importante papel na regulacdo do turnover de fosfolipideos, assim como na
protecdo contra a injuria oxidativa (Manevich et al., 2005). Meirelles e colaboradores
demonstraram em 2010 a interacdo entre hNek6 e PRDX3.

A ontologia das proteinas identificadas foi realizada pelo software Integrated
Interactome System (desenvolvida no LNBio). Esta plataforma é baseada na anotagio,
andlise e visualizacdo do perfil de interacio de proteinas/genes de interesse. Este
programa realiza uma busca em diferentes bancos de dados para redes de interagdes como
GPGDIN, Intact, DIP, String, MINT e HPRD criando uma rede de interacdes entre as
proteinas (Carazzolle et al., 2014). As figuras 10 e 11 representam as proteinas
identificadas e classificadas de acordo com processos bioldgicos envolvidos e localizagcao
celular.

A estratégia de fracionamento foi eficiente para o enriquecimento em proteinas
mitocondriais. Porém o fracionamento nao foi 100% puro, pois, imagens de western blot
apresentadas no artigo II permitiram identificar pequenas quantidades de marcadores
citoplasmaticos nas fracdes mitocondriais. Como o objetivo deste trabalho era o
enriquecimento em informacao sobre proteinas capazes de interagir com hNek5 a pureza
de amostras ndo foi fundamental para atingir o objetivo proposto. Grande parte das
proteinas identificadas sdo proteinas citoplasmadticas, mas, é possivel observar uma
significativa por¢do de proteinas mitocondriais (Figl1).

Muito ainda precisa ser feito para a elucidacdo das funcdes de hNek5. Até o
presente momento, apenas um artigo cientifico sugere o papel desta proteina no processo
de diferenciacdo como substrato para caspase 3 (Shimizu et al., 2013). A ampliacdo do

conhecimento de parceiros de interacio da hNekS5 poderd desvendar as vias de

155



sinaliza¢do e os mecanismos funcionais aos quais a Nek5 pode estar envolvida. A figura
10 representa as proteinas identificadas por espectrometria de massas e classificadas de
acordo com seu papel biolégico. Uma proteina pode estar associada a mais de uma
funcdo por isso utilizamos a plataforma Integrated Interactome System para o
enriquecimento das proteinas em processos biolégicos comuns 2 virias destas. E possivel
observar que muitas das proteinas identificadas estdo envolvidas em processos tais como:
expressdo génica, transcricdo, traducdo, apoptose e morte celular. O envolvimento de
hNek5 no processo de morte celular/ apoptose foi investigado neste trabalho e os
resultados obtidos pode ser visualizados no artigo II deste trabalho. Os demais processos
enriquecidos podem sugerir um papel da hNek5 na transcri¢do / traducdo e expressao

génica abrindo perspectivas para novos estudos.
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Figura 10: Rede de interacoes da Nek5 humana. Células FLPIn que expressam estavelmente a hNek5-
FLAG foram fracionadas em citoplasma e mitocondria.As proteinas foram submetidas a imunoprecipitagao
em coluna contendo Anti-FLAG imobilizado. As proteinas imobilizadas foram separadas por SDS-PAGE e
identificada por espectrometria de massas. A rede possui 133 proteinas identificadas em fracdes de
citoplasma (nodos verdes) e 92 proteinas identificadas nas fracdes de mitocondrias (nodos azuis). A rede
foi organizada de acordo com os processos bioldgicos (GeneOntology) em que as proteinas identificadas

estdo envolvidas. A rede foi gerada utilizando o programa Cytoscape 2.7.
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Figura 11: Localizacdo das proteinas da rede de intera¢des da NekS humana. As proteinas identificada
por espectrometria de massas foram organizadas quanto a sua localizacdo celular, de acordo com o
GeneOntology. Protefnas de organelas foram organizadas na fragdo citoplasmadtica e apenas a mitocondria
foi utilizada nesta abordagem. A rede possui 133 proteinas identificadas em fragdes de citoplasma (nodos
verdes) e 92 proteinas identificadas nas fragdes de mitocondrias (nodos azuis). A rede foi gerada no

programa Cytoscape 2.7 utilizando o médulo de extensido Cerebral vi.2.

Como apresentado no artigo III deste trabalho a NekS5 interage e fosforila TTLL4 inativando-a e
consequentemente diminuindo a poliglutamilagdo de proteinas. van Dijk e colaboradores (2008)
realizaram imunoprecipitacdo de proteinas poliglutamiladas utilizando anticorpo anti-GT335
(reconhecem cadeias grandes de glutamato) e identificaram as proteinas por espectrometria de
massas. Além de tubulinas outras proteinas foram identificadas como imunoprecipitando com
GT335, sugerindo que sejam poliglutamiladas. A IP € capaz de detectar além de interacdes diretas
também interagcOes indiretas, uma vez que complexos proteicos podem ser co-imunoprecipitados.
Dessa forma, analisamos as proteinas obtidas em nosso experimentos de imunoprecipitacdo de
Nek5 com as proteinas obtidas por van Dijk e colaboradores (2008). Na tabela 6 pode-se observar
que diversas proteinas foram observadas em ambos os experimentos, refuntando os dados de
espectrometria, bem como a interacdo entre Nek5 e TTLL4. A proteina TTLL4 € a principal

enzima responsdvel pela poliglutamilagdo de substratos ndo tubulinicos. Dentre as proteinas
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identificadas destaca-se a proteina NAP1L1 (Nucleosome assembly protein 1-like 1) que é um

conhecido substrato de TTLLA4.

Tabela 6: Proteinas interatoras de Nek5 e potenciais substratos para poliglutamilacio.
Proteinas identificadas por espectrometria de massas apds imunoprecipitacao de Nek5-FLAG e

que foram identificadas como pontenciais alvos de poliglutamilagdo por van Dijk et al (2007).

Accession Description MW [kDa] calc. pI
C9JH18 nucleoporin ;ERQ amino acid-rich with GYF domain-containing protein 16,8 9,79
ESRHC7 EIF3H Eukaryotic translation initiation factor 3 subunit H 1 4,3
Q12906-5 ILF3 Isoform 5 of Interleukin enhancer-binding factor 3 74,6 8,24
Q08211 DHX9 ATP-dependent RNA helicase A 1 140,9
P17987 TCP1 T-complex protein 1 subunit alpha 1 60,3
Q9Y265 RUVBL1 RuvB-like 1 1 50,2
F8W020 NAP1L1 Nucleosome assembly protein 1-like 1 24,4 4,51
H3BU31 RPL4 60S ribosomal protein L4 19,0 11,72
P52597 HNRNPF Heterogeneous nuclear ribonucleoprotein F 45,6 5,58
Q8WXX5 DNAJC9 Dnal homolog subfamily C member 9 3 29,9
P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 36,0 8,46
P31942-3 HNRNPH3 Isoform 3 of Heterogeneous nuclear ribonucleoprotein H3 31,5 7,31
P46777 RPL5 60S ribosomal protein L5 1 34,3
Q96AG4 LRRC59 Leucine-rich repeat-containing protein 59 34,9 9,57
Q5vUu6e1 TPM3 Tropomyosin alpha-3 chain 26,3 4,84
Q96CT7 CCDC124 Coiled-coil domain-containing protein 124 25,8 4,00
P46821 MAP1B Microtubule-associated protein 1B 270,5 4,81
E7EX53 RPL15 Ribosomal protein L15 1 15,7
P51148 RAB5C Ras-related protein Rab-5C 1 23,5

Ensaios estruturais de membros da familia das Neks

O Structural Genomics Consortium (SGC) € uma organizacdo sem fins lucrativos
com o objetivo de determinar a estrutura tridimensional de proteinas com relevancia
médica. Nos tltimos seis anos o SGC foi responsdvel por aproximadamente 25% da
producdo global de estrutura de proteinas. Como uma parceria quimica “open access”,
empresas publicas e privadas trabalham juntas para gerar potentes e seletivos inibidores
farmacolégicos de proteinas humanas. Uma parceria foi realizada entre o Dr. Jorg Kobarg
e o Dr. Stephan Knapp do Structural Genomics Consortium (SGC), Universidade de

Oxford, em Oxford-UK. Durante o desenvolvimento desta tese algumas atividades foram
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realizadas no laboratério do Dr. Knapp com o objetivo de aprender e aplicar a
metodologia deste grande instituto para solubilizar a expressao e melhorar a purificacdo
dos dominios cinase das proteinas da familia das Neks humanas. Diversas construcoes
foram geradas para expressdao em bactérias e células de inseto, através do sistema de
baculovirus, para cada uma das neks. As diferencas nas sequéncias sdo baseadas na
adicao de alguns aminodcidos que flanqueiam o dominio cinase. A tabela 7 apresenta o
panorama global de testes de expressdo e resultados obtidos pelos alunos envolvidos
neste trabalho. Ao todo mais de 600 constru¢gdes foram testadas em células de inseto

(S19) e cepa bacteriana BL21-Rosetta ou B121(DE3)-A-Fosfatase.

Tabela 7: Construcées de neks testadas em bactéria e células de insetos no SGC, Oxford.

Total de Const. testadas Const. Const. Const.
contrucoes em (bactérias) expressas testadas expressas
(SF9)

Nek1 33 67 26

Nek2 14 54 11

Nek3 89 150 3 33

Nek4 88 91 1 39 19

NekS5 38 26 3 14

Nek6 26 47 12

Nek7 24 34 10

Nek8 54 44 5 32 11

Nek9 84 130 0 17

Nek1l0 59 34 1

Nekll 102 101 1 43 33

Realizei no periodo em que estive no SGC ensaios de expressdo e purificagdo das
Neks 1, 5, 6 e 7. Experimentos de thermal shift foram realizados com as proteinas nek 6 e
7 e ensaios de cristalizacdoo com a nekl. Os testes com construcdes da NekS
transformadas em BL21(DE3)R3-lambda-ppase ndo permitiram a purificacdo de
quantidades suficientes de Nek5. Entretanto, Nekl, 6 e 7 apresentavam niveis mais
elevedos de expressdo e por isso foram analisados mais extensivamente. Um dos clones
de hNek6 foi testado em BL21(DE3)R3-lambda-ppase e BL21(DE3)R3-pRARE3-
Rosetta e um clone de hNek7 foi testado em BL21(DE3)R3-lambda-ppase. Apds a
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cromatografia de afinidade é possivel observar que todas as constru¢des apresentaram
uma expressao elevada das proteinas de interesse (Fig. 12). Foram realizadas tentativas
de concentracdo das proteinas eluidas para a aplicagdo em cromatografia de gel filtracao,
porém ocorreu precipitacdo da mesma. Devido a este fato as amostras diluidas foram
injetadas na coluna S200 16/60 GF para remocdo de impurezas. Os picos de coleta das

amostras do cromatograma estdo identificados na figura 12 b,c e d.

Nek6 NekTA

A Nek6: R
osctta B

Input
FT

L1

L2
Elufdo
Input
F

L1

L2
Elulda
Input
FT

L1

L2
Elulde

Figura 12: Teste de expressao e purificacdo do dominio cinase da hNek6 e hNek7. A) Gel SDS-PAGE
4-12% das fracdes da purificagdo por coluna de afinidade em coluna Ni-Sepharose. B, C e D) Picos
coletados na coluna S200 16/60 de gel filtragdo das proteinas hNek6 em A fosfatase, em Rosetta em hNek7
em A fosfatase respectivamente. M= marcador de peso molecular Precision Plus-Dual Ladder (Bio-Rad);
Input= fracdo solivel da indug@o de expressdo; FT= Fracdo de proteinas que ndo se ligaram a colun; L1=
fragdo de proteinas liberadas apés lavagem com tampao de lavagem 1; L2= fra¢do de proteinas liberadas
apods lavagem com tampao de lavagem 2; Elui¢do= fra¢do de proteinas liberadas apés lavagem com tampdo
de eluicdo. A caixa vermelha da imagem de Western blot (a direita) indica a condi¢do apresentada no

relatério anterior que foi utilizada para os testes de purificacdo.

As proteinas hNek6 e hNek7 puras foram submetidas a técnica de “thermal shift”
para a identificacdo de compostos capazes de inibir a atividade desta proteinas e que
favorecam a estabilizacdo da proteina para ensaios cristalograficos. Apesas da estrutura
de hNek7 ja estar disponivel o objetivo era identificar compostos que se ligassem a

regides distintas da molécula conhecida, promovendo uma conformacao diferente. Para
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isso, as amostras foram diluidas a uma concentracdo de 0,07mg/mL, misturadas com o

tampao, SYPRO Orange e os compostos inibitérios na concentragdo de 10uM. Cerca de

300 compostos conhecidamente inibidores de cinases foram testados. Para a andlise dos

dados gerados, a curva de desnaturacdo da proteina em presenca de cada composto foi

comparada com o controle (proteina sem ligante = apo). Foram considerados compostos

vidveis aqueles que deslocaram a Tm (Temperatura de Melting) da proteina para um valor

entre 4°C a 10°C. Como pode ser observado nas figuras 13 e 14, nenhum composto

apresentou variacao proxima ou superior a 4°C e por isso estas constru¢des nao foram

utilizadas em ensaios posteriores de cristalizagao.
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Figura 13: Thermal Shift de hNek6. O grafico mostra o deslocamento térmico da reagdo apds adig¢do de

alguns inibidores de cinases em relacdo ao composto referéncia (azul). A proteina foi utilizada na

concentracdo de 1,63mg/mL em tampdo 10 mM HEPES 10mM, pH 7.5 e NaCl 500 mM e diluidas para a

concentra¢do final de 2.0 uM. Foram adicionados 2uL. de SYPRO-Orange (Molecular Probes) para cada 2

mL de solu¢do. Foram realizados 71 ciclos com variagdo na temperatura de 20 a 100°C.
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Figura 14: Thermal Shift de hNek7. O grifico mostra o deslocamento térmico da reagdo apds adi¢do de
alguns inibidores de cinases em relacdo ao composto referéncia (azul). A proteina foi utilizada na
concentracdo de 7,72mg/mL em tampdo 10 mM HEPES 10mM, pH 7.5 e NaCl 500 mM e diluidas para a
concentra¢do final de 2.0 uM. Foram adicionados 2uL. de SYPRO-Orange (Molecular Probes) para cada 2

mL de solu¢do. Foram realizados 71 ciclos com variagdo na temperatura de 20 a 100°C.

Os experimentos mais promissores ocorreram com a Nekl. Em células, a
superexpressao de Nekl inteira inibe a formagao de cilios e a forma truncada, sem a
regido C-terminal, provoca uma perda de centrossomos (White e Quarmby, 2008. A Nek1
estd envolvida na resposta precoce a danos de DNA induzidos por radiagcao (Polci et al.,
2004) e esté relacionada a doengas do Rim Policistico (Upadhya et al., 2000; Mahjoub et
al., 2005). Para a compreensao da estrutura do dominio cinase da proteina humana Nek1
estudos anteriores do grupo realizaram testes de expressdo e purificagdo de diferentes
construgdes desta proteina. Vadrios clones foram capazes de expressar grandes
quantidades desta proteina. Ensaios de “Thermal Shift’ identificaram compostos capazes
de inibir significativamente esta proteina, entretanto, nao foram obtidos cristais capazes
de refratar, ou seja, ndo foi possivel a obtencdo da estrutura desta proteina. Durante o
meu periodo em Oxford foram testadas 4 construgdes diferentes de hNek1 transformadas

em bactérias BL21(DE3)R3-lambda-ppase, induzidas com 0,5 mM de IPTG overnight a
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18°C, as células foram lisadas e a fragdo solivel submetida a cromatografia de afinidade
por Ni-Sepharose. As amostras tiveram sua qualidade avaliada por SDS-PAGE (Fig. 15)
e a fracdo de elui¢do foi concentrada para 3mLs. Para a obtencdo de uma proteina com
maior grau de pureza as proteinas foram injetadas na coluna S200 16/60 GF (Fig. 15B) e

entdo novamente concentradas para aproximadamente 10mg/mL.
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Figura 15: Teste de expressao e purificacio de diferentes construcdes do dominio cinase da hNek1. A)
Gel SDS-PAGE 4-12% das fragdes da purificacdo por coluna de afinidade em coluna Ni-Sepharose. B)
Picos coletados na coluna S200 16/60 de gel filtracdo das diferentes constru¢des da proteina hNekl M=
marcador de peso molecular Precision Plus-Dual Ladder (Bio-Rad); Input= fracdo soldvel da inducdo de
expressdo; FT= Fracdo de proteinas que ndo se ligaram a coluna; L1= fracdo de proteinas liberadas apds
lavagem com tampdo de lavagem 1; L2= fragdo de proteinas liberadas ap6s lavagem com tampdo de
lavagem 2; Elui¢do= fracdo de proteinas liberadas apds lavagem com tampao de eluicdo. A caixa vermelha

da imagem de Western blot (a direita) indica a condi¢@o apresentada no relatério anterior que foi utilizada

para os testes de purificacdo.
As primeiras tentativas de cristaliza¢do da hNek1 foram realizadas em placas para

cristal screening disponiveis no SGC. Estas placas apresentam diferentes concentragdes

de agentes tamponantes, variacdo de pH, presenca de precipitantes como PEG, dentre
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outros. O screening inicial apresentou alguns cristais para a constru¢cdo D1, em auséncia e
presenca de inibidores, que foram submetidas a um refinamento das condi¢des de
cristalizacdo. A melhor condig¢do foi 0,2M Na/KPO4, 20% PEG e 10% Etileno Glicol. Os
cristais obtidos foram transportados em crioprotetores ao Diamond Light Source onde os
dados de refracdo foram coletados. Os cristais da proteina hNekl apo foram refratados
com resolucdo de 2,2A e de 2 A na presenca do composto k00602a. Apés a volta para o
Brasil houve o crescimento de um novo cristal de Nekl em presenca do composto
k00546 que foi coletado e refratado eficientemente. O processamento dos dados foi
realizado com o auxilio do lider de grupo, Dr. Jon Elkins utilizando os programas
iMOSFLM e AIMLESS.

Na figura 16 estd esquematizada a estrutura tridimensional obtida do dominio
cinase da proteina hNek1. A célula unitdria é formada por duas moléculas e os compostos
inibitorios, k00602a e k00546, se ligam a esta proteina na regido representada em branco.
Baseado na estrutura da proteina hNek2 a estrutura obtida apresenta um movimento do
segmento de ativacdo e um movimento oscilante aC. A estrutura cristalografica da
proteina hNek1 apo e na presenga do composto K00602a j4 estdo depositadas no banco

de dados PDB com os cddigos de identificagdo 4APC e 4B9D respectivamente.

®  KO0602a

fj\g/Q\-..’:'

€dk2/9 Inhibitor

et f

K00546
HN F
‘F;L\O\.‘/k._}‘\"

Cdk1/2 Inhibitor Il

Figura 16: Estrutura cristalografica da proteina humana Nekl ligada ao cbmposto K00602a. Os

pontos em branco indicam o local onde os compostos indicados na figura se ligavam a estrutura

tridimensional da proteina.

165



166



Declaracdo de autorizacdo do
Comité de Bioseguranca

167



168



Uso exclusivo da CIBio:

Formulario de encaminhamento de projetos de pesquisa para analise pela CIBio -
Comissao Interna de Biosseguranca da ABTLuS - Associacao Brasileira de Tecnologia
de Luz Sincrotron

Titulo do projeto: Expressdo daproteina cinase humanas Nek5 para estudos estruturais
efuncionais

Pesquisador responsavel: Dr. Jorg Kobarg

Experimentador: Talita Diniz Melo

Nivel do treinamento do experimentador: [ ]-Iniciagio cientifica, []-
mestrado, [X]-doutorado,

[ ]-doutorado direto, [ |-pés-doutorado, [ ]-nivel técnico, [ ]-outro,
especifique: __ Resumo do projeto:

As proteinas quinases Nek (NIMA related kinases) constituem uma familia altamente
conservada de proteinas envolvidas na progressdo do ciclo celular. Em humanos foram identificadas
11 Neks (1-11), sendo que para algumas a estrutura jd foi determinada, bem como a relevincia
fisiopatologica. Vdrias proteinas da familia das Neks sdo produtos de genes relativos a patologias
relacionadas a defeitos na progressdao do ciclo celular e no mecanismo de reparo de DNA durante a
interfase, sobretudo em diferentes cdnceres. A proteina Nek5 foi identificada, de acordo com sua
sequéncia gendmica em organismos como Homo sapiens, Mus musculus, Bos taurus, dentre outros.
Entretanto, caracteristicas inerentes a proteina permanecem pouco elucidadas, como, por exemplo,
sua funcdo, estrutura e interacoes. Portanto, o objetivo geral deste projeto é a clonagem, expressdo e
purificacdo de Nek5 para ensaios biofisicos e de cristalizacdo, visando andlises estruturais. Em
paralelo, serdo realizados: 1) estudos funcionais envolvendo silenciamento por RNA (iRNA) e
superexpressdo de Nek5 em células humanas; 2) identificacdo por espectrometria de massas de
proteinas que interagem com Nek5 através de 'pull down' e ensaio de duplo hibrido; e 3) ensaios de
deslocamento térmico baseado emfluorescéncia e outros ensaios in vitro afim de verificas alvos para
inibicdo de atividade de Nek5.

A CIBio analisou este projeto em reunido realizada no dia: 7"f2-....2..-

0(

Parecer final: [)(j-projeto aprovado, [ ]-projeto recusado, [ |-projeto com deficiéncias, favor
comentarios abaixo:

5 Ut

Presidente cfe/CTBﬁ)- ABTLuS O
Prof. Dr. J6rg Kobarg

Ul A

Membro da CIBio - ABT
Prof. Dr.

Membro da CIBio
Prof. Dr. Andrea Balan
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