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sense ella no hauries sortit.
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Savi, com bé t'has fet,
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INTRODUCCIO

El cicle cellular esta basicament regulat per dos mecanismes
postraduccionals que es troben intimament connectats: la fosforilaci6 de
proteines i la protedlisis. Cdk1 és una de les proteines que juga un paper més
important en la mitosi, tot i que en els ultims anys proteines de les families de les
Aurora, Polo i NIMA també participen en processos importants durant I'entrada i

la sortida de mitosis, la regulacié del checkpoint, etc.

Les Polo like kinases (Plks) sén reguladores essencials de la mitosi, la meiosi
i la citocinesi. En mamifers s’han descrit cinc membres d’aquesta familia, sent
PIk1 el més important. A més de tenir un paper fonamental en I'entrada de la
mitosi, com a part del complex que indueix I'activaci6 de CDK1, Plk1 és crucial
per diferents esdeveniments mitotics com la separacié i maduracié dels
centrosomes i la formacié del fus mitdtic, entre d’altres. La base molecular
d’algunes de les seves funcions comenca a ser desxifrada i es basa en el
reconeixement per part del domini Polo-box (PBD) de substrats que han estat
préviament fosforilats, cosa que també localitza la quinasa en diferents llocs com

ara els centrosomes o els centromers.

La familia de les NIMA proteina quinases (Neks) reben el nom per NIMA, una
quinasa d’Aspergilus nidulans que participa en un ampli ventall de processos
mitotics. En mamifers s’han descrit onze proteines homologues a NIMA. D’entre
totes elles, Nek2, Nek6, Nek7 i Nek9 estan implicades en el control del cicle
centrosomal i la formacio del fus mitotic. Nek9 és fosforilada en mitosis i una part
petita de la quinasa (5%) és activada als centrosomes. La microinjeccid
d’anticossos contra Nek9 en cél-lules en profase indueix un arrest prometafasic
amb fusos aberrants i aneuploidia. A més a més, la depleci6 de XNek9 en
extractes mitdtics de Xenopus laevis presenta un retard en 'ensamblatge del fus,

menys fusos bipolars i I'aparicioé d’estructures de microtubuls aberrants.

Nek6 i Nek7 s’'uneixen a la cua C-terminal de Nek9 i sé6n fosforilades a la

Ser206 (Ser195 en Nek7) i activades per Nek9, formant d’aquesta manera un



casset de senyalitzacié de quinases mitdtiques. La downregulacié tant de Nek6
com de Nek7 mitjangcant RNAI, arresta les cél-lules en metafase amb fusos
mitotics fragils i per Nek7 s’ha demostrat que resulta en un increment en la
incidéncia de fusos multipolars. Possiblement explicant part d’aquests fenotips
esta el fet que s’ha descrit que la quinesina Eg5 pot ser fosforilada per Nek6 i

Nek7 en un lloc que és necessari per una normal progressio de la mitosi.

RESULTATS

Nek9 és activada per Plk1

Nek9 es troba hiperfosforilada en mitosi. Utilitzant I'espectometria de masses
hem identificat diferents residus fosforilats a Nek9 en cél-lules creixent
exponencialment i cél-lules arrestades en mitosi. Tots els llocs fosforilats,
excepte la Thr333 son possibles llocs de fosforilacié de Cdk1. A més a més, tres
dels llocs fosforilats sén possibles llocs d’'unié per Plk1, que s’activa en mitosi a

les mateixes localitzacions subcel-lulars que Nek9.

Posteriorment vam confirmar que Nek9 i Plk1 coimmunoprecipitaven
exclusivament en mitosi tan en cél-lules humanes (HeLa) com en fibroblasts
d’embrié de ratoli. EI mapatge de la interaccié entre les dues proteines ens va
revelar que Nek9 s’uneix exclusivament en mitosi al PBD de PIk1 mitjancant la
Ser869.

També vam mirar si Cdk1 i/o PIk1 eren capaces de fosforilar Nek9. Vam
confirmar que les dues quinases podien fosforilar in vitro FLAG-Nek9[K81M], una
forma inactiva de la quinasa, i que hi havia una lleugera sinergia quan FLAG-
[K81M] era incubada amb ambdues quinases. La fosforilacié del lla¢ d’activacié
de Nek9 és un pas crucial per a l'activacié de la quinasa. Utilitzant un anticos que
reconeix especificament Nek9[Thr210-P] vam determinar que PIk1 (perd no
Cdk1) era capa¢ de fosforilar, a més d’altres llocs, al llag d’activacio de la
quinasa. Els mateixos resultats es van obtenir utilitzant una altra forma inactiva
de la quinasa, FLAG-Nek9[D176A], en la qual I'acid aspartic catalitic esta mutat a

un residu no fosforilable.



Per saber si la fosforilacié del residu Thr210 per part de Plk1 causava
I'activacié de la quinasa es va fer un assaig quinasa incubant la forma nativa de
Nek9 en preséncia o abséncia de Plk1. El resultat ens va mostrar que quan Nek9
és incubada amb Plk1 aquesta s’activa més rapidament que quan s’incuba
solament amb ATP, per aix6 varem poder concloure Plk1 pot activar Nek9 in

vitro. EI mateix resultat va ser confirmat utilitzant I'anticos anti-Nek9[Thr210-P].

Utilitzant Purvalanol A, un inhibidor de Cdk1, o BI2536, un inhibidor de PIlk1,
varem detectar que la fosforilacié a la Thr210 de Nek9 estava compromesa quan
aquestes dues quinases estaven inhibides, suggerint d’aquesta manera que tan

Cdk1 com Plk1 sén necessaries per I'activacié de Nek9 in vivo.

Una de les funcions més importants de PIk1 és el control de la separacié dels
centrosomes durant les primeres fases de la mitosi. En les cél-lules de mamifers
la separaci6 dels centrosomes durant la profase depén de lactivitat d’Eg5
(kinesin-5), una proteina de la familia de les quinesines BimC que esta, com
PIk1, implicada en 'ensamblatge i manteniment d’un fus bipolar durant la mitosi,
mitjangant el lliscament entre microtubuls antiparal-lels. Fins al moment no es
coneixia com Plk1 controlava la separacié dels centrosomes abans del
trencament de [l'envoltori nuclear (NEB) i si hi havia un enllag entre la
senyalitzaci6 de PIk1 i d’Eg5. Anteriorment hem demostrat que Eg5 és un
substrat de Nek6 i Nek7 i per aixd voldriem determinar si el modul Nek9/Nek6/7

podria ser la connexi6 entre PIk1 i Eg5 durant la profase.

Resultats del nostre grup demostren que Plk1, Nek9, Nek6, Nek7 i la
quinesina mitdtica Eg5 son necessaries per una separacid® normal dels
centrosomes en profase. A més a més, hem demostrat que Nek9 activa i Nek6
poden induir la separacié dels centrosomes de manera Eg5 depenent i també
que NEk9 activa i Nek6 poden rescatar la separacié dels centrosomes en la

downregulacioé de Plk1 perd no d’Eg5



Per aquesta raé ens vam disposar a determinar si la downregulacié de Plk1
tenia cap efecte sobre la fosforilacio d’Eg5 a la Ser1033, el lloc de fosforilacié
descrit per Nek6/7. Utilitzant I'inhibidor especific de Plk1 BI2536, o bé I'RNAI de
PIk1 vam demostrar que la fosforilacio d’Eg5[Ser1033] es veia afectada quan
PIk1 estava inhibida. A més a més, sabem que juntament amb el lloc de
fosforilacié per Cdk1, la Thr926, la fosforilacié al lloc Ser1033 per part de Nek6
€s necessaria per a la separacid6 dels centrosomes en profase i el

reclutamentd’Eg5 als centrosomes.

Finalment, per a poder determinar quina era la conseqiéncia bioldgica
d’aquesta mutaci6 en el cicle cel-lular, vam estudiar la progressio de la mitosis
en cél-lules on la quinesina Eg5 enddgena va ser reemplacada per diferents
formes mutants. D’aquests experiments vam poder concloure que en cél-lules on
Eg5 va ser substituida per una forma amb la Ser1033 mutada a un residu no
fosforilable (Eg5[Ser1033A]) presentaven un retard en prometafase, indicant que
la fosforilacié d’aquest residu és important per a una correcta progressio de la

mitosi.

Per tal de continuar el nostre estudi de Nek9 downstream de Plk1 i en
col-laboracié amb el grup de la Dra. Judit Villén (University of Washington) vam
determinar per espectrometria de masses diferents llocs a Nek9 fosforilats per
PIk1. Posteriorment varem voler saber si alguns d’aquests llocs tenien algun
paper en l'activacié de la quinasa. Utilitzant I'anticds Nek9[Thr210-P] vam
comprovar que alguns dels llocs localitzats al domini RCC1 de Nek9 eren
necessaris per a la fosforilaci6 de Nek9 al llag d’activacié. Aquests resultats
suggereixen un model en el qual el domini RCC1 podria actuar com un domini
autoinhibidor i que quan alguns d’aquests llocs sén fosforilats per Plk1 el domini
quinasa és alliberat i Plk1 pot fosforilar directament Nek9 al llag d’activacio

provocant d’aquesta manera 'activacié de la quinasa.

Quan PIk1 s’inhibeix ja sigui utilitzant un RNAi o bé amb l'inhibidor especific
BI2536 les cél-lules es queden arrestades en prometafase. Per tal de buscar si

algunes funcions de PIk1 so6n executades a través de Nek9, vam inhibir Plk1 i



vam expressar la forma activa de Nek9. Els nostres resultats preliminars
indiqguen que Nek9 activa pot rescatar parcialment el fenotip provocat per la
inhibicié de PIk1.

En els darrers anys, Plk1 ha esdevingut una diana anticancerigena, i també
ha estat descrit que Nek9 es troba desregulada en alguns tipus de cel-lules
tumorals. Per aquesta raé creiem que els nostres resultats, tot i ser molt
preliminars, podrien ser importants en casos en els quals Plk1 es troba
downregulada, mentre que Nek9 esta hiperactivada, ja que tot i inhibir PIk1, les

cél-lules podrien escapar del bloqueig i continuar proliferant.

Aurora A fosforila Nek9

Durant el nostre estudi de la fosforilacio mitdtica de Nek9 ens vam preguntar
si altres quinases mitotiques podien fosforilar Nek9. Vam comprovar que la
proteina quinasa Aurora A es pot unir i fosforilar Nek9. El mapatge de la
interaccid ens va demostrar que Nek9 i Aurora A s’uneixen a través de la cua de
Nek9. A més a més hem pogut demostrar que Aurora A recombinant produida en
bacteris pot fosforilar tant FLAG-Nek9 (immunopurificada a partir del tag FLAG
de cél-lules humanes) o bé GST-Nek9[317-750] i GST-Nek9[759-979] (dominis
RCC1 i cua de Nek9, respectivament, produits en bacteris). Hem mapat la
fosforilacio d’Aurora A a la Ser978, un lloc amb el domini de fosoforilaciod
d’Aurora A que havia estat préviament identificat in vivo utilitzant I'espectrometria
de masses. En paral-lel també varem determinar per espectrometria de masses
que la Thr333 situada en el domini RCC1 de Nek9 també era un lloc de

fosforilacio d’Aurora A.

També hem demostrat que la fosforilacié d’Aurora A no és necessaria per la
fosforilacio de Nek9 a la Thr210 i per tant tampoc per a I'activacié. De totes
maneres, quan s’inhibeix Aurora A, Nek9 activa no localitza als centrosomes,
suggerint que la funci6 de la fosforilacié per part d’Aurora A podria ser la correcta

localitza de Nek9 activa durant la mitosi.



Chemical genetic approach

Inhibir quinases ha estat sempre una tasca dificil, tots els dominis quinasa de
les proteines son estructuralment molt semblants i la utilitzacié d’inhibidors
comporta molta inespecificitat. Durant els Ultims anys hem inhibit Nek9 utilitzant
diferents aproximacions, perd per tal de tenir una inhibicié aguda de la quinasa
varem decidir utilitzar un enfocament quimic genétic. Aquest métode va ser
desenvolupat pel laboratori del Dr Shokat (UCSF) i consisteix en fer mutacions
funcionalment silencioses a la butxaca d’uni6 de 'ATP (gatekeeper residue) de la
quinasa diana que la fan sensibles a la inhibicié6 per un analeg d’ATP que no

inhibeix les quinases salvatges.

L’aliniament de les seqiéncies d’aminoacids de Nek9 humana amb altres
quinases a les quals s’havia fet d’'una forma satisfactéria un mutant analeg
sensitiu, va revelar que la leucina 128 era el residu gatekeeper de Nek9. Un cop
identificat, es va mutar el residu a alanina i a glicina i es va comprovar la seva
activitat. Tot i que el mutant era actiu, es va decidir fer una mutacioé
compensatoria per tal d’incrementar aquesta activitat. Per tal de fer aixo es va fer
una alineament amb altres quinases i es va identificar la posicié 67 com un bon

candidat a ser mutat per a fer les mutacions compensatories.

Després de comprovar que el mutant Nek9[L128G G67W] presentava activitat
i @ més es podia inhibir utilitzar un analeg d’ATP, vam poder confirmar que

aquest mutant es comporta com un analeg sensitiu in vitro.
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Introduction

The Cell Cycle

Mitosis is the process responsible for the division of the replicated nuclear
material, which, in parallel with the division of the cytoplasm during cytokinesis,
results in one cell giving rise to two cells that are exact genetic copies. Ever since
Rudolf Virchow proclaimed his famous “Omnis Cellula E Cellula” and Walther
Flemming originally coined the term mitosis, the challenge has been to
understand how cells divide and how they faithfully transmit genetic information

from one cell generation to the next ((Maiato, 2010; Nigg, 2001; Mitchison &

Salmon, 2001) and references herein).

The main goal of mitosis is to

segregate sister chromatids into

two nascent cells, but also to

% properly separate centrosomes
“m % g and the appropriate complements
' of cytoplasm and organelles.

L ' 3 Traditionally, mitosis has been

' ( i / 3 * < =&  divided into five stages: prophase,
ol “3?; prometaphase, metaphase,

Figure 1. Drawings of mitosis in newt cells found in  anaphase and telophase according
Flemming’s (1) book. (A to J) Different mitotic phases B )
and C correspond to prophase, D and E to to the morphological changes of
prometaphase, F to metaphase, G to anaphase and H . .
to telophase. Adapted from Rieder & Kjodjakov 2001.  the cell  (Figure 1).  During
prophase chromosomes
condense, when nuclear envelope breaks down at prometaphase microtubules of
the spindle capture the chromosomes, which then become aligned at the
metaphase plate. During anaphase, the sister chromatids separate and are
pulled to each pole of the spindle. In telophase, the chromosomes decondense

and become enclosed by the nuclear envelope.

Nevertheless, some years ago, an alternative division of mitosis was

proposed. Pines and Rieder argued that mitosis could be subdivided into five
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transitional phases characterized by the activity of defined cell-cycle regulators, in

particular the mitotic cyclin-
dependent kinases and the
anaphase-promoting

complex/cyclosome (Pines &
Rieder, 2001) (Figure 2). They
propose a division of mitosis in
five different transitions. The
first one is characterized by the
activation of Cdk/CyclinA, which
is followed by the activation of
CyclinB/Cdk1 being this
activation the main event of the
second transition. The third
transition  would be the
equivalent to the traditional
prometaphase. It is
characterized by the presence
of active CyclinB/Cdk1 and the
Anaphase Promoting Complex
(APC), though the latter being
modulated by the kinetochore-
attachment checkpoint. In the

fourth transition the APC®%? js

P—
—

Figure 2. A. Fluorescence micrographs of mitosis in
fixed newt lung cells stained with antibodies to reveal the
microtubules (green), and with a dye (Hoechst 33342) to
reveal the chromosomes (blue). Compare with Fig. 1.
(Rieder & Khodjakov, 2003) Adapted from. B. Comparison
of the traditional phases of mitosis (top) and our proposed
transitions (bottom). Adapted from (Pines & Rieder, 2001).

fully active and CyclinB-Cdk1 activity starts to decrease due to the degradation of

CyclinB. After Cdk1/CyclinB inactivation a new nuclear envelope is formed. In this
final transition, Cdc20 is degraded and replaced in the APC by Cdh1. APCE

helps to coordinate late mitotic events.
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Mitotic kinases

As stated above, the coordination of the progression through mitosis is mainly
regulated by protein phosphorylation by several serine/threonine kinases,
dephosphorylation of their substrates and protein degradation controlled by the
APC. The protein kinase Cdk1 has historically been considered the major
regulator of mitosis, but in the last decades proteins from the PIk, Aurora and Nek

family of protein kinases have also shown to play important roles in the process.

Cdk family

Cyclin-dependent kinases are a large family of serine/threonine kinase whose
best-characterized members are involved in the regulation of the cell cycle. In
humans, there have been described 13 members of the Cdk family that can

interact, at least, with 29 cyclins.

The most important member of the family is Cdk1. Cdk1 knock out mice are
the only Cdk KO mice that die at the morula stage, meaning that these mice
cannot undergo mitosis. Moreover, it has been described that in the absence of
other interphase Cdks, Cdk1 can execute all the events required to drive cell

division (Santamaria et al, 2007).

Cdk1 can be associated either with Cyclin-A, where it is involved in the S to
G2 transition, or with Cyclin-B. The complex CyclinB1-Cdk1 is a mitotic inducer
and its activity is carefully regulated. It has been shown that CyclinB1-Cdk1
activation initiates prophase, and that increasing levels of CyclinB1-Cdk1 activity
triggers different mitotic events (Gavet & Pines, 2010). Once a B-type Cyclin
binds to Cdk1, the complex is inactivated by Wee1 kinase. Subsequently, the
pool of inactive CyclinB-Cdk1 is activated by the Cdc25 phosphatase and the
active kinase phosphorylates a large number of substrates to reorganize the
architecture of the cell for mitosis. More than 70 targets have been validated in
yeast and mammals (Malumbres & Barbacid, 2005), though this number is likely

to be an underestimation because proteomic studies have identified more than
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300 Cdk1 potential targets (Holt et al, 2009). One of these substrates is the
kinesin Eg5 (see below), that is phosphorylated by Cdk1 at Ser926 and this
phosphorylation is crucial for the localization of the kinesin to microtubules
(Blangy et al, 1995; Sawin & Mitchison, 1995). Finally, inactivation of the complex
CyclinB-Cdk1 is necessary for a proper mitotic exit. This inactivation goes via
degradation of the Cyclin-B through the proteolytic pathway controlled by the
anaphase promoting complex (APC) ubiquitin ligase (Harper et al, 2002).

Other members of the Cdk family involved in cell cycle control are Cdk2,
Cdk4, Cdk6, and their regulators (Cyclin-A, Cyclin-D or Cyclin-E) that regulate
progression through G1. Cdk4 and Cdk6 phosphorylate members of the
Retinoblastoma protein, and Cdk2, activated by Cyclin-E, is required for a proper
progression of G1 phase (Malumbres & Barbacid, 2005). Studies in mice show
that Cdk4, Cdk2 and Cdk6 are dispensable for mammalian cell division
(Malumbres et al, 2004; Barriére et al, 2007). Cdk3 is highly similar to Cdk2 and

its function remains to be clearly established (Malumbres, 2011).

Cdk10 is thought to be involved in the control of the G2/M phases though the
exact function of the kinase remains elusive (Malumbres & Barbacid, 2005).
Regarding Cdk11, it is essential for mice development (Li et al, 2004) and has
been involved in centrosome maturation (Hu et al, 2007), spindle formation
(Yokoyama et al, 2008), sister chromatid cohesion (Hu et al, 2007) and
cytokinesis (Wilker et al, 2007).

Plk family

The PIk family of protein kinases is a family of five serine/threonine kinases
found in all vertebrate lineages, except in plants, with very important roles in
mitosis. The family can be divided into three different subfamilies. PIk1 subfamily
which contains the mammalian Plk1 and Drosophila polo, the Plk2 subfamily
containing Plk2, PIk3 and PIk5 and finally the SAK subfamily that contains
Drosophila SAK and mammalian PIk4. All members of the Plk family share a

conserved domain, named polo box domain (PBD), important for their localization
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during the cell cycle (de Carcer et al, 2011b; Weerdt & Medema, 2006) (Figure
3).

A B Cell Differentiation
PLKI i Synaptic Homeostasis
K82  T210 W44 H538/K540
P | — - o
K111 1288 W503 HB29KE31
—E—HE- .
PLK3 o6
K81 T218 WaB3 H5%0/KE92
. s m—
W2o7
PLK4 — ] - 970
Kat  T169
[ Kinase Domain H PBind [ Polo Boxes

=== Chromosome

DNA replication

Figure 3. A. Cartoon representation of the different members of the Plk family. B. Schematic
representation of the functions of the Plk family members along the cell cycle. Adapted from (de
Carcer et al, 2011b).

Plk1

Polo in Drosophila and PIk1 in vertebrates is the founding member of the Plk
family. It was identified in screens for mutants with defects in cell division (Sunkel
& Glover, 1988) and cloning of the protein identified it as a serine/threonine
kinase (Llamazares et al, 1991). Plk1 is a key regulator of mitotic and meiotic

division in all models analysed.

PIk1 is a 603 residues polypeptide that contains a N-terminal kinase domain
and a C-terminal non-catalytic region composed of two homologous 70-80
residues segments termed Polo Boxes. Using a proteomic screen it has been
showed that the entire C-terminal domain of Plk1, the PBD (Polo Box Domain) is
a phophoserine/threonine binding domain which targets Plk1 to mitotic structures
and substrates (Elia et al, 2003a).
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Activation

PIk1 is activated at the G2/M transition and reaches peak levels in mitosis
(van Vugt & Medema, 2005). The final activation of the kinase ends with the
phosphorylation of the Thr210 in its activation loop. The activation mechanism of
PIk1 has remained elusive for a long time and different models have been

proposed, though the relative importance of them is still unclear.

It was first suggested that the Polo Box domain of the protein played a central
role in the activation. Binding of the PBD to phosphorylated residues would cause
conformational changes that released the inhibitory effect of the PBD toward the
kinase domain and the protein would activate by autophosphorylation (Elia et al,
2003b).

Another mechanism of activation that has been proposed is that PIk1 is
activated at G2 by Aurora A with the help of the protein Bora (Macurek et al,
2008; Seki et al, 2008b). Bora has been proposed to play a dual role in Plk1
activation. In G2, it acts as an activator by binding to the PBD domain and
allowing the access of Aurora A to the Thr210. Then, in mitosis, Bora by direct
binding to PIk1 interferes with the further activation of the kinase. The inhibitory
effect of Bora is relieved by its mitotic degradation, mediated through a ubiquitin-
proteasome pathway ubiquitin ligase in a Plk1-dependent manner (Seki et al,
2008a). Thus, Bora activates Plk1 at the G2-M transition, and active Plk1 then
phosphorylates Bora and promotes its degradation in mitosis. Phosphorylation of

mitotic PIk1 on Thr210 appears to be maintained by Aurora A (Figure 4A).

Moreover, Ser137 seems to be an alternative site of activation in the kinase
domain of Plk1 (Jang et al, 2002). It is briefly phosphorylated at late mitosis and
may contribute to regulate the activity of the spindle assembly checkpoint
(Weerdt et al, 2005).

Finally an additional activation mechanism of Polo at the kinetochores has

been described. INCENP and Aurora B are required for Polo activation by Thr210
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phosphorylation in centromere and kinetochores during prometaphase (Carmena
et al, 2012).

Regulation of the activity

PIk1 can be regulated by phosphorylation and protein degradation, but the
most striking feature of Plk1 is its changing localization to various cellular
structures during mitotic progression. PIk1 accumulates at centrosomes during
prophase, at kinetochores in prometaphase and metaphase, is recruited to the
central spindle in anaphase and accumulates at midbody during telophase
(Petronczki et al, 2008) (Figure 4B). The PBD contributes to substrate specificity

and to the changes in subcellular localization of PIk1.

The PBD of Plk1 binds to phosphorylated peptides which had been “primed”
by other kinases, especially Cdk1. The PBD recognizes substrates that contain
an SpS/TP domain (where pS is phophoserine). It has been shown that mutation
of the W414, H538 and K540 of the PBD to alanine, completely abrogates the
binding of PIk1 to its substrates. The PBD of Plk1 is sufficient for its localization
and it has been described that both Polo boxes are necessary for this (Elia et al,
2003b, 2003a; Seong et al, 2002).

Two models for how PBD might function to direct PIk1 kinase activity have
been described. In the first one, called “processive phosphorylation model”, the
PBD binds to one extreme of the protein and Plk1 phosphorylates at another site
of the same protein. On the other hand, in the “distributive phosphorylation
model” the PBD binds to a protein that acts as scaffold and then PIk1
phosphorylates a different protein (Lowery et al, 2004, 2005).

PIk1 is degraded at the start of anaphase after ubiquitination by the anaphase
promoting complex (APC) (Lindon & Pines, 2004).
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Figure 4. A. Plk1 activation mechanism. Adapted from (Seki et al, 2008a). B. Plk1 subcellular
localization along the cell cycle. Modified from (Petronczki et al, 2008). C. Plk1 functions. Adapted
from (Takaki et al, 2008). D. Cells treated with the Plk1 inhibitor BI2536. A standard prometaphase
cell (left) and a prometaphase arrested cell by Plk1 inhibition (right) are shown with kinetochores
(green), a-tubulin (red) and y-tubulin (blue). Modified from (Petronczki et al, 2008).

Functions

PIk1 is involved in all mitotic processes, where it phosphorylates very different
substrates (Petronczki et al, 2008). It promotes mitotic entry by phosphorylating
Cdc25C (Toyoshima-Morimoto et al, 2002), Cyclin B (Toyoshima-Morimoto et al,
2001) or Wee1 (Watanabe et al, 2004). Afterwards it is required for centrosome
maturation controlling the recruitment of y-tubulin and other PCM proteins, such
as Nedd1, Pericentrin, Cep192, Kizuna or CDK5RAP2 to the centrosomes
(Haren et al, 2009; Oshimori et al, 2006). Binding of Plk1 to PBIP1 is crucial for
localizing PIk1 to the kinetochores where it can phosphorylate BubR1, thus
stabilizing kinetochore-microtubule interactions, or PICH, required for the spindle
assembly checkpoint (Kang et al, 2006; Elowe et al, 2007; Baumann et al, 2007).
Some cytokinetic substrates of Plk1 have been described, Rock2 or MIkp2 for
instance, highlighting the importance of PIk1 also in this mitotic phase (Lowery et
al, 2007; Neef et al, 2003) (Figure 4C).
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When Plk1 is inhibited, either by using RNAi (Sumara et al, 2004) or with
chemical inhibitors as BI2536 (Lénart et al, 2007) or ZK-thiazolidinone
(Santamaria et al, 2007), cells enter mitosis after a short delay, get arrested in a
prometaphase state and subsequently often die by apoptosis (Figure 4D). Plk1 -/-
embryos fail to survive after eight-cell stage because embryos cannot enter
mitosis. Plk1 +/- are healthy at birth but they present high incidence of tumours at
the adult stage (Lu et al, 2008).

Plk2

PIk2 also known as SNK has a very similar structure to Plk1. It contains a
kinase domain and two polo-boxes in the polo-box domain. It only differs in the
Pbind domain, a domain that it uses to bind to some of its substrates in non-
proliferative tissues where the priming kinases may not be present (de Carcer et
al, 2011b).

PIk2 is broadly expressed in different tissues, proliferating and non-
proliferating, such as post-mitotic neurons. Its expression increases in G1 and

early S phase, where it acts as a regulator (Simmons et al, 1992; Ma et al, 2003).

It concentrates at centrosomes, is required for centriole duplication in S phase
(Warnke et al, 2004), and has been described that either overexpression or
depletion of the protein leads to an aberrant number of centrosomes (Chang et
al, 2010; Cizmecioglu et al, 2008).

Plk2 is a non-essential gene. PIk2 -/- knock out mice are viable (Ma et al,
2003) and it is not required for a proper cell cycle progression in HeLa or U20S
cells (Burns et al, 2003). Nevertheless, it plays some roles in cell cycle as
knockouts for this protein present retarded growth and skeletal development.
PIk2 has recently been involved in the control of neuronal physiology, some
substrates have been identified and several functions of the protein in this

environment have been described. As an example, PIk2 is upregulated during
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neuronal activity and its activation influences the modulation of synapses in both
proximal and distal dendrites (Seeburg et al, 2008; Ang et al, 2008).

Plk3

PIk3 (FNK/Prk) is structurally very similar to PIk2. The mRNA levels increase
at G1, but protein levels remain constant through the cell cycle (Donohue et al,
1995; Bahassi et al, 2002). It is mainly expressed in human respiratory organs.
PIk3 regulates entry intro S phase by promoting the accumulation of Cyclin E and
Cdc25A activation favouring DNA replication (Zimmerman & Erikson, 2007a;
Bahassi et al, 2004). PIk3 depleted cells progress normally in mitosis but fail to
enter the cell cycle again (Zimmerman & Erikson, 2007b). PIk3 also functions in
the cellular response to DNA damage where it becomes phosphorylated and
activated (Xie et al, 2001). It also might sense genotoxic stress leading to cell
cycle arrest and apoptosis (Bahassi et al, 2002). Plk3 deficient mice are viable

although prone to develop tumours (Yang et al, 2008).

Plk4

PIk4 structurally differs from the other members of the Plk family, because it
does not have the canonical two polo-boxes conforming a polo-box domain.
Instead, it contains a single polo-box and a cryptic polo-box domain.
Nevertheless, the cryptic polo-box domain has the same functions as the polo-
box domain of PIk1 (Leung et al, 2002).

PIk4 plays an essential role in centrosome duplication (Bettencourt-Dias et al,
2005; Habedanck et al, 2005) and biogenesis (Kleylein-Sohn et al, 2007;
Rodrigues-Martins et al, 2007). Overexpression of Plk4 leads to an excessive
formation of centrioles, and the kinase is required, in cooperation with Cdk2,
CP110 and Hs-SAS6, for precise reproduction of centrioles (and thus
centrosomes) during the cell cycle (Habedanck et al, 2005). Depletion of Plk4 by
RNAI prevents centriole formation causing mitotic defects (Bettencourt-Dias et al,
2005). It has been shown that Cep152 (Asterless in Drosphila) interacts with Plk4

acting as a scaffold for the kinase and other components of the centriole
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duplication machinery and is required for Plk4-induced centriole overduplication
(Cizmecioglu et al, 2010; Hatch et al, 2010). Plk4 -/- mice die at E7.5 showing
Plk4 as essential for post-gastrulative embryonic development (Hudson et al,
2001)

PIk4 abundance in centrosome fluctuates during the cell cycle. In human cells,
PIk4 levels are low at G1, increasing incrementally from S, when it becomes
active, and reaching a maximum in mitosis (Sillibourne et al, 2010). PIk4 is a
short life protein. It is ubiquitinylated via the SCFslimb/BTRCP pathway and
degraded through the proteasome (Cunha-Ferreira et al, 2009; Rogers et al,
2009). PIk4 promotes its own degradation by catalizing BTRCP binding through

trans autophosphorylation within homodimers (Guderian et al, 2010).

Plk5

PIk5 is the member of the PIk family that has been described more recently. It
is predicted to be present in almost all vertebrates. All PIk5 orthologs contain a
mutation in its autophosphorylation site and have changed the kinase motif DFG
to AGL. As a consequence of these changes, PIk5 lacks kinase activity (Andrysik
et al, 2010). PIk5 is only expressed in a few non-proliferative tissues, as in the
central nervous system. It is mostly transcribed in cerebellum where is
functionally important (de Carcer et al, 2011a). It has been shown that PIk5 is a
DNA damage induced gene not dependent of p53, and its overexpression
induces G1 arrest followed by apoptotic cell death independently of its kinase
activity (Andrysik et al, 2010; de Carcer et al, 2011a).

Aurora family

The mammalian genomes contain three genes encoding Aurora kinases
called Aurora A, B and C. The three Aurora kinases are serine/threonine kinases
and have a N-terminal domain, a kinase domain and a C-terminal domain. Aurora
A and B share 71% identity in the C-term catalytic domain. (Carmena &
Earnshaw, 2003)
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Aurora A
Aurora A was discovered in a screen of Drosophila mutations affecting the

poles of the mitotic spindle (Glover et al, 1995).

Aurora A expression and localization is consistent with its function as a mitotic
centrosomal kinase. During G1/S phase Aurora A levels are low, but in G2 phase
the levels of Aurora A mRNA, protein levels and kinase activity rise rapidly
reaching a peak in early mitosis (Barr & Gergely, 2007). Aurora A localizes to
centrosomes in G2 and mitosis, and is also present in mitotic spindle during
mitosis (Vader & Lens, 2008).

Even though Aurora A kinase can self-activate by autophosphorylation,
several mitotic proteins have been reported to function as its activators. The best-
characterized cofactor is TPX2, a MT-binding protein, which binds to the N-
terminal domain of Aurora A and targets it to the spindle but not to centrosomes.
The binding leads to the autophosphorylation at T288 (Kufer et al, 2002; Bayliss
et al, 2003). Another co-activator of Aurora A is Ajuba which induces
autophosphorylation and activation of Aurora A. Depletion of Ajuba prevents
Aurora A activation at centrosomes at late G2 (Hirota et al, 2003). Moreover, it
has been described that activation of Cdk1 initiates the release of Bora from the
nucleus which binds to Aurora A and leads to its activation in a Plk1 dependent
manner, as Plk1 phosphorylates Bora inducing its degradation and allowing
Aurora A activation (Hutterer et al, 2006; Chan et al, 2008). Finally, it has recently
been described that Nucleophosmin (NMP) activates Aurora A in G2 at
centrosomes not through the classical phosphorylation at the Thr288 but through
the Ser89 (Reboutier et al, 2012).

Aurora A participates in several crucial mitotic processes, such as the mitotic
entry controlling centrosomal activation of Cdk1 and PIk1, but is also necessary
for proper centrosome maturation and separation. Aurora A also has some roles

in microtubule organization and it coordinates centrosome independent and
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chromatin dependent spindle assembly (Barr & Gergely, 2007; Vader & Lens,
2008).

Aurora B

Aurora B is the catalytic subunit of the Chromosomal Passenger Complex
(CPC). It is activated by autophosphorylation of Thr232 with the help of INCENP,
Survivin and Borealin, the three regulatory subunits of the CPC. It transfers from
the inner centromere in early mitosis to the spindle midzone, equatorial cortex
and midbody in late mitosis and cytokinesis. The functions of Aurora B include
regulation of chromosome-microtubule interaction, cohesion, spindle stability and
cytokinesis (Carmena et al, 2009; Vader & Lens, 2008)

Aurora C

Aurora C is a chromosomal passenger protein localizing first to centromeres
and then to the midzone of mitotic cells that cooperates with Aurora B to regulate
mitotic chromosome segregation and cytokinesis in mammalian cells (Bolanos-
Garcia, 2005).

NIMA family

The gene nimA (Never In Mitosis gene A) was identified in Aspergillus
nidulans by Ron Morris in the 1970s with a genetic screen to find mutants that
were sensitive to temperature (Morris, 1975). NimA mutants arrested in late G2

with duplicated spindle pole bodies.

By the middle 1980s nimA was cloned and shown to encode a
serine/threonine kinase designated NIMA. NIMA is a 79 KDa protein with a N-
terminal kinase domain and a C-terminal domain that contains some coiled coils
and PEST sequence domains (Fry & Nigg, 1995). Protein levels of NIMA are
regulated through the cell cycle. They are low during G1 and S, increasing in G2

and reaching a maximum at late G2 and early mitosis (Osmani & Ye, 1996).
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Overexpression of NIMA induced a pseudo-mitotic state with condensed
chromosomes and aberrant spindles. NIMA is required for mitotic entry in
Aspergillus despite cdc2 activity (O’Connell et al, 2003), and it also participates in

chromatin condensation, spindle formation and cytokinesis (O’Regan et al, 2007).

Homologs of NIMA have been characterized in all eukaryotes. Fungi and
yeast have only one member of the NIMA related kinase (Neks), but the family is
expanded in ciliated organisms where it has been suggested to coordinate cilia
with cell cycle. Examination of different genomes shows that there is a correlation
between number of Neks in organisms and whether or not it has ciliated cells that
divide(Quarmby & Mahjoub, 2005).

In mammals, 11 proteins evolutionarily related to NIMA have been described.
All these proteins share a kinase domain with high identity (40-50%) with the
kinase domain of NIMA (Figure 5).
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Figure 5. The NIMA-related kinases family. Modified from (O’Connell et al, 2003)
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Nek1

Nek1 plays a role in centrosome integrity, affecting both ciliogenesis and
centrosome stability (White & Quarmby, 2008). Nek1 is associated to
centrosomes in interphase and with the mitotic spindle in mitosis (Mahjoub et al,
2005). Moreover, it has two functional nuclear localization signals and it is
capable of carrying signals between the primary cilium and the nucleus (Hilton et
al, 2009). Nek1 deficient mice are used as models for polycystic kidney disease
(Upadhya et al, 2000).

Nek1 is involved in the DNA damage response after ionizing radiation, is
necessary for efficient DNA damage checkpoint control and for proper DNA
damage repair (Chen et al, 2008) and its overexpression leads to abnormal

chromatin condensation (Feige et al, 2006).

Nek3

Nek3 is expressed in multiple tissues and cell lines and its expression does
not change during the cell cycle progression (Tanaka & Nigg, 1999; Kimura &
Okano, 2001). Nek3 depletion in breast cancer attenuates cytoskeletal re-
organization as well as cell migration and invasion (Miller et al, 2007). It has also
been shown that it is highly expressed in neurons and it may have some role in
disorders where axonal degeneration is an important component (Chang et al,
2009).

Nek4

Nek4 (STK2) is ubiquitously expressed, and mRNA levels are constant
through the cell cycle (Levedakou et al, 1994). Nek4 has a role in microtubule
regulation and altered expression of the protein not only affects
chemotherapeutic response but also confers differential sensitivity to select

microtubule-disrupting drugs. Nek4 is frequently deleted in lung cancers and its
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levels in several human cell lines correlate with differentially sensitivity to

microtubule poisons (Doles & Hemann, 2010).

Nek8

Mouse Nek8 localizes to the proximal region of the primary cilium and is not
observed in dividing cells. Nek8 RNAI does not affect ciliary assembly (Mahjoub
et al, 2005). In vitro expression of Nek8 causes enlarged multinucleated cells with
abnormal actin cytoskeleton (Liu et al, 2002). Localization of Nek8 to
centrosomes and cilia is dependent on the catalytic activity but also on the C-
terminal RCC1 domain of the kinase. The kinase domain of Nek8 is by itself
active, but does not localize properly. On the contrary, the RCC1 domain
localizes to the centrosomes and can be phosphorylated by the kinase domain.
Therefore, a model has been proposed in which RCC1-like domain would contain
a centrosome/ciliary targeting sequence, while the kinase domain would be
required to autophosphorylate the RCC1 domain potentially causing a
conformational change that would reveal the centrosome-targeting site in the full-
length protein (Zalli et al, 2012).

Nek8 is mutated in polycystic kidney disease (PKD) mouse models (Liu et al,
2002), and mutations in Nek8 also cause nephronophthisis, an autosomal
recessive kidney disease (Otto et al, 2008). It is also overexpressed in human

breast cancers (Bowers & Boylan, 2004).

Nek10

Nek10 is the only Nek kinase with a centrally located kinase domain. It has
been shown to promote MEK/ERK activation and G2/M arrest in response to UV
radiation (Moniz & Stambolic, 2011).

Nek11
Nek11 has two isoforms, Nek11S and Nek11L, which stands for Long and
Short isoform. The expression of Nek11L is higher than the expression of

Nek11S in somatic cells. Nek11L is predominantly expressed in S/G2/M phase
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(Noguchi et al, 2002). Nek11L interacts with active Nek2A and it has been
described that Nek11 is activated by direct phosphorylation of Nek2A at the C-

terminal domain (Noguchi et al, 2004).

Nek11 activity increases after IR-induced DNA damage. It has been shown
that under DNA damage, Nek11 is activated by direct Chk1 phosphorylation and
when active it phosphorylates Cdc25a and triggers it for degradation (Melixetian
et al, 2009), thus preventing mitosis entry. Nek11 is overexpressed in a high
percentage of human adenomas and carcinomas, and its expression has been

inversely correlated with the tumour grade (Sgrensen et al, 2010)

Mitotic Neks

Nek2

Nek2 is the closest relative to NIMA (Schultz et al, 1994). Three splice
variants termed Nek2A, Nek2B and Nek2C have been described. All of them are
ubiquitously expressed and localize to centrosomes. Besides, Nek2C can localize
to the nucleus (Fry et al, 1998b, 1999) (Wu et al, 2007).

The expression of Nek2 is cell cycle regulated. Nek2 expression is
undetectable during G1 phase, increases in G1/S transition and remains
increased throughout S and G2. At the onset of mitosis Nek2A levels decrease
rapidly whereas Nek2B levels are equal as in G2. During mitosis Nek2A remains
absent while Nek2B only begins to decline upon re-entry in the next G1 phase
(Fry, 2002).

Nek2A activates by autophosphorylation in G2, and it has been described that
homodimerization of the protein is essential for this autophosphorylation and
subsequent activation of the kinase (Fry et al, 1999). PP1 dephosphorylates
Nek2A and it is only completely active when PP1 is inactivated at the onset of
mitosis. This dephosphorylation is crucial for centrosome cohesion during the cell
cycle (Meraldi & Nigg, 2001). It has recently been proposed that hSav and Mst2
directly interact with Nek2A. Mst2 phosphorylates Nek2A thereby recruiting
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Nek2A to the centrosomes and promoting the phosphorylation and displacement
of the linker proteins (Mardin et al, 2010). Moreover, PIk1 phosphorylates Mst2
and negatively regulates the binding of PP1y to Nek2 (Mardin et al, 2011).

Nek2A is essentially a centrosomal protein and is in this organelle where it
mainly exerts its functions. In late G2, Nek2 phosphorylates c-Nap1 (Fry et al,
1998a) and Rootletin (Bahe et al, 2005), two proteins that form the linkage
between the two centrosomes. It has also been proposed that Nek2A binds to
and phosphorylates B-catenin, which is in complex with Rootletin (Bahmanyar et
al, 2008). The phosphorylation of these proteins initiates their displacement from

the centrosomes, which then results in the splitting of the centrosomes.

In addition, Centrobin/NIP2 has also been identified as a Nek2 substrate. It
has been described that phosphorylation of NIP2 by Nek2 stimulates the
movement of NIP2 to unstable microtubules, where NIP2 can stabilize them
(Jeong et al, 2007). In addition NIP2 phosphorylation by Nek2 is required for
meiotic and mitotic spindle assembly in the early mouse embryo (Sonn et al,
2009, 2011).

Besides its functions in centrosomes, Nek2A is associated to the kinetochores
and is necessary for faithful chromosome segregation. Nek2A phosphorylates
Hec1 and this phosphorylation is essential for microtubule kinetochore
attachments (Du et al, 2008) and for spindle assembly checkpoint (Wei et al,
2011).

Regarding Nek2B, it is not involved in the regulation of centrosome splitting
prior to mitotic entry. Ilts downregulation results in mitotic delay that can lead to
mitotic defects as formation of multinucleated cells (Fletcher et al, 2005). It has
also been described that in Xenopus laevis, maternal Nek2B acts to promote
assembly of a functional zygotic centrosome in a kinase-independent manner
(Twomey et al, 2004).
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Nek2C levels are also cell cycle regulated. They are low in G1 and increase
during S and G2. The protein is degraded after mitotic entry as a result of APC/C-
mediated ubiquitylation. It has not been established a clear function for this
isoform, but it is believed that, due to its localization, is important for the

phosphorylation of nuclear substrates (Wu et al, 2007).

Nek5

Nek5 localizes in the nucleus but also in centrosomes, spindle poles and
basal bodies in a cell cycle dependent manner. Its mMRNA levels are also cell
cycle regulated, showing a peak of expression in the G2/M transition. It is
overexpressed in cancer cell lines and Nek5 depletion causes centrosome
splitting, loss of y-tubulin from centrosomes and a delay in prometaphase
(Sahota & Fry, 2010).

Nek9
Nek9 (originally named Nercc1) was identified as a Nek6 binding protein (Roig
et al, 2002; Holland et al, 2002)(Belham et al, 2003).

Protein Kinase NLS RCC1 poly-Gly Coiled-coil

+— 1 - [ ——{T o

Pest

Figure 6. Nek9 cartoon representation

Structure

Nek9 is a 120 KDa protein with a 979 amino acids sequence (Figure 6). It is
highly conserved in mammals, birds and amphibians (62% identical and 82%
similar). Nek9 homologues in fish and invertebrate animals exist but are shorter
and only 20 to 50% similar to human Nek9 (Parker et al, 2007).

Nek9 has three main domains, an N-terminal kinase domain (residues 52-
308), a RCC1 domain (residues 347-726) and a C-terminal domain (761-979)
containing different motifs and features, including a putative coiled coil. The

kinase domain shows all features of a serine/threonine kinase domain and has
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approximately 40% of identity with the kinase domain of NIMA. The kinase can
be inactivated by the mutation of the ATP binding site at Nek9[K81M].

This kinase domain is followed by a functional NLS with two classical nuclear
localization motifs (306PLLRKRRR313 and 35sPTKRPR330) although Nek9 is
cytoplasmic, see below. Thereafter there is a domain containing seven
consecutive RCC1 (Regulator of Chromosome Condensation) repeats of 52-68
residues that, by homology to other proteins, would possibly fold into a seven-
blade propeller. The RCC1 domain acts as an autoinhibitory domain (Roig et al,
2002).

Following the RCC1 domain there are nine consecutive glycine residues that
possibly conform a flexible hinge, encompassed within a PEST sequence. An
acidic serine/threonine/proline-rich segment (761-890) follows next, which
includes two motifs that conform to the SH3-domain-binding sequence PXXP
(523PXPXXPXPg30 and ggiKXXPXXPPggg), and seven SP and TP sites motifs,
putative Cdk1 phosphorylation sites (four overlapping the PXXP motifs) (Roig et
al, 2002; Holland et al, 2002).

The C-terminal putative coiled-coil (891-940) is necessary for the

oligomerization of Nek9 (Roig et al, 2002).

Localization
Nek9 is expressed in all human cell lines and mouse tissues tested, but it is
more abundant in kidney, heart, testis, skeletal muscle, liver and brain. Protein

levels remain constant during the cell cycle (Roig et al, 2002).

Although containing a functional NLS capable of directing other proteins to the
nucleus (Roig et al, 2002), total Nek9 has a diffuse cytoplasmic localization.
Xenopus laevis Nek9 has been shown to localize to spindle poles. (Roig et al,
2005)
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A small amount of Nek9 (5%) is activated in prophase and active Nek9
localizes at centrosomes and spindle poles during mitosis. Interestingly, a
significant fraction of active Nek9 is associated with chromosomes and the
midbody after metaphase-anaphase transition, suggesting possible roles of Nek9

after metaphase (Figure 7).

Nek9[Thr210-P] B-tubulin DAPI Merge

Figure 7. Active Nek9 localization in U20S cells during mitotic progression. Nek9[Thr210-P]
(green), y-tubulin (red) and DNA (blue). Adapted from Roig et. al, 2005.
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Activation

The activation mechanism of Nek9 has remained elusive until recently (see
Results). The phosphorylation of Nek9 at Thr210 is necessary for the activation
of the protein (Roig et al, 2005). Nek9 can be autoactivated in vitro when
incubated at subcellular concentrations of ATP (100 yM) and this activation is
regulated by homodimerization (the coiled coil domain is necessary for the
activation) and also by the RCC1 domain, which acts as an autoinhibitory
domain. Nek9 can be phosphorylated by Cdk1 in vitro (Roig et al, 2002). In vivo,
Nek9 is not active during interphase, and is phosphorylated and activated in
mitosis. Mitotic Nek9 has a slower electrophoretic mobility than the interphase
kinase, though this difference in mobility does not lead to the activation of the

kinase.

Nek9 interacts with the dynein light chain LC8 through a KXTQT motif at the
C-terminal domain of Nek9. This binding modulates Nek9 oligodimerization and
autophosphorylation. In response to Nek9 activation and autophosphorylation,
LC8 binding to Nek9 is disrupted, thus allowing Nek9 to interact with Nek6/7 and

activate these two related kinases (Regué et al, 2011).

Functions

Overexpression of inactive Nek9 (Nek9[K81M)]) is toxic for cells. They do not
divide and can undergo apoptosis (Roig et al, 2002). Moreover, Nek9 antibody
microinjection in prophase cells causes different mitotic abnormalities such as
prometaphase arrest or abnormalities in chromosomal segregation, resulting in
aneuploidy or mitotic catastrophe (Roig et al, 2002) (Figure 8A). In parallel,
immunodepletions of endogenous XNercc in Xenopus lavevis meiotic extracts
interfere with both the formation of mitotic spindle and normal chromosome
alignment (Roig et al, 2005) (Figure 8B).

In mitosis, Nek9 is able to bind and activate two other members of the Nek
family. When Nek9 is active, it binds, phosphorylates and activates both Nek6
and Nek7 (see below) (Belham et al, 2003). We have also shown that this

activation is important for the subsequent phosphorylation of the kinesin Eg5, and
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that this phosphorylation is important for mitotic progression (See below and

Results).

Moreover, Nek9 binds to y-tubulin in mammalian cells and in Xenopus egg
extracts (Roig et al, 2005), and also to Bicd2, though the biological relevance of

these interactions is not known (Holland et al, 2002).

Recently it has been described a role of Nek9 in autophagy as depletion of
the kinase impairs this process inhibiting the cargo recruitment to vesicles,

vesicle trafficking and/or regulation (Behrends et al, 2010) .

During the course of this work we have described that Nek9 has a key role in
prophase centrosome separation (Bertran et al, 2011) and prometaphase

centrosome maturation (Sdelci et al, 2012) (See below).

Nek6/7

Nek6 and Nek7 are the smallest members of the NIMA family and both of
them bind and are activated by Nek9 (Belham et al, 2003).

Structure

Nek6/7 have a N-terminal domain homolog to the kinase domain of NIMA, but
lack the regulatory C-terminal domains typical of other Neks. The kinase domain
of both kinases have an identity of 87% and differ in the N-terminal region of the

protein, just before the kinase domain (Kandli et al, 2000).

Nek6 and Nek7 are two proteins of 317 and 302 aminoacids respectively with
a molecular weight of 35KDa (Kandli et al, 2000). They show different expression
patterns during embryogenesis (Feige & Motro, 2002) and they present
complementary tissue distribution in adult mice (Kandli et al/, 2000). Nek6 is
highly expressed in intestine and placenta, while Nek7 expression is very high in

kidney. Intermediate levels of both kinases are found in ovary and brain.
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Nek6 low resolution and Nek7 high resolution structures have been solved.
The structures show that both kinases are formed by a globular kinase domain
and a disordered N-terminal domain (Richards et al, 2009b; Meirelles et al,
2011).

Activation
Nek6 expression increases in mitosis, when the kinase is phosphorylated and
activated (Yin et al, 2003; Belham et al, 2003).

Nek9 binds to, phosphorylates and activates Nek6/7 by direct phosphorylation
at Ser206 and Ser195 respectively. Once active, Nek6 autophosphorylates at
Ser137 and Ser202 causing a higher activation of the kinase (Belham et al,
2003).

In parallel it has been described that Nek6 and Nek7 are also activated upon
binding to the C-terminal domain of Nek9. It has been shown that Nek7 binding to
the C-terminal domain of Nek9 releases the autoinhibitory residue Tyr97, thus
causing a conformational change and allowing the activation of the kinase. It has
also been proposed that this mechanism may exist in Nek6 with the analogous
Tyr108 (Richards et al, 2009a).

Cellular localization

Nek6 is diffusely distributed throughout the cell cycle but a significant amount
of it associates with different microtubule-based structures during mitosis. In
metaphase, a fraction of it is associated with microtubules of the mitotic spindle,
in anaphase it localizes in the central spindle and it is found in the midbody when
cells undergo cytokinesis. On the contrary, Nek7 is localized to centrosomes
either in interphase or mitosis (O’'Regan & Fry, 2009; Yissachar et al, 2006)
(Figure 9A and 9B).
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Figure 9. A. Nek6 localization along cell cycle in HeLa cells. B. Nek7 localization in HelLa cells. C.
Mitotic defects after Nek6 and Nek7 depletion in HeLa cells. Adapted from O’Regan et. al, 2009.

Function
Expression of kinase inactive mutants Nek6[K74M][K75M] or
Nek7[K63M][K64M] leads to apoptosis (O’Regan & Fry, 2009).

An important percentage of HelLa cells transfected with Nek6 or Nek7 RNAI
present mitotic delay and undergo apoptosis. Loss of Nek6 is not rescued by
Nek7 and vice versa, thus suggesting that both proteins may have different
functions in these cells (O’'Regan & Fry, 2009). These cells also show multipolar
spindles with abnormal spindle assembly and chromosome alignment in
metaphase. Besides, asymmetric chromosome segregation has also been
shown. Moreover, Nek6/7 depleted cells have fragile spindles with less distinct
microtubules and a reduction in overall spindle microtubule intensity (O’'Regan &
Fry, 2009; Yissachar et al, 2006) (Laurell et al, 2011) (Figure 9C).

It has also been described that Nek7 is necessary for centriole duplication in

interphase (Kim & Rhee, 2011) and important for centrosome maturation in
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interphase (Kim et al, 2007), although both things are controversial (Sdelci et al,
2012).

Absence of Nek7 leads to lethality at late embryogenesis or early post-natal
stages with a severe retardation in weight. Mouse embryonic fibroblasts present
various mitotic defects such as a high percentage of binuclear cells, presence of
tetraploidy, chromosomal instability, micronuclei and also differences in

frequency of primary cilia (Salem et al, 2010).

Different substrates of the kinases have been described in vitro and in vivo,
and it has been shown that their N-terminal domain is important to mediate
interactions with partners, thus suggesting the existence of different substrates
for Nek6 and Nek7 (Belham et al, 2001; Meirelles et al, 2010; Rapley et al, 2008).
Among all substrates, the best characterized is the kinesin Eg5. Once active,
Nek6 associates to Eg5 and phosphorylates a small pool of Eg5 (3%) at Ser1033
in vivo. This phosphorylation is necessary for mitotic spindle formation (Rapley et
al, 2008).

In addition, Chk1 and Chk2 directly phosphorylate Nek6 in vitro, and it has
been described that Nek6 activation is abolished by IR and UV radiation and that
inhibition of Nek6 activity is required for proper cell cycle arrest in the G2/M

phase upon DNA damage (Lee et al, 2008).
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Egs

Eg5/Kif11 is a member of the bimC subfamily of kinesin-like microtubule motor
proteins. It is a plus end directed motor composed by a N-terminal catalytic motor
domain, an internal stalk domain capable of forming coiled coils, and a C-terminal
tail domain (Figure 10A). Eg5 is a homotetramer. As such, it can crosslink two
adjacent microtubules such that each dimeric motor interacts with a single
protofilament on each microtubule (Kapitein et al, 2005). Eg5 needs the C-
terminal non-catalytic domain of the protein for crosslinking and relative sliding of
two microtubules (Weinger et al, 2011) and drives sliding of antiparallel
microtubules hydrolyzing one ATP per 8nm step (Valentine et al, 2006) (Figure
10B).

A B
Motor domain
| Stalk domain
| Tail domain
Stationary Eg5
T pole-directed Eg5
:;Dyneinmynacﬁn
PTPX2
Cc D

Figure 10. A. Eg5 domains. Adapted from (Weinger et al, 2011) B. Eg5 binds to antiparallel
microtubules and slides them apart to form a bipolar spindle. Adapted from Ferrenz et al, 2010 C.
Monopolar spindles observed after Eg5 RNAI. Adapted from (Stout et al, 2006) D. Treatment with Eg5
inhibitors lead to monopolar spindles. Adapted from (Mayer, 1999).
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Eg5 localizes to spindle microtubules in mitosis with enrichment at
centrosomes or spindle poles (Sawin & Mitchison, 1995) and is required for
bipolar spindle formation in all model organisms but C. elegans (Hoyt, 1994). It
has been described that forces for spindle assembly are generated by the
dynamic instability of mitroctubules and by the action of dynein- and kinesin-
related motor proteins (Ferenz et al, 2009, 2010). Inhibition of Eg5 either by RNAI
(WEeil et al, 2002) or with chemical inhibitors leads to monopolar spindle formation
(Mayer, 1999; Maliga et al, 2002; Skoufias et al, 2006) (Figure 10C and 10D).

Spindle localization is consistent with its mitotic function, though the
concentration at spindle poles is unexpected. This observation is consistent with
the possibility that Eg5 can function in both parallel and antiparallel microtubules
(Kapitein et al, 2005; Wildenberg et al, 2009).

Cdk1 phosphorylates Eg5 at Thr926. This phosphorylation is required for its
spindle localization and binding to microtubules (Sawin & Mitchison, 1995; Cahu
et al, 2008; Blangy et al, 1995). Moreover, a small amount of Eg5 (aprox 3%) is
phosphorylated at Ser1033 by Nek6. This phosphorylation is necessary for

correct mitotic progression (Rapley et al, 2008).

Eg5 binds to the C-terminal domain of TPX2. The interaction between both
proteins is necessary for spindle microtubule organization and contributes to the
localization of Eg5 to spindle microtubules but not spindle poles. The binding
between Eg5 and TPX2 also regulates motor activity and microtubule targeting
(Ma et al, 2010, 2011).
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Brief introduction to the centrosome cycle and

spindle formation

The centrosome and its cycle
Centrosomes are primary microtubule-organizing centres in animal cells. They
regulate cell motility, adhesion and polarity in interphase and facilitate the

organization of spindle poles during mitosis.

The centrosome is composed of two centrioles surrounded by the
pericentriolar material (PCM), which consists of a matrix of fibrous proteins that
nucleate and anchor microtubules. In a typical cell, the centrioles are
perpendicularly oriented and are composed by nine microtubule triplets arranged

radially and with a very precise symmetry (Figure 11).

Modification

Linker
Dissolution '
A
Maturation w w M P
G2

_ Plk1 G1 ’ Linker

roraA S Establishment

AT Az,

Disengagement
Separase

PIK1

Elongation Duplication
tiihailir Plk4

Figure 11. The centrosome cycle. Adapted from Mardin et a/ 2012.

51



Introduction

At the beginning of G1 phase, cells contain a single centrosome with two
perpendicularly aligned centrioles. At this stage the two centrioles are different:
the mother, which was assembled at least two cycles ago (centriole with red cap
in Figure 11), and the daughter centriole, which was originated in the previous

cycle.

During G1 phase, centrioles disengage with the help of separase and PIk1
(Tsou & Stearns, 2006; Tsou et al, 2009), but they remain connected by a fibrous
structure formed by C-Nap1, rootletin and B-catenin, among others. This is a
crucial "licensing" step that will allow centriole duplication in S phase,
simultaneously with DNA replication. Duplication involves the assembly of two

new centrioles perpendicular to the existing centrioles.

In G2/M phase the flexible linker that holds the centrosomes together is lost
due to the action of Nek2 that phosphorylates the different components of the
linkage, and centrioles accumulate PCM (centrosome maturation). Centrosomes
then separate and move to the opposite side of the nucleus forming a bipolar

spindle.

The events that lead to centrosome separation and bipolar spindle assembly
can be separated into two distinct temporal phases: prophase and
prometaphase. During prophase, microtubule motors, such as Eg5 and dynein
play an essential role in separating the centrosomes that are starting to nucleate
microtubules and will become the spindle poles. Moreover, it has been shown
that actin and microtubule pushing forces are also important for prophase

centrosome separation (Tanenbaum & Medema, 2010).

While prophase centrosome separation occurs in almost all cells, the extent to
which it occurs is often variable, and cells frequently enter mitosis with only
partially separated centrosomes Thus, a robust mechanisms must exist in
prometaphase to drive subsequent centrosome separation and bipolar spindle

assembly. Eg5 and other motors as HkIp2 are essential for bipolar spindle
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assembly, but microtubule pulling forces and microtubule-kinetochores pushing

forces are also required (Tanenbaum & Medema, 2010).

Spindle assembly

In cells that have centrosomes, centrosome-based microtubule nucleation is
the dominant mechanism for the production of new microtubules. y-tubulin
nucleates polymerization of microtubules when it forms a complex with members
of the gamma complex proteins (GCP’s) that is known as y-TURC (Luders &
Stearns, 2007). The first model proposed for bipolar spindle assembly is the
“search and capture” model that is the predominant mechanism by which
chromosomes become properly aligned on the spindle. Centrosome-microtubules
nucleate till they are captured and stabilized by one of the sister kinetochores. At
this stage chromosomes are mono-oriented and remain oscillating until they find
a microtubule from the other pole and become bioriented (Walczak & Heald,
2008).

Alternative mechanisms of spindle assembly have been proposed. The first of
them is the Ran-dependent, chromatin-directed microtubule generation, which is
dependent of Ran-GTPase via localization of RCC1. This process takes place in
absence of centrosomes, resulting in spindles that take much longer to form and
pass different intermediate structures not seen in presence of centrosomes
(Duncan & Wakefield, 2011).

Another mechanism is the kinetochore-driven microtubule generation that
exists in normal mitotic cells and is a dynein dependent process. There are also
evidences that the CPC (Chromosome Passenger Complex) can nucleate
microtubules during spindle formation. Another mechanism of microtubule
nucleation is the microtubule-based mechanism dependent of the HAUS complex
(Homolog to Augmin subunits). It has been proposed a model in which Augmin
binds to existing spindle microtubules during prometaphase and targets active y-

tubulin, facilitating intra-spindle microtubule nucleation (Duncan & Wakefield,
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2011). In most cells all the mentioned mechanisms cooperate resulting in the

robust formation of the mitotic spindle.
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Objectives

The objective of the thesis is the study of the phosphorylation and activation of

the mitotic kinase Nek9.

Detailed objectives:

1. Description of the activation mechanism of Nek9 in the context of Nek9

biological roles.

2. Study of the phosphorylation of Nek9 by Aurora A.

3. Production of a Nek9 analog sensitive mutant to study the functions of
Nek9 downstream of Plk1.
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Materials and Methods

Cell culture

HelLa, U20S, HEK 293T cells and Embryonic Mice Fibroblast cells were
cultured in a 5% CO, atmosphere and 37°C in DMEM (Dubelco’s modified
Eagle’s medium) supplemented with 10% FBS (Foetal Bovine Serum), L-
glutamine (2mM), penicillin and streptomycin (100 IU/ml and 100

ug/ml,respectively)

Transfection

HEK 293T cells were transfected using different expression plasmids with
LipofectamineT'vI according to the manufacturer instructions (Invitrogen) or with
Polyethyleneimine (PEI) (Polyscience, Inc) (Boussif et al, 1995). HelLa cells were
transfected with LipofectaminewI 2000 according to the manufacturer instructions
(Invitrogen) and arrested in mitosis with Nocodazole (0,25mM, Sigma) 48 hours
post transfection. siRNA and DNA co-transfection was performed using

Lipofectamine 2000 according to the manufacturer’s instructions.

The sequences of the siRNA duplex for targeting the different proteins were:
Plk1 5-CGAGCUGCUUAAUGACGAGTT-3' (Oshimori et al, 2006), Aurora A 5'-
AUGCCCUGUCUUACUGUCATT-3’ (Kufer et al, 2002). Eg5 was depleted using
established siRNA targeting published sequence, 5-
CUGAAGACCUGAAGACAAUTT-3’ (Weil et al, 2002). Nek9 was depleted using

Nek9 UTR, 5-GCUGCCUUGGGAAUUCAGUTT-3 and Nek9 UTR, 5-
GCAGCCAAACUUUGAUUAATT-3 (all siRNAs were from Ambion).

Mutations

To generate Nek9 mutants, site-directed mutagenesis was performed
according to the manufacturer’s instructions (Stratagene) using specific primers
(Table 1) with the appropriate reverse complement and the expression vector
CMV5 FLAG Nek9 wild type (Roig et al, 2002) as the template. All constructs

were sequenced after generation.
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Mutation Primer 5°-3’
S869A CAAGTAGAAGCCTCGGCACCTCGGCTGAATCCTGC
S29A GGTTGCGGGGACTCGGCTCCGGGGCCTAGCGCT
S750A ACTGTGTTTCAGAGCTCTGCCCCGGGAGGAGGCGGCGG
T67E GCCTTCGGGGAAGCCGAGCTGTACCGCCGCAC
S76D GCCTTCGGGGAAGCCGAGCTGTACCGCCGCAC
$206D CTTAATTCTGAGTATGCCATGGCTGAGACGCTTGTGGG
T438E GTGTCATGTGGTGATGATTTCGAGGTCTGTGTGACTGATGAGG
T544E GTGGCTGTGATGGGGAATTTCTGTTGACCCAGTCAG
T662E GTCTCCTGCGGTGATGAGTTTGAGATTGCTGCCACTGATG
S978A CCTGTAGACCCGCCCTCTAGTCTCCTGAGCCTATAGAGC
S978D CCTGTAGACCCGACCTCTAGTCTCCTGAGCCTATAGAGC
L128A CCACGCTGCTGATTGAGGCGGAATATTGTAATGGAGGG
L128G CCACGCTGCTGATTGAGGGGGAATATTGTAATGGAGGG
L128A
o GCCTTCGGGGAAGTCACGCTGTACCGCCGCACC
L\JsngG GCCTTCGGGGAAGTCACGCTGTACCGCCGCACC
L128A
iy GCCTTCGGGGAAGCCTGGCTGTACCGCCGCACCG
IE;6278V(\-3 GCCTTCGGGGAAGCCTGGCTGTACCGCCGCACCG
L128A
e GGATGACTCACTGGTTGaGTGGAAGGAAGTCG
L128G
oo GGATGACTCACTGGTTGAGTGGAAGGAAGTCG
CATAAAGCTGGAATCCTTCATAGAGCTATAAAGACATTAAATATT
D176A TTTCT

Table 1. Primers used to perform the different mutagenesis
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GFP constructs were cloned using pEGFP C2 (Invitrogen) and the CMV5
FLAG mutants.

For construction of PGEX-PIk1 PBD [345-603], a PCR fragment was
generated using pcDNA3.1 His6/Myc Plk1 as template and the fragment was
cloned in a PGEX-KG vector.

Cell extracts, immunoprecipitation and western blotting analysis

Cells were lysed with lysis buffer that contained 50mM de Tris (pH 7.5),
100mM NaCl, 50mM NaF, 1mM DTT, 1mM EDTA, 1mM EGTA, 10 mM B-
glycerophosphate, 2mM NazVO,4, 25nM calyculin A, 1% TX100, 0.5mM PMSF,
1ug/ml leupeptin, 1ug/ml aprotinin. Cytosolic fraction was obtained by
centrifugation at 13200 rpm for 10 minutes. Protein concentrations were

determined using the Bradford reagent (BioRad).

Immunoprecipitations were carried out with the indicated antibodies pre-bound
to protein A/G dynabeads (Invitrogen). 1mg of lysate was incubated for 1h at 4°C
and washed three times with lysis buffer. Immunoblotting was carried out after
separation of proteins by SDS-PAGE and transfer to PVDF membranes

(Immobilon-P Transfer Membrane, Millipore).

Membranes were probed with the following antibodies: anti-Nek9, anti-
Nek9[Thr210-P], anti-Nek6 and anti-Nek6[Ser206-P] polyclonal antibodies were
produced as described (Belham et al, 2003) (Roig et al, 2002) and (Roig et al,
2005). Polyclonal anti-Eg5[Ser1033-P] was produced as described (Rapley et al,
2008). Anti-CyclinB1 (1:1000), anti-cdc27 (1:500), anti-GST (1:200) (Santa Cruz
Biotechnoloy), anti-Plk1 (1:1000) (Calbiochem), anti-Eg5 (1:1000) (BD
Bioscience), anti-GFP (1:1000) (Roche) (Invitrogen), anti-FLAG (1:1000) and
anti-ptubulin (1:1000) (Sigma) were also used. Anti-HsAurora A (0.5 pg/ml) was a
generous gift from Isabelle Vernos (CRG). Secondary antibodies were from
Jackson Immuno Research Laboratories and were detected by ECL

Chemiluminiscence (Thermo Scientific).
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Protein expression in bacteria

Fusion proteins were expressed in E. coli RosettaTM 2 (DE3) or E. coli BL21
(DE3) induced with isopropil-p-D-thiogalctopyranoside (IPTG) for 16h at 18°C or
3h at 30°C.

GST fusion proteins were purified with glutathione-sepharose (GE Healthcare)

following standard protocols, and were eluted with 25 mM reduced glutathione.

All purified proteins were resolved in SDS-PAGE acrylamide gels and stained

with Coomassie blue (Sigma) to check protein presence, size and purity.

Protein purification from 293T cells

293T cells were transfected with either lipofectamine (Invitrogen) or
Polyethyleneimine (PEI) (Polyscience, Inc) (Boussif et al, 1995) with FLAG
recombinant Nek9. 24 hours post transfection cells were lysed with lysis buffer. 5
Mg of antibody were bound to protein-A dynabeads (Invitrogen) for 30 minutes at
4°C. After one wash, cell lysate was added and incubated for 2 hours at 4°C.
Beads were washed three times with lysis buffer and once with phosphorylation
buffer (50mM MOPS at pH 7.4, 1 mM EGTA, 5 mM MgCl,, 10 mM B-
glycerophosphate) and proteins were eluted in 100 ul of phosphorylation buffer
with FLAG-peptide (Sigma) at 0.5 pg/ml for 30 minutes at 4°C. SDS-PAGE of a
small amount (10%) of the elution followed by Coomassie staining was performed

to check the expression of the proteins.

GST pull down assays

2ug of GST-PBD or GST bound to GSH beads were incubated with 1mg of
293T extracts transfected with CMV5 FLAG Nek9 wild type or different Nek9
mutants for 1h at 4°C and washed 3 times with lysis buffer. Immunoblotting was
carried out after SDS-PAGE and transfer to PVDF membranes. Membranes were
probed with anti-FLAG antibody (Sigma).
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GST tagged Nek9 fragments were expressed in 293T. 1 mg of lysate was
incubated was incubated with GSH beads for 1h at 4°C and washed three times
with lysis buffer. Proteins were resolved with SDS-PAGE and detected by

western blot with the indicated antibodies.

Mass Spectrometry analysis

To determine Nek9 in vivo phosphorylation sites we used exponentially
growing or mitotic arrested HelLa cells. Cells were lysed with buffer that contained
50mM of Tris (pH 7.5), 100mM NaCl, 50mM NaF, 1mM DTT, 1mM EDTA, 1mM
EGTA, 10 mM g-glycerophosphate, 2mM NazVO,, 25nM calyculin A, 1% TX100,
0.5mM PMSF and protease inhibitors (EDTA-free tables, Roche). Cytosolic
fraction was obtained by ultracentrifugation (100000g for 1h).

To immunoprecipitate endogenous Nek9, 4ug of a-Nek9 antibody (Roig et al,
2002) prebound to protein A dynabeads (Fluka) were incubated with 30 mg of
lisate for 2h at 4°C. Immunocomplexes were washed in lysis buffer and proteins
were separated by SDS-PAGE. Coomassie stained bands corresponding to Nek9
were excised and analysed by LC/MS/MS in the Taplin Biological Mass
Spectrometry Facility (Harvard Medical School, Boston, MA) to determine the

phosphorylation sites.

For the determination of the phosphorylated sites in FLAG Nek9 [K81M],
innactive FLAG Nek9 was purified from transfected HEK 293T cells. The protein
was incubated with the indicated kinases in presence of 100 uM ATP for 30
mintues at 30°C. Proteins were resolved by SDS-PAGE followed by Coomassie
staining. Bands corresponding to Nek9 KM were excised and analysed by
LC/MS/MS by the group of Dr Judit Villén at University of Washington (Seattle).

Kinase assays

Nek9 KM or GST-Nek9 domains phosphorylation assays were done by
incubation of purified Nek9 in phosphorylation buffer plus 100 uM ATP and [y-
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32P]ATP at 30°C for 30 minutes in presence or absence of Cdk1/Cyclin-B
(Invitrogen), Plk1 (Invitrogen) and Aurora A. Nek9 activation assays were carried
out by incubation of eluted recombinant Nek9 in phosphorylation buffer plus 100
MM ATP and [V-SZP]ATP at 25°C for the indicated times in presence or absence of
PIk1, plus a 10 minutes incubation at 25°C with an exogenous substrate as H3.
For the chemical genetics activation assays, FLAG Nek9 was
immunoprecipitated from 293T cells. Immobilized Nek9 was activated at 25°C for
different times with 100 yM ATP. After activation Nek9 was washed with
phosphorylation buffer and activity was measured by another incubation in
presence of 10 uM ATP and [y-PJATP at 30°C for 10 minutes with the
exogenous substrate H3. Reactions were terminated by addition of 5X Laemli
buffer and boiling, and proteins were resolved by SDS-PAGE. Coomassie
staining was used to visualize proteins and kinase activity was measured with a
Phosphorimager system or with the specific a-Nek9[Thr210-P] antibody as

indicated.

Time lapse microscopy

For time lapse microscopy, HelLa cells were transfected with H2B-mCherry
(Addgene), pEGFP empty vector (Invitrogen) or pEGFP Nek9[A346-732] and
the indicted SiRNAs 24 hours before image acquisition. Automated Wide-field
Olympus 1X81 microscope equipped with temperature and CO2 incubation
chamber was used to acquire time lapse imaging of cell cultures using the 20x
0.45 phase contrast objective lens every 5 minutes for 24 hours with the CellR
software (Olympus Life Science Europe). Software autofocus was used to adjust
the z-focus with transmission channel. Cy3, GFP (with filter cubes and excitation
filters from AHF Analysentechnik) and transmission acquisition was performed on
single plane 12bits-images with an ORCA camera (Hamamatsu Photonics).

Subsequent analysis was performed with ImageJ (1J) 1.43 (Rasband WS, 1997).

Cell cycle analysis

Cells were washed twice with PBS, treated with trypsin and resuspended in 5

ml of PBS. Cell pellets retrieved after centrifugation (200 g) were mixed with
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0,5ml of PBS and 4,5 ml of ethanol 70% and fixed for 2 h at -20°C. Subsequent
centrifugation of the samples was followed by a wash in PBS and staining with a
PBS solution containing 10% Triton X-100 (Sigma), 20 ug/ml propidium iodide
(Sigma) and 2 mg/ml RNAse A (DNAsa free- Sigma) at 37°C for 15 min. Cells

were analysed using a CoulLter XL analyser8 (Beckman Coulter).

Immunocytochemistry

HeLa cells were grown on coverslips, rinsed with PBS and fixed with methanol
at -20 for 15 minutes. After PBS rinsed cells were incubated with PBS containing
3% bovine serum albumin, 0.1% Triton-X and 0.02% azide. Primary antibodies
used in this study were: mouse anti-y-tubulin (1:500) (Sigma), rabbit anti-
Nek9[Thr210-P] and anti-Eg5[Ser1033-P]. Primary antibodies were detected with
Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 555 goat anti-mouse IgG
(Invitrogen). DNA was stained with DAPI (0,01 mg/ml). Images were obtained
using Nikon E1000 upright epifluorescence microscope with x60/1.4 Plan APO

lens and edited using Fiji (Image J).

Inhibitors

HelLa cells were arrested in mitosis with nocodazole overnight (0,25mM).
Mitotic cells were washed from the nocodazole arrest and incubated with DMSO,
Purvalanol A (Sigma) (20uM) (Gray, 1998), Bi2536 (100nm) (Axon Medchem)
(Lénart et al, 2007) in the presence of the proteasome inhibitor MG132 (20 uM)
(Calbiochem) for 2h, or MLN 8237 (SElleck) (Sardon et al, 2010) for 1h.
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Nek9 activation mechanism

Nek9 mitotic phosphorylation sites

Nek9 is phosphorylated at unknown sites during mitosis resulting in a change
in electrophoretical mobility (Roig et al, 2002) (Figure 12). This does not directly
result in Nek9 activation, a process that occurs at centrosomes during prophase,

involves only a small (<5%)

Time after release(h) W: fraction of Nek9 and requires

Exo 0 051 2 4 6 — further phosphorylation of Nek9
D TR S e 2-Nek9

activation loop (Roig et al, 2005).

1 1 a-Nek9[PThr210] To better understand this two-
~ e  o-Ncké step activation mechanism and
— —— ...— a-P-Nek6 identify the protein kinases

- aCyclinB responsible for the described

— . modifications, we
““- a-Tubulin immunoprecipitated endogenous

Figure 12. Nek9 has a different electrophoretic Nek9 from exponentially growing
mobility in mitotic arrested cells. U20S cells growing L
exponentially were either untreated (first lane, Exp) or and mitotic Hela cells and
arrested with nocodazole (0.25 mM overnight; lane 2); . . .
arrested cells were allowed to exit mitosis in identified the sites of
nocodazole-free medium and extracted at the indicated

times (lanes 3-7). phosphorylation present by mass

spectrometry (LC/MS/MS)
analysis (Figure 13). Approximately 80% of sequence coverage was obtained in
each case, leading to the identification of four Nek9 phosphosites from
exponentially growing cells and six from mitotic cells. None of these sites
corresponded to known Nek9 activation loop or autophosphorylation sites (Roig
et al, 2005), thus indicating that the analysed sample contained mostly inactive
Nek9. All sites modified in exponentially growing cells (Ser29, Thr333, Ser750
and Ser869) were also present in mitotic cells, although with a much higher
abundance in these last samples (higher phosphorylated/unphosphorylated
peptide ratio as assessed from their peak intensities in the MS analysis).
Additionally, phosphorylated Ser827 and Thr885 were only detected in Nek9 from

mitotic cells. All identified sites but Thr333 conform to a [ST]P sequence, and
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thus are putative phosphorylation sites for Cdk1, a protein kinase that we have

shown is able to readily phosphorylate Nek9 in vitro (Roig et al, 2002) (see

below).
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10HCDSINSDFGSESGGCGDSS#PGPSAS 174 €4 370 E5
QGPR3s
331SSTVTEAPIAVVTSR345 143 E6 |6.21 E5
Thr333 2.1 18.7 9 x
331SSTH#VTEAPIAVVTSR345 3.12E4 (143 E5

735SNSSGLSIGTVFQSSSPGGGGGGGGG

414 E5 |4.35E4
EEEDSQQESETPDPSGGER779
Ser750 3.4 56.3 17 x
735SNSSGLSIGTVFQSSSPGGGGGGGGG 1.46 E4 |5.60 E4

EEEDSQQES#ETPDPSGGFR779

Ser827 - - - - -
s1sELENAEFIPMPDS#PSPLSAAFSESE
KDTLPYEELQGLKgs2
053 VASEAPLEHKPQVEASSPRg71 1.01 E6 |1.52 E5

Ser869 12.4 82.7 7 x
853VASEAPLEHKPQVEASS#PRg71 143 E5 |7.29 E5
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882GTPLT#PPACACSSLQVEVER901

Figure 13. A. Coomassie staining of the Nek9 immunoprecipitates used in the LC/MS/MS
analysis of phosphopeptides. Exp., exponentially growing cells; M, mitotic cells. NIgG, normal I1gG. B.
Phosphopeptides and their corresponding unphosphorylated counterparts identified in the LC/MS/MS
analysis of Nek9. The most probable phosphorylation site is marked in each case with a # sign. Peak
intensities for each peptide and sample are shown and used to infer the percentage of total peptide
that is phosphorylated in each case (phosphopeptide, % of total), as well as the fold increase of this

percentage in mitotic cells as compared to exponential cells (Fold increase in M).
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The Polo-box domain of Plk1 interacts with the Ser869 of Nek9

Three of the Nek9 phosphorylation sites identified, Ser29, Ser750 and
Ser869, conform to a S[S/T]P sequence, a motif that when phosphorylated at the
serine/threonine immediately preceding the proline (usually by proline-directed
protein kinases such as Cdk1) can be recognized by Plk1 Polo-Box domain
(PBD) (Elia et al, 2003a). Thus, we tested whether PIk1 could interact with Nek9
in exponentially growing and mitotic arrested cells. Figure 14 shows that Plk1
specifically coimmunoprecipitates with Nek9 in mitosis in HelLa cells and in

mouse embryo fibroblasts.
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ip. _aNek9 NIgG .. Ip: NIgG __a-Nek9 -
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Extract VB: WB:
2-PIk1 Extract
A S 2Pk 1
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Figure 14. Nek9 binds to Plk1 exclusively in mitosis. A. a-Nek9 or normal IgG (NIgG)
immunoprecipitates from exponentially growing (Exp.) or nocodazole-arrested mitotic (M) HelLa cell
extracts were analyzed by western blot (WB) using the indicated antibodies. Plk1 in the corresponding
extracts is shown in the lower panel. B. Normal IgG (NIgG) or a-Nek9 immunoprecipitates from
exponentially growing (Exp.) or nocodazole-arrested mitotic (M) embryonic mouse fibroblasts extracts
were analyzed by western blot (WB) using the indicated antibodies. Plk1 in the corresponding extracts
is shown in the lower panel.

To confirm Nek9 binding to the PBD and to identify the Nek9 S[S/T]P
phosphorylation sites responsible for the interaction, we tested whether
bacterially-expressed Plk1 PBD fused to GST (GST-Plk1[345-603]) could bind
different recombinant forms of FLAG-tagged Nek9 from cell extracts. Figure 15A
shows that FLAG-Nek9 wild type was able to interact with GST-PIk1 PBD but not
GST beads. The Nek9-PBD interaction was increased in mitotic extracts and was
totally abrogated by mutation of Nek9 Ser869 to the non-phosphorylable residue

alanine. Mutation of Nek9 Ser29 to alanine did not have any effect (consistently
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with our two-hybrid results), while mutation of Ser750 had only a minor effect on
the binding. We concluded that Nek9 specifically binds Plk1 during mitosis
through an interaction between phosphorylated Nek9[Ser869] and Plk1 PBD.
This is further supported by additional experiments in HeLa cells showing that in
contrast to wild type Nek9, Nek9[Ser869] does not interact with endogenous PIk1

in mitosis (see Figure 15B).
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FLAG- wt S869A wt  S869A S29A S750A S29A S750A
Nek9 :
© GST GST-PIk1[345-603] GST GST-PIk1[345-603]
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FLAG- wt S869A S29A S750A
Nek9 :
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. a-Plk1
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FLAG: - Nek9 Nek9
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Figure 15. The PBD of Plk1 binds to the Ser869 of Nek9. A. In vitro binding of different Nek9
forms to GST-Plk1 PBD. Extracts of exponentially growing (Exp.) or nocodazole-arrested mitotic (M)
Hela cells expressing the indicated FLAG-tagged forms of Nek9 were incubated with GST or GST-
PBD (GST-PIk1[345-603]) bound to GSH beads. After repeated washes, bound Nek9 was detected
by western blot (WB) with a-FLAG antibody, and GST-fusion proteins by Coomassie staining. FLAG-
Nek9 in the corresponding extracts is shown in the lower panel. B. HelLa cells were transfected with
empty FLAG vector (-), FLAG-Nek9 wild type or FLAG-Nek9[S869A]. Anti-FLAG immunoprecipitates
were obtained from exponentially growing (Exp) or nocodazole-arrested mitotic (M) cells and
immunobloted with the indicated antibodies. Plk1 in the corresponding extracts is shown in the lower
panel.
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Plk1 phosphorylates and activates Nek9 in vitro

We next tested whether PIk1, alone or in combination with Cdk1, could
phosphorylate Nek9. For this we used purified kinase-deficient FLAG-
Nek9[K81M] (Roig et al, 2002). As expected from our previous results (Roig et al,
2002), FLAG-Nek9[K81M] was phosphorylated by purified Cdk1/cyclin B
complexes (Figure 16A). Purified Plk1 readily phosphorylated FLAG-Nek9[K81M]
to a similar extent (up to ~6 moles of phosphate/mol of protein) (Figure 16B), and

in the in vitro conditions used showed only slight or no synergy with Cdk1.
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Figure 16. Nek9 is phosphorylated in vitro by Plk1. A. Kinase-defective FLAG-Nek9[K81M] was
expressed and purified from 293T cells and incubated with the indicated kinases for 30 minutes at 30
°C in presence of [v-32P]ATP/M92+. After SDS-PAGE, Nek9 was visualized by Coomassie staining,
and *P incorporation was visualized by autoradiograph (lower and middle panels) and quantified by
Phosphorlmager (mean + SEM of 3 independent experiments). Cdk7, Cdk1/Cyclin B. B. Plk1 is able
to incorporate until 6 molP/molINek9 into Nek9 KM. Nek9 KM expressed and purified from HEK293T
cells was incubated with 100 uM of [y*?PJATP for the indicated times. After SDS-PAGE, Nek9 KM
phosphorylation was quantified using a Phosphorimager.

Phosphorylation of Nek9 at Thr210 in the kinase activation loop is required for
Nek9 activation (Roig et al, 2005). To determine whether Plk1 could be directly
phosphorylating this activation loop, we incubated purified FLAG-Nek9[K81M] in
presence of ATP/Mg2+ and using a phosphospecific antibody that specifically
recognizes Nek9[Thr210-P] (Roig et al, 2005), we determined that Plk1 was able
to modify this site in vitro (Figure 17A). Under identical conditions, Cdk1/Cyclin B
and the non-relevant kinase JNK1 were not able to phosphorylate Nek9[Thr210].
As FLAG-Nek9[K81M] could have some residual activity, we verified these
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results using a mutant with the catalytic aspartic mutated to alanine FLAG-
Nek9[D176A] (Figure 17B).
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Figure 17. Nek9 is phosphorylated by Cdk1 and Plk1 at Thr210. A. FLAG-Nek9[K81M] expressed
and purified from 293T cells was incubated with the indicated kinases for 60 minutes at 30 °C in
presence of ATP/Mg”* and analyzed by western blot (WB) using the indicated antibodies. B. Kinase-
defective FLAG-Nek9[D176A] was expressed and purified from 293T cells and incubated for 60
minutes at 30 °C with [v-32P]ATP/M92+ |n presence or absence of Plk1. After SDS- PAGE, Nek9 was
visualized by Coomassie staining, and *P incorporation was visualized by autoradiograph (upper
panel). Identical samples were analyzed by western blot (WB) using the indicated antibodies (lower
panel).

To determine whether, as expected from previous data, Nek9[Thr210]
phosphorylation by Plk1 resulted in Nek9 activation, we incubated purified FLAG-
Nek9 without or with Plk1 in the presence of [y-32P]ATP/M92+. After different times
the model substrate histone H3 was added, and *P incorporation into H3
quantified (Figure 18). The ATP/Mg2+ concentration used (100 uM) supports PIk1
phosphorylation of Nek9, but also Nek9 autoactivation through
autophosphorylation (Roig et al, 2005); thus, in the absence of PIk1, Nek9
phosphorylation and activity towards histone H3 increased with time.
Nevertheless, Plk1 induced a further increase in Nek9 phosphorylation when
present, including Nek9 phosphorylation in the activation loop at Thr210, and a
concomitant increase of activity towards histone H3 (that it is not a substrate of

PIk1). We therefore concluded that in vitro PIk1 is able to directly activate Nek9.
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Figure 18. Nek9 is activated by PIk1 in vifro. FLAG-Nek9 was expressed and purified from 293T
cells and incubated with or without purified PIk1 in the presence of ATP/Mg2+ for the indicated times at
25°C. After incubation, £V-32P]ATP/M92+ and histone H3 were added to the reactions and further
incubated for 10 min. *P incorporation into Nek9 and H3 was visualized by autoradiograph. In
parallel, total Nek9 and Nek9[Thr210-P] were visualized by western blot (WB) using the indicated
antibodies (left, lower panels), and H3 was visualized by Coomassie staining (left). *’P incorporation
into H3 was quantified by Phosphorimager (right graph, mean + SEM of 3 independent experiments).

Cdk1 and Plk1 are necessary for Nek9 activation in vivo during

mitosis

We next determined whether Cdk1 and Plk1 activities were necessary for
Nek9 activation in vivo during mitosis. We arrested cells in metaphase with the
proteasome inhibitor MG132. As expected from previous data (Roig et al, 2005),
this induced a shift in Nek9 electrophoretical mobility (a result of Nek9 mitotic
phosphorylation) as well as Nek9[Thr210] phosphorylation (Figure 19A). The
APC/C subunit Cdc27 was used as readout for Cdk1 and Plk1 activities, as it
changes its apparent MW in response to changes in phosphorylation by both
kinases, (e.g. (van Vugt et al, 2004)). When under these conditions Cdk1 was
inhibited with Purvalanol A (Gray, 1998), neither Nek9 reduced electrophoretical
mobility nor phosphorylation at Thr210 could be observed. Inhibition of Plk1 with
B12536 (Lénart et al, 2007) although not affecting Nek9 reduced electrophoretical
mobility completely abrogated the Nek9[Thr210-P] signal. Thus while Cdk1
activity is necessary for Nek9 phosphorylation in mitosis and the resulting change
in electrophoretical mobility, Nek9 Thr210 phosphorylation and mitotic activation
requires both Cdk1 and Plk1.
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To support these results endogenous Nek9 was immunoprecipitated from
exponentially growing or mitotic arrested HelLa cells incubated with or without
Purvalanol A and the proteasome inhibitor MG132, and its activity was assayed
by the incubation of the kinase with H3 at 10 yM ATP. Nek9 from exponentially
growing cells cannot autoactivate at 10 yM ATP, but it is activated when cells are
arrested in mitosis (Roig et al, 2002). As expected from the previous results,
when mitotic cells are treated with Purvalanol A Nek9 activation is impaired
(Figure 19B).
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Figure 19. Cdk1 and PIk1 are necessary for Nek9 phosphorylation at Thr210 in vivo. A. HelLa
cells where arrested in mitosis with nocodazole. Mitotic cells were collected, washed and released in
media containing MG132 (20 yM) plus DMSO, Purvalanol A (20 uM) or BI2536 (100 nM) for 2h, and
cell extracts were analyzed by western blot (WB) using the indicated antibodies. Untreated cells are
shown in the first lane as a control. Asterisks mark protein bands with altered mobility due to
phosphorylation. B. Endogenous Nek9 from HelLa cells treated as in (A) was immunoprecipitated with
a-Nek9 antibody. Immunoprecipitates were incubated 15 minutes at 25°C in presence of [y-2P]ATP
and H3 as a substrate. *’P incorporation into Nek9 and H3 was visualized by autoradiograph (mean +
SEM of 3 independent experiments). C. Hela cells were transfected with the indicated RNAI. 24 hours
post transfection cells were fixed and stained with the indicated antibodies.
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Active Nek9 localizes at centrosomes in mitosis. In order to further confirm the
importance of Plk1 for the activation of Nek9 at centrosomes we downregulated
PIk1 using RNAi and checked for the presence of active Nek9 at centrosomes
using the Nek9[Thr210-P] antibody. Our preliminary results show that when Plk1
is not present, active Nek9 is not localized at centrosomes, further showing that

activation of Nek9 by Plk1 is necessary in vivo (Figure 19C).

Plk1 controls Eg5 phosphorylation at the Nek6 site Ser1033

Eg5 is phosphorylated during mitosis at Ser1033, a site that we have
previously shown is modified by the Nek9-activated Nek6/7 (Rapley et al, 2008).
Eg5[Ser1033-P] accumulates at centrosomes in prophase, and we therefore
speculated that Plk1 and Nek9 might control prophase centrosome separation
through Nek6/7 phosphorylation of this residue. Using an antibody that
specifically recognizes Eg5[Ser1033-P] (Rapley et al, 2008), we first confirmed by
RNAI that mitotic levels of Eg5[Ser1033-P] depend on Nek6, but also Nek7 and
their upstream kinase Nek9 (Bertran et al, 2011, Fig S6). Next, we sought to
determine whether Eg5[Ser1033] phosphorylation also depends on Plk1. For this,
we arrested cells in mitosis with nocodazole or by depleting PIk1 by RNAI. Mitotic
arrest was confirmed by FACS (not shown) and the levels of Eg5[Ser1033-P]
were compared with these present in exponentially growing cells. Cdc27 was
used as a control. Figure 20A shows that Eg5[Ser1033-P] was detected in
nocodazole-arrested cells but not in exponentially growing cells both by western
and immunofluorescence. PIk1 downregulation by RNAi resulted in the
abrogation of Eg5[Ser1033-P] from mitotic cells. Additionally, Eg5 depletion had a
similar effect, thus confirming the specificity of the antibody. Similar results were
obtained by using the Plk1 inhibitor BI2536, that resulted in mitotic cells without
any observable Eg5[Ser1033-P] accumulation (Figure 20B).
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Figure 20. Plk1 controls Eg5 phosphorylation at Ser1033. A. HelLa cells where arrested in mitosis
by either nocodazole (ND) treatment or RNAIi against Plk1 or Eg5 (24 hours transfection), collected
after mitotic shake off and cell extracts were analyzed by western blot (WB) or immunocytochemistry
using the indicated antibodies. Mitotic arrest was confirmed by FACS (not shown) and the
phosphorylatin state of Cdc27. Untreated cells (Exp.) are shown in the first lane as a control.
Asterisks mark protein bands with altered mobility due to phosphorylation. In parallel, cells were fixed
in methanol, ans stained with anti-y-tubulin, anti-Eg5[Ser1033-P] and DAPI. B. Hela cells where
incubated with nocodazole (ND, 0.25 mM) or B12536 (100 nM) for 16 hours. Cells in mitosis (M) were
collected after mitotic shake off, and cell extracts were analyzed by western blot (WB) using the
indicated antibodies. Mitotic arrest was confirmed by FACS (not shown) and the phosphorylation state
of Cdc27. Untreated cells (Exp.) are shown in the first lane as a control. Asterisks mark protein bands
with altered mobility due to phosphorylation.
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Active Nek9 and Nek6 are able to induce Eg5 phosphorylation at

Ser1033

WB:
S a-Eg5[S1033-P]

il 1L ESS

’ a-FLAG

Exp M -

Nek9ARCC1
Nek6

FLAG

Figure 21. Active Nek9 and Nek6 are able
to induce Eg5 phosphorylation at Ser1033.
Levels of Eg5[Ser1033-P], Eg5 and FLAG-
tagged proteins as determined by western blot
of cell extracts from cells transfected with the
indicated plasmids. First two lanes show
untransfected cell extracts from untreated
(Exp.) and nocodazole-arrested mitotic cells
(M). Note that FLAG- transfected cells are
growing exponentially.

Additional experiments showed that in
fact, transfection of either active
Nek9[A346-732] or Nek6 induced
ectopic Eg5 accumulation around
centrosomes in parallel to centrosome
separation even in interphase (Bertran et
al, 2011) and that this is accompanied
with Eg5[Ser1033] phosphorylation
(Figure 21; Rapley et al, 2008). Thus, a
physiological correlation exists between
Eg5 recruitment and centrosome
separation in prophase cells, and
activation of the Nek9/Nek6 module is
both necessary and sufficient to induce
both  phenomena in a cell-cycle-

independent manner.
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Identification of the sites phosphorylated by
Plk1 in Nek9

In order to continue with our study of Nek9 activation downstream of Plk1 and
in collaboration with the group of Dr. Judit Villén (University of Washington,
Seattle) we determined by mass spectrometry the different Nek9 sites

phosphorylated in vitro by Plk1.

For that we incubated the inactive form of Nek9, Nek9[K81M], with or without
PIk1 plus ATP/Mgz+ and analysed the corresponding bands from an SDS-PAGE
gel by mass spectrometry (LC/MS/MS). With this analysis we could identify
different sites that were putative Plk1 phosphorylation sites (Figure 22). Several
phosphosites were present in Nek9[K81M], that was purified from exponentially
growing cells. Some of these sites such as Thr392 were much higher
phosphorylated in the sample phosphorylated by PIk1, but did not conform to a
putative phosphorylation site for Plk1. We also found phosphorylated two sites
(Thr67 and Thr662) that conform to a canonical Plk1 phosphorylation sequence
[DE]X[ST1¢X[DE] (Nakajima et al, 2003) or [DNE]X[STI][F¢: noP][¢X] (Alexander
et al, 2011), where ¢ indicates hydrophobic residue and X indicates any residue.
Moreover, we also found phosphorylated Ser944. This site has been described
as an autophosphorylation site of Nek9 (Daub et al, 2008)(J. Avruch an J. Roig,
unpublished results) which negatively regulates the binding with LC8 (Regué et
al, 2011).
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Nek9 [K81M]

Nek9 [K81M] with Plk1
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Figure 22. Plk1 phosphorylates other Nek9 sites besides Thr210. Kinase defective FLAG-
NEK9[K81M] was expressed and purified from HEK 293T cells and incubated with the indicated
kinases for 30 minutes at 30°C in presence of ATP/Mg”. After SDS-PAGE, Nek9 was visualized by
Coomassie staining. Nek9 KM bands were excised and analysed by Mass Spectrometry.
Phosphorylated sites found in the analysis. The table shows the different peptides identified and the
relation between the phosphorylated and unphosphorylated area. The # sign indicates the putative
phosphorylation site (previous residue). Underlining indicates canonical Plk1 phophorylation site.
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To determine whether the phosphorylation of Thr67 and Thr662, the sites that
could be phosphorylated by Plk1 in vitro and conformed to a Plk1 canonical
phosphorylation site were important for the activation of Nek9 and thus the
phosphorylation of Thr210, we mutated these residues to an acidic
phosphomimetic residue, and checked for the activation state of these mutants
using the phosphospecific Nek9[Thr210-P] antibody. We additionally mutated all
the other residues that also conformed to a Plk1 canonical phosphorylation.
Figure 23 shows that when putative Plk1 phosphorylation sites located at the
RCC1 domain (Thr438, Thr544 and Thr662) are mutated to an acidic residue,
Nek9 may be phosphorylated at Thr210 in interphase indicating that the
phosphorylation of these sites could be important for the activation of the kinase.
A similar effect was observed with the putative Plk1 site present in Nek9

activation loop, Ser206.
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Figure 23. Plk1 putative phosphorylation sites localized at the RCC1 domain are important for
Nek9 activation. 293T cells were transfected with the indicated plasmids. A. 24 hours post-
transfection cells lysates were analysed by Western Blots of the cell lysates with the indicated
antibodies. B. Anti-FLAG immunoprecipitates from cells treated as in A were immunoblotted with the
indicated antibodies.
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Nevertheless, in our experiments we saw some activation of the wild type
form of Nek9 and we could not see activation of these mutants with a kinase
assay (data not shown), altogether indicating that more work needs to be done to

establish the importance of these sites for the activation mechanism of Nek9.
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Active Nek9 can partially overcome the Plk1

downregulation phenotype

It is very well described that when PIk1 is inhibited using RNAi (Sumara et al,
2004) or with the specific inhibitor BI2536 (Lénart et al, 2007) cells get arrested in
prometaphase with unseparated and immature centrosomes. Our group has
shown that some of the functions of Plk1 during these phases are performed by
Nek9 (Bertran et al, 2011; Sdelci et al, 2012). Thus we sought to study whether

active Nek9 could rescue Plk1 inhibition during cell cycle progression.

For this, we transfected Hela cells with FLAG-Nek9[A346-732] and
downregulated PIk1 activity by using RNAi or the chemical inhibitor BI2536, and
determined the cell cycle profile of the treated cells with FACS. As expected, in
cells where PIk1 was downregulated with RNAi the number of mitotic cells was
higher compared to cells where a control RNAi was transfected. When active
Nek9 was transfected in these cells, we could recover a normal cell cycle profile
(Figure 24). A similar (although more subtle) result was observed using the
chemical inhibitor BI2536. Figure 25 shows that when Plk1 was inhibited, cells
were completely blocked in G2/M, while in cells where active Nek9 was
transfected, a significant number of cells could scape from the mitotic block (5.2%
+/- 1.06 vs 1.5% +/- 0.6 in mock treated cells). FLAG Nek9 [A346-732 K81M]
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Figure 24. Active Nek9 can partially overcome the phenotype of downregulating Plk1. DNA
content of HelLa cells transfected with control or PIk1 RNAIi and the indicated plasmids. 24 hours post
transfection DNA content of all cells was analysed by Pl staining and FACS.
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(FLAG Nek9 ARCC1 KM) did not result in the observed phenotypes, thus

indicating that Nek9 activity is necessary to overcome Plk1 inhibition phenotype.
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Figure 25. A. Active Nek9 can partially overcome Plk1 inhibition phenotype. DNA content of Hela
cells transfected with the indicated plasmids. 24 hours post transfection cells were treated with DMSO
or BI2536 (100nM) for 8 hours. Afterwards, the DNA content of all cells was analyzed by Pl staining
and FACS. (meanz SEM of four independent experiments). B. Magnification of the chart of cells in G1
treated with BI2536.
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In order to know whether cells that were escaping from the mitotic block that
resulted from interfering with Plk1 were able to finish mitosis or whether
alternatively these cells were not entering mitosis altogether, we performed time-
lapse microscopy experiments. For that, we cotransfected Plk1 RNAIi, with or
without the active form of Nek9, Nek9[A346-732], and mCherry-H2B in HelLa
cells and followed the cells for 20 hours. As expected, cells where Plk1 RNAi was
transfected were arrested in prometaphase and did not finish mitosis (Figure
26A). However, a significant number of cells where in addition to Plk1 RNAI,
GFP-Nek9[A346-732] was transfected, entered mitosis, were able to escape from

the blocking and finished mitosis (Figure 26B and C).
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Figure 26. Cells transfected with active Nek9 can overcome PIk1 interference phenotype, and
finish mitosis. HelLa cells were transfected with Plk1 RNAi and the indicated plasmids. 24 hours post
transfection cells were imaged using a Automated Wide-field Olympus 1X81 microscope. Images were
acquired every 5 minutes during 20 hours. A. Stills from cells transfected with Plk1 RNAi and pEGFP.
B. Stills from cells transfected with Plk1 RNAi and pEGFP Nek9 ARCC1 (GFP Nek9 [A346-732]) .
Scale bars represent 10 ym. C. Quantification of three independent experiments (percentage of cells
in every film + SEM, 30 cells in each experiment).
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Nek9 is an Aurora A substrate

During our study of the phosphorylation of Nek9 by Plk1, we decided to test
whether another major mitotic protein kinase present at centrosomes, Aurora A,
was involved in the mechanism of Nek9 activation. We found that Aurora A was

also able to phosphorylate Nek9 and we decided to study this phosphorylation.

Nek9 is phosphorylated by Aurora A

To confirm the phosphorylation of Nek9 by Aurora A we purified kinase-
deficient FLAG-Nek9[K81M] from 293T cells and incubated it with purified Aurora
A. Figure 27A shows that Aurora A phosphorylates Nek9 in vitro. We next sough
to map this phosphorylation. For this we incubated Nek9[1-317], Nek9[305-754]
and Nek9[750-979] expressed and purified from bacteria, with [y->*P]JATP/Mg*" in
presence or absence of Aurora A. The results revealed that Aurora A is able to
phosphorylate the C-terminal domain, Nek9[750-979], and the RCC1 domain,
Nek9[305-754], of Nek9 (Figure 27B). In both cases, Cdk1/Cyclin B and PIk1

were used as positive controls.
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Figure 27. Aurora A phosphorylates the tail domain of Nek9. A. Nek9 KM purified from 293T was
incubated W|th the indicated kinases for 30 minutes at 30°C in presence of [y- 32P]ATP/Mgz+ After
SDS-PAGE, *P incoroporation was visualized and quantified by Phosphorimager. B. Nek9[1-317],
Nek9[305-750] and Nek9[754-979] domains were expressed and purified from bacteria using the
standard protocol. 1ug of Nek9 domains were incubated with or without purified Cdk1, PIk1 or Aurora
A. %P incorporation was visualized and quantified by autoradiography.
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Aurora A phosphorylates the tail domain of Nek9 at the Serine 978
and the Thr333 of the RCC1 domain

To map more accurately the phosphorylation motif of Aurora A, we expressed
different sub-motifs of Nek9 C-terminal domain in bacteria (Figure 28A) and
checked for the phosphorylation of them in vitro. For that, we incubated each
domain of Nek9 in presence of [y-*PJATP/Mg?* with or without Aurora A. Myelin
basic protein (MBP) was used as a positive control of Aurora A phosphorylation.
We confirmed that Aurora A was phosphorylating the C-terminal domain of Nek9
and that this phosphorylation was restricted to the last forty residues of the

protein (Figure 28B).

With in silico analysis we identified Ser978 as a putative phosphorylation site
for Aurora A, R[RK]X[ST][F;noP] (Ferrari et al, 2005; Alexander et al, 2011).
Moreover, this site, had already been found phosphorylated in some mass
spectrometry analysis performed by us and others (Daub et al, 2008)
(Oppermann et al, 2009). We mutated this residue to an alanine and to an
aspartic acid, and checked in vitro whether this mutation interfered with the
phosphorylation of Aurora A as in Figure 28B. Figure 28C shows that when
Ser978 was mutated, phosphorylation of Nek9[940-979] was totally abrogated
confirming Ser978 of Nek9 as the unique Aurora A phosphorylation site in Nek9

C-terminal region.
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Figure 28. Aurora A phosphorylates the C terminal domain of Nek9 at Ser978. A. Different
domains of Nek9 used. B. Nek9 fragments were expressed and purified in bacteria using the standard
?rotocols 1 pg of Nek9 fragments were incubated in presence of 0.2 pg Aurora A and 100 uM [y-

’PJATP for 30 minutes at 30°C. The reactlon was stopped by addition of SDS sample buffer, followed

by SDS-PAGE and Coomassie staining.

2p incorporation was quantified by Phosphorimager. 2p

incorporation into tail domain was set to 100%. C. Ser978 was mutated and the TCTerm domain was
expressed and purified as in (B). Kinase assay was performed as in (B).
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In parallel, we performed a mass spectrometry analysis of the inactive form of
Nek9 (Nek9[K81M]) phosphorylated by Aurora A. For this we incubated purified
Nek9[K81M] with ATP/Mg2+ in presence or absence of Aurora A. The bands
corresponding to FLAG-Nek9[K81M] were excised from an SDS-PAGE gel and
analysed by mass spectrometry (LC/MS/MS). The results revealed the presence
of different sites phosphorylated although none of them conformed to a canonical
Aurora A site. Interestingly, one of the phosphopeptides detected contained the
residues 331-333. Thr333 does not exactly conform to a putative Aurora A
phosphorylation site, R[RK]X[ST][F;noP] (Alexander et al, 2011), but it only
differs in one residue, RSST#V and when comparing the phosphorylation of this
peptide in the sample phosphorylated by Aurora A with the one that had not been
phosphorylated, the phosphorylation rate significantly increases (43-fold) (Figure
29). Additionally the residues 331-3 had previously been found phosphorylated
by us in our mitotic analysis (Figure 13) where it was found to be increased 9-fold
in mitotic cells vs. exponentially growing cells, and our analysis of Plk1
phosphorylation of Nek9 (Figure 22) were although present in cells, was not
increased upon incubation with Plk1. Additionally, others have described the
presence of this phosphosite in vivo (Olsen et al, 2010; Wissing et al, 2007). All
this leads us to propose Ser333 as a site phosphorylated by Aurora A in vitro and
possibly in vivo. More work will be needed to confirm the phosphorylation of
these sites and also to identify which is the biological significance of these

phosphorylations.
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Figure 29. Kinase defective FLAG-NEK9[K81M] was expressed and purified from HEK 293T cells

and incubated with the indicated kinases for 30 minutes at 30°C in presence of ATP/Mg2+. After SDS-
PAGE, Nek9 was visualized by Coomassie staining. Nek9 KM bands were excised and analysed by
Mass Spectrometry. Phosphorylated sites found in the analysis. The table shows the different
peptides identified and the relation between the phosphorylated and unphosphorylated area.
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Aurora A binds to the tail domain of Nek9

We next sought to determine whether Aurora A and Nek9 were interacting.
For that we performed GST pull down assays of different Nek9 domains
expressed in 293T cells with endogenous Aurora A. Figure 30 shows that Aurora
A binds to Nek9[759-979] domain but not to Nek9[1-316] and Nek9[317-758]
domains. Unfortunately, we were not able to detect endogenous binding between

both proteins (not shown).
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Figure 30. Aurora A binds to the tail domain of Nek9. GST pull-downs from HEK293T cells
transfected with the indicated GST-Nek9 fragments were immunobloted with Aurora A antibody. A
cartoon of the Nek9 fragments used is shown

Aurora A activity is not required for the phosphorylation of Thr210
but localization of active Nek9 at centrosomes is impaired when
Aurora A is inhibited.

Aurora A has been shown to localize to centrosomes during mitosis, and it
has several roles in bipolar spindle formation (Giet, 1999; Sardon et al, 2008) and
centrosome maturation (Abe et al, 2006) (Barr & Gergely, 2007; Carmena et al,
2009). Besides, active Nek9 is also localized at centrosomes in mitosis (Roig et

al, 2005), and we have published that it is important for centrosome separation in
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prophase (Bertran et al, 2011) and also for centrosome maturation through
Nedd1 (Sdelci et al, 2012).

Due to the similarity in either localization or function of both proteins, we
wanted to find if Aurora A was necessary for the phosphorylation of Nek9 at
Thr210 in mitosis. For that, we arrested cells in prometaphase with the
proteasome inhibitor MG132. As expected, that leads to the phosphorylation of
the activation loop of Nek9. As a positive control of the inhibition of the
phosphorylation at Thr210 the treatment with Purvalanol A was used.
Nevertheless, when we incubated cells with the inhibitor of Aurora A MLN8237
(Sardon et al, 2010) we could still detect phosphorylation of the Thr210, strongly
suggesting that Aurora A activity is not required for the activation of Nek9 (Figure
31A).

To see if active Nek9 was localizing at centrosomes despite the absence of
Aurora A, we transfected cells with control or Aurora A RNAi and checked for the
phosphorylation of the Thr210 with immunofluorescence using the Nek9[Thr210-
P] antibody. Figure 31B shows that, as expected, Nek9[Thr210-P] localizes at
centrosomes in control cells during mitosis. Our results, although somehow
preliminar, show that when Aurora A is downregulated, active Nek9 is not

detectable at the centrosomes.
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Figure 31. Aurora A is not necessary for the phosphorylation of the Thr210, but is required for the
localization of active Nek9 at centrosomes. A. Hela cells were arrested in mitosis with nocodazole.
Mitotic cells were collected, washed and released in media containing MG132 (20 yM) plus DMSO,
Purvalanol A (20 uM) or MLN 8237 (500 nM) for 1h, and cell extracts were analyzed by western blot
(WB) using the indicated antibodies. Untreated cells are shown in the first lane as a control. B. Hela

cells were transfected with control RNAi or Aurora A RNAI. 24 hours post transfection cells were fixed
and stained with Nek9[Thr210-P] (green), y-tubulin (red) and DAPI (blue).
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Chemical Genetic Approach

Introduction

Inhibiting kinases has always been a difficult task to tackle (Cohen, 2002; Dar
& Shokat, 2011), because even though there is a large number of kinases with
very different functions, all kinase catalytic domains are structurally very similar
and the use of inhibitors leads to a lot of unespecificity (Hunter, 2000). During the
last years we have inhibited Nek9 using different approaches, but in order to
have an acute and highly penetrant inhibition of the kinase we sought to inhibit it
chemically. The lack of a suitable specific Nek9 inhibitor lead us to take a

chemical genetic approach (Table 2).

A chemical genetic method for the generation of target-specific protein kinase
inhibitors was developed some years ago in Dr Shokat laboratory (UCSF)
(Bishop et al, 1998). As a general overview, the strategy consists on doing a
functionally silent mutation in the ATP binding pocket (gatekeeper residue) of the
target kinase that sensitizes it to inhibition by a bulky ATP analog and that does

not inhibit wild type kinases.

The design strategy of the kinase-sensitization approach utilizes the
engineering of a ‘hole’ in the ATP-binding site of the target kinase and a
corresponding ‘bump’ on the small molecule inhibitor. Site-directed mutagenesis
of a large amino acid side chain to a small side chain (alanine or glycine)
generates the unique hole in the kinase of interest. The necessary criteria for the

sensitizing mutation are similar for any target kinase (Bishop et al, 2001).

Mutagenesis of this large amino acid side chain to a small side chain (alanine
or glycine) generates the unique hole in the kinase of interest. The criteria for the
mutation site are:

* The wild-type residue should be large enough such that site-directed

mutagenesis to glycine or alanine would create a novel binding pocket.
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* The corresponding residue should not be occupied by an alanine or

glycine in other protein kinases.

* Mutation of the residue should be functionally silent.

* Ideally,

the

residue

identified

for

drug-sensitization

would be

generalizable to other protein kinases. This eliminates the need to

redesign the kinase—inhibitor interface for each target kinase.

Observed
Method Onset Penetrance Advantages Disadvantages phenotype with
Nek9
Ptk2 cells
microinjected in
interphase never
enter mitosis.
Single cell, effect When injected
Antibody Semi- . . may depend on during prophase
microinjection acute Variable Semi-acute epitope and they present
antibody prometaphase
arrest, aberrant
spindles and
aneuploidy (Roig
et al. 2002)
No centrosome
separation
(Bertran et al.
Depends on Incomplete 2011)
RNAi 48h threshold and Immediate knockdown, slow No centrosome
knockdown results onset of action, maturation (Sdelci
efficiency off-target effects et al. 2012)
Delay in mitosis
(Bertran et al.
2011)
c . Rapid onset, Off-target effect, Non-specific
. omplete with - :
Pharmacologi- | Acute high portable to time-consuming results
cal inhibitor (min) concentration different cell drug discovery (Unpublished
lines effort results)
Time consuming,
Rapid onset, mutant
Complete with easy to gonstructions
Chemical ) distinguish might no rescue
. Acute high . 27??
genetics concentration on-target vs | gene function, less
off-target portable than
effects pharmacological
inhibitor
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Table 2. Different approaches used to inhibit Nek9 and observed phenotype.
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Leucine 128 identified as the putative gatekeeper residue of Nek9

In order to identify the gate-keeper residue of Nek9 we did a sequence
alignment of Nek9 with other kinase domains of the kinome using the Protein
Kinase Database (http://sequoia.ucsf.edu/ksd/) developed in Dr. Shokat’s
laboratory (Buzko & Shokat, 2002)(Gregan et al, 2007).

The alignment revealed that the putative Nek9Q gatekeeper residue was
Leucine 128 (Figure 32A).

To determine if this residue was localized in the ATP binding pocket, we took
advantage of the structures of Nek2 (Westwood et al, 2009) (Figure 32B) and
Nek7 (Richards et al, 2009a) (Figure 32C) which had already been solved. The
homologous Met86 for Nek2 and Leu111 for Nek7 both localize at their ATP
binding pocket, and due to the high similarity between the kinase domains of
these kinases we assumed that Leu128 of Nek9 was also localizing at the ATP
binding pocket.

A Nek6 EDN-====- ELNIVLELADAGDLSQMIKYFKKQKRLIPERTVWKYFVQLCSAVEHMHSRR 167
Nek7 EDN-===== ELNIVLELADAGDLSRMIKHFKKQKRLIPERTVWKYFVQLCSALEHMHSRR 156
Nek9 DNT====—- TLLIELEYCNGGNLYDKILRQKD-~-KLFEEEMVVWYLFQIVSAVSCIHKAG 171
PKA DNS====a= NLYMVMEYVPGGEMFSHLRRIGR~~~~FSEPHARFYAAQIVLTFEYLHSLD 119
CAMKI SGG===——— HLYLIMQLVSGGELFDRIVEKGG~~~~YTERDRSRLIFQVLDAVKYLHDLG 117
JNK2 POKTLEEFQDVYLVMELMDANLCQVIHMELDHER-====~~ MSYLLYQMLCGIKHLHSAG 121
CDK2 TEN====== KLYLVFEFLHQDLKKFMDASALTGIP-~-LPLIKSYLFQLLQGLAFCHSHR 119
Nek2 DRTN-~---TTLYIVMEYCEGGDLASVITKGTKERQYLDEEFVLRVMTQLTLALKECHRRS 131
c-src EEP-====== IYIVTEYMSKGSLLDFLKGETG-~-KYLRLPQLVDMAAQIASGMAYVERMN 115

e i *s

Figure 32. A. Structure-based sequence alignment of Nek9 with other kinases domains was
performed using the Kinase Sequence Database (Buzko & Shokat, 2002). In yellow the gate-keeper
residue. B. Nek2 structure with its gatekeeper residue shown in pink modified from pbd structuture
2w5a. C. Nek7 structure with its gatekeeper residue shown in pink modified from the pbd structure
2wqgn.
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Once we had identified Leucine 128 as the putative gatekeeper residue, we

mutated it to a glycine and to an alanine.

We then tested the activity of Nek9 wild type, Nek9[L128A] and Nek9[L128G].
For that, we pre-activated FLAG tagged proteins immunoprecipitated from 293T
cells at different times in presence of 100 uM ATP/Mg”. After washes, H3 was
added and Nek9 kinase activity was determined at 10 yM [V-SZP]ATP in presence
of Mg”. As published, under these conditions Nek9 was activated (Roig et al,
2002), and the negative control used (Nek9[Ser206A][Thr210A]) had no activity.
Regarding Nek9[L128A] and Nek9[L128G], they have catalytic activity and can
phosphorylate H3, but in a lesser extend than the wild type (Figure 33). Similar
behaviours have been already described in other analog sensitive kinases such
as PIk1 (Burkard et al, 2007).
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Figure 33. A. CMV5 FLAG mutants were transfected in HEK 293T cells. Expression was
detected with an antibody against the FLAG tag. B. Different mutants were expressed as in A. After
immunoprecipitation Nek9 was activated at different times at 25°C in phosphorylation buffer in
presence of 100 yM ATP/Mg®*. After washes, Nek9 activity was measured by the addition of 10 yM
[y32P] ATP and H3 during 10 minutes at 30°C. 2p incorporation was stopped by addition of SDS
sample buffer followed by SDS-PAGE. Nek9 and H3 were visualized by Coomassie staining, and **P
incorporation was visualized by autoradiograph and quantified with Phosphorimager. Phosphorylation
of Nek9 at time 0 minutes was set to 100%. Basal and maximal activity indicated in the chart.
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Compensatory mutations

Despite the broad applicability of the chemical genetic approach, a
considerable number of kinases, roughly 30% of those tested to date, do not
tolerate the mutation of the gatekeeper residue to glycine or alanine. These
intolerant kinases have a severe loss of activity when the gatekeeper residue is

mutated.

Zang and co-workers described a general method to rescue the activity of
these intolerant kinases that consists on doing a compensatory mutation in the
amino-terminal lobe of the ATP-binding pocket (Zhang et al, 2005). Doing a
genetic selection with APH(3’)-1lla, which does not tolerate the mutation of the
gatekeeper residue, they identified some residues (sogg) in the antiparallel B-
sheet of the kinase N-terminal subdomain that were important for the activity of
the mutated kinase. Then they performed structure-based sequence alignment
with other intolerant kinases and identified these residues. This method can be
extended to other kinases that do not tolerate the single space-creating

gatekeeper mutation (Figure 34A).

In order to identify the sogg residues in Nek9, we performed structure-based
sequence analysis using c-src (a tolerant kinase used as a model) with T-Coffee
(Di Tommaso et al, 2011). The alignment revealed us the existence of some
residues that could be good candidates to mutate (V66, G67, V78) (Figure 34B).
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Figure 34. A. Table with the suggested sogg mutations in different kinases. Adapted from Zang

et. al, 2005. B. Alignment of Nek9 and c-src to find the putative sogg mutations.

We mutated these residues individually, checked for the expression of the
mutants (Figure 35A) and performed the same activity assay that has already

been described (with an incubation time of 30 minutes).

Figure 35B shows that when we mutate Val78 either in Nek9[L128A] or
Nek9[L128G] the activity of the mutant is completely abrogated. Regarding the
residue Val66, the mutant Nek9[L128G V66A] is completely inactive, but when
this residue is mutated in Nek9[L128A] it has an activity comparable to
Nek9[L128A]. Moreover, both mutants Nek9[L128A G67W] and Nek9[L128G
G67W] could phosphorylated H3 at a similar extent as Nek9[L128A].
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Even though we did not increase the activity of Nek9[L128A] with any of the
mutations, we decided to continue our study with the four mutants that showed
some activity in this assay, Nek9[L128A], Nek9[L128A V66A], Nek9[L128A
G67W], Nek9[L128G G67W].
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Figure 35. Compensatory mutation activation assays A. CMV5 FLAG mutants were transfected
in HEK 293T cells. Expression was detected with an antibody against the FLAG tag. B. Different
mutants were expressed as in (A). After immunoprecipitation Nek9 was activated for 40 minutes at
25°C in phosphorylation buffer in presence of 100 uM ATP/Mg After washes, Nek9 activity was
measured by the addition of 10 uM [y P] ATP and H3 during 10 minutes at 30°C. *P incorporation
was stopped by addition of SDS sample buffer followed by SDS-PAGE. Nek9 and H3 were visualized
by Coomassie staining, and **P incorporation was visualized by autoradiograph and quantified with
Phosphorlmager. Phosphorylation of Nek9 wt without preacitvation was set to 100%.

106



Results

Inhibition of the analog sensitive mutant

The chemical molecules used as inhibitors are N6-substituted adenosine
molecules (Shah et al, 1997) based on the PP1 series of threonine selective
kinase inhibitors (Bishop et al, 1999), and bind only to kinases with an

engineered gatekeeper, and not to the wild type kinases (Figure 36).

1-NM-PP1 2-NA-PP1 B-PP1 3-MB-PP1

Figure 36. Strutures of the molecules typically used as ATP analog sensitives

We performed Nek9 activation assays with Nek9 wild type and the four
mutants that were active, in presence of NM-PP1 to find if some of them could be
inhibited by this ATP analog. For that we pre-activated FLAG-Nek9 wild type and
the four mutants that showed activity with 100 pM ATP/Mg2+ and in presence or
absence of NM-PP1 (10 uM). Nek9 activity was measured by the addition 10 yM
[y-32P] ATP and presence or absence of NM-PP1 (10 uM). As expected Nek9
wild type was not inhibited in presence of NM-PP1. Even though three of the
mutants (Nek9[L128A], Nek9[L128A V66A], Nek9[L128A G67W]) did not show
inhibition in presence of the inhibitor, we were able to inhibit both Nek9[L128G
G67W] autophosphorylation and activity towards histone H3 with the ATP analog
NM-PP1 (Figure 37).
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Figure 37. CMV5 FLAG mutants were transfected in HEK 293T cells. After immunoprecipitation
Nek9 was activated for 40 minutes at 25°C in phosphorylation buffer in presence of 100 uM ATP/Mg2+
and in presence or absence of NM-PP1 (10uM). After washes, Nek9 activity was measured by the
addition of 10 uM [y-P] ATP and H3 during 10 minutes at 30°C with NM-PP1 (10uM). *P
incorporation was stopped by addition of SDS sample buffer followed by SDS-PAGE. Nek9 and H3
were visualized by Coomassie staining, and *’P incorporation was visualized by autoradiograph and
quantified with Phosphorimager. Phosphorylation of Nek9 wt without preactivation and with no
inhibitor was set to 100%.

Nowadays, different ATP analogs are commercially available, so we
wondered if we could have some better inhibition of the mutant Nek9[L128G
G67W] using a different inhibitor. For that, we performed Nek9 activation assays
(See above for conditions) with different concentrations of two other inhibitors,
NA-PP1 and 3MB-PP1, apart from NM-PP1. Figure 38 shows that the three
inhibitors do not have any effect on Nek9 wild type activity, but that all of them
inhibit the putative analog sensitive mutant. Even though the three inhibitors were
able to inhibit the mutant Nek9[L128G G67W], the inhibitor NM-PP1, performed a
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stronger inhibition of the kinase, so we decided to use this molecule as inhibitor

for the rest of the experiments.
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Figure 38. Nek9[L128G G67W] is inhibited with different ATP analogs. CMV5 FLAG mutants
were transfected in HEK 293T cells. After immunoprecipitation Nek9 was activated for 30 minutes at
25°C in phosphorylation buffer in presence of 100 yuM ATP/Mg2+ and in presence of different
concentrations of 3MB-PP1, NA-PP1 or NM-PP1 (0, 0.1, 1,5, 7.5, 10, 50, 100 uM). After washes,
Nek9 activity was measured by the addition of 10 yM [y-*P] ATP and H3 during 10 minutes at 30°C
with the different inhibitors at the same concentration as in the preactivation step. Phosphorylation
with 0 pM of inhibitor was set to 100%. **P incorporation was stopped by addition of SDS sample
buffer followed by SDS-PAGE. **P incorporation was quantified with Phosphorimager.

After doing some more activation analysis of Nek9[L128G G67W] in presence
of the ATP analog NM-PP1 to confirm the significant inhibition of the mutant
(Figure 39), we could confirm that Nek9[L128G G67W] behaves as an analog

sensitive mutant in vitro.

A similar project was initiated with Nek6 and Nek7 but we were not successful

in getting a mutant that behaved as an analog sensitive mutant.
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Figure 39. Nek9[L128G G67W] behaves as an analog sensitive mutant in vitro. CMV5 FLAG
mutants were transfected in Hek 293T cells. After immunoprecipitation Nek9 was activated for 30
minutes at 25°C in phosphorylation buffer in presence of 100 uM ATP/Mg2+ and in presence of
different concentrations of 3MB-PP1 or NM-PP1 at 10 uM. After washes, Nek9 activity was measured
by the addition of 10 yM [y-**P] ATP and H3 during 10 minutes at 30°C with NM-PP1 (10uM) or 3-MB-
PP1 (10J,IM). %P incorporation was stopped by addition of SDS sample buffer followed by SDS-
PAGE. P incorporation was quantified with Phospholmage.
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Nek9 is activated by Plk1 and this activation is necessary for
prophase centrosome separation (See appendix 2, Bertran et.
al, 2011)

The NIMA-kinases Nek9, Nek6 and Nek7 form a signalling cassette required
for mitotic progression (Belham et al, 2003; Roig et al, 2002, 2005; O’Regan et al,
2007). It has been described that Nek9 is phosphorylated in mitosis and that only
a small amount of it (5%) is activated at centrosomes, thus suggesting the
existence of distinct and differentially phosphorylated pools of Nek9. Once active,
Nek9 phosphorylates and activates Nek6 and Nek7. Nevertheless, the molecular
mechanism that drives the activation of Nek9 has remained elusive until the

beginning of this work.

By using a mass spectrometry approach we have identified different in vivo
Nek9 mitotic phosphorylated sites. All the phosphorylated sites found in this
analysis had already been reported in different high-throughput phosphorylation
assays, and our work confirms their existence in vivo (see appendix 1). Apart
from three putative Cdk1 phosphorylation sites (Ser29, Ser750, Ser869, all of
them with a Pro residue at position +1), we found Thr333 phosphorylated, a site
that has been found modified in all the MS analysis performed until now and that
we propose is an Aurora A phosphorylation site (see below). We also found two
sites phosphorylated, Ser827 (Oppermann et al, 2009; Daub et al, 2008) and
Thr885 (Oppermann et al, 2009; Hegemann et al, 2011; Daub et al, 2008) that
are only present in mitosis and that overlap a PXXP domain, which is a putative
SH3 domain binding motif (Mayer, 2001), suggesting these sites as possible
regulators of the interaction of Nek9 with other yet to be identified proteins. It has
to be noted that we did not find phosphorylated Thr210, a residue described to be
essential for the activation of Nek9, thus suggesting that the mitotic sample

analysed is predominantly a phosphorylated but not active form of the kinase.

The nature of Ser29, Ser750 and Ser869 suggested that Plk1 could bind to

Nek9, as most of them conform to a Cdk1 phosphorylation sites but also to a
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Polo-Box domain binding site. Indeed, we found that Nek9 and PIk1 interacted in
a mitotic specific manner. We were able to confirm this interaction both in vitro
and in vivo mapping it to Plk1 PBD domain, and we could also show that the
binding between Nek9 and PIk1 is conserved in mice. In addition, through
mutation of the putative binding sites to non phosphorylable residues we showed
that the interaction was through the Ser869 of Nek9. Moreover, our group also
performed yeast two-hybrid assays, confirming our data and mapping the
interaction between the tail domain of Nek9 and the PBD of PIk1 (Bertran et al,
2011). Last, during the progress of our work, Nek9 was found as a PIk1
interacting protein in a mass spectrometry assay designed to find Plk1 interactors
(Kettenbach et al, 2011).

When looking for the conservation of the binding site among species, we
found that Ser869 is only conserved in primates, but it is not found in mouse.
Ser750, another putative PIk1 binding site, does not play an essential role in
human but when it is mutated into a non-phosphorylable residue, the binding
between Plk1 and Nek9 loses the mitotic specificity, indicating that it may help in
the binding between the two proteins. As Ser750 is conserved in mouse and rat
we suggest that this site could be the binding site between Nek9 and PIk1 in
rodents (Figure 40).
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Rat FTIAATDDNHIFAWGNGGNGRLAMTPTERPHGSDICTSWPRPIFGSLHHVPDLSCRGWHT 718

Mouse FTIAATDDNHIFAWGNGGNGRLAMTPTERPHGSDICTSWPRPIFGSLHHVPDLSCRGWHT 720

Human FTIAATDDNHIFAWGNGGNGRLAMTPTERPHGSDICTSWPRPIFGSLHHVPDLSCRGWHT 720
kkhkhkhhkkkhkhkhhhhkhkhkhhhhhhkhhhhhhhkhdhhhhhkhkhdhhhhhkhkhdhhhhkkhkhdhhhkhkrk k%%

Rat ILIVEKVLNSKTIRSNSSGLSIGTVVQSSSPGGRIGGGGG-—————~— EEEDSQQESETPD 771

Mouse ILIVEKVLNSKTIRSNSSGLSIGTVVQSSSPGGGIGGGGGGGGGGGGEEEDSQQESETPD 780

Human ILIVEKVLNSKTIRSNSSGLSIGTVFQSSSPGGGGGGGGG—-——=——~- EEEDSQQESETPD 773
khkkkhhhhkdhhdhhrdddhhrhddd *kddhxx *kkk*k kkkkkhkkkkkhkhk*x

Rat PSGGFRGTMEADRGMEGLISPTEAVGNSCGASSSCPGWLRKELENAEFIPMPDSPTPLSA 831

Mouse PSGGFRGTMEADRGMEGLISPTEAVGNSCGASSSCPGWLRKELENAEFIPMPDSPAPLSA 840

Human PSGGFRGTMEADRGMEGLISPTEAMGNSNGASSSCPGWLRKELENAEFIPMPDSPSPLSA 833
Fhkkhdhhdrdkddbhhkdhhdbhhdhddgohdkd Fhhkhddbrrhddbrdrhddbrrhddbhgxhdh

Rat AFSQSEKDTLPYEELQGLKVASEVPPEHQPAVGAWPPRLNPAVPCVGK--ALTSPACACS 889

Mouse AFSQSEKDTLPYEELQGLKVASEVPPEPQRAAGAWPPRLDPAVPCVGK--ALTSAACACS 898

Human AFSESEKDTLPYEELQGLKVASEAPLEHKPQVEASSPRLNPAVTCAGKGTPLTPPACACS 893
kkkghkkhkkkhhhkhkkkkhhkkh ok * 3 Kk _kkkgkkk Kk Kk _kk_ _kkkk*

Rat ALQVEVERLQGLVLKCLDEQQKLQQENLQIVTQLOKLNKRLEGGQQVGMHSRGTQTAKED 949

Mouse ALQVEVDRLQALVLKCLEEQQKLQQENLOMFTQLOKLNKKLEGGQQVGMHSRGTQTAKEE 958

Human SLQVEVERLQGLVLKCLAEQQKLQQENLQIFTQLOKLNKKLEGGQQVGMHSKGTQTAKEE 953

shkhkkoghhh Khhkhhkdh dhkhhkhhhhhdhhg Fdhhhhhhkghhdhhhhhhhdhohdhdhdhhg

Rat MEMDPKPDLDSDSWCLLGTDSCRPSL 975
Mouse MEMDPKPDLDSESWCLLGTDSCRPSL 984
Human MEMDPKPDLDSDSWCLLGTDSCRPSL 979
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Figure 40. Alignment between human, rat and mouse Nek9. It is shown in red human Ser869 and

in green Ser750

The binding between Nek9 and Plk1 takes place exclusively in mitosis
between the Polo-Box domain of Plk1 and the Ser869 of Nek9. Ser869 is a
putative Cdk1 phosphorylation site, and it is phosphorylated in mitosis, so the
binding between the two proteins shows Nek9 as a classical Plk1 binding partner,
which we propose is first phosphorylated by Cdk1, allowing this phosphorylation
the binding to Plk1 (Lowery et al, 2004, 2005). Binding of both kinases through
the Ser869 of Nek9 may be important for normal cell growth, because it has been
found that Pro870 is mutated to a serine in lung neuroendocrine carcinoma
(Greenman et al, 2007). With this mutation Cdk1 would not be able to recognize
the site as a phosphorylation site, so the binding between Nek9 and Plk1 may be

impaired in these tumours.

Regarding the activation mechanism of Nek9, it has been described that
phosphorylation of the Thr210 is a crucial step for the activation of Nek9 and that
only a small amount (5%) of the kinase is activated at centrosomes during mitosis

(Roig et al, 2005). In addition, Nek9 can autophosphorylate in vitro at subcellular
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ATP concentration leading to the autophosphorylation of the Thr210 and further
activation of the kinase (Roig et al, 2002). Nek9 is thus inactive in interphase in
concentrations of ATP that would support its activation in vitro, suggesting that
mechanisms are in place that either inactivate the kinase (i.e. by
dephosphorylation) or impede its activation (i.e. binding of the activation loop to
the autoinhibitory RCC1 domain). It has remained elusive until now how these
mechanisms are overturned in mitosis, and whether some other kinase could be
also responsible of the phosphorylation of Thr210. With the use of two different
inactive mutants (Nek9[K81M] and Nek9[D176A]) we have shown that Plk1 is
able to directly phosphorylate Nek9 at its activation loop at Thr210. Moreover, we
propose a mechanism in which Nek9 is first phosphorylated by Cdk1 at the
Ser869 thus allowing the binding and subsequent phosphorylation of Plk1 directly
to the activation loop (Thr210), connecting three of the main mitotic kinase
families and suggesting a complete mechanism of activation of Nek9 that could
be complemented by Nek9 autophosphorylation in order to increase kinase

activation locally.

Surprisingly, Nek9 does not need to be primed by Cdk1 to be phosphorylated
by PIk1 in vitro. Nevertheless, both kinases are necessary for its activation in
vivo. This behaviour has already been observed in other Plk1 substrates such as
TCTP (Yarm, 2002), Myt1 (Nakajima, 2003), NudC (Zhou et al, 2003) or Hbo1
(Wu & Liu, 2008), suggesting that priming phosphorylation is not absolutely

required under conditions of high substrate and enzyme concentration.

Nek9 is phosphorylared in vivo in a Plk1 dependent manner (Apendix 1)
(Santamaria et al, 2011; Kettenbach et al, 2012, 2011), and besides Thr210, in
silico analysis of the sequence of Nek9 showed that it contains additional sites
with the putative Plk1 phosphorylation motif [DE]X[ST]¢X[DE] (Nakajima et al,
2003), [DNE]X[STI[F¢: noP][¢X] (Alexander et al, 2011), where ¢ indicates
hydrophobic residue and X indicates any residue. In order to find whether these
sites were phosphorylated by Plk1 we performed a MS analysis of inactive form
of Nek9 (Nek9[K81M]), incubated with or without Plk1 in presence of ATP/Mg”.

Our mass spectrometry assay had a coverage of 53.45% of the protein and some
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of the putative PIk1 phosphorylation sites were not covered (Thr438, Thr544,
Thr662), so we could not conclude if they were phosphorylated by Plk1.
Nevertheless, we found phosphorylated two putative Plk1 phosphorylation sites
(Thr67 and Thr662), among other sites with unknown significance and that do not

conform to a putative Plk1 phosphorylation site.

Thorness and Koshland demonstrated that substituting a phosphorylated
residue by an acidic one is a very useful tool to mimic phosphorylation of a
particular site (Thorness & Koshland, 1987). This is based on the fact that when
phosphorylable residues (Ser, Thr and Tyr) are phosphorylated they have very
similar chemical properties to negatively charged aminoacids (Asp and Glu).
Nevertheless, sometimes more mutations are needed and even in some cases it
has been shown that the phosphomimetic mutant behaves as the
unphosphorylated form (Pearlman et al, 2011). To find if the phosphorylation of
some of the candidate Plk1 phosphorylation sites were responsible of the
activation of Nek9 we mutated each residue into an acidic residue and checked
for the phosphorylation at the Thr210 with the anti-Nek9[Thr210-P] antibody.

Some of the in silico identified sites had already been found in
phosphoproteomic analysis, such as the Thr76 (Daub et al, 2008), which was
described as a Plk1 phosphorylation site (Appendix 1). In spite of that, we do not
see any effect of its mutation to a phosphomimetic residue in the activation state
of Nek9. After immunoprecipitation of phosphomimetic mutants and further
western blot with the a-Nek9[Thr210-P] antibody we showed that Nek9[T438E],
Nek9[T544E] and Nek9[T662E] may lead to the phosphorylation of the Thr210.
These putative PIk1 phosphorylation sites are located in the RCC1 domain, which
acts as an autoinhibitory domain. This result, although preliminary, suggest a
mechanism in which Plk1 would phosphorylate some of these residues in the
RCC1 domain, and as a consequence of some or a combination of these
modifications the kinase domain would be released thus allowing the
phosphorylation of the Thr210 and activation by Plk1 (Figure 41). Nevertheless,
additional experiments will be needed to settle the molecular details responsible

for Nek9 activation.
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Our group is presently trying to determine Nek9 tridimensional structure of
Nek9, so to unravel the structure of the protein will be crucial to confirm the
importance of these and other residues in the binding between the kinase and the
RCC1 domain.

[ Kinase Domain

[ Kinase Domain

Figure 41. Proposed mechanism for Nek9 activation by Plk1

In summary, we propose a Nek9 activation mechanism that consists on a first
phosphorylation by Cdk1 at Ser869 which would allow the binding of the PBD of
PIk1. Once bound, PIk1 would phosphorylate Nek9 at the RCC1 domain, thus
releasing the kinase domain. Then, the Thr210 would be accessible, would be
phosphorylated by PIk1 and Nek9 would be activated. Once active, Nek9 may be

able to autophosphorylate what would cause an amplification of the activation.

Concerning Nek9 functions, it has been described that antibody microinjection
of Nek9 in Ptk2 cells causes prometaphase arrest and abnormalities in
chromosome segregation (Roig et al, 2002). In addition, we have demonstrated
that when Nek9 is downregulated by RNAi in HelLa cells prophase centrosome

separation is impaired (Bertran et al, 2011) (Figure 42A).

PIk1 is implicated in spindle assembly (Petronczki et al, 2008), contributes to
accumulation of y-tubulin at centrosomes (Lane & Nigg, 1996), and its inhibition
leads to monopolar spindle formation (Sumara et al, 2004) with unseparated and
immature centrosomes, though the molecular mechanism that links PIk1 with the
separation or maturation of centrosomes remained elusive. Our group could
show that active Nek9 and Nek6 can overcome prophase centrosome separation

when PIk1 is inhibited, demonstrating that Nek9 activation by PIk1 is necessary
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for prophase centrosome separation, and thus shedding light on the relationship

between PIk1 and centrosome separation (Figure 42B).

Centrosome separation is mainly driven by the action of mitotic motors. Our
group and Smith and co-workers described that Eg5 and Plk1 are necessary for
centrosome separation in G2 phase in a Cdk1 independent manner (Bertran et
al,2011;Smith et al, 2011). Nevertheless, when Cdk1 is inhibited in synchronised
cells centrosome separation is delayed (Smith et al, 2011). Cdk1 phosphorylates
Eg5 at the Thr926, and this phosphorylation is necessary for binding of the
kinesin to microtubules (Cahu et al, 2008; Blangy et al, 1998). Both, Plk1 and
Cdk1 contribute to the enrichment of Eg5 at centrosomes but Plk1 does not
directly phosphorylate Eg5 (Mardin et al, 2011), thus the link between PIk1 and

Eg5 remained elusive.

We showed that Nek9 activation is necessary for prophase centrosome
separation and we have already published that when Nek9 is activated, it
activates Nek6 that in turn phosphorylates the kinesin Eg5 at Ser1033. The
phosphorylation of this site is important for mitotic progression (Rapley et al,
2008).
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Figure 42. A. Nek9 is necessary for centrosome separation in prophase. Hela cells were
transfected with the indicated RNAis. Fixed and stained with the indicated antibodies. The distribution
of distances from the centre of the duplicated centrosomes in each case is shown as a box plot.
Representative examples of the observed phenotypes are shown (bar, 5 pm). In each case, insets
show magnified centrosomes. B. Active Nek9 and Nek6 can rescue Plk1 but not Eg5 downregulation
in prophase centrosome separation. HeLa cells were transfected with the indicated RNAi and
plasmids. The percentage of FLAG-positive prophase cells showing two unseparated centrosomes
(together), two centrosomes separated < 2 ym is shown in the upper graphic (meants.e.m. of three
independent experiments;B 40 cells counted in each experiment). The effect of the different
transfections on the levels of Plk1 and Eg5 is shown (right). Lower panels show representative
examples of the observed phenotypes) and a box plot of the distribution of distances from the centre
of the duplicated centrosomes in FLAG-positive cells. Modified from Bertran et al, 2011.
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Taking all these data together with the results presented in this work, our
group asked whether the link between Plk1, Eg5 and centrosome separation
could be Nek9 and we demonstrate that PIk1 phosphorylation and activation of
Nek9 through the phosphorylation of Thr210 is necessary for the phosphorylation
of Eg5 at Ser1033. Moreover, results in the laboratory show that this
phosphorylation is required for Eg5 centrosomal localization and prophase
centrosome separation (Bertran et al, 2011). So with these experiments, we
could show that the protein that links PIk1, Eg5 and centrosome separation is the
mitotic kinase Nek9. The existence of two different centrosome separation
pathways (prophase and prometaphase centrosome separation) was thought to
be a part of the high redundancy that exists in spindle formation. However, it is
important to highlight that it has been described that incomplete centrosome
separation at NEB is associated with elevated frequencies of anaphase lagging
chromosomes and merotelic kinetochore attachment, thus suggesting that both
pathways may not be redundant and that prometaphase pathway could be a kind
of backup system to ensure progression through mitosis in spite of the potential
risk (Silkworth et al, 2011). Indeed, Nek9 has shown to be involved in the control
of prophase centrosome separation, so these results indicate that an aberrant
activation of Nek9 might lead to a similar phenotype as the one described in
Slikworth et al. and consequently chromosomes would not segregate properly

and cells may present aneuploidy.

Besides controlling the separation of centrosomes, Plk1 is also involved in the
regulation of centrosome maturation, where it is important for the recruitment of
y-tubulin in a manner dependent of the adaptor protein Nedd1 (Luders et al,
2006) (Haren et al, 2009). Results from our group have now established that this
recruitment is dependent on Nek9 activation. We have shown that the activation
of Nek9 by PIk1 is a crucial step for the recruitment of y-tubulin and Nedd1 to the
centrosomes in prometaphase (Sdelci et al, 2012), thus presenting another Plk1

function that goes through the activity of the NIMA kinase Nek9 (Figure 43).
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Figure 43. A. Nek9 downstream of Plk1 and upstream of Nedd1 is necessary for centrosome
maturation in prometaphase. Effect of different siRNA transfections on p-tubulin (A) contents in
interphase and prometaphase Hela cells. Representative examples of the observed phenotypes in
prometaphase are shown (scale bar represents 10 um). The distribution of intensities is shown in
each case as a box plot (three independent experiments, 20 cells counted for each experimental
condition of each experiment). Asterisks indicate a statistically significant difference with the
corresponding controls in prometaphase. For each condition, a representative prometaphase
centrosome was LUT coded to represent staining intensity (scale bar represents 1 mm). B. Nek9 Is
Downstream of Plk1 and Upstream of NEDD1 in the Control of y-Tubulin Recruitment to the Mitotic
Centrosomes. Effect of different siRNA and plasmid transfections on y-tubulin contents in interphase
and prometaphase HelLa cells. Representative examples of the observed phenotypes in
prometaphase are shown (scale bar represents 10 ym). FLAG-positive cells were scored and the
distribution of g-tubulin intensities is shown as a box plot (three independent experiments, 20 cells
counted for each experimental condition of each experiment). Modified from Sdelci et al 2012.
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To summarise, our work describing that Nek9 is activated by a two-step
mechanism involving Cdk1 and Plk1has allowed to functionally relate Nek9 with
Cdk1 and Plk1, and suggested that Nek9 could perform some of the mitotic
functions of Plk1, highlighting Nek9 as a key player for mitotic progression.
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Figure 44. Schematic representation of the two steps Nek9 activation mechanism and the
biological consequences of this activation.
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Active Nek9 can partially overcome the downregulation of Plk1

PIk1 is overexpressed in a wide array of tumours (Eckerdt et al, 2005), and it
appears to be of prognosis value in some of them (Mclnnes & Wyatt, 2011).
During the last years, Plk1 has become a potential target for cancer treatment,
and different inhibitors of this kinase have been used in clinical trials (Lens et al,
2010).

Moreover, Nek9 is also overexpressed in some tumours and has been
reported as a putative potential therapeutic target for head and neck squamous

cell carcinoma (Wu et al, 2011).

After situating Nek9 downstream of Plk1, our group has studied whether some
of PIk1 functions could be performed by Nek9, by overexpressing the active form
of Nek9, (FLAG-Nek9[A346-732]) in cells were we previously depleted PIk1,
showing that this is the case for both centrosome separation (Bertran et al, 2011)
and y-tubulin centrosomal recruitment (Sdelci et al, 2012). We thus decided to
inquire whether active overexpressed Nek9 could also compensate for PIk1 in
other functions during mitotic progression. Our preliminary results using FACS
show that some cells with overexpressed active Nek9 can escape from the
mitotic arrest caused by the inhibition of PIk1. These results could be confirmed
either by using PIk1 RNAI or the specific inhibitor BI2536. As can be seen in the
cell cycle profiles, overexpression of Nek9[A346—-732] alone does not have any
effect in these profiles. Nevertheless, when it is expressed in cells with inhibited
PIk1, a significant percentage of these cells do not get arrested in mitosis. These
results have been confirmed with our results using time-lapse microscopy, where
we could corroborate that cells with inhibited Plk1 but active Nek9 enter mitosis

and can finish it.
These results, although somehow preliminary, suggest that, in agreement with

our published work (Bertran et al, 2011, Sdelci et al, 2012) some of the functions

done by PIk1 are implemented through Nek9, and that overexpressed active
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Nek9 can partially overcome the mitotic arrest produced by the inhibition of Plk1.
Nevertheless, even though cells with downregulated Plk1 and active Nek9 divide,
we could observe that the time spent in mitosis is significantly longer than the
average (60 minutes aprox) (not shown) (Brito & Rieder, 2009). In addition, we
have to take into account how these mitosis take place. As shown in Figure 45,
our preliminary results show that some of the cells with inhibited Plk1 but with
active Nek9 divide, but in an aberrant manner. We can observe the presence of
micronuclei in some cells, which can mean that the two daughter cells may have
an aberrant number of chromosomes, and thus be aneuploid. In order to confirm
this hypothesis, further experiments need to be performed, such as FISH

experiments to show whether daughter cells present aneuploidy.
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Figure 45. Stills from Hela cells transfected with Plk1 RNAi, GFP-Nek9ARCC1 and mCherry-H2B.
The first frame shows that cell was transfected with the indicated green plasmid. Other frames show
the DNA of the cell.
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PIk1 has different functions thorough the cell cycle (Petronczki et al, 2008) an
it has been reported that its inhibition results in a wide array of defects ending in
a prometaphase arrest due to the non-satisfaction of the SAC (Spindle Assembly
Checkpoint) (Sumara et al, 2004, Lénart et al, 2007). Here we report that active
Nek9 can somehow overcome this arrest and cells can finish mitosis. Due to the
high number of substrates described for Plk1 in all mitotic phases and the
different phosphorylation motifs described for either Plk1 or NIMA (nor Nek9
phosphorylation consensus motif has been described) it is difficult to rationalize
how Nek9 could be phosphorylating all the described substrates of Plk1 or how it
could be doing all the described functions of PIk1. It is more plausible that some
of the functions described for PIk1 are done through Nek9, while others, although
necessary for a normal mitosis, could be dispensable in some cases for the

completion of this process.

Regarding the individual functions of Plk1 and the consequences of its
inhibition, several reports suggest that PIk1 activity is not fully necessary for the
entrance of mitosis, even thought cells with inhibited Plk1 had a delay in the
entrance of mitosis as a result of its role during Cdk1 activation (Sumara et al,
2004). Once cells enter mitosis, Plk1 is required for centrosome separation in
prophase and centrosome maturation and we have already shown that Plk1
performs these functions through the activation of Nek9. During latter stages of
mitosis, Plk1 localizes at kinetochores and Nek9 at the chromosomes.
Nevertheless, none of the Nek9 function has been described at these stages of
mitosis. Plk1 at kinetochores phosphorylates different substrates essential for the
microtubule-kinetochore interactions and when it is inhibited, and cannot
phosphorylate these substrates, attachments are not correctly formed, there is
not an aligned metaphase plate and as a consequence aneuploidy can take
place. As can be seen in Figure 45, we could not see a correct metaphase plate
and we also see the formation of micronuclei suggesting an incorrect segregation
of the chromosomes, thus suggesting that the mentioned PIk1 functions at
kinetochores may not rely on Nek9 and that cells that go through mitosis without

PIk1 activity as a result may need to overcome SAC, align somehow
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chromosomes, and segregate them, which due to the inefficacy of the process

could result in aneuploidy.

Finally, both proteins localize at the midbody in cytokinesis, so we also
wondered whether some cytokinetic functions of Plk1 could be done through
Nek9. Our preliminary results suggest that cytokinesis takes place properly in
cells with depleted PIk1 and overexpressed active Nek9, indicating that
cytokinetic functions of PlIk1 could be done at least in part through Nek9. In order
to confirm these possible functions of Nek9 additional experiments need to be
performed. We hope that our newly described analogue sensitive Nek9 forms will

help us in unravelling the putative roles of Nek9 at this mitotic phase.

We also have tot take into account that these results come from experiments
with overexpressed levels of Nek9, and probably some of the effects shown may
be related to this higher protein and activity levels. To corroborate the veracity of
the results we present, experiments with transfected endogenous levels of active

protein will need to be performed.

On the whole, these results could be of therapeutic interest as, in a tumour
where both proteins are overexpressed, a treatment to inhibit Plk1 would not be
sufficient for tumour growth suppression. We thus believe it is worth continuing

this research.
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Nek9 is an Aurora A substrate

Aurora A localizes to centrosomes and is required for centrosome maturation
and spindle formation in C. elegans (Hannak et al, 2001) D. melanogaster
(Glover et al, 1995; Berdnik & Knoblich, 2002) and humans (Terada et al, 2003)

and its inhibition leads to the formation of monopolar spindles .

Moreover, there is a high percentage of cells with monopolar spindles when
Aurora A is inhibited either with RNAi (Marumoto et al, 2003) or chemical
inhibitors (Girdler et al, 2006) in human cells. Nevertheless, the phenotype is not
always so severe as some studies made in Xenopus laevis or C. elegans show
that cells do present bipolar disorganized spindles (Peset et al, 2005; Hannak et
al, 2001). This results are parallel with the fact that C. elegans Aurora A is not
required for centrosome separation but is necessary to prevent spindle collapse
after NEBD, suggesting a role of Aurora A in centrosome separation only after
NEBD in this system (Hannak et al, 2001).

We demonstrate that Aurora A phosphorylates Nek9 at the RCC1 domain and
at the C-terminal tail domain. To map these phosphorylations we used two
different approaches, the phosphorylation of different Nek9 fragments expressed
in bacteria and the phosphorylation of full length Nek9 and further identification of
phosphorylated sites by mass spectrometry. Regarding the first approach, it
allowed us to identify Ser978, located at the tail domain of Nek9 as an Aurora A
phosphorylation site. Ser978 conforms to a putative Aurora A phosphorylation
motif R[RK]X[ST][F;noP] (Alexander et al, 2011), had already been found
phosphorylated in two phosphoproteomic analysis, and Daub and co-workers
found it as a site phosphorylated by Aurora A in mitosis (Apendix 1) (Oppermann
et al, 2009; Daub et al, 2008).

Regarding the in vitro mass spectrometry approach of Nek9 phosphorylated

by Aurora A presented here, we had a coverage of 50% in the analysis, and did

not find phosphorylated the Ser978, even though the peptide was covered,
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suggesting that its phosphorylation by Aurora may depend on additional factors
or be infrequent in the conditions used. Nevertheless, we identified Thr333 as an
Aurora A phosphorylation site. This residue has been found phosphorylated in all
mass spectrometry analysis that have been performed either in exponentially
growing or in mitosis arrested cells, but its modification is more abundant in
mitosis (9-fold), indicating that the phosphorylation of this site is also regulated in
a cell cycle manner. Actually, these results indicate again the putative existence
of different pools of Nek9, which could be differently phosphorylated depending

on whether it has to be activated or not.

In addition, phosphorylation of both sites was shown to be sensitive to
treatment with Aurora A inhibitors (Kettenbach et al, 2011). Altogether all this
data suggests that Ser978 and Thr333 are bona fide Aurora A site in Nek9.

Now, it remains to be clarified which are the biological functions of these
phosphorylations. In order to clarify this we could downregulate Nek9 with RNAI
(or alternatively take advantage of the Nek9 KO mice we are producing in the
laboratory) and reconstitute these cells either with wild type Nek9 or with the
mutated forms that are phosphorylated by Aurora A and check whether some of
the functions described for Aurora A, such as centrosome maturation or

separation, are impaired.

Aurora A is also necessary for the localization of some of its substrates to the
centrosome. One of these described substrates is Ndel1, which is not localized to
centrosomes when Aurora A cannot phosphorylate it (Mori et al, 2007). Here we
describe that the phosphorylation of Aurora A is necessary for the localization of
Nek9[Thr210-P] to the centrosomes, suggesting a parallel role as the described
for Ndel1. However, it remains to be explained whether it is really required for the
localization or if it is a localized activation. To find whether Nek9 is first activated
and then localized to centrosomes or if it is located to the centrosomes before
activation, we could produce phospho-antibodies against Aurora A
phosphorylation sites and check whether this sites are phosphorylated before or

after the phosphorylation of Thr210
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Moreover, in order to know whether Aurora A is the responsible for the
centrosomal localization of active Nek9, we could substitute endogenous Nek9
with non phosphorylable mutants of Aurora A phosphorylation sites and check,
using the anti-Nek9[Thr210-P] antibody, if when these sites are mutated active

Nek9 localizes properly at the centrosomes.

A possible molecular mechanism of how these phosphorylations occur and
the possible consequences would be the following. At G2, Aurora A is activated
and it is known that it activates Plk1 (Seki et al, 2008, Macurek et al, 2008). In
parallel, Aurora A would also phosphorylate Nek9 and this phosphorylation would
cause the recruitment of a pool of Nek9 to centrosomes, where it would be
phosphorylated by Cdk1 and activated by Plk1, both active at these organelles.
Thus our results suggest the existence of a molecular network with the four main
families of mitotic kinases. The fact that Nek9 would need such intricate
activation mechanism with the collaboration of the three most important mitotic
kinases indicates that Nek9 is a key player of mitosis and that its activation is

crucial for its correct progress.

Alternatively (or complimentarily), we can propose another putative function of
the phosphorylation of Aurora A to the Thr333 of Nek9. Thr333 is located in the
hinge between the kinase and the RCC1 domain of Nek9. This fragment of Nek9
could structurally resemble the N-terminal domain of human RCC1 that is folded
on the top of the B-propeller (Figure 46). Moreover, alignment of Nek9 RCC1
domain with human RCC1 shows that some of the residues in this protein
fragment are conserved between the two proteins strengthening this hypothesis.
This suggests that the inhibitory interaction between the kinase and the RCC1
domain of Nek9 could be through this hinge between both domains. In mitosis,
this link could be phosphorylated by Aurora A at Thr333 that would cause a
conformational change that would help in the release of the kinase domain thus

allowing further phosphorylation and activation by Plk1.
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Figure 48. A. Structure of human RCC1. In green the B-propeller of RCC1 and in red the N-
terminal domain of RCC1. Modified from pbd strucuture 1a12. B. Alignment of human Nek9 with
human RCC1. In red the N-terminal domain of RCC1
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Chemical genetic approach

As a first step to study the effects of downregulating Nek9 in an acute manner
to unravel further functions in more advanced stages of mitosis, we decided to

create an analog sensitive mutant using a chemical genetic approach.

Following the method described by Dr. Shokat’s laboratory we have been able
to construct a mutant of Nek9, Nek9[L128G G67W] that acts as an analog

sensitive mutant in vitro.

As can be seen in all experiments, the analog sensitive Nek9 mutant has a
lower kinase activity than the wild type form of the protein. Nevertheless, this
behaviour has already been described in other kinases that have been
successfully studied with a similar approach (Banko et al, 2011; Burkard et al,
2007).

Our preliminary experiments show that Nek9[L128G G67W] functionally
behaves in vivo as the wild type form in absence of the ATP analog (Figure 47).
Now further characterization of the mutant will be needed to confirm in vivo that it

acts as an analog sensitive mutant.
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Figure 47. Nek9[L128G G67W] behaves as wild type form in absence of NM-PP1.

Once identified that Nek9[L128G G67W] acts as an analog sensitive in vivo,
this mutant could be used to study other functions of Nek9 in the different phases
of mitosis. Until now we have characterized the importance of Nek9 in
centrosome separation in prophase and centrosome maturation in
prometaphase. As cells where Nek9 is inhibited get arrested in prometaphase
and present different defects in the early stages of mitosis ((Roig et al, 2005;
Bertran et al, 2011; Sdelci et al, 2012) and our unpublished results) we have
never been able to determine whether Nek9 has other functions in the later
stages of mitosis. Nevertheless, its cellular localization and some mitotic defects

present upon interference with Nek9, as the presence of micronuclei and
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cytokinetic bridges (our unpublished results) (Figure 48), seem to indicate that

the kinase might have roles in more advanced stages of mitosis.

Control RNAi mCherry-H2B
mCherry-H2B
Control RNAI
mCherry-H2B

Figure 48. Different phenotypes shown in HelLa cells transfected with control RNAi or Nek9 RNA..
(unpublished results)

In order to identify this putative functions of Nek9 we could take advantage of
the knock out mouse we are producing in the laboratory. Once we will be able to
obtain KO MEFS from these mice we could use these cells, reconstitute them
with either the wild type form or the analog sensitive form of Nek9 and afterwards

inhibit the kinase with the ATP analog in an acute manner along the cell cycle.

In addition, this analog sensitive mutant could be useful to find different
substrates for Nek9. Until now, only Nek6 and the recently described Nedd1 have
been described as Nek9 substrates (Belham et al, 2003; Sdelci et al, 2012). The
analog sensitive we construct should be able to use NC-substituted ATP, that
would allow us to identify using mass spectrometry which are the substrates that
have been phosphorylated by Nek9[L128G G67W] (Banko et al, 2011)
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Conclusions

Nek9 is activated by Plk1

Ser29 Ser750 Ser869 Ser827 and Ser885 are Nek9 mitotic
phosphorylated sites in vivo.

Nek9 binds to Plk1 exclusively in mitosis and the binding is between the
PBD domain of Plk1 and the Ser869 of Nek9.

Nek9 is phosphorylated in vitro by Cdk1 and Plk1

PIk1 phosphorylates Nek9 directly at the activation loop (Thr210) and this
phosphorylation leads to the activation of the kinase in vitro.

Cdk1 and PIk1 are necessary for Nek9 activation in vivo during mitosis.
Plk1 controls Eg5 phosphorylation at Nek6 site Ser1033 through Nek9

Determination of Plk1 phosphorylation sites

Plk1 phosphorylates other Nek9 sites, besides Thr210

Phosphorylation of the putative Plk1 phosphorylation sites, Thr438,
Thr544 and Thr662, at the RCC1 domain may contribute to the activation
of Nek9.

Nek9 downstream of Plk1

1.

Active Nek9 is able to partially overcome Plk1 inhibition prometaphase

mitotic arrest

Nek9 is an Aurora A substrate

Wb =

Aurora A phosphorylates Nek9 at Ser978 and Thr333

Aurora binds to the C-terminal domain of Nek9

Aurora A is not necessary for the phosphorylation of Thr210

Aurora A phosphorylation may be required for the localization of active

Nek9 at centrosomes
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Chemical genetic approach

1. Nek9[L128G][G67W] behaves as an analog sensitive mutant in vitro.
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Site References

Ser2 (Oppermann et al, 2009; Daub et al, 2008)

Ser13 | (Oppermann et al, 2009; Daub et al, 2008) (Kettenbach et al, 2012)

Ser16 | (Oppermann et al, 2009; Daub et al, 2008)

Ser20 (Oppermann et al, 2009; Daub et al, 2008)

Ser28 | (Oppermann et al, 2009) (Kettenbach et al, 2012)
(Daub et al, 2008; Wissing et al, 2007; Grosstessner-Hain et al,

Ser29 2011)(Hegemann et al, 2011; Bertran et al, 2011; lliuk et al, 2010)
(Matsuoka et al, 2007) (Kettenbach et al, 2011) (Kettenbach et al,
2012)

Ser35 | (Matsuoka et al, 2007)

Tyr52 | (Oppermann et al, 2009)

Ser76 | (Hegemann et al, 2011; Daub et al, 2008; Oppermann et al, 2009)
Kim W, et al. (2011) Systematic and quantitative assessment of the

Lys199 | ubiquitin-modified proteome. Mol Cell 44, 325-40

Thr210 | (Bertran et al, 2011; Holland et al, 2002; Roig et al, 2005)

Thr254 | (Hegemann et al, 2011; Daub et al, 2008; Oppermann et al, 2009)

Ser331 | (Han et al, 2010) (Kettenbach et al, 2011) (Kettenbach et al, 2012)
(lliuk et al, 2010; Daub et al, 2008; Wissing et al, 2007; Dephoure et

Ser332 | al, 2008; Grosstessner-Hain et al, 2011)
(Moritz et al, 2010) (Kettenbach et al, 2011)
(Hegemann et al, 2011; Bertran et al, 2011; lliuk et al, 2010; Olsen et

Thr333 al, 2010; Oppermann et al, 2009; Dephoure et al, 2008; Wissing et al,
2007; Beausoleil et al, 2006; Oppermann et al, 2012) (Moritz et al,
2010) (Kettenbach et al, 2011) (Kettenbach et al, 2011)

Thr335 (Oppermann et al, 2009; Wissing et al, 2007) (Kettenbach et al, 2011)

Ser357 | (Kettenbach et al, 2011)

Thr358 | (Oppermann et al, 2009; Wissing et al, 2007)

Ser413 | (Oppermann et al, 2009)

Tyr520 | (lliuk et al, 2010)

Ser750 | (Bertran et al, 2011; Daub et al, 2008)

Ser741 | (Daub et al, 2008)

Ser735 | (Wissing et al, 2007)

Ser801 | (Oppermann et al, 2009)

Ser827 | (Daub et al, 2008; Oppermann et al, 2009) (Bertran et al., 2011)

Ser829 | (Daub et al, 2008; Oppermann et al, 2009)

Ser832 | (Oppermann et al, 2009; Daub et al, 2008)

Ser836 | (Daub et al, 2008)
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Ser838 | (Oppermann et al, 2009)
(Grosstessner-Hain et al, 2011; Oppermann et al, 2009; Daub et al,

Ser868 | 2008; Wissing et al, 2007) (Kettenbach et al, 2011) (Kettenbach et al,
2012)
(Hegemann et al, 2011; Bertran et al, 2011; Olsen et al, 2010;

Ser869 | Oppermann et al, 2009; Grosstessner-Hain et al, 2011) (Kettenbach et
al, 2011) (Kettenbach et al, 2012)

Ser883 | (Daub et al, 2008)(Kettenbach et al, 2011)

Thr886 (Oppermann et al, 2009; Daub et al, 2008; Hegemann et al, 2011)
(Kettenbach et al, 2011) (Bertran et al., 2011)

Ser944 (Hegemann et al, 2011; Regué et al, 2011; Oppermann et al, 2009;
Daub et al, 2008)

Ser978 | (Oppermann et al, 2009; Daub et al, 2008) (Kettenbach et al, 2011)
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Proteomics Analysis of Protein Kinases by Target Class-selective
Prefractionation and Tandem Mass Spectrometry
Wissing et al, 2007

Peptide Phosphosites Cell line
EgDSINSDFGSESGGCGD&PGPSASQG Sor28 or Ser29 urvat
ggDSINSDFGSESGGCGD&PGPSASQG Sor28 or Ser2e | HGT116
SNSSGLSIGTVFQSSSPGGGGGGGGGEE gzggg o Jurkat
EDSQQESETPDPSGGFR o
SSHTVTEAPIAVVTSR Ser332 HCT-116
SST#VTEAPIAVVTSR Ser332/Thr333 Jurkat
ST#PQKLDVIK Thr358 Jurkat
VASEAPLEHKPQVEAS#SPR Ser868 HCT-116
VASEAPLEHKPQVEAS#SPR Ser868 A549
VASEAPLEHKPQVEAS#SPR Sers68 Jurkat

A quantitative atlas of mitotic phosphorylation
Dephoure et al, 2008

Assyncronous or mitotic arrested HelLa cells

Peptide Phosphosite
SST#VTEAPIAVVTSR Thr333

A probability-based approach for high-throughput protein phosphorylation
analysis and site localization

Beausoleil 2008

Nocodazole arrested Hela cells

Peptide Phosphosite
SS#TVTEAPIAVVTSR Ser332

Kinase-Selective Enrichment Enables Quantitative Phosphoproteomics of
the Kinome across the Cell Cycle Daub et al, 2008

S growing and mitotic arrested human cancer cells. Nek9 more phosphorylated in
mitosis than in S phase

Phosphopeptides Phosphosite

HCDS#INS#DFGS#ESGGCGDSS#P Ser13 Ser16
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GPSASQGPR Ser20 Ser29
RPRS#S#TVTEAPIAVVTSR Ser331 Ser332
SNSSGLSIGTVFQSSS#PGGGGGGG Ser750
GGEEEDSQQESETPDPSGGFR

more than 4 folds
RTEDDS#LVVWK Ser76 phosphorylated by

Plk1

GMEGLIS#PTEAMGNSNGASSSCPG Ser793
WLRK
ELENAEFIPMPDS#PSPLSAAFSESE Ser827
KDTLPYEELQGLK €
EIP_(ENAEFIPMPDS#PS#PLSAAFSES Ser827 Ser829
ELENAEFIPMPDS#PS#PLS#AAFS#E | Ser827 Ser829
SEK Ser832 Ser836
VASEAPLEHKPQVEAS#SPR Ser868

more than 4 folds
EEMEMDPKPDLDSDSWCLLGTDSC Ser978 phosphorylated by
RPS#L

Aurora A

GTPLT#PPACACSSLQVEVER Thr886
LNPAVTCAGKGT#PLT#PPACACSSL

Thr883 Thr886

QVEVER

Large-scale Proteomics Analysis of the Human Kinome Oppermann et al,
2009

Three different cell lines HTC111, MV4-11 and MDA-MB-435S. Nek9 was found
phosphorylated in the three cell lines

Phosphopeptide Phosphosite
KLEGGQQVGMHS#K Ser944
ELENAEFIPMPDS#PS#PLS#AAFSESEKDTLPYEELQG Ser827 Ser829
LK Ser832
ELENAEFIPMPDS#PSPLSAAFSESEKDTLPYEELQGLK Ser827
EEMEMDPKPDLDSDSWCLLGTDSCRPS#L Ser978
KELENAEFIPMPDS#PSPLSAAFSESEKDTLPYEELQGL
K Ser827
EEMEMDPKPDLDSDSWCLLGTDSCRPS#L Ser978
EEMEMDPKPDLDSDSWCLLGTDS#CRPSL Ser974
ELENAEFIPMPDS#PS#PLSAAFSESEKDTLPYEELQGL Ser827 Ser829
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RTFDATANPLNLCVK Thr254
GTMEADRGMEGLISPTA#EAMGNSNGASSSCPGWLR Thr795
GMEGLISPTEAMGNS#NGASSSCPGWLR Ser801
ELENAEFIPMPDS#P#SPLS#AAFSESEKDTLPYEELQG | Ser827 Ser829
LK Ser832
RPRS#SH#TVTEAPIAVVTSR Ser331 Ser332
SHNSSGLSIGTVFQSSSPGGGGGGGGGEEEDSQQESE Sor7as
TPDPSGGFR

TSEVYVWGGGKST#PQKLDVIK Thr358
AGGGAAEQEELHY#PIR Tyr52
HCDS#INS#DFGS#ESGGCGDS#SPGPSASQGPR Ser13 g:gg Ser20
VASEAPLEHKPQVEAS#SPR Ser868
KELENAEFIPMPDSPS#PLSAAFSESEKDTLPYEELQGL

K Ser829
KLNSEY#SMAETLVGTPYYMSPELCQGVK Tyr205
TEDDSHLVVWK Ser76
S#VLGEYER Ser2
GTPLT#PPACACSSLQVEVER Thr8s6
SSTHVTHEAPIAVVTSR Thr333 Thr335
GTMEADRGMEGLIS#PTEAMGNSNGASSSCPGWLR Ser793
KLNS#EYSMAETLVGTPYYMSPELCQGVK Ser203
TFDAT#NPLNLCVK Thr254
SHSTVTEAPIAVVTSR Ser331
HCDSINSDF GS#ESGGCGDSSPGPSASQGPR Ser20
HCDS#INS#DF GSESGGCGDSSPGPSASQGPR Ser13 Ser16
ELENAEFIPMPDS#PSPLSAAFSESEKDTLPYEELQGLK Ser827
S#VLGEYER Ser2

HCDS#INS#DFGS#ESGGCGDSSPGPSASQGPR

Ser13 Ser16 Ser20

ELENAEFIPMPDS#PSPLS#AAFSESEKDTLPYEELQGL
K

Ser827 Ser832

Phosphoproteome analysis of human

liver tissue by

long-gradient

nanoflow LC coupled with multiple stage MS analysis Han et al, 2009

Peptide
S#STVTEAPIAVVTSR

Phosphosite
Ser331

Quantitative Phosphoproteomics Reveals Widespread Full Phosphorylation

Site Occupancy During Mitosis. Olsen et al, 2010

169




Appendix 1

HeLa S3 cells. They applied high-resolution mass spectrometry—based
proteomics to investigate the proteome and phosphoproteome of the human cell
cycle on a global scale and quantified 6027 proteins and 20,443 unique

phosphorylation sites and their dynamics.

Peptide Phosphosite Kinase motif
PTKRPRS#STVTEA Ser331 CAMK2;PKA
KRPRSST#VTEAPI Thr333 CAMK2;CK2;PKA/AKT
KPQVEAS#SPRLNP Ser868
PQVEASS#PRLNPA Ser869 Cdk1;Polo box

Quantitative Phospho-proteomics to Investigate the Polo-like Kinase 1-

Dependent Phospho-proteome. Grosstender et al, 2011

Phosphoproteome in HelLa cells treated with or without Plk1 inhibitor BI4834

Peptide Site Bl4834
SS#TVTEAPIAVVTSR Ser332 | Not responding
VASEAPLEHKPQVEASS#PR Ser869 | Not responding
VASEAPLEHKPQVEAS#SPR Ser868 | Not responding
HCDSINSDFGSESGGCGDSS#PGPSASQGPR | Ser29 | Not responding

Systematic phosphorylation analysis of human mitotic protein complexes

Hegermann 2011

Peptide Phosphosite
YRRTEDDS#LVVWKEV Ser76
LKRTFDAT#NPLNLCV Thr254
TKRPRSST#VTEAPIA Thr333
KPQVEASS#PRLNPAV Ser869
AGKGTPLT#PPACACS Thr886
GQQVGMHS#KGTQTAK Ser944
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Appendix 1

Rapid Determination of Multiple Linear Kinase Substrate Motifs by Mass

Spectrometry Kettenbach et al, 2012

HelLa cells treated with nocodazole or taxol in presence or absence of BI2536

Nocodazole treated

pPeptide Sequence Phosphosites | BI2536/DMSO
K.RPRS#ST#VTEAPIAVVTSR.T Ser331 Thr333 0.55
K.VASEAPLEHKPQVEAS#SPR.L Ser868 0.95
K.VASEAPLEHKPQVEASS#PR.L Ser869 0.96
R.HCDS#INSDFGgEG?DC;iCGDSS#PGPSAS Ser13 Ser29 0.92
R.HCDSINSDFGSESGGCGDSS#PGPSAS Ser29 1.22
QGPRA

R.SS#TVTEAPIAVVTSR.T Ser332 1.09
R.SS#TVTEAPIAVVTSR.T Ser332 0.95
R.SST#VTEAPIAVVTSR.T Thr333 0.95

Taxol treated

pPeptide Sequence

Phosphosites

BI2536/DMSO

K.VASEAPLEHKPQVEASS#PRL Ser869 0.98
K.VASEAPLEHK*"PQVEASS#PRL Ser869 0.90
K.VASEAPLEHKPQVEASS#PRL Ser869 0.98
K.VASEAPLEHKPQVEASS#PRL Ser869 0.90
R.HCDS#INSDFGSESGGCGDSS#PGPSAS
QGPRA Ser13 Ser29 0.21
R.HCDSINSDFGS#ESGGCGDSS#PGPSAS
QGPRA Ser20 Ser29 1.40
R.HCDSINSDFGSESGGCGDSS#PGPSAS Ser29 1.01
QGPRA )
R.HCDSINSDFGSESGGCGDSS#PGPSAS Ser29 119
QGPRA )
R.S#STVTEAPIAVVTSRT Ser331 1.11
R.S#STVTEAPIAVVTSRT Ser332 1.16
R.SS#TVTEAPIAVVTSRT Ser332 1.20
R.SST#VTEAPIAVVTSRT Ser333 1.17
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Autophosphorylation sites (Joan Roig and Joseph Avruch, Unpublished
Results)

FLAG Nek9 wild type expressed and purified from HEK293T cells

Peptide Phosphosites
GAFGEAT#LYRRTEDDSLVVWKEVDLTR Thre7
KLNSEYS#MAET#LVGTPYYMSPELCQGVK Ser206 Thr210
T#FDAT#NPLNLCVK Thr250 Thr254
SSTH#VTEAPIAVVTS#RTSEVYIWGGGK Thr333 Ser344
GWHTILIVEKVLNSKT#IR Thr720
VAS*EAPLEHKPQVEAS#SPRLNPAVT#CAGK | Ser855 Ser868 Ser877
KLEGGQQVGMHS#K Ser944

Systematic and Quantitative Assessment of the Ubiquitin-Modified
Proteome Woong et al, 2011

Human ubiquitin-modified proteome (ubiquitinome) in HEK 293T and HCT116
cells.

Ubiquitinated peptide Site

GDYGLAKKLNSEY | Lys199

DYYTPQKVDVPKA | Lys525

The Plk1-dependent Phosphoproteome of the Early Mitotic Spindle
Santamaria et al, 2010

Gene Name | Phosphorylation ratio (TAL/Control)
Nek9 0.67

174



The EMBO Journal (2011}, 1-14 | © 2011 Europaan Molecular Biology Organizati
wwww.embojoumalorg

Appendix 2

| All Rights Reserved 0261-31891 THE

EMBO

JOURNAL

Nek9 is a Plk1-activated kinase that controls early
centrosome separation through Nek6/7 and Eg5

M Teresa Bertran™*, Sara Sdelci'*,
Laura Regué', Joseph Avruch?,
Carme Caelles’* and Joan Roig"*

'Cell Signalling Research Group, Molecular Medicine Program, Institute
for Research in Biomedicine (IRB Barcelona), Barcelona, Spain,
*Department of Molecular Biology and Medical Services, Massachusetts
General Hospital and Depannment of Medicine, Harvard Medical School,
Boston, MA, USA and *Department of Biochemistry and Molecular
Biology (Pharmacy], Universitat de Barcelona, Barcelona, Spain

The NIMA-family Kinases Nek9/Nerccl, Nek6 and Nek?
form a signalling module required for mitotic spindle
assembly. Nek9, the upstream Kinase, is activated during
prophase at centrosomes although the details of this have
remained elusive. We now identify PIk1 as Nek9 direct
activator and propose a two-step activation mechanism
that involves Nek9 sequential phosphorylation by CDK1
and PIKk1. Furthermore, we show that PIk1 controls pro-
phase centrosome separation through the activation of
Nek9 and ultimately the phosphorylation of the mitotic
Kinesin Eg5 at Ser1033, a Nek6/7 site that together with
the CDK1 site Thr926 we establish contributes to the
accumulation of Eg5 at centrosomes and is necessary for
subsequent centrosome separation and timely mitosis. Our
results provide a basis to understand signalling down-
stream of Plkl and shed light on the role of EgS, PIk1
and the NIMA-family Kinases in the control of centrosome
separation and normal mitotic progression.

The EMBO Journal advance online publication, 3 June 2011;
doi:10.1038 /emboj.2011.179

Subject Categories: signal transduction; cell cycle

Keywords: centrosome; Eg5; Kinase; Nek; PIk1

Introduction

The cyclin-dependent kinase CDK1 orchestrates the onset of
mitosis through the regulation of multiple proteins either
directly or in collaboration with a number of helper kinases
(Nigg, 2001), among them the Polo-like kinase PIkl
(Petronczki et al, 2008; Archambault and Glover, 2009) and
different members of the NIMA family (O'Connell et al,
2003). Plkl is involved in the complex mechanism that
culminates in CDK1 activation during mitotic entry and is
crucial for different mitotic events including the formation of
the spindle. The molecular basis for some of PIk1 functions is
only beginning to be understood and relies on the recognition
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of previously phosphorylated proteins by the Polo-box do-
main (PBD) of PIkl, which also targets the kinase to different
sites of action such as the centrosomes and centromeres (Elia
et al, 2003). The functions of the various members of the
NIMA family of protein kinases (Nekl-11 in mammalian
cells) are not so well known as these of Plkl. Aspergillus
nidulans NIMA, the founding member of the family, is
necessary for entry into mitosis and has several roles during
mitotic progression, including the regulation of chromosome
condensation and spindle formation, although it is not clear
whether all these functions are shared with its mammalian
counterparts. Different Neks have been implicated in the
control of the centrosome and microtubule cytoskeleton
(Quarmby and Mahjoub, 2005). Among them Nek2, active
in S through G2, regulates premitotic centrosome disjunction,
while Nek9 (also known as Nerccl) and the ~80% identical
Neké6 and Nek?, active during mitosis, are involved in the
control of spindle structure and function (O'Regan et al,
2007).

Nek9 is activated at centrosomes during early mitosis,
interacts with both Nek6 and Nek? and directly phosphor-
ylates and activates them (Roig et al, 2002, 2005; Belham
et al, 2003). Microinjection of anti-Nek9 antibodies into
prophase cells induces prometaphase arrest and in some
cases aberrant chromosome segregation, resulting in mitotic
catastrophes or aneuploidy (Roig et al, 2002), while Nek9
depletion from Xenopus meiotic egg extracts results in
delayed spindle assembly, reduced number of bipolar
spindles and appearance of aberrant microtubule structures
(Roig et al, 2005). Downregulation of either Nek6 or Nek7 by
RNAI delays cells at metaphase with fragile mitotic spindles
(O'Regan and Fry, 2009) and for Nek7 has been shown to
result in an increased incidence of multipolar spindle pheno-
types (Yissachar et al, 2006). Mice lacking Nek?7 die during
late embryogenesis or at early postnatal stages, and Nek7?
(—/—) cells show increased tendency for chromosomal lag-
ging as well as abnormalities in primary cilia number (Salem
et al, 2010). Neké6-deficient mice die early during embryogen-
esis (our unpublished results). Thus, Nek9 together with
Neké6/7 form a mitotically activated module with key roles
during mitotic progression and more specifically spindle
organization (Nek6é and Nek? seem to be functionally equiva-
lent in most instances, thus when adequate the two kinases
will be collectively referred to as Nek6/7). Nevertheless, to
this date a clear picture of the module activation mechanism,
integration with other mitotic signalling systems and precise
functions during mitosis has been missing.

We have previously suggested that Nek9 could be control-
ling spindle organization in part through the action of Nek6/7
and their ability to phosphorylate the kinesin Eg5 at a site
necessary for normal mitotic progression (Rapley et al, 2008).
Here, we present data showing that PIkl1, in conjunction with
CDKI1, activates Nek9 early in mitosis, and that downstream
of Plkl, Nek9 and Nek6/7 are responsible for centrosome
separation during prophase through the control of Egs
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Plk1-activated Nek3 I
MT Bertran et a/

recruitment to centrosomes. Our results emphasize Nek9,
Nek6 and Nek? importance in mitotic signalling and describe
the molecular mechanism controlling the separation of the
centrosomes during prophase.

Results

Nek9 mitotic phosphorylation sites

Nek9 is phosphorylated at unknown sites during mitosis
resulting in a change in electrophoretical mobility (Roig
et al, 2002). This does not directly result in Nek9 activation,
a process that occurs at centrosomes during prophase, in-
volves only a small (<5%) fraction of Nek9 and requires
further phosphorylation of Nek9 activation loop (Roig et al,
2005). To better understand this two-step activation mechan-
ism and identify the protein kinases responsible for the
described modifications, we immunoprecipitated endogen-
ous Nek9 from exponentially growing and mitotic HeLa
cells and identified the sites of phosphorylation present by
mass spectrometry (MS) analysis (Supplementary Figure S1).
Approximately 80% of sequence coverage was obtained in
each case, leading to the identification of four Nek9 phos-
phosites from exponentially growing cells and six from
mitotic cells. None of these sites corresponded to known
Nek9 activation loop or autophosphorylation sites (Roig et al,

2005), thus indicating that the analysed sample contained
mostly inactive Nek9. All sites modified in exponential cells
(Ser29, Thr333, Ser750 and Ser869) were also present in
mitotic cells, although a higher phosphorylated/unpho-
sphorylated peptide ratio indicated that the corresponding
phosphosites were more abundant in mitotic cells (see
Supplementary Figure S1). Additionally, phosphorylated
Ser827 and Thr885 were only detected in Nek9 from mitotic
cells. All identified sites but Thr333 conform to a [ST|P
sequence, and thus are putative phosphorylation sites for
CDKI, a protein kinase that we have shown is able to readily
phosphorylate Nek9 in vitro (Roig et al, 2002 and also
see below).

PIk1 interacts with Nek9 through the PBD

Three of the Nek9 phosphorylation sites identified, Ser29,
Ser750 and Ser869, conform to a S[S/T]P sequence, a motif
that when phosphorylated at the serine/threonine immedi-
ately preceding the proline (usually by proline-directed
protein kinases such as CDK1) can be recognized by PIkl
PBD (Elia et al, 2003). Thus, we tested whether PIk1 could
interact with Nek9 in exponentially growing and mitotic cells.
Figure 1A shows that PIk1 specifically coimmunoprecipitates
with Nek9 in mitosis in HelLa cells (similar results
were obtained with mouse embryo fibroblasts, see Supple-
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Figure 1 PIkl interacts with Nek9 through the PBD. (A) a-Nek9 or normal IgG (NIgG) immunoprecipitates from exponentially growing (Exp)
or nocodazole-arrested mitotic (M) Hela cell extracts were analysed by western blot (WB) using the indicated antibodies. Pkl in the
corresponding extracts is shown in the lower panel. (B) The ability of the full-length Plk1 (1-603) or PIk] PBD (345-603) to interact with the
different domains of Nek9 (kinase domain: 1-346; RCC1 domain: 347-726; C-terminal tail:721-979) was assessed using the two-hybrid assay
(see Supplementary Figure S2B). Gal4 AD/BD, Gald activation/binding domains. (C) In vitro binding of different Nek9 forms to GST-Plk1 PBD.
Extracts of exponentially growing (Exp) or nocodazole-arrested mitotic (M) HeLa cells expressing the indicated FLAG-tagged forms of Nek9
were incubated with GSTor GST-PBD (GST-Plk1[345-603]) bound to GSH beads. After repeated washes, bound Nek9 was detected by WB with
a-FLAG antibody, and GST-fusion proteins by Coomassie staining. FLAG-Nek9 in the corresponding extracts is shown in the lower panel.
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mentary Figure S2A). This interaction could also be detected
using the yeast two-hybrid system (Figure 1B; Supplementary
Figure S2B), allowing us to map the Nek9-PIk1 interaction to
the C-terminal tail of Nek9 (where two of the three Nek9
putative PBD-binding sites reside), and the PBD domain
of PIk1. To confirm Nek9 binding to the PBD and to identify
the Nek9 S[S/T|P phosphorylation sites responsible for inter-
action, we tested whether bacterially expressed Plkl PBD
fused to GST (GST-PIk1[345-603]) could bind different re-
combinant forms of FLAG-tagged Nek9 from cell extracts.
Figure 1C shows that FLAG-Nek9 wild type was able to
interact with GST-PIk1 PBD but not GST beads. The Nek9-
PBD interaction was increased in mitotic extracts and was
totally abrogated by mutation of Nek9 Ser869 to the
non-phosphorylable residue alanine. Mutation of Nek9
Ser29 to alanine did not have any effect (consistently with
our two-hybrid results), while mutation of Ser750 had only a
minor effect on the binding. We concluded that Nek9 speci-
fically binds PIk1 during mitosis through an interaction
between phosphorylated Nek9[Ser869] and Plkl1 PBD. This
is further supported by additional experiments showing that
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in contrast to wild-type Nek9, Nek9[S869] does not inter-
act with endogenous PIk1 in mitosis (see Supplementary
Figure S2C).

Plk1 phosphorylates and activates Nek9 in vitro

We next tested whether Plkl1, alone or in combination with
CDKI1, could phosphorylate Nek9. For this we used purified
kinase-deficient FLAG-Nek9[K8IM] (Roig er al, 2002). As
expected from our previous results (Roig et al, 2002),
FLAG-Nek9[K81M]| was phosphorylated by purified CDK1/
cyclin B complexes (Figure 2A). Purified PIk1 readily phos-
phorylated FLAG-Nek9[K81M] to a similar extent (up to
~6mol of phosphate/mol of protein), and in the in vitro
conditions used showed only slight or no synergy with CDK1.
Phosphorylation of Nek9 at Thr210 in the kinase activation
loop is required for Nek9 activation (Roig et al, 2005); using a
phosphospecific antibody that recognizes Nek9[Thr210-P]
(Roig et al, 2005), we determined that Plk1 was able to
modify this site in vitro (Figure 2B; Supplementary Figure
$3). Under identical conditions, CDK1/cyclin B and the non-
relevant kinase JNK1 were not able to phosphorylate
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Figure 2 Plkl phosphorylates and activates Nek9. (A} Kinase-defective FLAG-Nek9[K81M] was expressed and purified from 293T cells and
incubated with the indicated kinases for 30 min at 30°C in the presence of [y-**P]ATP/Mg’ . After SDS-PAGE, Nek9 was visualized by
Coomassie staining, and *P incorporation was visualized by autoradiograph (lower and middle panels) and quantified by Phosphorimager
(upper graph, meants.e.m, of three independent experiments). CDKI, CDKl/cyclin B. (B) FLAG-Nek9[K8IM] obtained as in (A) was
incubated with the indicated kinases for 60 min at 30°C in the presence of ATP/Mg~ ' and analysed by western blot (WB) using the indicated
antibodies. CDK1, CDK1/cyclin B. (C) FLAG-Nek9 was expressed and purified from 293T cells and incubated with or without purified PIk1 in
the presence of ATP/Mg™ " for the indicated times at 25°C. After incubation, v ‘PlATP/Mgz " and histone H3 were added to the reactions and
further incubated for 10 min. P incorporation into Nek9 and H3 was visualized by autoradiograph. In parallel, total Nek9 and Nek9[Thr210-P]
were visualized by WB using the indicated antibodies (left, lower panels), and H3 was visualized by Coomassie staining (left).
*2p incorporation into H3 was quantified by Phosphorlmager (right graph, mean +s.e.m. of three independent experiments).
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Nek9[Thr210]. To determine whether, as expected from pre-
vious data, Nek9[Thr210] phosphorylation by Plkl resulted
in Nek9 activation, we incubated purified FLAG-Nek9 with-
out or with PIk1 in the presence of [y-**P)ATP/Mg**. After
different times, the model substrate histone H3 was added,
and *'P incorporation into H3 quantified (Figure 2C). The
ATP/Mg® " concentration used (100 uM) supports PIk1 phos-
phorylation of Nek9, but also Nek9 autoactivation through
autophosphorylation (Roig et al, 2005); thus, in the absence
of PIk1, Nek9 phosphorylation and activity towards histone
H3 increased with time. Nevertheless, Plk1 induced a further
increase in Nek9 phosphorylation when present, including
Nek9 phosphorylation in the activation loop at Thr210, and a
concomitant increase of activity towards histone H3 (that it is
not a substrate of PIk1). We therefore concluded that in vitro
Plk1 is able to directly activate Nek9.

CDK1 and PIk1 are necessary for Nek9 activation

in vivo during mitosis

We next determined whether CDK1 and PIk1 activities were
necessary for Nek9 activation in vivo during mitosis. We
arrested cells in metaphase with the proteasome inhibitor
MG132. As expected from previous data (Roig et al, 2005),
this induced a shift in Nek9 electrophoretical mobility (a
result of Nek9 mitotic phosphorylation) as well as
Nek9[Thr210] phosphorylation (Figure 3). The APC/C sub-
unit Cdc27 was used as readout for CDK1 and PIk1 activities,
as it changes its apparent MW in response to changes in
phosphorylation by both kinases (van Vugt et al, 2004).
When under these conditions CDK1 was inhibited with

a-Nek9

a-Nek9
[Thr210-P)

a-Cdc27

a-CyclinB
a-Tubulin ﬂ
- A b — pil =

Nocodazole - + + +
MG132 - + + +
DMSO - + - -
Purvalanol - - + -
BI2536 -~ - - +

Figure 3 CDKI and PIk1 are necessary for Nek9 activation during
mitosis. HeLa cells were arrested in mitosis with nocodazole.
Mitotic cells were collected, washed and released in media contain-
ing MG132 (20 uM) plus DMSO, Purvalanol A (20 uM) or Bi2536
(100nM) for 2h, and cell extracts were analysed by western blot
(WB) using the indicated antibodies. Untreated cells are shown in
the first lane as a control. Asterisks mark protein bands with altered
mobility due to phosphorylation.
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Purvalanol A (Gray et al, 1998), neither Nek9 reduced
electrophoretical mobility nor phosphorylation at Thr210
could be observed. Inhibition of Pkl with BI2536 (Lénart
et al, 2007) although not affecting Nek9 reduced electro-
phoretical mobility completely abrogated the Nek9[Thr210-
P] signal. Thus, while CDK1 activity is necessary for Nek9
phosphorylation in mitosis and the resulting change in
electrophoretical mobility, Nek9 Thr210 phosphorylation
and mitotic activation requires both CDK1 and PIk1.

Plk1, Nek9, Nek6, Nek7 and the mitotic kinesin Eg5
are necessary for normal centrosome separation
during prophase

One of the most conspicuous functions of PIk1 is the control
of centrosome separation during early mitosis (Lane and
Nigg, 1996), although how the kinase performs this function
remains unknown. In mammalian cells (Whitehead and
Rattner, 1998; Tanenbaum et al, 2008; Woodcock et al,
2010), prophase centrosome separation depends on the activ-
ity of Eg5 (kinesin-5), a BimC-family kinesin that is like P1k1
involved in the assembly and maintenance of a bipolar
spindle during mitosis by sliding anti-parallel microtubules
apart (Sawin et al, 1992; Blangy et al, 1995; Kapitein et al,
2005). Eg5 is a substrate for Nek6 (Rapley er al, 2008) and
Nek? (our unpublished data), and therefore we sought to
determine whether the Nek9/Nek6/7 module could provide a
link connecting PIkl and Eg5 in the context of centrosome
separation. For this we analysed the effects of Plk1, Eg5,
Nek9, Nek6 or Nek? downregulation by RNAIi on the extent
of separation of duplicated centrosomes in prophase cells
(Figure 4).

Our results confirmed the requirement for Eg5 and PIk1 for
mitotic centrosome separation prior to nuclear envelope
breakdown in Hela cells. While prophase cells transfected
with control siRNA mainly contained centrosomes that were
separated >2 pm (and frequently located at opposite sides of
the nucleus), in cells with reduced amounts of Eg5 and Plk1
centrosomes were for the most part overlapping or separated
<2um. Similarly, Nek6, Nek? or Nek9 depletion, as well as
combined Nek6 and Nek? or Nek6, Nek? and Nek9 depletion,
resulted in a diminished number of prophase cells with
centrosomes separated >2pm and in the appearance of a
significant number of prophase cells with either unseparated
centrosomes or centrosomes separated but closer than 2 pm
(Figure 4A and C). Furthermore, even when centrosomes
were separated >2pm, intercentrosomal distances were
greatly diminished when compared to these of control cells,
and in almost no cases reached 9um, the control median
centrosomal separation in prophase (Figure 4A, box plot).
Downregulation of Nek6, Nek7 or Nek9 resulted in some
cases in the appearance of cells that contained more than
two centrosomes. Costaining with anti-centrin antibody
(Supplementary Figure S4A) confirmed that this was not
the result of PCM fragmentation and suggested that super-
numerary centrosomes could be the result of abortive mito-
sis, a hypothesis that is supported by the frequent
observation of multiple nuclei associated to the existence of
more than two centrosomes.

Our observations could be repeated with alternative
siRNAs against Nek6 and Nek? (Supplementary Figure S4B)
as well as against Nek9 (Figure 4B), thus confirming the
specificity of our results. Furthermore, the use of siRNAs
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Figure 4 PIk1, Nek9, Neko, Nek? and EgS are necessary for normal centrosome separation in prophase. (A) HelLa cells were transfected with
the indicated siRNAs, and after 24 (Eg5, PIk1) or 48 (control, Nek6, Nek7, Nek9) hours, fixed and stained with antibodies against y-tubulin
(red) and DAPI (blue). Cells showing condensed chromosomes and intact nuclei {assessed by the shape of the DNA and a y-tubulin exclusion
from the nucleus) were scored as in prophase (these cells were 100% positive for histone H3[Ser10] phosphorylation, thus confirming the cell-
cycle phase assignation, data not shown). The percentage of prophase cells showing two unseparated centrosomes (together), two centrosomes
separated <2 pm (<2 pm), fully separated centrosomes (> 2 pum) or more than two centrosomes (multiple centrosomes) is shown in the upper
graphic (mean £ s.e.m. of three independent experiments; ~ 50 cells counted in each experiment). Additionally, the distribution of distances
from the centre of the duplicated centrosomes in each case is shown as a box plot (boxes show the first and third quartiles, whiskers mark
minimum and maximum values unless these exceed 1.5 x interquartile range and crosses correspond to outliers; 20 cells counted for each
experimental condition). Representative examples of the observed phenotypes are shown (bar, 5pm). In each case, insets show magnified
centrosomes. (B) HeLa cells were cotransfected with either control or Nek9 3’ UTR siRNAs plus expression plasmids for the indicated FLAG-
tagged proteins, and 48 h latter processed and FLAG-positive cells scored as in (A) (mean + s.e.m. of three independent experiments; ~40 cells
counted in each experiment; statistical significance was determined using the standard Student’s t-test), Levels of endogenous and recombinant
Nek9 as determined by western blot are shown in Supplementary Figure S4C. (C) Efficiency of the different RNAI treatments used in (A) or (B)
as determined by western blot of total cell extracts,

directed against Nek9 mRNA 3’ UTR allowed us to down cells with fully separated centrosomes. In contrast,

regulate the levels of endogenous kinase without affecting
our ability to express different recombinant forms of Nek9
(Figure 4B; Supplementary Figure S4C). Cotransfection of
Nek9 wild type partially rescued the effect of the Nek9 UTR
siRNAs, significantly reducing the number of cells with
unseparated centrosomes while increasing the percentage of

©2011 European Moalecular Biclogy Organization

Nek9[Ser869Ala), which is unable to bind Plkl PBD (see
Figure 1C and Supplementary Figure S2C), although ex
pressed at similar levels that wild-type Nek9, was not able
to significantly rescue the observed effects of endogenous
Nek9 downregulation, thus further stressing the relationship
between PIk1 and Nek9 functions.
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Active Nek9 and Nek6 induce centrosome separation
in an Eg5-dependent manner

We next sought to determine whether the activation of the
Nek9/Nek6/7 module could be sufficient to induce centrosome
separation. For this, we artificially increased the cellular activity
of either Nek9 or Nek6 by expressing Nek9[A346-732), a
constitutively active form of the kinase that lacks the autoinhi-
bitory RCC1 domain (Roig et al, 2002), or wild-type Nek6
(partially active when expressed above endogenous levels;
Belham et al, 2003). To test whether active Nek9 and Nek6

exerted their effect through the regulation of EgS, we simulta
neously transfected the cells with control or Eg5 siRNAs.
Figure 5A shows that expression of Nek6 or Nek9[A346-732]
significantly increased the number of cells with separated cen-
trosomes. The effect was cell-cycle independent, as the expres
sion of Nek6 or Nek9[A346-732] did not change the cell-cycle
profile of the cells (as assessed by FACS; Supplementary Figure
$5) and consequently most of the transfected cells that contained
separated centrosomes were in interphase (Figure 5A, see
example cells). Centrosome separation was not induced by
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Figure 5 Active Nek9 and Nek6 induce centrosome separation in an EgS-dependent manner. (A) Hela cells were transfected with either
control or Eg5 siRNAs, after 16 h retransfected with expression plasmids for the indicated FLAG-tagged proteins (Nek9ARCCI, Nek9[A346-
732]) and 24 h latter fixed and stained with anti-y-tubulin (red) and anti-FLAG (green) antibodies plus DAPI (blue). The percentage of FLAG-
positive cells showing 1 or 2 unseparated centrosomes (1 or together), two centrosomes separated <2um (<2um) or fully separated
centrosomes (> 2 um) is shown in the upper graphic (mean £ s.c.m. of three independent experiments; ~ 50 cells counted in each experiment).
Representative examples of the observed phenotypes (anti-y-tubulin plus DAPI) are shown below (bar, 5pm). Insets show the same field
stained with anti-FLAG plus DAPL. The effect of the different treatments on the levels of EgS can be seen in Figure 6, upper right panel. (B) As in
(A), cells transfected with either control or Eg5 siRNAs and expression plasmids for GFP or GFP-Nek2 (mean £ s.e.m. of three independent
experiments; ~ 50 cells counted in each experiment).
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wild-type Nek9 or Nek7, which are not active under the
expression conditions used, by neither kinase-deficient Nek9
[K81M,A346-732] or Nek6[K74,75M] (data not shown).

Remarkably, downregulation of Eg5 almost totally abro-
gated Neké6 or Nek9-induced centrosome separation, suggest-
ing that Nek6 and Nek9 induce centrosome separation
through the regulation of the kinesin. The dependence on
Eg5 additionally distinguished Nek9/Neké-induced centro-
some separation from Nek2-induced centrosome disjunction,
the dissolution of the physical link that keeps together
duplicated centrosomes, precedes separation and is con-
trolled by this NIMA-family kinase (Fry et al, 1998;
Faragher and Fry, 2003). Nek2 effects on centrosomes were
totally independent of Eg5 (Figure 5B) and can be attributed
to non-directed drifting of the disjointed centrosomes after
Nek2 ectopic activation in interphase.

Active Nek9 and Nek6 can rescue Plk1 but not Eg5
downregulation in prophase centrosome separation
We inquired whether expression of active Nek9 or Neké
could compensate for either Eg5 or Plkl downregu-
lation during prophase centrosome separation. For this we
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transfected cells with control, EgS and Plk1 siRNAs in com
bination with expression plasmids for GFP (control), active
Nek9[A346-732] or Nek6 and determined the distance
between centrosomes in transfected prophase cells (Figure 6).
As expected, most of control cells contained fully separated
centrosomes; expression of either Nek9[A346-732] or Neko did
not change this significantly (not shown). In accordance with
our previous results, depletion of EgS abrogated prophase
centrosome separation and active Nek9 or Nek6 expression
was not able to rescue this effect. In cells depleted of PIk1 and
expressing GFP as a control protein, centrosome separation in
prophase was almost completely abolished, but in contrast,
expression of active Nek9[A346-732] or Nek6 in PIkl-
depleted cells was able to restore the percentage of cells
with separated centrosomes to levels similar to control cells
(see also box plot indicating the distribution of intercentro-
somal distances in individual cells).

Our results show that Nek9, Nek6 and Nek7 act down-
stream of PIk1 and upstream of Eg5 during early centrosome
separation and suggest that PIk1 inhibition precludes centro-
some separation as a result of the failure to activate the Nek9/
Nek6/7 module.
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Figure 6 Active Nek9 and Nek6 can rescue Plk! but not Eg5 downregul

ation in prophase centrosome separation. HelLa cells were transfected

with control, Eg5 or PIK1 siRNAs plus the indicated plasmids and processed as in Figure 5 (Nek9ARCCI, Nek9[A346-732]). The percentage of
FLAG-positive prophase cells showing two unseparated centrosomes (together), two centrosomes separated <2 pm (<2 pm) or fully separated
centrosomes (> 2 pumy) is shown in the upper graphic (mean * s.e.m. of three independent experiments; ~40 cells counted in each experiment).

The effect of the different transfections on the levels of Plkl and E
observed phenotypes (anti-y-tubulin plus DAPI staining, bar, 5 pm; inse

5 is shown (right). Lower panels show representative examples of the

show the same field stained with anti-FLAG plus DAPI) and a box plot

of the distribution of distances from the centre of the duplicated centrosomes in FLAG-positive cells (as in Figure 4; 30 cells counted for each

experimental condition).
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Plk1 controls Eg5 phosphorylation at the Neké6 site
Ser1033, that together with the CDK1 site Thr926 is
necessary for prophase centrosome separation and
Eg5 recruitment

Eg5 is phosphorylated during mitosis at Ser1033, a site that
we have previously shown is modified by Nek6/7 (Rapley
et al, 2008). Eg5[Ser1033-P] accumulates at centrosomes in
prophase, and we therefore speculated that PIk1 and Nek9
might control prophase centrosome separation through
Nek6/7 phosphorylation of this residue. Using an antibody
that specifically recognizes Eg5[Ser1033-P] (Rapley et al,
2008), we first confirmed by RNAi that mitotic levels of
Eg5([Ser1033-P] depend on Nek6, but also Nek7 and their
upstream kinase Nek9 (Supplementary Figure S6A). Next, we
sought to determine whether Eg5[Ser1033] phosphorylation
also depends on PIk1. For this, we arrested cells in mitosis

with nocodazole or by depleting either Pkl or Eg5 by
RNAI. Mitotic arrest was confirmed by FACS (not shown)
and the phosphorylation state of Cdc27, and the levels of
Eg5[Ser1033-P] were compared with those present in expo-
nentially growing cells. Figure 7A shows that Eg5{Ser1033-P]
was detected in nocodazole-arrested cells but not in expo-
nentially growing cells. PIkl downregulation by RNAi
resulted in the abrogation of Eg5[Ser1033-P] from mitotic
cells. Additionally, Eg5 depletion had a similar effect, thus
confirming the specificity of the antibody. Similar results
were obtained by using the PIK1 inhibitor BI2536 that re-
sulted in mitotic cells without any observable Eg5{Ser1033-P)
accumulation (Supplementary Figure S6B).

We have previously shown that Eg5(Ser1033] phosphoryla
tion is necessary for normal mitotic progression (Rapley et al,
2008). We now tested whether phosphorylation of Ser1033

A we B
——— 100
a-Eg5 Togethes
(51033-P] | E Poprase T

P<0,05

r e 75
a'EQs M-

a-rik S * N

25

0.
a-cdc27 G B Eg5  EgS Egs
- ¥e:s Wt S1033A T926A
. F oo
b c-,gs\ f§§ SIANA:  Control Eg5
& &
Exp. M

Cc
%
- -

T

<

Q . . . -

3

o Eg5 Eg5 Eg5
Mye- wt S1033A T926A
SIRNA : Eg5

Figure 7 PIK] controls EgS phosphorylation at the Neko6 site Ser1033. Both Ser1033 and the CDK1 site Thr926 phosphorylation are necessary
for prophase centrosome separation and Eg5 recruitment. (A) HeLa cells were arrested in mitosis by either nocodazole (ND) treatment or RNAi
against PIk1 or Eg5 (24 h transfection), collected after mitotic shake off and cell extracts were analysed by western blot (WB) using the
indicated antibodies. Mitotic arrest was confirmed by FACS (not shown) and the phosphorylatin state of Cdc27. Untreated cells (Exp) are
shown in the first lane as a control. Asterisks mark protein bands with altered mobility due to phosphorylation. (B) HeLa cells were transfected
with either control or Eg5 siRNAs, after 16 h retransfected with expression plasmids for the indicated Myc-tagged proteins (¢DNAs rendered
resistant to the siRNA by several silent point mutations), fixed and stained with antibodies against Myc, y-tubulin and DAPI. The percentage of
Myc-positive prophase cells showing two unseparated centrosomes (together), two centrosomes separated <2 pm (<2 pm) or fully separated
centrosomes (> 2 pm) is shown in the upper graphic (mean % s.e.m. of three independent experiments; ~40 cells counted in each experiment).
Levels of endogenous and recombinant Eg5 as determined by WB are shown in Supplementary Figure S6C. (C) Cells transfected and processed
as in (B). Representative examples of the observed phenotypes (Myc-Eg5, green) are shown below (bar, 5 um). Insets show the same field
stained with y-tubulin (red) plus DAPI (blue). Centrosomal accumulation of Eg5S is noted with arrows.
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was necessary for centrosome separation during prophase.
We depleted endogenous EgS by RNAi and concomitantly
expressed different Myc-tagged Eg5 variants, which were
rendered resistant to the siRNA by several silent point muta-
tions and were all expressed at similar levels (Supplementary
Figure S6C). Figure 7B shows that in cells depleted of endo-
genous Egs, wild-type EgS (but not the CDK1 site mutant
Eg5S[Thr926Ala)) was capable of supporting centrosome
separation in prophase cells. Remarkably, Eg5[Ser1033Ala]
was substantially less effective in rescuing endogenous Eg5
depletion. An additional mutant, Eg5[Ser1033Asp], showed a
tendency to be more efficient in sustaining centrosome separa-
tion that Myc-Eg5[Ser1033Ala], although the differences be-
tween these (wo forms were statistically not significant,
leading us to conclude that Eg5[Serl033Asp] only partially
mimicked Eg5[Ser1033-P) (data not shown).

During mitosis, Eg5 binding to centrosomes and micro-
tubules depends on CDK1 phosphorylation of Thr926 (Blangy
et al, 1995). We explored the possibility that Ser1033 phos-
phorylation could be in addition necessary for Eg5 centroso-
mal recruitment during prophase, thus explaining the
requirement of this site for normal centrosome separation
during early mitosis. Prophase localization of different Eg5
recombinant forms in transfected cells is shown in Figure 7C.
As expected (Blangy et al, 1995; Sawin and Mitchison, 1995),
in prophase cells, wild-type Eg5 (but not Eg5[Thr926Ala))
accumulated on centrosomes and the proximal ends of
microtubules. Strikingly, Eg5[Ser1033Ala] was not present
at prophase centrosomes in cells that had failed to separate
them. Reduced centrosomal amounts of this mutant
were observed in cells with separated centrosomes. In addi-
ton to these observations, it is worth noting that except
Eg5([Thr926Alal, all Eg5 forms showed a cytoplasmatic dis-
tribution that was compatible with that of microtubules.

Thus, our results show that, like Nek9 and Nek6/7, Plkl is
necessary for mitotic Eg5[Ser1033] phosphorylation, and
suggest that this modification together with Thr926 phos-
phorylation by CDK1, is required for normal Eg5 recruitment
to centrosomes and subsequent centrosome separation
during prophase.

PIk1, Nek9, Nek6, Nek7 are necessary for centrosome
recruitment of Eg5 during prophase; active Nek9 and
Nek6 are able to rescue Plk1 downregulation in
prophase Eg5 recruitment

We reasoned that PlIkl, Nek9, Neké and Nek7 should be
necessary for Eg5 centrosomal recruitment, and that cells that
failed to separate the centrosomes during prophase as a result
of interfering with the different protein kinases should pre-
sent diminished centrosomal levels of Eg5. Downregulation
of the different kinases by RNAi confirmed this (Figure SA).
While prophase cells transfected with control siRNA showed
separated centrosomes with an evident accurnulation of Eg5
in the vicinity of centrosomes, transfection with PIk1, Neké6,
Nek7 or Nek9 siRNAs resulted in prophase cells with un-
separated centrosomes and without any apparent recruitment
of Eg5 to these organelles. We next sought to determine
whether the observed ability of active Nek9 and Neké to
rescue Plkl downregulation during centrosome separation is
concomitant with a recovery in the amount of centrosomal
Eg5. Figure 8B shows that active Nek9[A346-732] or Neké
cotransfection at least partially restores Eg5 pericentrosomal
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accumulation in cells transfected with Pkl siRNA (see
Supplementary Figure 57 for additional examples of Eg5
localization under these conditions).

Additional experiments showed that in fact, transfection of
active Nek9[A346-732] or Neke6 is able to induce ectopic Eg5
accumulation around centrosomes in parallel to centrosome
separation even in interphase (Supplementary Figure SSA)
and that this is accompanied with Eg5($1033) phosphoryla-
tion (Supplementary Figure S8B; Rapley et al, 2008). Thus, a
physiological correlation exists between Eg5 recruitment and
centrosome separation in prophase cells, and activation of
the Nek9/Nek6é module is both necessary and sufficient to
induce both phenomena in a cell-cycle-independent manner.

Failure to phosphorylate Eg5[Ser1033] results in a delay
in prometaphase

We finally wished to determine how mitotic progression
would be affected by substituting endogenous EgS by the
non-phosphorylable form Eg5[Ser1033Ala) (and thus by
interfering with normal centrosome separation during
prophase). For this, HeLa cells were transfected with control
$iRNA plus a control protein (FLAG-GFP) or Eg5 siRNA plus
either a FLAG-GFP, Eg5 wild type or Eg5[Ser1033Ala], and
arrested at the G2/M border using the Cdkl inhibitor RO-
3306. Cells were released by repeated washes, fixed at
different time points and mitotic cells categorized according
to mitotic phase. Centrosome separation was assessed in
prometaphase cells by y-tubulin staining (Figure 9). Note
that, similarly to other synchronization methods (Gavet and
Pines, 2010), RO-3306 treatment results in premature centro-
some splitting/separation in a significative amount of G2 cells
(see Supplementary Figure $9); this effect is Eg5 independent
and may result in an underestimation of the effects on
centrosome separation of the different forms of Eg5 used.
In all conditions, ~50% of cells immediately entered mitosis
upon removal of the CDK1 inhibitor, thus confirming both
synchronization and the reversibility of the treatment. Of
these, most were in prometaphase 30min postrelease.
Control cells and cells transfected with Eg5 siRNAs plus
wild-type Eg5 progressed into metaphase (~60% of cells at
60min) and then into telophase/cytokinesis (~80% at
240min). As expected, most of the cells transfected with
Eg5 siRNAs plus a control protein remained in prometaphase
with unseparated centrosomes for the length of the experi-
ment (76% at 240 min). Cells transfected with Eg5 siRNAs
plus Eg5[Ser1033Ala) entered prometaphase at a similar rate
than control cells (63% at 30 min}, but only a small percen-
tage of them progressed into metaphase and later into
telophase. Remarkably, at 60 min, >57% of the cells expres-
sing Eg5[Ser1033Ala] were still in prometaphase (as com-
pared with 25% for cells expressing wild-type Eg5) and a
significative part of the cells showed unseparated centro-
somes (36+2% of prometaphase cells with centrosomes
separated <2um, as compared with 8 1% in cells expres-
sing wild-type Eg5). This percentage slowly diminished with
time in parallel with the apparition of metaphase and telo-
phase/cytokinetic cells at longer time points. After 240 min,
35% of cells expressing Eg5[Ser1033Ala) remained in prome-
taphase, while 45% of cells having progressed to telophase/
cytokinesis. We conclude that failure to phosphorylate
Eg5[Ser1033], and thus to recruit the kinesin to centrosomes
and properly separate these organelles during early mitosis
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Active Nek9 and Neké can rescue PIK1

Figure 8 PIk1, Nek9, Nek6, Nek? are necessary for centrosome recruitment of EgS during prophase.
downregulation in prophase Eg5 recruitment. (A) HeLa cells were transfected with the indicated siRNAs, and after 24 (Plk1) or 48 (control,
Nek6, Nek?, Nek9) hours, fixed and stained with antibodies against Eg5, y-tubulin and DAPIL. Representative examples of Eg5 (red) distribution
in prophase cells are shown. Insets show the same field stained with y-tubulin (green) and DAPI (blue). Centrosom cumulation of Eg
noted with arrowheads. Bar, 5 um. The efficiency of the diiferent RNAI treatments can be seen in Figure 4C. Centrosomal Eg5 fluorescence
nten

IS

was (]l.‘.ll'.[ll‘.\‘\1 with llf].ll{z‘l software on images JL'\}HX.’\‘\, under constant exposure, using a L'!!L'll!.ﬂ areaof 2 pm diameter .\'llf!l\]llllh!\‘(’,
a single centrosome (identified by y-tubulin staining; an adjacent area of the same dimensions within each cell was quantified and subtracted
as background). Results are expressed as a percentage of the intensities measured in control cells £ s.e.m. (thre

> 20 centrosomes counted in each experiment). (B) HeLa cells were cotransfected w
for the indicated proteins and after 24 h fixed and stained with antibodies against &
After incubation with labelled secondary antibodies, F was detected with Fab-prelabelled anti-FL: {(see Materials and methods).
Representative examples of EgS distribution in prophase s are shown. Images show the same field stained with Eg5 (red), y-tubulin (
Fl (yellow) and DAPI (blue), and a composite of Eg5 (red) plus y-tubulin (green). Centrosomal accumulation of EgS is noted with
arrowheads. Bar, 5pm,

ndependent experiments;
either control or PIk1 siRNAs and expression plasmids
, v-tubulin and DAPI (Nek9ARCC1, Nek9[A346- )]

(3]

results in prometaphase delay (and in some cases possibly in for the recruitment of Eg5 to centrosomes, early centrosome
prometaphase arrest). This highlights the importance for separation and normal progression through mitosis.

normal mitotic progression of the mechanism responsible

for the phosphorylation of Eg5[Ser1033].

Altogether, our results show that Plkl controls Discussion
Eg5([Ser1033] phosphorylation through the activation of The NIMA-family kinases Nek9, Nek6 and Nek7 form a
Nek9, Nek6 and Nek?, and that this modification is required signalling module required for normal spindle assembly
EMBO Journa ©2011 Eurog
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Figure 9 Effects of Eg5[Ser1033Ala) on cell-cycle progression. Hela cells were transfected with either control or Eg5 siRNAs, after 16h
retransfected with expression plasmids for the indicated Myc-tagged proteins (cDNAs rendered resistant to the siRNA by several silent point
mutations). After 24 h, cells were incubated 20h with 9 uM RO-3306. Synchronization in G2 was confirmed by FACS. Cells were released in
fresh media after repeated washes, and at the indicated times fixed and stained with antibodies against myc or GFP, y-tubulin and DAPI. Mitotic
myc- or GFP-positive cells were categorized according to mitotic phase (mean £ s.e.m. of three independent experiments; ~40 mitotic cells
counted in each experiment). Representative examples of prometaphase cells as well as the percentage of cells in this phase of the cell cycle
with unseparated centrosomes (distance <2pm) at 60min postrelease is shown, see Supplementary Figure $9 (mean s.e.m. of three
independent experiments; ~ 30 cells counted in each experiment; bar, 5pum)

and function during mitosis (Roig et al, 2002, 2005; Belham
et al, 2003; O'Regan and Fry, 2009). While Nek6 and Nek? are
both directly activated by Nek9, the mechanism of activation
of Nek9 has remained elusive. Based on the observations
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presented in this work, we put forward CDK1 and PIk1 as
Nek9 physiologic activators. We propose a two-step activa-
tion mechanism for this NIMA-family kinase in which CDK1
(together with cyclin Bl and perhaps cyclin A) phosphory
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lates Nek9 at Ser869, inducing PIk1 binding and subsequent
PIkl phosphorylation and activation of Nek9. Nek9 activa-
tion could directly result from PIk1 phosphorylation of
Nek9([Thr210], although conceivably PIkl phosphorylation
of additional sites outside the Nek9 activation loop may
also contribute to activation by releasing Nek9 autoinhibition
thus triggering Thr210 autophosphorylation (Roig et al,
2005). Our model provides a basis to understand the tempor-
al and spatial pattern of Nek9 activation, occurring at pro-
phase centrosomes, where it colocalizes with active CDK1
and PIkl. Additionally, it integrates signalling through the
NIMA family with that of CDK1l and PIkl, suggesting
new ways through which these two major mitotic kinases
could control the organization and function of the mitotic
machinery.

Regarding the conservation of the proposed Nek9 activa-
tion mechanism, an S[S/T]P site in a similar position to that
of human Ser869 is lacking in mouse and rat Nek9, aithough
in these and other organisms Ser750 is conserved. We thus
suggest that this residue (that in human cells is also phos-
phorylated in vive but only marginally affects PIk1 binding)
could act as the main PIk1-binding site when the homologue
of Ser869 is not present. A relationship between the NIMA,
CDK and Polo families may have been long conserved
through evolution and may even be bidirectional, as
Aspergillus NIMA is activated in mitosis through a mechan-
ism that involves NIMXCDC2 (Ye er al, 1995) and
Schizosaccharomyces pombe Finl, like NIMA and Nek9 in-
volved in the regulation of spindle formation, has been
described to be necessary for Polo (Plol) association to the
spindle pole body (Grallert and Hagan, 2002).

Early functional reports of Drosophila Polo (Llamazares
et al, 1991) or mammalian Plkl (Lane and Nigg, 1996)
described the failure to separate centrosomes in mitosis (asso-
ciated to the appearance of monopolar spindles) as one of the
major results of interfering with these kinases. Since then it
has been well established that Plkl has diverse functions
during early, mid and late mitosis (Petronczki et al, 2008;
Archambault and Glover, 2009), among them the regulation of
centrosome separation and maturation, two PIK1 roles the
molecular basis of which still remains to be fully understood.
We herein propose that PIK1 controls centrosome separation in
prophase through Nek9 and Nek6/7 signalling to the kinesin
EgS. Accordingly, and without discarding the existence of
additional Nek9/Nek6/7-independent roles of Plkl during
centrosome separation, we suggest that the main cause for
the failure of this process in cells with diminished PIk1 activity
is the absence of activation of the Nek9/Nek6/7 module. This
results in lack of Eg5 phosphorylation at Ser1033, a previously
described modification (Rapley et al, 2008) that we now show
is necessary for Eg5 recruitment to centrosomes and prophase
centrosome separation.

Previous studies have suggested that vertebrate cells can
separate centrosomes through two distinct and partially
redundant pathways: a prophase pathway that relies on
microtubule-based motors, the nuclear membrane and
possibly microtubule pushing forces, and a prometaphase
pathway that is based in interactions between the two
microtubule asters, astral microtubule pulling forces and
kinetochore-generated pushing forces (see Rosenblatt, 2005
and Tanenbaum and Medema, 2010 for reviews). The pro-
phase pathway is, at least in mammalian cells, strongly
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dependent on Eg5 (our data and Whitehead and Rattner,
1998; Tanenbaum et al, 2008; Woodcock et al, 2010) and
our results indicate that phosphorylation of Eg5[Ser1033]
controls this pathway by allowing the recruitment of the
kinesin to the vicinity of the centrosomes during prophase.
Attesting to the redundancy of the two centrosome separation
pathways and the robustness of the mechanisms that results
in spindle bipolarity, cells that fail to phosphorylate
Eg5[Ser1033] remain longer in prometaphase, but for the
most part reach metaphase (although with a marked delay)
and progress to later mitotic phases. Thus, Ser1033 phos-
phorylation is not necessary for prometaphase centrosome
separation or the non-prophase functions of Eg5 during
spindle assembly (a process that depends on Eg5 unless it
initiates with well-separated centrosomes; Ferenz et al,
2009). Nevertheless, our results suggest that Eg5[Ser1033]
phosphorylation and thus prophase centrosome separation
promote and accelerate the building of the bipolar spindle,
probably allowing prometaphase mechanisms to work more
efficiently on already separated centrosomes. It remains to be
determined whether, in addition of the timely formation of a
bipolar spindle, Eg5(Ser1033) phosphorylation influence the
accuracy of chromosome segregation as well.

How does Ser1033 phosphorylation induce Eg5 pericentro-
somal localization and control prophase centrosome separa-
tion? Mutation of this residue to a non-phosphorylable
alanine results in a form of the kinesin that has a greatly
impaired centrosomal localization but is still able to bind
microtubules and to localize to the metaphase spindle
(Rapley er al, 2008). Conversely, mutation of the CDK1
phosphorylation site Thr926 (required for Eg5 microtubule
binding during mitosis; Blangy et al, 1995; Sawin and
Mitchison, 1995) results in abrogation of Eg5 recruitment to
centrosomes and of centrosome separation. Consequently,
Ser1033 phosphorylation does not control the ability of Eg5 to
bind microtubules but it relies on it to concentrate the Kinesin
at the vicinity of centrosomes and separate them (Thr926
phosphorylation may not be required in conditions in which
high Nek9/Nek6/7 activity results in a significant increase in
the levels of Eg5[Ser1033-P], see Figure 5 and Supplementary
Figure S8). We can hypothesize that phosphorylation of
Ser1033 allows a pool of Eg5 to preferentially bind micro-
tubules proximal or even anchored to the centrosome, either
directly or through the interaction with a yet to be identified
centrosomal protein (in turn this may be directly modulated
by PIX1 or other yet to be described PIk1 targets, accounting
for the only partial ability of Nek9 and Neké to rescue Eg5
recruitment to the centrosomes in cells with diminished
levels of PIk1, see Figure 8 and Supplementary Figure $7).
Accumulation of enough Eg5 at the vicinity of a prophase
centrosome will allow separation from the opposing centro-
some by exerting forces on the relatively few microtubules
emanating from it. Centrosomal localization of Eg5 may not
be necessary during prometaphase, as in this latter stage of
mitosis the increased number and length of microtubules
(with Eg5 bound through their lengths) would ensure suffi-
cient overlap as to produce force in collaboration with other
separation mechanisms and without the need of concentrat-
ing Eg5 at centrosomes. Whether this hypothesis is correct, as
well as how it is related to novel functions of Eg5 C-terminal
domain (Weinger et al, 2011}, the action of other motor
systems like dynein/dynactin (Blangy et al, 1997; Uteng
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et al, 2008; Ferenz et al, 2009) or the positioning of centro-
somes in respect to the nucleus (Splinter et al, 2010) remains
to be determined.

In summary, our data identify two major mitotic regula-
tors, PIk1 and CDK1 as upstream activators of the Nek9/
Nek6/7 module, firmly positioning the NIMA-family kinases
Nek9, Neké and Nek7 at the centre of mitotic signalling.
A first example of the roles that these kinases can perform
downstream of CDK1 and PIk1 is described, shedding light on
one of the most conspicuous but less understood roles of PIk1
during early mitosis, centrosome separation, and defining the
elements that in mammalian cells control this process as well
as its importance during mitotic progression. It is now clear
that NIMA-family kinases control different but consecutive
steps of the centrosomal cycle, namely centrosome disjunc-
tion (regulated by Nek2 in an Eg5-independent manner and
essential when Eg5 function is partially compromised, see
Mardin et al, 2010) and separation (regulated by Nek9 and
Nek6/7 and executed by Eg5). Whether this is the result of
sharing the diverse functions of an ancestral NIMA and
whether Nek9, directly or through Neké and Nek7, is respon-
sible for additional mitotic roles downstream of Plk1 as the
phenotypes that result from interfering with these kinases
suggest (Roig et al, 2002, 2005; O'Regan and Fry, 2009), will
surely be the subject of future investigations.

Materials and methods

Plasmids and reagents

Different Nek9 and Neké expression plasmids have been described
elsewhere (Roig et al, 2002; Belham et al, 2003). Additional Nek9
mutants were constructed using the QuickChange Site-Directed
Mutagenesis kit (Stratagene) according to the manufacturer’s
instructions, using specific primers (S869A 5'-CAAGTAGAAGCCT
CGGCACCTCGGCTGAATCCTGC-3', S29A 5-GGTTGCGGGGACTCG
GCTCCGGGGOCTAGCGCC-3", S750A S“ACTGTGTTTCAGAGCTCTG
CCCCGGGAGGAGGCGGCGG-3"- with the appropriate reverse com-
plements). pCMV5-FLAG-GFP was constructed by cloning eGFP
into pCMVS-FLAG. For construction of PGEX-PIK1[345-603], a PCR
fragment corresponding to Plkl PBD was cloned into a modified
PGEX vector (Pharmacia Biotech). All constructs were sequenced
after generation. RNAi-resistant forms of EgS have been described
in Rapley et al (2008).

FLAG-Nek9 and FLAG-Nek9[K81M] were expressed in 293T cells
and purified by immunoprecipitation with anti-FLAG antibody
(Sigma), followed by repeated washes and elution using FLAG
peptide (Sigma). Purified Plk1 and CDK1/cyclin B were purchased
from Invitrogen. Histone H3 was from Roche. Nocodazole, MG132
and Purvalanol A were from Sigma. Bi2536 was from Axon
Medchem, RO-3306 was from Enzo Life Sciences.

Cell culture and transfection
HelLa, U20S and HEK 293T cells were cultured as described (Roig
et al, 2002). Cells in mitosis were obtained by mitotic shake off of
nocodazole-arrested (0.25 mM, 16 h) cultures. HEK 293T cells were
transfected using different expression plasmids with Lipofectamine
(Invitrogen) according to the manufacturer’s instructions. Hela
cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions, siRNAs were trans-
fected using siPORT NeoFX Transfection Agent (Ambion) according
to the manufacturer’s instructions. siRNA and DNA cotransfection
was performed using Lipofectamine 2000.

siRNA duplexes were as following: EgS, 5'-CUGAAGACCUGAA
GACAAUATAT 3’ (Ambion) (Weil et ai, 2002); PIk1, S CGAGCTGCT
TAATGACGAGTT-3' (Dharmacon) (Oshimori et al, 2006); Neké,
§AAUAGCAGCUGUGUGAGUCUUGCCU-3'  (Ambion) (O’Regan
and Fry, 2009); Nek?7, 5-AAUAGUGAUCUGAAGGAAGAGGUGG-3'
(Invitrogen); Nek9, 5"“AAUAGCAGCUGUGUGAGUCUUGCCU-3'
(Invitrogen); Nek9 UTR, 5-GCTGOCTTGGGAATTCAGTATAT-3'
and 5-GCAGCCAAACTTTGATTAAATAT-3’ (Ambion).

©2011 European Molecular Biology Organization
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Immunoprecipitation and 'n blot analysis
Immunoprecipitations and western blotting were performed as
described in Roig et al (2002). Anti-Nek9, anti-Nek9[Thr210-P],
anti-Nek6 and anti-Eg5{Ser1033-P] polyclonal antibodies have been
described in Roig et al (2002, 2005); Belham et a! (2003) and Rapley
et al (2008). Other antibodies used are anti-Nek? (Cell Signaling),
anti-cdc27, anti-cyclin B1 (Santa Cruz Biotechnology), anti-Plkl
(Calbiochem), anti-EgS (BD Bioscience), anti-GFP (Roche and
Invitrogen), anti-FLAG and anti-fi-tubulin (Sigma). Secondary
antibodies were from Jackson ImmunoResearch Laboratories and
were detected by ECL chemiluminescence (Thermo Scientific).

MS analysis

For phosphopeptide identification, Coomassie-stained protein
bands were excised and in situ digested with trypsin and LC/MS/
MS analysis of phosphorylation sites was performed at the Taplin
Biological Mass Spectrometry Facility (Harvard Medical School,
Boston, MA) as described previously (Roig et al, 2005).

Two-hybrid analysis

¢DNAs coding for the human PIk1 and Nek9 fragments indicated in
Figure 1 was subcloned into pGBKT? and pGADT7, respectively,
and yeast two-hybrid analysis was performed as described in
Rapley et al (2008).

Kinase assays
Protein kinase assays were carried out as described previously (Roig
et al, 2002) using 100 uM ATP.

Immunofluorescence

Cells were grown on coverslips fixed with methanol and permea-
bilized as described earlier (Rapley et al, 2008). Primary antibodies
used were mouse anti-y-tubulin (Sigma), mouse anti-FLAG (Sigma),
mouse anti-GFP (Invitrogen), rabbit anti-centrin (Groen et al, 2004),
rabbit anti-histone H3[Ser10-P] (Cell Signaling), rabbit anti-Myc
(Sigma) and mouse anti-EgS (8D). Primary antibodies were detected
with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 555 goat
anti-mouse 1gG (Invitrogen). When needed, anti-FLAG antibodies
were detected with Alexa Fluor 647-Fab fragments using the Zenon
mouse [gG labelling kit (Invitrogen). DNA was stained with DAPI
(Sigma).

Images were taken using a Leica TCS SPE confocal system with a
DM25CC CSQ upright microscopy and a = 63 1.30 ACS Apo lens,
and edited using Leica LAS AF software (Leica Microsystems) and
Photoshop (Adobe).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Appendix 2

Supplementary Information

Supplementary information consist of nine supporting figures.

Figure S1.

(A) Coomassie staining of the Nek9 immunoprecipitates used in the LC/MS/MS analysis of
phosphopeptides. Exp., exponentially growing cells; M, mitotic cells. NIgG, normal IgG.

(B) Phosphopeptides and their corresponding unphosphorylated counterparts identified in the
LC/MS/MS analysis of Nek9. The most probable phosphorylation site is marked in each case with
and asterisk (*¥). Peak intensities for each peptide and sample are shown and used to infer the
percentage of total peptide that is phosphorylated in each case (phosphopeptide, % of total), as well
as the fold increase of this percentage in mitotic cells as compared to exponential cells (Fold

increase in M).

Figure S2.

(A) normal IgG (NigG) or a-Nek9 immunoprecipitates from exponentially growing (£xp.) or
nocodazole-arrested mitotic (M) embryonic mouse fibroblasts extracts were analyzed by western
blot (WB) using the indicated antibodies. PIk1 in the corresponding extracts is shown in the lower
panel.

(B) The ability of full length Plkl or Plkl PBD (Plk1[345-603]) to interact with the different
domains of Nek9 (kinase domain: Nek9[1-346]; RCC1 domain: Nek9[347-726]; C-terminal
tail:Nek9[721-979]) was assessed using two hybrid by histidine and adenine prototrophy plus
expression of «-galactosidase activity (right plates). AD, Gal4 activation domain; BD, Gal4 DNA
binding domains; C+, positive control (BD-p53 and AD-SV40); C-, negative control (BD-lamin and
either AD-PIk1 or AD-PIk1[345-603].

(C) HeLa cells were transfected with empty FLAG vector (-), FLAG-Nek9 wild type or FLAG-

Nek9[S869A]. anti-FLAG immunoprecipitates were obtained from exponentially growing (£xp) or
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nocodazole-arrested mitotic (M) cells and immunobloted with the indicated antibodies. PIk1 in the

corresponding extracts is shown in the lower panel.

Figure S3.

Kinase-defective FLAG-Nek9[D176A] was expressed and purified from 293T cells and
incubated for 60 minutes at 30 °C with [y-32P]JATP/Mg?* in presence or absence of Plkl. After SDS-
PAGE, Nek9 was visualized by Coomassie staining, and 32P incorporation was visualized by
autoradiograph (upper panel). Identical samples were analyzed by western blot (WB) using the

indicated antibodies (lower panel).

Figure S4.

(A) Representative Hel.a cell with multiple centrosomes. The cell has been transfected with
Nek9 siRNA, and after 48 hours, fixed and stained with antibodies against y-tubulin (red), centrin
(green) and DAPI (blue). Insets show magnified centrosomes (y-tubulin, centrin and overlap).

(B) Hela cells were transfected with control siRNA or alternative siRNAs directed against
Nek6 (Nek6_2, 5'“AGAGGCAUCCCAACACGCUGUCUUU-3', Invitrogen) or Nek7 (Nek7_2, 5'-
AUAAACUUCACUAAAUUGUCCGCGA-3', Invitrogen), and after 48 hours fixed, stained and
scored as in Figure 4. with antibodies against y-tubulin (red) and DAPI (blue). The percentage of
prophase cells showing 2 unseparated centrosomes (fogether), 2 centrosomes separated less than 2
pm (< 2um), or fully separated centrosomes (> 2pm) is shown in the upper graphic (mean £ SEM
of 3 independent experiments; ~50 cells counted in each experiment). The efficiency of the different
RNAI treatments used as determined by western blot of total cell extracts is shown.

(C) Levels of endogenous and recombinant Nek9 as determined by western blot for the different

conditions used in Figure 4C. An asterisk marks an unspecific band.
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Figure S§

DNA content of cells transfected with the indicated FLLAG-tagged proteins (Nek9ARCC1, Nek9
[A346-732]). 24h after transfection, the DNA content of FLAG-positive cells was analyzed by
FACS. There is no significant difference in cell-cycle distribution between different conditions.

Similar results were obtained when control siRNA was cotransfected.

Figure S6.

(A) Hela cells were transfected with the indicated siRNAs, and after 48 hours, Eg5 was
immunoprecipitated from the corresponding lysates. Eg5[Ser1033-P] and total Eg5 were detected
by western blot (WB) of the immunoprecipitates. The efficiency of the different RNAi treatments
used was determined by western blot of total cell extracts. Exp., exponentially growing cells; 7,
interphase cells (2mM thymidine, 16h); M, mitotic cells (0.25 mM nocodazole, 16h).

(B) HeLa cells where incubated with nocodazole (ND, 0.25 mM) or BI2536 (100 nM) for 16
hours. Cells in mitosis (M) were collected after mitotic shake off, and cell extracts were analyzed by
western blot (WB) using the indicated antibodies. Mitotic arrest was confirmed by FACS (not
shown) and the phosphorylation state of Cdc27. Untreated cells (Exp.) are shown in the first lane as
a control. Asterisks mark protein bands with altered mobility due to phosphorylation.

(C) Levels of endogenous and recombinant Eg5 as determined by western blot for the different

conditions used in Figure 7B.

Figure S7.
Hel.a cells were transfected, fixed and stained as in Figure 8B. Representative examples of the
observed phenotypes in prophase cells are shown (Eg5, red; y-tubulin, green; FLAG, yellow; DAPI,

blue). Centrosomes are noted with arrowheads. Bar, 5 gm.
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Figure S8.

(A) Hel.a cells were transfected with the indicated expression plasmids, and after 24h fixed and
stained as in Figure 8B. Representative examples of Eg5 distribution in interphase cells are shown.
Images show the same field stained with Eg5 (red), y-tubulin (green), FLAG (yellow) and DAPI
(blue), and a composite of Eg5 (red) plus y-tubulin (green). Centrosomal accumulation of Eg5 is
noted with arrowheads. Bar, 5 ym. (B) Levels of Eg5[S1033-P], Eg5 and FLAG-tagged proteins as
determined by western blot of cell extracts for the different conditions used in (A). First two lanes
show untransfected cell extracts from untreated (Exp.) and nocodazole-arrested mitotic cells (M).

Note that FLAG-transfected cells are growing exponentially.

Figure S9.
As in Figure 9. Percentage of cells with separated and unseparated centrosomes (distance < 2m)
in RO-3306 arrested cells (left) or prometaphase cells (60 min postrelease from RO-3306 arrest,

right). Mean + SEM of 3 independent experiments (~30 cells counted in each experiment) is shown.



Appendix 2

Figure S$1
IP: a-Nek9
A
-
Exp. M
: : phosphopeptide
Peak intensity (% of total) _ Fold
Site Identified peptide increase
Exp. M Exp. M in M
10HCDSINSDFGSESGGCGDSSPGP
SASQGPRso 716 E5 |1.80E5
Ser29 24 67.3 28x
10HCDSINSDFGSESGGCGDSS*PG
PSASQGPRss 174 E4 |3.70E5
331SSTVTEAPIAVVTSR345 143 E6 |6.21E5
Thr333 241 18.7 9x
331SST*VTEAPIAVVTSR345 312E4 |143E5
735SNSSGLSIGTVFQSSSPGGGGGG
GGGEEEDSQQESETPDPSGGFR779 414E5 [4.35E4
Ser750 34 56.3 17 x
735SNSSGLSIGTVFQSSSPGGGGGE
GGGEEEDSQQES*ETPDPSGGFR779 146 E4 |5.60E4
Ser827 - - - - -
81sELENAEF IPM#PDS*PSPLSAAF
SESEKDTLPYEELQGLKgs,
853VASEAPLEHKPQVEASSPRe71 101 E6 |1.52E5
Ser869 124 827 7x
853VASEAPLEHKPQVEAS*SPRe71 143E5 |7.29E5
Thr885 - - - - -
882GTPLT*PPACACSSLQVEVERo0;
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Figure S2
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Figure S4
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Figure S6
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Figure S7
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Figure S8
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Figure S9

Prometaphase (60 min postrelease)

5 myc-Eg5
GFP GFP myc-Eg5 [S1033A]

control Eg5

. myc-Eg5
GFP GFP myc-Eg5 [S1033A]

control Eg5s

201



Appendix 2

202



