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ABSTRACT

Faithful chromosome segregation during mitosisuisdamental for
cell viability and genome stability. For a corredtvision, all
kinetochores must be attached to the mitotic spiraiid cohesion
must be timely removed. Anaphase is triggered e/ Amaphase
Promoting Complex bound to its regulatory subundcZD (APC-
Cdc20) that polyubiquitylates securin (Pdsl in baodd/east), whose
role is to maintain inactive the protease sepatgs@l in budding
yeast) until anaphase onset. Once active, sepaftaaees cohesin,
thus triggering sister chromatid separation. Segga@so promotes
cyclinB proteolysis and mitotic exit due to its olvement in the
Cdcl4-early anaphase release (FEAR) pathway tbatgies a partial
activation of the Cdcl4 phophatase, which is imtkey for CDK
inactivation and mitotic exit. Cdc14 is maintainedctive throughout
most of the cell cycle bound to its inhibitor N&i1il and trapped in
the nucleolus. At the beginning of anaphase Cdeleleased from
the nucleolus into the nucleus by the FEAR pathveajgsequently,
Cdc14 is released also in the cytoplasm by the MENMotic Exit
Network) pathway. In this way Cdc14 is fully actimed can trigger
mitotic exit by cyclinB-CDK inactivation.

The Spindle Assembly Checkpoint (SAC) is a suraaite mechanism
conserved in all eukaryotic organisms that ensutes correct
segregation of the genetic material. In fact, hiliits the metaphase to
anaphase transition until all kinetochores are @rgpattached to the
mitotic spindle by inactivating the APC-Cdc20 compl thus

providing the time for error correction.



Cells do not arrest indefinitely upon SAC activatiéfter a variable
period of time cells escape from the metaphasestaakso in the
presence of a damaged mitotic spindle or faultyetiohore
attachments to spindle microtubules. This procssgeferred to as
adaptation or mitotic slippage and is often invdlve the resistance to
chemotherapeutic compounds that target the misgtindle. In spite
of its importance, the adaptation process islgtié known.

Within this context, the goals of my Ph.D. were) (@ characterize
the molecular mechanisms underlying SAC adaptadiod (2) to
search for factors involved in this process. Festpurposes we used
the yeasBaccharomyces cerevisiae as a model organism.

(1) We characterized the adaptation process ietettie presence
or the absence of mitotic spindle perturbations. dépolymerized
spindles by using two different drugs that altecnoiubule dynamics,
i.e. nocodazole and benomyl, whereas we induced SAC
hyperactivation without spindle damage by overponoy Mad2
(GAL1-MAD2 cells), one of the key proteins for SAC signal
generation and maintenance. We observed that ithallconditions
cells are able to adapt, but with different kingtim particular, cells
adapt faster in benomyl, while in nocodazole anthwigh levels of
Mad2 cells need more time to slip out of mitosiheTfew data
available about SAC adaptation in higher eukaryoteicate that
SAC adaptation is accompanied by chromatid searafi decrease
in mitotic CDK activity and mitotic exit. Indeedké in mammalian
cells, yeast securin and cyclinB are degraded eter £hromatids are
separated during adaptation. In addition, cyclitdb#ization, as well
as Cdc20 and Cdc5 (polo kinase) inactivation, nuykedelay



adaptation, while the only yeast CKI (Sicl) is motolved in this
process. Finally, when yeast cells adapt the SA&ke$y to be turned
off, as shown by the disassembly of the Madl/Bub&ckpoint
complex.

(2) To search for factors involved in SAC adaptatiove
performed a genetic screen usi@gL1-MAD2 cells. In particular, we
screened for mutants that would remain arrestegirfolonged times
in mitosis uponMAD2 overexpression. We identified Rsc2, a non-
essential component of the RSC chromatin remodetiomplex, as a
regulator of SAC adaptation in yeast. We demoredraat RSEsc2
is involved in fine tuning mitotic exit during thenperturbed cell
cycle. Its activity becomes particularly important conditions that
would activate the SAC, as it contributes to cyBlidegradation. In
the absence of Rsc2 Netl phosphorylation and thly eaaphase
release of Cdcl14 from the nucleolus are impairdtereas expression
of a dominant allele ofCDC14 that loosens Netl inhibition
(CDC14™8) s sufficient to restore mitotic exit in conditis where
Rsc2 becomes essential for this process. We fudir@ionstrated that
the ATPase activity of RSC is required for mitoégit regulation,
suggesting that its chromatin-remodelling activgyinvolved in this
process. By studying possible genetic interactiogisveen thdRSC2
deletion and FEAR or MEN mutations, we found tR8C2 deletion
confers synthetic lethality or sickness to MEN bt to FEAR
mutants. Altogether, our data suggest that R&Zis a novel
component of the FEAR pathway. Finally, we demaitstt that Rsc2
interacts in vivo and in vitro with the polo kinasedc5, which
controls mitotic exit at different levels.



Since RSC binds to acetylated histone tails, fassible that histone
transacetylases are also involved in SAC adaptathim tested if the
SAGA (Spt-Ada-Gen5 Acetyltransferase) complex igined in SAC
adaptation by deletingDA2 or GCN5 in yeast. Indeed, SAGA seems
involved in adaptation, although the contributidrAda2 and Gcen5 in
the process differs depending on the conditionsl useactivate the
SAC.

Finally, since we found that upon treatment withndmayl (a
microtubule destabilizer) cells adapt dividing raiclwe wondered if
SAC adaptation could be linked to the presence yibptasmic
microtubules that are still partially detectablethese conditions. We
therefore asked whether motor proteins and micrtdéukegulators are
involved in mitotic slippage. Indeed, we found tiathe absence of
Kip2 and Bik1, which specifically bind to cytoplasmmicrotubules,
cells divide nuclei and exit mitosis slower thanldwtype cells,
demonstrating that cytoplasmic microtubules aneb@ased proteins
could accelerate SAC adaptation.

In conclusion, SAC adaptation is a very complexcpss whose
timing probably depends on the interplay betweerifemdint
mechanisms. An important aim for a complete comgmston of this
process, as well as for the development of new rande efficient
cancer therapies, will be to identify novel factdmaplicated in
adaptation and clarify how their function might beked to one

another.
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RIASSUNTO

La corretta segregazione dei cromosomi durante ligosm e
fondamentale per la vitalita cellulare e la stébitiel genoma. Al fine
di avere una corretta divisione, tutti i cinetocakevono essere
correttamente attaccati al fuso mitotico e la cwesideve essere
tempestivamente rimossa. L'anafase €& promossa Adalthase
Promoting Complex legato alla suo regolatore Cd@XPC-Cdc20)
che poliubiquitina la securina (Pdsl nel lievitope ha il ruolo di
mantenere inattiva la proteasi separasi (Esplienetd) fino all’inizio
dellanafase. Una volta attiva, la separasi taglea coesina,
promuovendo cosi la separazione dei cromatidi lfrateoltre, la
separasi € in grado di promuovere la proteolidedgtline mitotiche
e l'uscita dalla mitosi come componente nel FEARhpay, una via
di trasduzione del segnale che controlla il rilasgarziale di Cdc14
dal nucleolo al nucleo che permette un’attivazipaeziale di Cdc14.
Cdc14 e la fosfatasi chiave che promuove l'inattivae delle CDK e
I'uscita dalla mitosi; essa € mantenuta inattisegregata nel nucleolo
per la maggior parte del ciclo cellulare graziéiraétrazione col suo
inibitore Net1/Cfil. All'inizio dellanafase, Cdclviene rilasciata dal
nucleolo al nucleo grazie all'attivazione del FEAPRathway;
successivamente, Cdcl4 viene rilasciato anche itgblasma dal
MEN (Mitotic Exit Network) pathway. In questo mododcl4 é
completamente attiva e quindi in grado di promuevarscita dalla
mitosi mediante I'inattivazione delle cicline mitdte.

Lo Spindle Assembly Checkpoint (SAC) e un meccanisdi
sorveglianza del ciclo cellulare altamente condervatutte le cellule
eucariotiche che permette la corretta segregaza®ecromosomi.
Infatti, esso e in grado di inibire la transiziometafase-anafase fino
alla formazione dell’attacco bipolare tra il fusatatico e cinetocori
inibendo il complesso APC-Cdc20. Cido nonostant&AIC non € in
grado di mantenere le cellule arrestate in metafsseun tempo
indefinito; infatti, dopo un certo periodo di temple cellule
progrediscono nel ciclo cellulare sia in presenzardfuso mitotico
danneggiato che in assenza di un attacco cormettiu$o mitotico e
cinetocori. Questo processo € noto col nome diat&nto o “mitotic
slippage” ed & spesso responsabile del fenomenesiktenza ai
chemioterapici che hanno come bersaglio il fusmticib. Nonostante
la sua importanza dal punto di vista biologico, pilocesso di
adattamento € ancora poco caratterizzato.
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In questo contesto, i principali obiettivi del mittorato di ricerca
sono stati: (1) caratterizzare i meccanismi mokatohklla base
dell’adattamento e (2) cercare fattori coinvoltignesto processo. Per
fare questo, abbiamo deciso di utilizzare [|'orgamds modello
Saccharomyces cerevisiae.

(1) Abbiamo caratterizzato I'adattamento sia insprea sia in
assenza del fuso mitotico. In particolare, abbiatapolimerizzato il
fuso mitotico mediante I'utilizzo di due droghe cladterano la
dinamica dei microtubuli, il nocodazolo e il bendmmgentre abbiamo
iperattivato il SAC senza danneggiare il fuso nimtmediante la
sovraespressione MAD2 (cellule GAL1-MAD?2), una delle proteine
fondamentali per la generazione e il mantenimerbseggnale del
SAC. Abbiamo osservato che le cellule sono in grddadattarsi in
tutte le condizioni analizzate, ma con cinetichdfedenti. In
particolare, le cellule si adattano piu velocementeenomyl, mentre
in nocodazolo e in presenza di alti livelli di Mat cellule hanno
bisogno di piu tempo. | dati presenti in letteratwul processo di
adattamento al SAC nelle cellule di mammifero iadc che
I'adattamento e correlato con la separazione denatidi fratelli, con
una diminuzione dell’attivita delle CDK mitotichecen l'uscita dalla
mitosi. In lievito abbiamo verificato che durantdattamento avviene
la degradazione della securina e della ciclina Bhe i cromatidi
fratelli vengono separati; inoltre, la stabilizzaze della ciclina B
(Clb2) e rlinattivazione di Cdc20 e della polo chsn Cdc5 ritarda
notevolmente I'adattamento, mentre l'inibitore deCDK mitotiche
(Sicl) non é coinvolto in questo processo. Infihgrante il processo
di adattamento le cellule di lievito spengono ilGAnfatti, in queste
cellule il complesso Mad1/Bub3 viene disassemblato.

(2) Per cercare fattori coinvolti nell’adattamerdab SAC, abbiamo
eseguito uno screening genetico utilizzando cellate.1-MAD2. In
particolare, eravamo alla ricerca di mutanti cheanevano arrestati in
mitosi piu a lungo. Dallo screening abbiamo idecdifo Rsc2, una
componente non essenziale del complesso RSC, danvel
rimodellamento della cromatina. Abbiamo dimostrale RSE? &
coinvolto nella regolazione dell’'uscita dalla mitakirante un ciclo
cellulare normale. Infatti, in assenza di Rsc2olsfdrilazione di Netl
e il rilascio parziale di Cdcl14 dal nucleolo somonpromessi; € pero
sufficiente I'espressione di un allele dominant€CBIC14 che si lega
pitl labilmente all'inibitore NetlGDC14™5%%) per ripristinare I'uscita
dalla mitosi in condizioni in cui Rsc2 risulta ess@le per questo
processo. Abbiamo inoltre dimostrato che lattividdPasica del

12



complesso RSC é importante per la regolazione useita dalla
mitosi; per questo, abbiamo ipotizzato che l'atéivdi rimodellamento
della cromatina e richiesta per questo processmli&tdo le possibili
interazioni genetiche tra la delezione BBC2 e mutazioni che
affliggono il FEAR o il MEN, abbiamo dimostrato cledelezione di
RSC2 provoca letalita sintetica o forti difetti di co® se combinata a
mutazioni che affliggono il MEN, ma non il FEAR. @onclusione, i
nostri dati suggeriscono che RS potrebbe essere una nuova
componente del FEAR pathway. Infine, abbiamo dinadstche Rsc2
interagisce in vivo e in vitro con la polo chin&c5, una proteina
che controlla I'uscita dalla mitosi a diversi lilel

Dato che il complesso RSC si lega in particolaregaoni di DNA con
istoni acetilati, & possibile che anche le acetié#&no coinvolte nel
processo di adattamento al SAC. Abbiamo testatd semplesso
SAGA  (Spt-Ada-Gen5  Acetyltransferase) fosse  coitovol
nell'adattamento mediante la delezione dei geDA2 e GCN5. Dai
dati preliminari ottenuti sembra che il compless8G& possa
regolare I'adattamento, anche se il contributo da2 e Genb dipende
dalle condizioni analizzate.

Infine, dato che abbiamo osservato che celluldateatcol benomyl
(una droga che destabilizza i microtubuli) si aalabt dividendo i
nuclei, abbiamo ipotizzato che I'adattamento pdiestiipendere dalla
presenza di microtubuli citoplasmatici che son@gémente presenti
in queste condizioni. Per questo motivo, ci sianmmadndati se
proteine motrici 0 proteine associate ai microtulpatessero essere
coinvolte nel processo di adattamento. In assenk#@ e Bikl, che
si legato specificamente ai microtubuli citoplasiciatle cellule
dividono i nuclei ed escono dalla mitosi piu lenente delle cellule
selvatiche, dimostrando che i microtubuli citoplasiei accelerano il
processo di adattamento.

In conclusione, I'adattamento al SAC € un procaastio complesso
che viene probabilmente regolato a diversi livelli.

13



INTRODUCTION

Correct segregation of duplicated chromosomes toglitar cells

during cellular division is fundamental for thetfdul inheritance of
genetic material. This process needs that all chsmmes achieve bi-
orientation (also called amphitelic attachmen®, they attach in a
bipolar way to microtubules emanating from oppositéndle poles
through their kinetochores, which are protein asdm®s that reside at
the centromere of chromosomes. As microtubule latt@nt is a trial
and correction process, incorrect attachments caarolf cells were
to undergo anaphase in the presence of erronedashients,
chromosomes would be segregated randomly, thusragere cells

with aberrant chromosome numbers known as aneugdoith order
to avoid this dramatic event, cells evolved a sillareee mechanism,
the spindle assembly checkpoint (SAC) that delagd cycle

progression in mitosis until all chromosomes has@&ched a bipolar
attachment and are aligned on the metaphase Plgd@unction in this

machinery has been implicated in genetic diseaset) as the Down

syndrome, and in tumor progression. (from TanakhHinota, 2009).

Kinetochore-microtubule attachment

The segregation of sister chromatids during mitosanly depends
on the forces generated by microtubules (MTs) thtach to
kinetochores (Tanaka and Desai, 2008). For profeontosome
segregation, kinetochores must capture spindle Mid properly
align on the mitotic spindle before anaphase onSetls undergo
these processes in a step-wise manner as folloarsakh, 2008): (1)
the kinetochore initially interacts with the latesarface of a single
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MT extending from a spindle pole (spindle-pole Miiy. 1, step 1);

(2) the kinetochore is transported along the sphpdile MT towards a
spindle pole (fig. 1, step 2); (3) the kinetochmreethered at the plus
end of a spindle-pole MT (conversion from the laktdo the end-on
attachment) (fig. 1, step 2); (4) sister kinetodsomttach to MTs
extending from opposite spindle poles (sister kiokore bi-

orientation). If sister kinetochores attach to MWsth aberrant

orientation, such errors must be corrected by tenoof the

kinetochore-microtubule attachment (error corregtio before

anaphase onset (fig. 1, steps 3 and 4). All théspss that are
conserved in all eukaryotes (from yeast to human@, crucial to

ensure high-fidelity chromosome segregation inahaphase (fig. 1,
step 5).

Here is the detailed description of the first tweps of the process:

- Step 1, initial kinetochore-microtubule interacti this event

occurs in a different cell cycle stage dependinghl@organism. In
fact, in metazoan cells in interphase the MT-orgiagi centres
(MTOCs) are outside of the nucleus and MTs canractewith

kinetochores only when the nuclear envelope is dmatown at the
onset of mitosis; on the other hand, in buddingiége kinetochores
are connected to MTOCs (called spindle-pole bodie$SPBs) by
MTs throughout most of the cell cycle (Winey andr@ole, 2001).

In all eukaryotic cells, however, kinetochoresially attach to the
lateral side of a single microtubule (Hayden et #90; Tanaka et
al., 2005) because the lateral side provides a nhagjer surface
compared with microtubule tips, thus providing arene@fficient

initial attachment.
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Step 2, conversion from lateral to end-on attamtminonce bound

to the microtubule lateral face (lateral attachhekinetochores are
transported towards a spindle pole along the mibnde (fig. 1, step
2). The kinetochore sliding along microtubule ismoted by minus
end-directed motor proteins, i.e. dynein in verbrcells (Yang et
al., 2007) and Kar3 in budding yeast (Tanaka e2@D5). While the
kinetochore is associated with the microtubulertdtéace, the plus
end of the shrinking microtubule often catches ughwthe

kinetochore, leading the kinetochore to becomeeteth at the
microtubule plus end (end-on attachment) and beulted further

towards a spindle pole as the microtubule shrinkanéka et al.,
2007) (fig. 1, step 2). (from Tanaka, 2010)

Step 1. Kinetochore initially interacts with the lateral surface of a microtubule
from a spindle pole (often facilitated by a kinetochore-derived microtubule)

= — — e -

@ Kinetochore @— Spindle pole and
microtubule

Step 2. Microtubule-dependent kinetochore transport towards a spindle pole

Sliding End-on pulling
—A= e - x 7
/Lateral attachment ™. End-on attachment

Step 3. Interaction of sister kinetochores with microtubules
from the same or opposite spindle poles

Turnover of kinetochore— _| \
' microtubule attachment ). —
B fo y - —

. - —_— /
£ / /" Error correction

Step 4. Sister kinetochore bi-orientation (tension applied: metaphase)

, \
AN 4 .
7 "\ S/ L

Step 5. Sister chromatid separation and segregation (anaphase}
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Figure 1. Kinetochore-microtubuleinteraction in eukaryotic cells.
The figure shows kinetochore—microtubule interaxiduring prometaphase (steps
1-3), metaphase (step 4) and anaphase (step &) Tloaka, 2010).

Since kinetochore-microtubule attachment is a stsith mechanism,
erroneous attachments can be generated. Differéntls k of

attachments are possible (fig. 2): (1) amphitetrar@gement with the
two sister kinetochores bi-oriented is the onlyreor attachment and
allows proper chromosome segregation; (2) monotdtachment, in
which only one kinetochore is attached to mitopmdle; (3) syntelic

attachment, in which both kinetochores are attadbeghicrotubules

arising from the same spindle pole; (4) merotetfiachment, in which
one kinetochore is correctly attached while theeptine is attached to
microtubules arising from the opposite poles of thigotic spindle.

Merotelic attachments are only possible in orgasismhere

kinetochores contact simultaneously several mitugts (e.g. not in
budding yeast). Finally, since the pulling forceented by spindle
microtubules on bi-oriented kinetochores are caacted by the
cohesive forces that maintain sister chromatidettogy until the onset
of anaphase, in the amphitelic configuration kichtwes are under
tension. Establishment of kinetochore tension tead a key feature

of chromosome segregation. (from Musacchio and &ajrh007)
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Figure 2. Different kind of kinetochore-microtubule attachments

Correct and incorrect attachments can occur duriitgsis. Monotelic attachment is
a normal condition during prometaphase before i@ntation. In syntelic
attachment, both sisters in a pair connect to #mespole. Merotelic attachment
occurs quite frequently. The SAC is able to seneaatelic syntelic attachment, but
it is unable to detect merotelic attachment, simcthese condition kinetchores are
under tension (from Musacchio and Salmon, 2007).

THE SPINDLE ASSEMBLY CHECKPOINT

The spindle assembly checkpoint (or SAC) inhids metaphase-to-
anaphase transition until all kinetochores areemtly bi-oriented on

the spindle. It is known that the SAC signal oraes from

unattached kinetochores and that one single uhattiakinetochore is

sufficient to sustain the checkpoint signal (Riederal, 1995). The
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target of the SAC is the anaphase promoting comi@#&C) bound to

its coactivator Cdc20. The APC is an E3 ubiquitigase that is

absolutely necessary for sister chromatid separaticanaphase and
for mitotic exit by targeting some key proteinsdiegradation (Peters,
2006). When all chromosomes achieve bi-orientatiba, activity of

the SAC is silenced and the APC triggers degradatfats substrates,
including cyclinB and securin: this event promotssmphase (Clute
and Pines, 1999; Hagting et al, 2002). Degradatiosecurin allows

activation of the protease separase, which cleaglssion, thereby
triggering sister chromatid separation. On the ot@nd, degradation
of cyclinB causes inactivation of CDK activity amiduces mitotic

exit (Peters, 2006). (from Tanaka and Hirota, 2009)

How the SAC inhibitsthe APC

The key components of the SAC (the Mawdd Bub proteins) were
discovered by genetic screens in budding yeasarfti Murray, 1991,
Hoyt et al, 1991). As Mad2 is enriched at unattddkiaetochores and
it binds directly to Cdc20, Mad2 is thought to plkaycrucial role in
SAC activation and maintenance (Musacchio and SalrB607; Yu,
2006; Sudakin et al., 2001). Consistent with tdsai suppression of
Mad2 depletes the checkpoint signal. The findira thimly a fraction
of Mad2 is stably bound to unattached kinetochomgreas the other
fraction is highly dynamic and turns over with ttyoplasmic pool,
led to the idea that Mad?2 is activated by cyclihgptigh unattached
kinetochores (Howell et al, 2000; Howell et al, 20(Bhah et al,
2004). Structural analysis has identified two diéf@ conformations
of Mad2 (O for open and C for closed), with diffiereactivities

19



(Sironi et al, 2002). The current model for Madgulation is that
Mad2 stably binds to Madl at unattached kinetoch¢@Mad2) and
the resulting C-Mad2-Madl complex works as a remetitat binds
and converts cytoplasmic free O-Mad2 from an invactionformation
(open) to an active form (closed), which is ablebiod and inhibit
Cdc20 and, consequently, the APC. The Cdc20-bourdlad2
probably activates other molecules of O-Mad2, the@mnplifying the
signal (fig. 3A and B). This mechanism, called “m@ate model”,
explains how the SAC signal is created and amgdliteed how a
single unattached kinetochore can generate a st®&G signal
(Musacchio and Salmon, 2007).

Does Mad2 directly inhibit Cdc20? First, it is knovthat another
checkpoint protein called BubR1 (or Mad3 in yeast) directly bind
Cdc20 and inhibit APC/C activity without Mad2 (Taeg al, 2001).
Second, the MCC (iotic checkpoint_omplex), composed by Mad2,
BubR1 (or Mad3), Bub3 and Cdc20, is a strongerbinbi for APC
than Mad2 alone (Sudakin et al, 2001). Thus, agibéel hypothesis is
that BubR1/Mad3, and not Mad2, is the direct infoibof the APC
and might act through the MCC. Indeed, budding tydéad3 was
shown to inhibit the activity of APC/Cdc20 by aginas
pseudosubstrate (Burton and Solomon, 2007). Intiaddit promotes
Cdc20 degradation (King et al, 2007). Thereforee thost recent
models for SAC signalling envision BubR1/Mad3 asecl inhibitor
of Cdc20, with BubR1 binding to Cdc20 significan#yphanced by
Mad2-Cdc20 (fig. 3C), which takes into account kieg role of Mad2
in the SAC and the old observation that Mad2 isuiregl for Mad3
association with Cdc20 (Hwang et al., 1998). Bigdof BubR1 to
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Cdc20 inhibits APC activity by acting as a pseudsstate and/or by
promoting the ubiquitilation and degradation of 2d¢Nilsson et al,
2008). (from Tanaka and Hirota, 2009)

(a) (b)

Free Mad?2
8
=
' Mad2 L
ﬁl [ C- - g &
- 7
- " - \
] 8 . .
S Mad1-Mad2*
VA O % Cde20 ‘12'
: =
APC/IC

‘r'

pseudosubstrate _
Cdc20 degradation

Figure 3. The molecular basis of the SAC

(@) The SAC ‘wait anaphase’ signal is generatedratttached kinetochores. By
binding to unattached kinetochores, Mad2 molecblesome active (denoted by a
colour change from light to dark red), eventuadlgding to APC inhibition. (b) Two
different conformations of Mad2 are shown in damkl ight red circles. Most of the
cytoplasmic, free Mad2 (open conformer, light réslconverted to an alternative
conformer that can bind Cdc20 (closed conformerk dad). The template model
predicts that the Madl-Mad2 complex at unattachedtéchores as well as the
Cdc20-Mad2 complex can both catalyze this confdonat change. (c) Cdc20 is
handed over from Mad2 to the BubR1-Bub3 complexbL inhibits APC activity
by acting as a pseudosubstrate, and/or by medid@icdc?0 ubiquitylation and
degradation (as denoted by the dotted arrows3. bt entirely clear when the APC
recruits Cdc20 in this cascade. (from Tanaka amdt&li 2009).
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Turning-off the SAC

Several mechanisms contribute to the inactivatibmhe SAC after
chromosome bi-orientation during normal cell cycle.

First, one of the key processes that allows SACtination is the
“stripping” of Madl, Mad2 and other SAC proteins orfr
kinetochores, which results in their redistributionthe spindle poles
(fig. 4). In metazoans, this process depends oreidythependent
motility along microtubules (Howell et al, 2001; Wik et al, 2001).
While Madl-Mad2 are inactivated by dynein that reew this
complex from attached kinetochores, the regulatibBubR1 kinase
activity seems to depend on the kinetochore motote;m CENP-E
(Mao et al, 2005). However, this second mechanssfass defined at
the molecular level, also because BubR1 kinasgigctioes not seem
to be necessary for the SAC (Elowe et al., 201@thBhese “SAC
inactivation pathways” were identified in metazoarsl depend on
kinetochore-microtubule interactions and motor \aigti No nuclear
dynein or clear CENP-E homologue exist in yeasterevisiae, and
therefore whether similar mechanisms act also astyes unknown at
the moment. In the yeastsS cerevisae and S pombe
dephosphorylation events carried out by proteinsphatase PP1
seem necessary for SAC silencing (Pinsky et aD92¥anoosthuyse
and Hardwick, 2009).

Another mechanism of SAC inactivation in metazoansased on the
protein p3tomet p3icometyworks as a brake for the positive-feedback
loop based on C-Mad2 (Vink et al, 2006) and it aspble (but has
not been yet demonstrated) that kinetochores mddify protein to

temporarily prevent it from carrying out its furati. As part of the
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Mad2-template model, it is speculated that the tremtton of
p31cometypon disappearance of unattached kinetochorescesethe
SAC by turning down the catalytic activation of N2adfig. 4). In
practice, p3%°met competes with free Mad2 for binding either to
Mad1/Mad2 at unattached kinetochores or to Cdc282Ma

Another mechanism of SAC inactivation is based oadRICdc20
dissociation. Although the Mad2/Cdc20 dissociatiooccurs
spontaneously, this process is slow; probably, wcgoof energy is
required to trigger this dissociation during thdl aycle. A non-
degradative ubiquitylation of Cdc20 has been predass a possible
active mechanism for dissociation of the Mad2-Cda&implex
(Reddy et al., 2007; Stegmeier et al.,, 2007). Goestly, the de-
ubiquitylating (DUB) enzyme “protectin” antagonizéisis reaction
and is required to sustain the SAC (Reddy et 8l072 Stegmeier et
al., 2007) (fig. 4). Therefore, SAC maintenance hige a dynamic
process in which the MCC and Mad2-Cdc20 subcomplexe
continuously actively dissociated and recreated unyattached
kinetochores.

Another mechanism that contributes to maintainSA¢€ inactive in
anaphase is APC-induced proteolysis itself. In haap, tension at
kinetochores is lost but the SAC is not reactivagdbably because
the SAC is inhibited in anaphase and this evemingortant for cell
cycle progression. Proteolysis of cyclinB and sagobset CDK
inactivation probably play an important role in SA@hibition
(D’Angiolella et al, 2003). In fact, high levels afclinB/CDK are
required to sustain the SAC in many organisms @it et al, 2003;
Li and Cai, 1997).
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Finally, Mad2 phosphorylation has been proposeddntribute to
SAC silencing by preventing its conformational ofparfrom open
into close configuration (Wassmann et al., 2003n ket al., 2010).

Altogether, these mechanisms contribute to turrSIA€ off when the

checkpoint is satisfied. (from Musacchio and Salnif©7)
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Figure4. How the SAC isinactivated

Only three regulatory aspects that might favour PAa€idc20 dissociation at
anaphase are depicted. First, disappearance dhaohetl kinetochores might result
in reactivation of the capacity of pPI€tto inhibit the closed-Mad2/open-Mad?2
interaction and thereby to inhibit the catalyticpdification of the SAC signal that is
predicted by the “template model’. Second, non-dégtive ubiquitylation of
Ccd20 in a reaction that involves the E2 enzymeHdlicand the de-ubiquitylating
protein (DUB) protectin might accelerate the disation of Mad2—Ccd20. Third,
the dynein—dynactin complex ‘strips’ Madl-Mad2 awther proteins from
kinetochores on formation of kinetochore microt@suldecreasing the ability to
form new Mad2-Cdc20 complexes. A forth mechanisnsetda on Mad2
phosphorylation is not depicted (see text) (fromskftichio and Salmon, 2007).

Adaptation tothe SAC

As described above, the SAC is activated when astleone
kinetochore is not correctly attached to mitotiandpe and it is
inactivated when a bipolar attachment between &cteires and the

mitotic spindle is generated. Satisfying the SAC nist always
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possible. Upon prolonged SAC activation a mechanisatied
adaptation or mitotic slippage allows cell cyclegnession also in
absence of correct kinetochore-microtubule  attacitsne
Understanding how adaptation to the SAC takes plaad primary
importance for cancer research and for developirggenefficient
drugs for cancer therapy (Rieder and Maiato, 2004aver and
Cleveland, 2005). In fact, some chemotherapeutientsgused in
clinics called antimitotics, e.g. taxanes, inhibuitotic spindle
dynamics thereby causing a prolonged activatiothefSAC. After a
prolonged activation of the SAC, cancer cells cadengo apoptosis
in mitosis or exit from mitosis by adaptation. Gethat adapt in turn
can: (1) begin a new cell cycle; (2) arrest in @);die by apoptosis
(Rieder and Maiato, 2004; Gascoigne and Taylor8200ancer cells
often become resistant to antimitotics, likely hesmthey bypass SAC
activation through the adaptation process andtdadctivate the cell
death pathways.

In the last few years the molecular mechanismbebasis of mitotic
slippage have started to be defined. At the momieig, known that
cells undergo a progressive decrease in cyclinB/Cazivity that
leads to adaptation (Gascoigne and Taylor, 2008p Band Rieder,
2006) and that this event occurs by cyclinB degradalt is not clear
yet if cells that adapt turn off or override the GAIt has been
proposed that cells undergo adaptation in the poesef continuous
SAC signalling, as SAC proteins remain stably boanh#inetochores
during mitotic slippage in the presence of microtdelbdepolymerizers
(Brito and Rieder, 2006). However, since CDK atyivé required to
sustain the SAC, it is possible that during adagtathe SAC is
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actually switched-off and the persistence of SAQotgins at
kinetochores is simply due to the lack of polewatdpping when
microtubules are depolymerized.

What happens when cells are treated for prolongetest with
microtubule poisons? Recent data demonstrate #liat can undergo
two alternative and competing pathways: (1) dieapgptosis or (2)
slip out of mitosis through cyclinB proteolysistdrfering with either
one of the two pathways conveys cells into the s@¢@me (Gascoigne
and Taylor, 2008). Therefore, the identificationfadtors influencing
SAC adaptation would have a major impact on canesearch, as it
would help designing more efficient therapeutiatggies.

Further details on the adaptation process are tegppan the following

review.
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Abstract

Mamy cancer-treating compounds used In chemotheraples, the so-called antimbotics, target the miltotlc
spindle, spindle defiects In tum tigger activation of the SAC (spindle assembly checkpoint), @ survetllance
‘mechanism that transtently arrests cells in mitosk to provide the tme for ermod correction. When the SAC
Is satistied, it is sllenced. However, after a varlable amount of time, cells escape from the mitodic arrest
even If the SAC s not satistled throwgh a process called adaptation or mitotc shppage. Adaptation weakens
the killing properties of aniimitotics, ulimately giving rise 1o resistant cancer cells. We summartze here the
mechanisms underlying this process and propose a strategy to Identify the faciors Involved wsing budding
veast a5 a model system. Inhibitlon of factors Ivolved In SAC adaptation could have bmporant therapewtic
perspaciives by patentiating the ability of amtimitotics 1o cause cell death.

The SAC (spindle assembly checkpoint): a
safety device against aneuploidy
Mitosis carries che intnnsic potential of generating genome
imstability by giving rise o daughter cells with unbalinced
genetic material, A mumber of processes must be sxecured
precisely and correctly to ensure proper chromosome
segregation 4 bipolir mitoryk spindle musc be assembled
and siscer chromarids must actach via cheir kinetochares
to miratubules thar associae wich oppesits poles of this
spindle. Since the splitting of sster chromarids during
anaphuse s one of the major anuphase cell cycle poans of no
return, it is mandatory thet all chromeosames are bipolarly
attached ta the micoric spindle before anaphase. This task is
orersesn by the SAC, a ubiquirous safery devics thar ensures
the fidelicy of chromosome segregation during micosis. In the
presenc e of kinstachores thar are either unacached 1o spindle
fibres or mono-oriented with respect to spindle poles, the
SAC sends an inhibitory sigmal that delays che onser of
anaphaseand mitotic exic uncil bipolaraceachment s achieved,
thus preventing aneuploidy occurrence {reviswed in [1.2]0
The plhyers involved m 5AC signalling are conserved
througheut evoluricn, During the process of micratabule
capture by kinetochorss during prophase and prometa-
phass, the 3AC procems Bub?, Mad2 and Mad % BubR1 form
the MCC {mitotic checkpoint complex) that inhibis the
activiey of the Cde22/APC (cell drvision cycle 20/anaphase-
premoting comp lex) ubiquitin ligase, which is essencial 1o tar-

ey woids: s FENA, M digpene spiede asentbly chedqond
AbbieAatons sel: OO /AR R SV OYIE I HaRNE NTING LTS, OF,
CyimOepnOeTE ke TENR, fanem caf angphess RS wOC, TRRIR CRECHPORE
g WIN TEDIE B RIWIE 55 SHERE SErbl chetpon

"o whon comespondence shoukd be addnessed {enall S reonema pla ciocibm mes )

i 300, TS (2010) 5, ot d0k10 1043, BSTOS S0

gettheanaphase inhibivorsecurinand cyclin Bo degradation.
By inhibitngCde 20/ APC, theSAC prevents sister c hromarid
separation and mitocic exic unal all chromesomes reach a
correct bipolar attachroent to the micotic spindle, Cither SAC
proceim, such as the Madl, Bubl, Mpsl and 1pll/ AuroraB
kinases amplify the signul and regulate the rate of MCC
formation {reviewsd in[2]) Most SAC prot=ins acoamulace ar
unattached kinetochores during prophase and prometaphuss
and from this location generare the *wait anaphase’ signal chac
lzads eo Cde20/APC inhibition, possibly by accelerating che
rate of MCC formation {reviewed in [3]).

Oince satisfisd by the amainment of bipolir actachment on
all chromosomes, the SAC isswinched-off by 2 number of dif-
ferent mechanisms, allowing sister chromutid separation and
cell-cyele progression. This coincides with the disappearance
of SAC proteins from kinetochores, Toro major mechanisms
contribute o SAC swirch-off in metazcans: {i) poleward
transport of SAC proteins and spindly by the mims-end
directed mocor dyneinfdynacein from Einstochores along
micratubules [$-6]; and (i} SAC silencing by p31=2%2 which
turns down the abilicy of Mad2 to inhibie Cde 22/ APC[7-10]
In addition, thers ars conflicting repors as o whether non-
degradative whiquitylidon of Cde2d by APC is required for
MCC disassemb by and to sxtinguizh SAC signalling [11-13].
Budding ard fission yeast, which undergo a closed mitosis
in the sbsence of nuclear envelope breakdewn, lack nuclear
dynein and 1 clear homalogue of p2155°%, In these organisms
the protein phosphatass PP1 was recently shown o silence
the SAC independ ently of micrombules [14-16]. In addition,
degradation of the 5AC kinase Mpsl at the cnset of anaphuse
has also been proposed as o mechanizm o switch-off che
checkpoine [17].
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Adaptation or mitotic slippage: the cell's
response to prolonged SAC activation

In spice of its key role in maintiining genome subilicy, the
mitotic delay imposed by che SAC is noc permanent, buc
rather transient. For example, in the continuous pressnce
of micromabule-depolymerizing drugs eukaryoric cells are
unable to form proper kinetocha re-microtubule connestions
and to saristy the checkpoint, but nevertheless can undergo
sizter chromatid sepanation and exit mitosis, This process is
commonly referred to as ‘adapiation” or 'mitotic slippage’
[1%,19]. Adaptaticn tothe SAC is so far lictle scudied, although
premuture adaptation to checkpoine sigrulling mighe be an
important cause of genetic mstabilicy and aneuploidy, and
have a major impact on cancer treatment [18,19], Many
chematherapentic agents used in che clinic, such as txanes
and wince alkaloads (the so called “antmitetics’), inhibic
spindle furction in buman czlls and are widely used for the
rreacment of breast and cvarun cancers. Their therapeutic
effectivensss relies on their impact on mitotic progression.
In facr, their abilige to protrace mitoric acrese 15 thaughe to
be 2 major factar in their cprotoxicity, After many howrs of

SAC-induced cell-cvele arrest, cancercelk eitherundergo ap-
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optosis in mitesis, or exit mitosis by slippage into a ceoraploid
G, state, from which they sitherdis orarrescin Gy, or initiace
anewcellcycle (Figure 13[12,20,21]. The development of res-
istance o antimitotics corrslites with the failure to wndergo
apoptosis and wich the ab ity of cells toultimacely escape mi-
towls and enter the mext G- phiase as viable aneities [20,22 23]
Alchough it iz quits intuitive that adaptation in the presence
of spindle dimage can lead to ansuplody and chromeosomal
instabilicy, thereby concributing ro increase malignuncy, more
surprsing 15 che finding that escaping the mitotic arrest
imposed by MAD2 overexpression, which dos not perurh
spindle dynamics, also leads eo chromosome gains and losees,
as well as chromosome breaks and bridges [24]. This in meen
resules in the induction of a wide varierr of neoplisis, thus
accounting for the observarion that Mad2 is overexpressed in
many human rumewrs [25-27]. Therefors mitaric slippage to
SAC activarion sericusly harms gerome stability, presumably
by unzoupling cell-cvele progression and mitetic concral
Fhether cells exic from mitoss upon long-term SAC
activation through overniding the checkpoint signal or
through 3AC silencing remains an open question. Adapeation
to the DNA-dimage checkpoint, for instance, oocurs wich
concomitant extinctien of checkpeint signulling, However,



the discovery of mutations (such as the cdef-ad muration in
the budding yeast polo kinase; [28,29]) specifically impairing
adapution to, but not recovery from, the DINA-dimage
checkpoint argues that adipration is not cnly conceprually,
but alse mechanistically, different from checkpoint silencing.
Since upon prolongsd treatment with nocodazole {a
microcubule-depolymenizing  drug) 5AC  proteins  are
retvined at kinetochores when cells resume cell-cycle
prograssion, adapeation was proposed to coour through SAC
signalling everride [22]. However, more direct assays on the
aceiviey of Cde20/ APC when cells adapt should beapplied. In
face, since CDK {cvclin-dependent kinwse) actminy is required
to sustain the SAC [31-33] and it drops during adapration
{22 below), it is possible chut SAC signalling declines during
mitoric slippage. In addicion, in Lighe of the involvement of
microcubule-binding proteins, such as dynein and spindly,
in stripping SAC proteins from kinstochores, it is possible
that dsruption of the mitetic spindle by necodazcle impairs
this mechanism, thus accounting for che persistence of SAC
protemns at unsttichsd  kinetochores during adapration
Oicher ways to silence the SAC, eg. through p21F==, could
contribute to adaptation under thess conditions,

Recent studies have surmed to define the malecular
mechanisms  underlying mitceke slippage. Mionc  exic
under these conditions is linked to a progressive decline
in cyclinBSCDE activicy that, after reaching a threshold
level, drives cells cut of mitosis [20,30]. The decrsase in
CDE activicy is accompanisd by cyclin B degradation
and, consistently, sxpressicn of non-degradable cycln B
delays mitetic slippage upon prolonged spindle disassembly.
Therefare the mechanism for how cells ercape mitosis in the
presence of functional SAC has been proposed to rely on the
irakbilicy of the SAC o inhibir all Cde2APC complexes
iraide the cell [37]. Indesd, it has been proposed that the
SAC is unlikely o inhibic all Cde20 within the cel as
this would be hardly reversible [M4]. In addicion, the APC
was recently shown to be activate dunng mitetic slippage
[35].

What is the destiny of adapting cells? Resules obrained
by rreating concer cells with o K5P (hsEg3, kinesin-5)
inhibitar, which Jeads to 2 mitotic arrest with monopolar
spindles, led to the proposal that persistent spindle dumage
causes apoprosis coupled to slippage to SAC acivarion
[34]. Howewer, dara recently chrained through single-cell
analysis rather than on cell populitions, shomred that cancer
cells undergo two aleernative and competing pathways after
prolonged creatment to microtubuale woxins: eéither they die
by apoptosis or slip out of mitosis [23]. The lacter destiny can
obwiously be detrimental for cancer trearment and Js prone
to generare cells resisunt o antimitotc drugs [22]. Both the
apoprotic and slippage pathways have threshalds, and the
fate of the cell is dictated by which threshold is breached
first. Most impartantly, inhibiting the cell-death pathweay
by caspase inactivacion channels cells to slip cut of mitosis,
whersas mterferng with cychin B degradation aod mitotic sxic
channels cells into the apopeotic pathway [22]. The importane
implization of these results is that the efficacy of antimictotic
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agenes could be markedby increased by inhibifing the factors
involred in mitotic slippage, thus Bvouring cell death,

Factors Influencing adaptatien to the SAC
what we can learn from yeast genetics
Surprisingly lictle ¥ known corrently abeut the factors thar
infhrence cell fate wpon prolonged exposere o amrimicotic
drugs.

By using budding veast a5 a model system, we stamed
to smdy the process of adapution to the SAC upon
wrearment with microtubule poisons or hypencovation of
the SAC in the absence of spindle damage through MAD2
overexpression. Both of these conditions tsmporarily arrest
cells in mitesis for a few bours. Afterwards, however cells
slip oue of mitosis and keep dividing (V. Rossio, E. Galaci and
5. Piactl, unpublished work), We find that essential regulaors
of mitoric exit, such as ©de20 and the poko kinase Cde5, are
necessary for mitori: shppage (V. Rossio, E. Galad and 5.
Piatti, unpublished work}, in agreement with the possibilicy
thar a fraction of Cde20/APC remains active upon SAC
activation and promotes cyclin B destruction until their CDE
activity drops below a chreshold level sufficient to drive cells
outof mirosis. Similary, Cde20inactvarion by ARMA {small
interfering RMA) was recenchr shown to deby degradation
of APC substrace during adapearicn to prolonged nec odazols
rrearment in human cells [35], Having found thar essential
regulacors of cyelin B proceclysis, Le Cde20 and Cdes,
are necessary for adapration in yeast, along with the clder
proposal that inhibitory phosphorybton of cyclin BACDEs
accelerates adapeation ro pralonged SAC actreation [37],
suggests that inactivation of mitetic COK is the droving
farce for mitotc slippage Thus the molscular bases for
adaptation to chronic SAC activarion might be conserved in
all eukaryotic cells, which makes budding yeast 2 good med el
systemn to i entify facrors infhiencing the rate of sdaptation.

We designed o genetic scresn to find yeast mutants defectvs
in adapeation to the SAC, By searching for munines delaying
mitotic exit upon HAD? overexpression, we have implicaced
the conserved R3C chromatn-remodelling complex in che
regulation of mitoric exic and adaptation po the spindle
checkpoine (V. Romio, E. Galat and 5 Putd, unpublished
work), We find thar it does so by contnolling the procein
phosphatase Cdel4, which is essential for mitcei: exit by
promoting cyclin B degradaticn and accomulation of the
cychnB/CDE inhibicar Sicl [32]). The y=ast Cdcl4 phos-
phatase is activaved through s release from the mucleohus,
where it is sequestered throughout most of the cdl cycle by
binding to its inhibitar Met1/Cfi1 a5 pam of the chramarn-
bound REMT (regulator of nucleolar silencing and telophase
exit) camplex [39,45]. Twa pathways contribute to the fall
activation of Cdcld: the FEAR (fourteen carly anaphuse
releasel and the MEN {mitotic exit netwods). By promoting
a first wave of pamial Cdcl4 relesse from the nuclechus
in sarly aruphase, the FEAR allows full activation of che
MEM that leads to complets release of Cdeol4 in the mclews
and cytoplasm, chereby triggering cyclin B proteclysis and
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mitotic exit [41]. Imporantly, whereas MEN inhibition
causes acell-cycle arrest in telophass, FEAR imactivacion only
mederately deliys mitoric exi [42], We find chat che RSC
complex impingss specifically on che firse wave of Cdel4
nuclealar relesss, which, alchough dispensable for micatic
exit under unpermarbed conditions, becomes paricularly
imporrant for micotic sippage to SAC activanon (V. Rossio,
E Galar and 5, Plattl, unpablished work). [ncerestingly,
the cdcf-ad mutation thar deliys adapeation to the DMNA-
damage checkpoing was propozed wobedsfective inche FEAR
network [28], raising the possibiliny that similir mechanisms
underly adapeaticn 1o different checkpoants. Besides the
different mitotic processes in which it bus previcusly besn
implicatsd, the R5C complex has been involved in the
detection of double-serand breaks and their repair [43-47].
It will be interssting to analyse its possible imvalvernent alsa
in the adaptation to the DMA-damage checkpoint

Importantly, RSC muemants not coly remain arresced in
mitosis for longer times wpon WAD2? cversxpression or
trearment with micrombule-depolymenzing drags, bat they
also die under thes conditions (V. Rossic, E. Galary and 5.
Piani, unpublished work), We are currently investigating
whether these czlls dis due to apoprosis or to other reazoms.
Monetheless, these data suggest thar the response ta chronic
SAC actvation mighe follow the same genenl mule in
budding yeast and mammuban cells and that impairing
adaptation could commit cells 1o death, which has obwious
clinical imphicaticns. In addition, based cn our findings wre
propose that genetic screens weing MADZ-orerapressing
cells are excellent tools to discover novel finetuning
regulatars of mitaric exic and adapeaticn o the SAC,

In conclasion, discovering the factors chat influsnce the
rats of adapation 1o prolonged SAC activation will be an
imporant challenge in cancer research and promises o
idencify newvel targers for therapentic serategies, Combining
inhibiticn of these proteins wich conventional antimicotic
agenes could prevent adaptation and potenciate cell death. In
addition, it would allow use of lower doses of antimitotics in
chemorherapy; thus decreasing their neurotoxicicy.

Scrikingly, mitotic exit has recently been proposed to be
a better cancer therapeutic targer than spindle assembly
Indesd, Cde2d inhibition kills eficiently cancer cells,
preventing muotic shppage and providing more time for
apoptosis [48]. Targeting essential regularors of mitoric =xic
during cancer trestment would have the drawhback of alsa
killing normally proliferating cells of the human body, Cur
finding that non-essencial tuners of mitotc exic, such as
the R5C complex, impair dramatically adaptation w SAC
signalling opens important therapeutic perspeccives that will
be worth pursaing in the future.
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CLOSING THE CELL CYCLE

The central components that coordinate cell cyclegqession are
CDKs, and their activity is regulated by cyclindieir regulatory
subunits. In particular, mitotic CDKs drive the ateof early mitosis:
chromosome condensation and resolution, nuclear elepe
breakdown and assembly of the mitotic spindle. o #e cell cycle,
eukaryotic cells must inactivate the mitotic CDK&is event, referred
to as mitotic exit, includes a number of procegbkas strictly require
the inactivation of mitotic CDKs, such as chromosom
decondensation, spindle disassembly, formation m&-r@plicative
complexes at replication origins and cytokinesrs.all eukaryotes
mitotic CDK inactivation depends on cyclinB protgé promoted by
APC/C and this event allows phosphatases to depbogpte the
CDK substrates. In general, the final stages obsistare governed by
two mechanisms: (1) dephosphorylation of CDK sutefr and (2)
ubiquitylation of APC substrates (fig. 5). Out ofP& substrates,
cyclinB is clearly the most critical protein thagats to be degraded in

order for cells to get out of mitosis. (from Sudlivand Morgan, 2007)
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Figure5. What happenswhen cells exit from mitosis

Progression through mitosis is shown by the cdbsigathe bottom of the figure.
The transition from metaphase to anaphase is tégigey an increase in the activity
of the anaphase-promoting complex (APC) (green; liop of figure), a ubiquitin
protein ligase that promotes the assembly of chahabiquitin (Ub) on its
substrates, thereby targeting them for destrudiiothe proteasome. The main APC
targets are securin, the destruction of which l¢adsster-chromatid separation, and
cyclins, the destruction of which results in a dipCDK activity (blue line). CDK
inactivation allows cellular phosphatases to dephosylate CDK substrates during
late mitosis. CDK-substrate dephosphorylation ¢ained for the events of anaphase
and telophase (not shown) (from Sullivan and Mor@Q07).

Exit from mitosisin budding yeast: the FEAR and MEN pathways
In budding yeast, where the molecular mechanismthetbasis of
mitotic exit have been extensively studied, mitetkit depends on the
key protein phosphatase Cdcl4, which promotes ttlirexyclinB
degradation and CDK inactivation and at the samme tieverses the
phosphorylation events carried out by CDKs in mgdqSullivan and
Morgan, 2007; Queralt and Uhlmann, 2008). Two pat/sv
contribute to Cdcl4 activation: the Cduifteen _arly anaphase
release (FEAR) pathway and thé&atic exit network (MEN).

At the onset of anaphase sister chromatids bedie teeparated. This
event is triggered by the APC complex (Stegmeieal €t2002). The
FEAR is a non-essential pathway that involves mamoyeins, such as
the separase Espl, the polo kinase Cdcb5, the kimate® protein
Slk19 as well as the homologous proteins Spol2 Bndl. In
addition, the FEAR is negatively regulated by Fabdl the PP2#!*®
phosphatase complex (reviewed by D’Amours and An2004). The
FEAR has a dual role: it is required for completminchromosome
segregation (D’Amours et al, 2004) by the sepaiasel and also
causes a partial and transient release of the phatege Cdcl4 from
the nucleolus (fig. 6) (Stegmeier et al., 2002; #&nzet al., 2004,
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D’Amours and Amon, 2004). In fact, Cdc14 is keppnmsoned in the
nucleolus by binding to the nucleolar protein NEfil until
metaphase (reviewed in Queralt and Uhlmann, 2088&he anaphase
onset, separase activation not only leads to pgieccleavage of
cohesin, but also it utilises a second non-proteolactivity to
activate Cdcl4 (Sullivan and Uhlmann, 2003). Atstktage, high
mitotic CDK activity triggers Cdcl4 release by pplsrylating at
least 6 CDK recognition sites on Netl (Azzam et 2004). The link
between separase and CDK-dependent phosphorylatimmes
through the PP2A phosphatase bound to its CdciG8ategy subunit,
which until metaphase counteracts Netl phosphaoylaiQueralt et
al., 2006) (fig. 7). Separase-dependent downreigulaf PP24%°%° at
anaphase onset allows Netl phosphorylation, butrtbehanisms by
which the separase inhibits PFZ®° are yet not understood. Two
proteins that are tightly bound to PP2&> zdsl and Zds2are
requireddownstream of separase for timely phosphorylatio@ac14
(Queralt and Uhlmann, 2008), suggesting that theghmact as
inhibitors of PP2A%* The polo kinase Cdc5 also plays a crucial role
on the FEAR pathway, likely by contributing to fulNetl
phosphorylation (Visintin et al., 2008). The medkan by which
other FEAR proteins promote Cdcl14 activation isrfyoonderstood.
However, Slk19, as well as separase, binds to Calo® might
therefore modulate its FEAR function (Rahal and Anz008).

As mentioned above, FEAR triggers only a transigctivation of
Cdcl14. To exit from mitosis, cells need that anotpathway, the
MEN, is activated (McCollum and Gould, 2001). Uelikhe FEAR,

the MEN is an essential pathway for mitotic exitnpmsed by a Ras-
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like GTPase called Teml and its downstream kin&#sl5 and
Mob1/Dbf2 (Jaspersen et al., 1998; Lee et al., 2004intin et al.,
2001) (fig. 7). Teml acts at the top of this siginglcascade and is
the target of the spindle position checkpoint (SPAG. 8), a
surveillance mechanism that delays mitotic exitiluthie spindle is
properly positioned relative to the mother-bud axieeml is
concentrated on the daughter-bound spindle polmitasis, and the
elongation of the mitotic spindle into the daughtell brings Tem1
away from its inhibiting kinase Kin4 that is cont@ted on the
mother-cell cortex and mother-bound spindle palg. @). For many
years, people believed that Ltel could be the patdbEF of Tem1
(Bardin et al., 2000; Pereira et al., 2000), butrduthese last years
this hypothesis has been disproved (Geymonat eR@09). At the
moment, how MEN is activated is still unclear. Ctanacting Tem1
activation is the GTPase-activating protein (GAPpmplex
Bfal/Bub2 (Geymonat et al., 2003), a negative &gulof mitotic
exit. Its inhibitory effect on Teml is switched offty the
phosphorylation of Bfal by Cdc5 (Hu et al.,, 200Eky@onat et al.,
2003), while the Kin4 kinase counteracts this phosygation and
maintains Bfal/Bub2 capable of inhibiting Teml (Maesa et al.,
2007). Active Tem1 bound to GTP interacts with @dr15 kinase to
activate the MEN. Cdc15 is in turn able to actividte Mob1/Dbf2
kinase complex (Asakawa et al., 2001; Mah et &@01). Besides
phosphorylating and inhibiting Bfal/Bub2, Cdc5 ha#lso a more
direct role in the activation of Mob1/Dbf2 (Lee &, 2001). How
Dbf2 finally promotes Cdcl14 nucleolar release i$ clear, but one

hypothesis is that Dbf2 directly phosphorylates INéb promote
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Cdcl14 dissociation (Mah et al., 2005). So, when s$pidle is
correctly positioned MEN promotes a total activatiof Cdcl14 (fig.
6). The full activation of Cdcl4 leads to mitotixite through
dephosphorylation of Cdh1, another APC coactiviotor, and Sicl,
an inhibitor of mitotic CDKs (Prinz and Amon, 1998)PC/Cdh1 and
Sicl together totally inactivate CDK activity, allimg cells to exit
from mitosis and enter in a new cell cycle (D’Amswnd Amon,
2004).

Early Late

M h
laphiag anaphass anaphase Sequestered Cdci4 (nucleolus)

Released Cdeid (nucleus)
Released Cde14 (cytoplasm)
Nucleus

Microtubules

o l-§—s

Figure 6. Regulation of the Cdc14 phosphatase in budding yeast

Cdcl4 activity is regulated by changes in its iegthular localization. From G1 to
metaphase Cdcl4 is sequestered in the nucleolits mhibitor Netl/Cfil. Cdc14
release from Netl requires the action of two com$ee networks, FEAR and MEN.
(from De Wulf et al., 2009).
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Figure 7. A model for mitotic exit in budding yeast.

At the heart of the scheme is the reversittt@sphorylation and dephosphorylation
of the Cdcl4 phosphatase inhibitor Netl. At anapluaset, separase-dependent
downregulation of PP2A®® promotes CDK-dependent phosphorylationNst1,
amplified by Cdc5. This leads to Cdcl4 early anapheelease from nucleolar
inhibition by Netl (FEAR). Inhibition of Bub2/Bfal, along withtel-dependent
activation of Teml, brings about activation of thmétotic exit network (MEN).
Kinases of the MEN cascade (e.g. Dbf2) may main@xnl4 release by sustaining
Cdc5-amplified Netl phosphorylation. (from Quegsaitd Uhlmann, 2008)

Cdc5 has therefore emerged as a key factor in imgait regulation,
as it is the only protein that is involved in bdtite FEAR and the
MEN pathway (Jaspersen et al., 1998; Stegmeidr,&@02). One of
the best characterized roles of Cdc5 in regulatmigptic exit is the
inhibition of Bfal, thus contributing to Tem1 action (Geymonat et
al., 2003). Bfal phosphorylation is counteractedPB2A*® during
metaphase, so the downregulation of PE¥R at the onset of
anaphase promotes not only Netl phosphorylation disd MEN
activation (Queralt et al., 2006). A direct targétCdc5 could be the
inhibitor Netl (Show et al., 2002; Yoshida and T&h2002), both
early and late in anaphase. In addition, Cdc5 dmrtes to the build-
up of CDK activity during mitotic entry, a pre-ragite for CDK-
dependent Netl phosphorylation (Azzam et al., 2004 work
properly, Cdc5 needs that its target undergoes aming
phosphorylation event by another kinase. This prgmi
phosphorylation is important for substrate speityfi¢Elia et al.,
2003). Because of this peculiarity, Cdc5 might have a specific
function in regulating mitotic exit but could acts aa generic
phosphorylation amplifier. While Cdc5 may, therefornot be
regulating the onset of Cdcl4 activation, it rersaanlimiting factor
for Cdcl4 release throughout anaphase, and APC/QGuullated
Cdc5 destruction at the end of mitosis is suffitiencause Cdc14 re-
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sequestration in the nucleolus (Visintin et al.0&0 (from Sullivan
and Morgan, 2007; Queralt and Uhlmann, 2008; Bodlla, 2005).

septinring
. Tem1

O Bub2/Bfal
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- ) J
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Figure 8. Regulation of the MEN by the SPOC

The MEN proteins and their spatial localizatiorfuadamental for the SPOC. Only
when one of the SPBs migrates into the daughtdy €Teml can be activated by
Ltel triggering MEN activation, while when the mniito spindle is mispositioned
Teml is kept inactive by the Bfal/Bub2 complex,ahhis in turn maintained active
by the Kin4 kinase (from Fraschini et al., 2008 dified).

Mitotic exit in higher eukaryotes

CDK inhibition and dephosphorylation of CDK subgtsa promote
mitotic exit in all eukaryotes. In fact, althoughosh of the substrates
that must be dephosphorylated for triggering nutagkit are still
unknown, persistent CDK activity prevents mitotixitein all
eukaryotes studied. Many of the dephosphorylatiepeddent
anaphase events take place in a similar manneeastyand other
eukaryotes. These include stabilisation of microteb at anaphase
onset, relocalisation of the Aurora B kinase comp$pindle midzone
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assembly and, upon completion of chromosome setjpagapindle
disassembly, cytokinesis and cell abscission. Sexaeples of CDK
substrates that are dephosphorylated in higherrgotes are theC.
elegans kinesin ZEN-4 (Mishima et al, 2004), and the hundael
orthologue PRC1 (Zhu et al, 2006), both involvedhea assembly of
the anaphase spindle midzone. It is known that Z4EN-
dephosphorylation requires CDC-14, the non-esde@iaelegans
Cdc14 orthologue. Instead, vertebrates have twal€dethologues,
Cdcl4A and Cdcl4B. Introduction of both human Cdcldnd
Cdc14B into budding yeast rescumie14A yeast mutant phenotypes,
suggesting that there is some functional consemabetween these
phosphatases (Li et al, 1997).

Also fission yeast has a Cdc14 homologue, Clpl, ithaot essential
for normal cell cycle progression. It is known tligsion yeast cells
possess a signalling cascade similar to the budg®agt MEN, the
Septation Initiation Network (SIN). The SIN consatytokinesis and
its downstream effectors are not yet known. Untlke MEN, the SIN
is not required for Clpl1 activation, but only cabirtes to sustain Clpl
nucleolar release until the completion of cytokisg¢3rautmann et al,
2001). Orthologues of the MEN kinases Cdcl15 and VDbf2 are
also found in higher eukaryotes, while no Cdclsadgues have
been found encoded in the genomes of higher pléfesk et al,
2008). If the processes that control the mitotict exe partially
conserved in eukaryotes, in many organisms the £gbbsphatase is
not essential for mitotic exit, so other unknowrogbhatases must be
required. (from Queralt and Uhimann, 2008)
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RESULTS

The RSC chromatin-remodelling complex influences mitotic exit
and adaptation to the SAC by controlling the Cdc14 phosphatase
As mentioned in the introduction, the factors iefiging the rate of
adaptation to the SAC are currently unknown, inespf their obvious
relevance for cancer research. We decided to uddilmy yeast as
model system to study SAC adaptation. We have igdrithat yeast
cells adapt to SAC activation under different cdiodis by using the
normal regulatory networks that govern mitotic exitunperturbed
conditions, leading to destruction of securin analioB. Unlike
previously reported for mammalian cells (Brito dRieder, 2006), we
found that SAC adaptation in yeast is accompaniedilencing of
SAC signalling and disassembly of checkpoint protmmplexes. By
using a yeast strain that hyperactivates the SA©utgh MAD2
overexpression and, therefore, in the absence iofligpdamage or
alterations in kinetochore-microtubule attachmenmts, carried out a
genetic screen for factors involved in SAC adaptatWe found the
yeast RSC (Remodel the Structure of Chromatin) dexypand in
particular its form bound to the accessory Rsc2usiip regulates
mitotic slippage. Further analyses showed that R&GCcontrols
mitotic exit by regulating the early release of tbdc14 phosphatase
from the nucleolus, probably acting as a novel comept of the
FEAR pathway. In addition, our data indicate thet Rsc2 interacts
with the polo kinase Cdc5, which is essential fdcT4 activation and
mitotic exit regulation.

The data obtained from our studies are reportedhée following
article.
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The RSC chromatin-remodeling complex influences
mitotic exit and adaptation to the spindle assembly
checkpoint by controlling the Cdc14 phosphatase
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pon prolonged adivafion of the spindle assambly

checkpoint, cefls escape from mitesis fhrough o

mechanism called udupk]ﬁun or mifofic s}ippﬂga,
which is thought fo underlis the resistance of concer cells
fo onlimitotic drugs. We show that, in budding yeast, this
mechanism depends on known essential and nomessential
mgnﬂubu of mitotic exit, such os the Cdeld aar]y ana-
phﬂse release (FEAR) puﬁmuy for the release of the
Cde 14 phosphotase from fhe nucleolus in sary anaphase.
Mareaver, the RSC (remodel the struciure of chromafin)

Introduction

Chrosnosome segpregation during anaphase requires the attach-
ment of kinetnchores 1o the mitotic spindle and removal of sister
chromatid cobesion (Peters ot 2l 2008). In panicular, cohesin
must be cleaved by separase (Espl inyveast). which is kept in check:
by securin (Pdsi in yeast) until anaphase onset (Uhlmana, 2000 ).
The ubiguitin Bzase anaphase-promoting comples, (APC) bomnd
1o ils activator Cdo20 drives securin proteolysis and cohesin clemv-
aze by separase ut the metaphase-1o-anaphase transition, therehy
allowing sister chromatid separation (Nasmyth. 2002; Peters,
206). Separnse also ooatribates to mitotic exit and cyclin B prote-
olysis by acting in the Cdc14 earfy nnaphase miease (FEAR ) path-
way for nucleolar release and actrvation of the Cdo 14 phosphatase.
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chromatin-remadeling complex bound o it accessory
subunit Rsc2 is imvolved in this process as o novel compe-
nent of the FEAR pathway. We show that Rsc2 inferacts
physically with the polo kinase Cdc5 and is requirsd for
fimely phasphorylation of the Cde 14 inhibitor Mati, which
is important fo free Cdcl4 in the ocfive form. Cur dato
suggest that fine-funing regulators of milafic exit have im-
portant functions during mitofic progression in cefls reated
with microfubule poisons and might be pramising fargets
for concer freatment.

Indeed, Cdold is kept insctve in e aucleohss for most of the cell
cycle a5 pan of the regalator of nocleolar silencing ond telophase
exit (RENT) complex. which inchedes the Cdel £ inhibitor Net 1/
Chl and the sileacing protein Skl (Stegmeier aod Amon, 20043,
Resides separase, FEAR imvelves the polo kinase Cde3, the Slk19
kinetochone profein, Spol2, and Bnst (Stegmeser et al, 7007} and
is negatively regulated by protein phosphatase 24 (Quernlt et ol
2006}, the replication fork block protein Fobl {Stegmeier et al,
2004}, and Tof2 (Waples ot al, 2009 By promoting o first wave
of partial Cdc14 release from the nucleolus in early anaphase,
FEAR allows activation of the mitofic exit network (MEM), whict
leads o complete Cdel4 release and activation, thereby ingzeng
cyclin B proteclysis and mitotic exit (Visintin et al, [998).

The spindle assembly checkpoint (SAC) is o ubiguitous
safety dovice ensuring the fidelity of mitotic chromosome segrega-
o, Dhering the process of microbale capaure by kingtochores in
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prophase and prometophase. the SAC proteins Bub3, Mad2.
and Mad3/HubR 1 form the mitotic checkpoint complex (MOC),
which inhihits the activity of Cdc20-APC, themby preventing
sister chromatid sepamtion and mikstc exit until of chromosomes
reach proper bipolar ottachment to the mitodic spindle. Other
SAC prodeins, such ns Mad]. Bobt, Mps], and TpllfAurorals.
amplify the signal and regolate the raie of MCC formation
iMusacchic and Salmon. 2007). Most SAC proteins accamu-
lntz ai unatiached Kinelochores during prophase and prometa-
phasa and genemte from this location the stop anophase signal
lzading to Cdoi-APC inhibilion, possibly by accelemting the
rate of MCC formation (Musacchio aad Salmon, 2007,

Cells do not arest indefinitely upen SAC activation, bt
ey escape mitosis after a variable amount of time in the pres-
ence of unatinched kinetochonzs. The process by which cells
leak throngh the SAC-induced cefl cycle amest when the check-
paint is ned satisfied is called adapiation or mitofic slippage
(Rieder and Maiato, 2004). This process is largely responstble
for the failor 1o efficiesdly block mmor progression with chemo-
therapentic compounds targeting the mitotic spindle, such as
tnxnnes nad vinca alkaloids. In mammalkian cells, mitotc slip-
page depends on progressive degradation of cyclin B, with SAC
profeing being retnined ot Kinetochores (Brito nnd Rieder, 2006;
Gascoigne and Taylor, 208} In yeast. inhibitory phosphonyla-
tion of cyclin BACdks has been proposed to ncoelerate adaptn-
tioa to prodonged SAC activation (Minsholl ef ol F906).

Here, we report o rode for the budding veast RSC (remodel
the structere of chromating chromatin-remadeling complex in
timely mitotic exit and adaptation to the SAC as & povel com-
ponent of the FEAR network. The Rsc2-boond form of RSC ap-
pears to influence the mte of mitotic slippage by facilinting the
nucleolsr release of Cdcld, which then brings abowt cyclin B
protenlysis and mitotic exit. Furthesmore, our data suggest that
Rsc2 regulates the FEAR funclion of the polo kinase Cdc5 in
conditions thot activate the SAC, bt independently of SAC
components; and provide o ok between chromatin structure und
the reguintion of mikdic exit.

Results

MADES overexpression 85 8 tool to study
adaptation to tha BACS

To study adaptation to the SAC, we set up conditions that lead
o SAC hypemctivation withoot perturbing kinetochore stiach-
manl to the mitotic spindle. We cloned MAD? behind the strong
galactose-inducible GALY promoler (GALS-MADZ) and inte-
gratad this comstrict in multiple copies in the yeast genoma.
‘We estimnted that ihe levels of overexpressed Mad? after 2 h
in galactosa ame 20-fold higher than those of endogenous Mad2
(unpublished data). CALF-MADZ cells mleased from Gl in the
presence of galactose arrested transiently as lorge-budded celis
with undivided msclei, metaphase spindles. and high levels of
muclear Piés] (Fig | A). Thiz metaphase arrest was cagsed by
SAC hyperctivation as it was bypassed by MADS and MADS
delotions (not depictad), by PDST deletion (Fig. 51 C), and by
expression of the dominant COC20- 107 allele (Fig. 51, A and B),
which iz mifactory to SAC iahibition (Hwang ot al.. 1988

42

CGALI-MAD? cells emained amestad for ~~3-3 h and then
startedd b escape mitosis and eater in the next cycle, forming
microcolenies of four or more cells on galpciose-containing
plates 58 h after release from G1 (Fig. | B) and eventually gen-
erating visible colonies (Fig. 51 BY. Thus, Mad2-overproducing
cells endereo mitotic slppaga.

Cnsracterization of BALC sOsptation

In yeast

In verzbrate celts, adapintion to the SAC tzkes place with SAC
companents still bound o kinetochores and is accompanied
by cyclin B proteclysis (Brito nod Rieder, 20060 As shown in
Fig 2 A, yeast GALI-MADZ cells slipped out of mitesis and
started reaccumulating in G 1 7 h after release from G1 in the
presence of galaciose, with concomitant decresse of securin
(Pds 1) and cyclin B (Clb2) levels, whereas Mad? levels emaioed
constanily igh. A similar independent experiment showed that
GALT-MAD? cells camying the tetracycline operaton/reprossor
(tetChtetR —GFF system to monitor sister chromatid sepamtion
(Michaelis et al.. 1997) also staried separafing sisier chroma-
tids pround the same time (Fig. 2 Bl We then analyzed mitotic
slippage in other conditions that engage the SAC by releas-
ing Gl-mrrested wild-type cells carrying the aforementioned
tetDitotR-GFP system in the presence of the microtubole-
depolymerizing drugs nocodazole or bepomyl Bipolar spindles.
id not sssemble in either condition. although & fraction of
benomy Hrented cells displayed cyinplasmic micrombales 4 and
& h after release (see next paragraph), In spile of the complete
ahsence of spindles, both nocodazole- and benomyl-treated
cells underwent Pds] and Clb2 degradation, separated sister
chromafids. and slipped oot of mitosis, althoogh cells seemed
o mfapt faster in benomyl than in nocodexole (Fig. 2 Ch
In fact, benomyl-treated cells wnderwent almost complete Pds |
nnd CIh2 degradation, which resubied in cell division and reac-
comuintion of enbadded cells within 10 b afier release. At the
same time, 8 considerable fraction of nocodarode-treated cells
wis still arested s Innge-budded calls with relatively high levels
of Clb2 (Fig. 2 C).

To assess if adapaation in yoeast correlates with silencing
of SAC signaling. we monitored the fevels of Mad1-Bub? inter-
actien, which takes ploce only in the presence of paattached
kinetochores (Brady and Hardwick, 2000 Fraschini ot ol
2001b) and therefore is 0 good readot for SAC signaling.
Gil-arested cells expressing HA-tagged Bub3 (Bub3-HA 3 were
released in the presence of benomyl or nocodazode. followed by
monitonng cell cycle progression by FACS analveis and Madl-
Buh3 interaction by coimmunoprecipitation. Again, 4 and & b
afier Gl release, n fraction of benomyl-ireaied cells (10 and
50¢%. respactively) displayad cytnplasmic microlobules (Fig. 2 E),
which, in some cases, could drive an abnormal chromosome
sepregation (aot depicted), but no bipolar spindles were detect-
nble. Mad 1-Bub3 interaction was stable op 1o 8 b after the G
release in nocodarole-treated cells that were stifl arrested with
2C DNA content, whereas it started decreasing in the presence
of benomyl after 4 k and was undetecisble by § h, when most
cells had exited mitosiz (Fig. 2 D1 The total levels of Mud!, but
not of Bub3_ also decrensed in benonyyl daring the course of the
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on YEPRG with 2 mb n-qbbluwmln-mnlmv,rhmdm rnqm:mzb-mlmmnmh.muﬂswm ond

GALTAAD? MET]-SCdE 3P 7958 calls wers rogied as in

experiment but not as dramatically as in the Bubd immuno-
precipitnies. Therefore. adapttion o the SAC in-yeast is accompa-
nied by silencing of checkpoint signaling.

Adsptation to the SBAC requires cyciin B
degradation, CdcaD, the poio kiness Cdes,
and Coc 34 nucieolar releass

As SAC adaptation invodves Clh2 prowolysis, we asked whether
cyclin depradntion, Cdk inhibitory phosphoryiation, andior Cdk
inhibitors were required for mitotic shppage upon MADZ2 over-
expresson. As shown in Fig. 3 (A and B), microcolony formation
of GALI-MAD? cells on galactose plates wis effectively de-
lsyed by expression of esther the Cdk1 varinnd Cdc28-F19, which

cannod undergn Tyrl @ inhibitony phosphonylation, or nondegrd-
shie Clb2. In contrast, deletion of the cyclin BACdk inhibitor Sicl
{Mendenhall, 1993; Schwob et al, 1994} had no effect

We ther asked whether SAC adaptation depends oa cell
cycle regulators that modulate mitotic exit and proteotysis of
mitolic cyclins. Indeed, CIMC2G reprossion from the METS
jpromotes markedly proloaged the metaphase arrest of GALL-
MAD? pells (Fig. 3 C), suggesting that high levels of Mad?2 ame
not sufficient to maintain Cdc20-APC inhibition for o long time.
Ipactivation of the polo kinase CdcS through 8 METI-COCS
fusion yielded similar results (Fig 3 C).

Adaptation to the SAC upon MADZ overexpression might
abso be influenced by advancing or delaying activation of the
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Cdcl4 phosphatase that is pecessary for mibic exit. We thus
forced unscheduled activation of the MEN and saobsequent
Cdicl4 muclenlar relense by eliminating the MEN inhibitor Bub2
(Piatti et al., 2006 Conversely, we delayed Cdo 14 activation by
expression of o renphesphory latable Netl vanant iNetl-6Cdks)
that does not aflow the transient release of Cdeld from the
oucleotus in early anaphase (Azzam et al, 2004). Notahly,
BIB? deletinn accolorated microcolony formation of GALL-
MAID? cells on galactose plates, whereas NETT-6CdE expres-
sicn skowed it down (Fig. 3 D), suggesting that Cdcl4 release
frem the nocleolus might be important for SAC adaptation.

The chromatinremodeling REC complex Is
Invalved in agsptetion to the BAC

Becanse MAD? overexpression provides a good experimental
setep o study the molecular bases of SAC adaptatioa in the
absence of spindlefkinetochors defects, we used transposon
mutagenasis of GALI-MADZ? cells to identify factors in-
volved in ndaptation andfor in Ao tuning of mitotic exit. To
this end, we scroencd for cloees that were hypersensitive o
MAD? pverexpression and likely prolonged their cell cvcle
wrrest under hese condiions. We found gl severnl clones with
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ramect mean

this pheaotype camied the tmnsposon insertion 37 to the RSC2
geng. encoding an accessory subuait of the chromatin-rmodeling
complex RSC(Cairnset al . 19000 Indeed , the Rsc2-contnining
RSC complex seemod a good candidate for adaptation io the
SAC becanse it had been previously implicated in chromosame
sppegabion, mitolic progression, and regolation of sister chro-
matid sepamition (Hsu et al. 7003 Rootr o al.. 2004; Hoang and
Laurent, 2004). Morover, RFCZ delebion was shown io have
synthetic effects with motations altering kinetochore compo-
nents or cobesia (Baetz of al | 2004},

The Intter observations wer extended by analyzing the
effects of RSC2 deletion in 2 set of motanis in kinetochone
components (Dam| and Cepdi or micrombule-binding profeins
{51u2 and Cin¥; Fig. 52 A). Besides confirming gematic inter-
actions previously reponed by others. REC2 deletion consad hypes-
sepsitivity 0 benomyl and decreased the maximal permissive
temperature of the kingtochore motants dam/-1J, cepd- 4, and
o 2-10, a5 well &= that of cia®A cells Iacking the BimC famity
kinesin Cind, which has o major rode in spindle assembly (Hoyt
et &l 194971 Because the aforementioned mustations and beno-
my| treatment eagage the SAC, the deleterions effects of RSC2
deletion in these conditions might be cagsed by prolonged
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SAC sctivation, Indeed, REC2 deletion termed out &0 be lethal
for CALI-MADZ cells in the presence of palediose {Fig. 52 B and
Fig. 4 C). We then scored maorocolony formation of GALI-MADT
and GALI-MAD? mc2A cells opon plating Gl-synchronized
cells on media containing either glucose (GALI-MAD2 off) or
galnctose (GALI-MAD2? onl. Deletion of R5C2 slightly delayed
cell cycle progression oo plucese plates compared with other
wise wilid-type cells in the presence of galactose (Fig. 4 A} Strik-
ingly, the presence of galaciose caused GALT-MADZ rc2A
cells to remain amested in mitosis 25 large-budded calls for a
longer time than GALI-MAD? cells (Fig. 4 A). in spite of com-
pambde levels of Mad? (Fig 4 B ). This behnvior parsileled with
the dromatic Jethal effect of GALY-MADZ? overexpression in
meZA cells (Fig 4 C)L

Deletion of RSCT. encoding an REC subunit allernative to
Rsc2 (Coins et al., 19990, had no effect on the mitotic escape of
CALI-MAD? cells on galactose plates (Fig. §3 A, suggesting
that the Rsc?-coataining form of BSC (RSC™) iy specifically
implicated in this process. The kack of Bsc? also prodoaged the mi-
tolic amest of MPSI-overenpressing cells (Fig. 53 Bi. which tran-
siently hyperactivate the SAC and eventuafly sdapt (Hardwick
etal, 1996), apd of benomyl-treated cells (Fig. 53 C).

W then asked whether Rsc? has a mle in SAC adsptation
as part of the R5C complex or independeatly of it This was not
trivind becapse all core BSC subuniis o essertial end most be in-
activated by fempembire-seasifive mutnfions, whereas the GALY
promoier required to overexpress MADZ is very inefficient af high
tempemtures. Indead, CALT-MADZ oolls showed only a modest
cell oycle amest a1 37°C, as almo=t 30% of e cells had ascaped
from the amest and formed microcolonies of foar or more cells on
zalaciose within 4 h after plating (Fig. £ ). However, RSC inpcti-
vation by the iemperature-sensitive degron allele of STHI (rihi®;
Pamell et al., 2008), which encodes the KSC catalytic subuail,
delayed adsptation of GALI-MAD2 cells by ~2 h, suggesting that
the whale RSC complax is imvolved in this process:

REC™ nactivetion prevents mitotic =xit
of BAC-defclent mutants in the presence
of microtubuls-depolymerizing drugs

As RSC inactivation might delay escape from mitosis by pro-
longing the SAC-fependent cell cycle arrest, we investigated
its effects in SAC-deficient mutants treated with microtobule-
depolymernizing drugs. To this end. wild-type. mad24, me24,
and mad2A el cells were arrested in Gl by a-factor and
releasad in the preseace of nocodarnle As expected, mad24
cells rereplicated their DNA efficiently and scoumulated DNA
comlens higher than 2C onder these conditions, which instesd
caused the double mad2A rrc2A mutant to arrest in mitosis
similarly io wild-type and rac2A cells (Fig. 5 A) Deletion of
REC2 provenied mitotic exit alse of nocodazole-treated madfA.
mad3A, babiA, bab3A, edc55A, and COC20- 107 cells (on-
published daia). Moreover, rereplication of mad24 cells apon
micretubule dismuption was inhibited nlse by Sthl inactivation
through the st aliele (Fig. 5 B). whereas it was not affectad
by RSCT delstion (Fig 54 AL Alogether. these dota suggest
that RSC™ is required for the uaschaduled mitotic axit of SAC
mautnats in the preseace of spindle defects.
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RSCT deletion could prevent mitetic exit and rereplica-
tion of nocodazole-treated SAC mustans by either restoring
Cdc20-APC inhibition of impinging on pathways controdling
mitetic exil, such as the FEAR or MEN pathways for Cdcld
naclzolar release. In fact, whereas Cde20-APC is required
for degradation of securin and a fraction of cyclin B, Cdcld
triggers CdhlFAPC activation, which cempletes cyclin B deg-
rodation and drives acoumulation of the Cdk inhibitor Sicl
{Visintin et al., 1908y, To distinguish between these two pos-
sibilities, we first analyred Pds] and Clb2 degradation. ns well
as Sicl accumulation, in wild-type. mad24, rvc2d, and mad24
rec?A cells that were released from Gl in the preseoce of
nocoderole, As shown in Fig. 5 C, Pds] was degraded in bodh
maad2A and mad2A me2A cells, whereas a fraction of Clb2 was
siahilized and Sicl did oot accumulate in mod?A rsc2A cells,
in contrast o mad24 cells. These resulis are consistem with
the rofe of RSC in the regolation of mitotic exit and. in par-
ticular, of Cdcl4 nocleolnr release (see next paragrph), mther
than in Cdc20-APC activation. Like RS mulations, motations.
affecting the FEAR pathway. such as esp!-{ (Fraschini et al.,
200 ab. spof2A baxiA, siki9A (Fig. 54 B). and NETT-6CHR
(not depicied) preveated rereplicaiion of aocodazole-ireated
mad24 cells. In addition, simultaneous deletion of SLETY,
SP012. and BNE) retorded microcolony formation of GAL/-
MADZ cells oo galactose plates (Fig. 54 C). Similarly bo FEAR
mutations, #5C2 deletion only modestly delayed mitotic exit
bath in enperturbed condiions (Fig. 6 A) and during recovery
from nocodnzole arrest (Fig. 6 B). as judged by the kinetics of
spendle disassambdy relative to spindle elongation and nuclear
division. Comversely, fack of Rec? delayed the onset of ana-
phase (i, spindle elongation and nuclear division) relative o
bipolar spindle pssembly (Fig. 6, A and B}, which is copsis-
tent with previous ohservations (Hsu et al., 2003; Boetr. et al.,
2004). Thas, REC™™ might regulate mitotic exit in @ way simi-
lar to the FEAR puthway in conditions of SAC hypemctivation
o in the presepce of kiretochom/microtobule defects.

Leck of Resc2 impaira Cdc14 relsass

from the nucieolus at the metaphase-Lto-
Enaphase trenaition

The persisteace of Clb2 and the lack of Sicl accumulation in
nocodarole-treated mad2A el cells, together with the simi-
lar effects cunsed by RSC and FEAR inactivation in SAC mu-
tanls upon mecrotubngde disnephion. that RSC™=" might
be imvolved in the controd of Cdcl4 release from the mucheolos.
We therefore analyzed Cdcld nocleolar release in mad2A,
rac A, nof mad 2 reedA cells released from Gl in the presepce
of nocodarola. Althoogh mad?A cells transiently released
Cdcl4, all other stratns retsined it in the nucleolus (Fig. 7 A,
suggesting that RSC™ is requered for Cdc 14 release in these
conditions. Strikingly, expression of the Cdc14™" dominant
wvariznt thar associates loosely to its inhibitor Netl (Shon et al,
2001 mestored the ability of nocodamle-treated mad2d me2A
cells to rereplicaie DNA (Fig. 7 B). whereas it was aot suificient
by itsedf to promote mitotic exit in these conditions {not de-
picted). These dats suppori the notion that RSC™ inactivation
interferes with Cdol £ nucleclar relesse and activafion. prompting
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s fo directly compare the knetics of Cdel4 release from the
nucleolus in rrc2d cells versus wild type and the FEAR mutant
spot 24 baeJA. To monitor oaly the partial Cdcld miease al the
anaphase oaset. we prevented MEN activation by overexpressing
BEAY from the GALT promoter (1L 19995, Wikl-type, GALI-BEAL.
GALI-BFAT rac2A. and CALI-BFEAL spol 24 baafd cells were
synchronized in Gl and released in galsctose-conlaining me-
dium. We then followed partind and total Cdcl4 release from
the: nucleolus during the cell cycle. As expecied. wild-type cells
started releasing Cdold nfter metaphase spindbes had been
azsembled nad concomitant to spindle zloagation (Fig. 7 C).
Muclear division immediaiely followed, nnd Cdeld was com-
pletely relensed into the necleoplasm nnd cytosol before cvte-
kinesis. Consistent with MEN inhibition, GAL]-BFAS cells
amested in welophase as large-budded cells with 2C DNA con-
tenis, divided sioclei, and elengated spindles. As expected.
Cdcl 4 total release was abolished in these cells, and only the
pariial release in anaphase could be observed (Fig. 7 C). Like
GALI-BFAL cells, GALI-BFAY rac2A and GALI-BFAT spol 24

ACE
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FACS analystz of DMNA confents of tha Indicatod
cultoras gl t = 100 min abar release [=90% of

baxlA cells arrested in telophase and showed oo sign of tolal
Cdcld release. Moreover. Cdcld pantial release waz abolished
in GALI-BFAT spol2A baxiA cells and severely compromised
in GALI-BFAT rac2A cells (Fig. 7 Ch. Thus, Rsc? and presom-
ahly the whole RSC™™ complex contribute o the eacly ana-
phasa release of Cdol4 from the nuclenlus.

Deiatinn of RBECE has synthatic sfTects
with mutations affecting the MEN
W anatyred the relationships between REC and the FEAR or the
MENM cascades by combining REC2 deletion with FEAR or MEN
mutatins. Deletion of RSC2 caused little or po symthetic growth
defects when combined with the FEAR mutations sk72A, spal2a
baxfA, and expd-7 (onpublished datz), sogpesting that RSC"=
works together with or in parllel to the FEAR pathway.
Inactivation of the FEAR pathway is known to be bethal for
cells lacking the nonessestinl MEN nctivaior Lol (Stepmeier
et wl., 2002). Similarly, RSC2 deletion was found to be lethal
with LTE! deletion (e et al, 20055 In fact. recd Iiedd cells
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were, in most cases, inviable or extremely sick also in car ge-
netic background (Fig. & Ab, and thes lethality could be rescoed
by BU/R2 deletion {nod depicied), suggesting that it was cased
by comstinutive trapping of Cdcl4 in the nuclenlns. RSC2 dele-
tion also caused sickness and kethality when combined with the
temperature-seasitive alleles odeS-2. affecting polo kinase, and
cdci4-3, respectively (Fig 8 Al In addition, it decreased the
maximul permissive tempersture of the femi-3, ode!5-2 diy2-2.
and coel4-7 MEM mutnnts (Fig. & B), supporting the notion that
RSC™ regulates Cdcld mlease from the nucleolus. Accord-
iegly. RSCT overexpression suppressed cufed5-2 lethality at
32°C (Fig. 8 C) Thus, RSC™ centrobs Cdel 4 release from the
meclenlus & the metaphasedanaphase transition independently
of MEN and in ceaceri with the FEAR pathway.

RecE Interscts with the polo kinase

CdcE and contributes To Thmeky

Met1 phosphorylstion

FEAR components have been recently found o interact with
the polo kinase CdcS (Rehal and Amon, 20083, which has o key
role in Cdcld mucleolar release scling in both the FEAR and
the MEN pathways (Stepmeier and Amon. 2004). The Xenopuy
laevix homedogue of Rsc2, polybromo- VBAF] 80, was found 1o
imteract with podo kinase (Yoo et al |, 2004), and Rsc? itself was
predicied o be 3 Hkely binding pariner of CdcS (Soead et ol.,
2007} To investigate whether Bsc? interacts with Cde5, we ex-
pressad Flag-tngped Cde5 {Cde5-Flag3) in cells expressing enher
untapzed Rsel or HA-tngged Rsc (Rsc2-HAJ). Rsc2-HA3
immunoprecipitztes from both cycling aod nooodazole- wrested

49

cells contatned CdcS-Flagd, which was instead absent in the
immunopecipitates from the untagzed Bsc2 strain {Fig. 9 A
Rst? could also bind the polo-box domain (PRD) of Cdo5,
which normally binds substrates previoasty primed by phos-
phorylation by apother kinase (Elia et al.. 2003a), Indeed. Rsc2-
HA3 bound to & recombinant GET-PED fosion protein (Miller
et ol., 2009} but not io GST alone (Fig. O B). Surpnsingly. this
binding was not disrepied by mutsiing the critical W' L
residues (Elia et nl.. 20030) into FAA, sazgesting that it might
b insdependent of preliminary phosphonylation.

Because Rsc? binds to CdcS and is mquired for timely re-
lease of Cde 14 from the nucleoius. we evaliated whether RSC2
daletion affected Metl phosphorylation, which depends oa
Cdc3 aod is required to release Netl-Cic 14 associntion (Shou
et al, 20N2; Yoshida snd Toh-z, 2007). Ax shown in Fig 01,
a slow-migrating band cormesponding to phosphorylated Metl
{Wisintin et al., 2003 Queralt et al.. 2006) appeared during ana-
phase in wild-type cells {B0-00 min after ralease from G arrest;
Fig, 8 C), whereas it was barely detectable in the shsence of Rscl,
suggesting that the FEAR function of CdcS might require the
RSC*™= complex_

RSC was previously imvolved in sister chromatid cobe-
sion (Baetz of al. 200d; Huang aod Lasmeat, 2004}, and Cdc3
fucilitates cobesie cleavage end sister chromatid separation
besidas promoting Cdc 4 activation {Alexandm et al., 20010 ).
‘We then nsked whether Cde5 distmbution aloag chromosomes.
was aliered in the absence of Rsc? by studying Cdc5-Flag3 chro-
mosomal distribution by ChiIP (chromatin immunoprcipitoion -
on-chip o the whole penome of veast cells nmested in mitosis.
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Cdc5 localived ot centromeres and discrete sites along chroma-
some arms comesponding 1o cohesin-binding sites (see the left
arm of chromoseme V1 25 an example; Fig. 10, A and BY, and it
coald be fornd also ot recombinant DA (fDNA; not depictad).
RSC2 deletion did not affect CdeS chromosomal distribution at
any loces (Fig. 10 A and not depicted), suggesting that Rsc2
might regoiate CdcS o levels other than its recruitmeant 1o spe-
cific chromosamal regioas.

Discussion

Adaptation to the BAC depends on
regulstors of Mitotic exit

Eukaryotic cells pltimately sdapt to persistent SAC signaling
and exit from mitosis, eveamally leading o unhalanced chio-
masome segegation or cell death (Rieder and Maiato, 2004
Mitotic exit onder these conditions is linked to o progressive
dechine i cyclin B sctivity thal afler reaching a threshold

ICE
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tims for FACS of DA conlants ond i lolow

atan/slongation, and Coc 14 portiol/icfal mlonsa.

level, dnves cells out of mitosis (Brito and Rieder, 2006;
Gascoigne and Taylor, 2008, We show here that, similar o vee-
teterate cells, mitotic shippage in bodding veast, pither in the pres-
ence-of microfbale inhibitors or opon SAC hyperactivation in
the absence of spindle damage. is accompamied by securin and
cyclin B degradation and is delayed by expression of nondegmd-
ahlz cyclin B. As in mammalian cells (Brito and Rieder. 2006,
Gascoigne and Toylor, 20083, the timing of mitetic shppage iz
highly varahle depending on the conditions. maging from <4
e 5 b in benomyl, 5 to & b opon MADZ overexpression, and B e
1k im mocodarole. We also find thal. as recently shown in mam-
malian cells (Lee et ol. 20100, Cdc20 and other cancaical regu-
Ietors of cyclin B proteclysis and mitstic exil, such as the polo
kinase CdcS, are involved in SAC sdaptation. In sddstion, the
unphosphorylatable Cde28-FI10 vanant delays mitolic slippage
pon Mad? overexpression consistently with the older proposal
that inhibitory phosphorylation of cyclin BACdks accelerates
nidapiation io prolonged SAC activation (Minshall et al, 1996).
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Cells expressing Cdc28-FI9 were previously shown o be de- refies on the inability of the SAC 1o inhibit all Cde20-APC com-
plexes inside the cell (Brito and Riedes, 2006). Presumahly, a
fraction of Cde20-APC remains active upen SAC activatson and
onventional regula- promoles cyclin B destruction until cyclin BACdk activity drops
tors of mitotic exit and are consistent with the proposal that it below o threshold level sufficient b |s out of mitosis
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pon prolonged treatment with nocodarode, sdaptation in
veriebrate cells takes place with SAC proteins sill ot Eineko-
chores, leading to the proposal that it ocours through SAT
sigmading overtide {Brito and Rieder. 2006), We show that adap-
taticn 1o the SAC in bodding veast coincides wilh Mad[ dis-
sociation from Bob3, sugeesting that the 8AC is sileaced.
Micrubule-binding proteins, such as dynein snd spindly. are
imvolved in verebrate SAC silencing throngh polewnrd trans-
port of SAC profeins along miceotubales (Howell et al., 20010;
Wojcik et al, 2001; Gassmans et al, 2010 Therefore, it is
likely thai spindbe disraption by nocodazole impairs this mecha-
nism, thus sccounting for the persisteace of SAC proleins a1
unnitached kinetochores dunng adapiation. [n addition, Cdk
activity is required to sustain the SAC (Li and Cai. 1007
Kitazono et al., 2003; Yomaguchi et al., 2003}, and it drops dus-
ing adapistion, suggesting that SAC signaling is likely o de-
cline during mitoetic slippage. In any case, whether silencing of
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A region arcerd 140 kb masked by o groy box cormeapands io Ty remalranspoean, which

SAC signaling is 3 conse or & consequence of sdaptation re-
mains b be established.

A rols for the REBC complex in the sarty
anaphase release of Coc14 from the
nuciesius and In mitotic =Xt reguiation

We provide experimental evideoce of 2 novel role for the
chromatin-remodeling complex REC in regulation of Cdcld
nuclecdar release and mitotic exit Remarkably, histope post-
tiransintional modifications have been recently implicated in the
regulafion of Cde |4 elease from mucleolar chromatin in 2arly
apaphase (Hwang and Madhani, 2000} suggesting that mulliple
chromatin modifiers cooperale in this process.

The RSC complex repulsies tmascription maindy at Podll
and Pollll promoitess (Paroel at al., 2008) and has heen implicated
in severzl cell cycle processes. such as kanetochore functon (Hsa
et oL, 2003) and sister chromatid cohesion (Baewr et ol, 2004;
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Huzng and Lawene. 2004). However, tanscripional regulaton of
several classes of milotic penes seems unaffecied by RSC inacti-
vation {Cap et al . 1997}, suggesting that this complex might
have nddittonal and perhaps more direct functions in cell oole
progression. Other chromatin regaistors have been imlved in cell
cvcle processes onrelated to their transcrptional functivn. For
example, chromatin-remodeling proteins were also found at
homan ceatrosomes, where they regulate the recruitment of
centrosomal proteing, micrmubale organizatica, and cylokinesis
i Billibowrne ot al.. 2007,

Budding yeast REC associales with two alternative and
closely related suboniis. Bscl and Hsc2 (Cuims et al, 1999
which were provicasty found to be differentially imvolved in
mitotic processes, such as sister chromatid cobesion and 2-pm
plasmid paritioning (Wong ef al.. 2002; Haetz el al., 2004).
However. Rscl and Rsc2 hind to the same chromosomal reginns
(Mg etal., 2002}, raising the possibility that differences in their
ahundance might account for their nnigoe properties. Our dain
indicate that RSC"™, and oot RSC™" 15 specifically implicated
in Cdcl 4 activation and adapiation to the SAC, The involvemsnt
of RSC™ in the conirol of milstic exit is particulardy apparent
in conditions that activate the SAC, such as upon microtmubuale
dismuption or MAD2? overexpression. Indeed, RSC impairmaent
through BSC2 deletion delays mitolic exit under these condi-
ticas bui not during the onperturbed cell cycle. In this espect,
RSC mutants behove similorly to FEAR mutants, which show
o marked mitotic exit defeci only when the MEN is pariially
imactive (Stegmeier et al., 2002). This raises the interesting pos-
sibility that RSC is itself part of the FEAR or acts in n parallel
patiraay. Indeed, BSC2 delebion. like FEAR mutsiions {(Stegmeier
et al, 2002 Querall and Uhlmann, 2008), impairs Metl phos-
phiorylation and prevents the pertial nocleclar release of Cdcld
in carly anaphase. Forthermore, it is lethal for ired4 cells and
causes synthetic lethality/sickness to several MEN mutants.
How REC™= might repuluta Cdcl 4 release from the nucleolus
remains an open question, bt oor finding that Rec2, ke ofher
FEAR components (Rabal znd Amon, 2008, interacts physi-
cally with CdcS provides o possible mechanistic expinantion.
The Rsc2-Cdes interaction does nof seem to requine the critical
residues in the FRIF that are involved in phasphoepitope eoog-
nition {(Song et al, 2000; Elin et ol 20023b), suggesting that it
might be independent of prior Rsc phosphorylation and follow
uncomveational miles. Interestingly. the homologue of Rscl in
higher euknryoles, Bafl&0, inlemcts with the pole-like Kinase
in X laevis (Yoo et ol 2004).

How could RSC regulote the FEAR function of CdcS?
Because RSC was found ai numeroas Polll and Pollll promod-
ors (Ng et al_, 20027 as well 23 at centromseres (Hso ot al., 2003),
we wondered whether RSC might regulate CdcS recrmstment to
spacific chromasoemal regions. However, oar ChIF-on-chip data
rulz out this possibility. We found that CdcS binds to the rtDNA,
where it might internct with the RENT complex and promote
Cdel4 release, bat this chromoesomal location is also nanfiected
by RSCT deletion (unpublished data). In addition. deletion of the
whole tDMNA region from chromoesome X1 did not resoue the
ahility of mad2A rsc2A cells toreceplicate DMA in the presence
of nocodazole (eapublished data), suggesting that the control of
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Cdcl4 nucleolar release by RSC might be exerted o lovels differ-
en from the fDNA. Severnl other possibilities can be eavisioped:
for example, RSC condd have roles independent from its binding
te chromatin,d or it could locally regulate Cdc5 kinese activity
andior access o its substrales. Alternatively, because Cdcl4 and
Metl bind to different sequences within the fMA (Hoang and
Muonzed. 2003; Stegmeier et al., 2004} and their binding is regu-
Iated by CdeS (Shoo et al. . 2002, changes in chromatin struciore
might affect interactions within the RENT complex and'or make
it more susceptitde to CdcS-dependent regulafion. Interestmgly,
sister chromatid cohesion at the transcriptionally silent mating
type loci requires both Sic2, which is also part of the RENT com-
pliex (Shou et ak., 1999), and RSC™ (Chang et al., 2005, sug-
pesting that fonctional interactions between RSC and S5ir2 may
take ploce at other chromosomal localions.

Enowing the exact function of CdcS in the FEAR network
and Cdeld nocleolar release will cerainly help addressing the
ol of RSC®= in CdcS regulation. The FEAR function of Cdc3
s been recently stirtbuted primanily to CdeS's ability to stimua-
late degradation of Swel, the Weel-like Cdk inhsbitory kinase
iLiang ot al, 2008). However, SWE! deletion could nol bypass
the mitotic arrest of nocodarole-treated mad24 rec2A csfls (un-
published dats}, whereas the CHCIA™ yllele could do S0,
indizating that CdcS targets other substrates bezides Swel o
casry out ils FEAR function. Interestingly. Cdc5 was recently
shown to internct with Cdold (Snead et al, 2007; Raohal and
Amon, 2008), suppesting that it might directly regolate its hind-
ing 1o Met] andfor s phosphatase activiry.

Budding yesst a8 a8 tool for the discovery
of Nne-tuning reguistors of MItotic exit and
candidste tergets In cancer thersgy

Rocent dota showed thal cancer cells undengo two alternative
o competing pathways afler prolonged tresimenl o micro-
tubuole lexins: either they die by apoptosis or slip oot of mitosis
iGascoigne and Taylor, 2008} Both the apoptotic and slippage
pattrways have thresholds, and the fae of the cell is dicimed
by wiich threshold is breached first. Importanily, inhibiting the
cell denth pathway by caspase inacttvation comamits cells o slip
out of mitosis, whereas interfering with cyclin B degradation
namid mitatic exit channels cells into the apoptotic pathway. Thas,
discovering the factors that imfoeace the mie of adaptation ke
microtebale loxins in differenl orzanisms s clearly o crucial
issue in capcer research. For example, the efficary of antimitotic
ifruzs could be markedly increased by inhibiting factors involved
in mitotic slippage. thus favonng cell death.

Cur data indicate that the molecular bases for adaptation
to chronic SAC activetion are lkely conserved in afl eukaryotic
cells, making budding veast a good model sysiem to identify
faciors influencing the rate of mitotic sippage. Indead, MAD2-
ovenexpressing cells have proven to be a valuable tool o find
nove] factors involved in fise-tuning regulation of mitetic exit
nod SAC adapention, which are potential torgets for cancer
treatment. Strikingly. mikotic exit has recently been proposed
tx be 1 better cancer thempeutic target than spindle assembly
because Cde20 inhibition efficieatly kifls cancer cells, prevent-
ing mitotic slippage and providing more time for apoplosis
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{Huang et al.. 200%). Targeting essential regubstors of mitotic exil
during cancer treatment would have the drawback of killing nlso
normally proliferating cells. Our finding that nonessentinl fun-
ers of mitotic exit. soch as the RSC complex. dramatically
inffnence SAC adapiation opens important themapeotic perspec-
tives that will be worih addressing in the fvture.
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The ATPase activity of the RSC complex is required for mitotic
exit of nocodazole-treated SAC mutant cells

In Rossio et al. (2010) we observed that the ®8@omplex is
required for the mitotic exit of SAC-deficient mata in the presence
of microtubule-depolymerizing drugs. To remodel thteucture of
chromatin the RSC complex uses the ATPase activdyided by the
core catalytic subunit Sthl (Du et al, 1998). Tdedwuine if the
ATPase activity of the RSC complex is involved nermpoting mitotic
exit in SAC mutants treated with spindle destabitz we introduced
in the mad2A sth1td strain (where a temperature-sensitive degron
(sth1td) inactivates Sth1 at high temperatures) a plasraidying the
ATPase-defective allelethl-K501R (Laurent et al., 1992; Du et al.,
1998) We then analyzed the effects of this mutationtenability of
mad24 cells to escape from mitosis upon nocodazolertreat and re-
replicate their DNA. As expectednad2A cells re-replicated their
DNA, while mostmad2A sthitd cells arrested with 2C DNA contents
in these conditions. Similarlynad2A sth1td sth1-K501R cells arrested
in mitosis (fig. 9), demonstrating that the lackR8C ATPase activity
is sufficient to prevent mitotic exit of SAC-defae mutants in
presence of nocodazole. We can therefore envib@amnthe role of the
RSC®% complex in regulating adaptation and mitotic emieds

chromatin remodelling.
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Figure 9. The ATPase activity of RSC is required for mad2A cells to exit from mitosis
upon spindle disruption.

Logarithmically growing cultures of madls and madas sthi® cells carrying the empty vector
(ITplacll], vAPETED and wEPETYS, respectively) as well as mad2t sthilid carrying the sthi-
ES0IR allele on I¥Cplaclll (wiPET96) cells were grown overnight in selective (-Leu)
taffinose medium supplemented with 0.1 mM CuB0, and then arrested in Gl with o factor at
27°C in YEF raffinose. Galactose was added 1 hour before release from the Gl arrest, and
then cells wete released at 37°C in VEP raffinose-galactose medium in the presence of
nocodazole (time 0. Bamples were collected at the indicated time points for FACE analysis of
DH& contents.
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Loss of viability of GAL1-MAD2 rsc2A cells is independent of
caspase-dependent cell death pathways

It is known that after a prolonged SAC activatiommmalian cells
either slip out mitosis or die by apoptosis (Rieded Maiato, 2004;
Gascoigne and Taylor, 2008). These alternativesfate dictated by
the speed at which cells undergo apoptosis relabiveitotic exit, the
latter of which depends on a progressive declineyclinB levels
(Brito and Rieder, 2006; Gascoigne and Taylor, 2068eventing
apoptosis through inhibition of caspase favors tatlippage,
whereas disabling cyclinB proteolysis channelssaelio the apoptotic
pathway (Gascoigne and Taylor, 2008). In Rossi@lei{(2010) we
found that GAL1-MAD2 rsc2A cells lost viability in inducing
conditions (i.e. presence of galactose in the nmjliln yeast the only
caspase known is encoded ¥gA1l, and its deletion is sufficient to
abolish caspase activity (Madeo et al., 2002 Maeteal., 2009). To
understand if the decrease of viability GAL1-MAD?2 rsc2A cells is
due to a caspase-dependent cell death pathway, nalyzad the
effects of YCAL deletion on the ability o6AL1-MAD2 rsc2A cells to
undergo adaptation using a microcolony assay (seterMls and
Methods). GAL1-MAD2, GAL1-MAD2 ycalA, GAL1-MAD2 rsc2A
and GAL1-MAD2 rsc2A ycalA cells were grown in uninduced
conditions, arrested in G1 with alpha factor (urdedi cells) and
spotted on galactose-containing plates, which wenebated at 30°C.
Formation of microcolonies was scored with a trassmn
microscope at different times. In particular, weided cells in four
classes: (1) unbudded cells, (2) budded cells, ni®rocolonies

formed by four cells and (4) microcolonies formegdnbore than four
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cells. As expected;AL1-MAD?2 cells accumulated as budded cells for
a few hours and after 8-10 hours from the releaseescells adapted
and started a new cell cycl&AL1-MAD2 ycalA cells behaved
similarly. In contrast, mostGAL1-MAD2 rsc2A cells remained
arrested as budded cells for all the experimegt {f0). Likewise, the
GAL1-MAD2 rsc2A ycalA triple mutant remained arrested in mitosis,
suggesting that¥CALl is not required for the prolonged mitotic arrest
caused by the lack of Rsc2 when the SAC is hypemcthus, the
inability of GAL1-MAD2 rsc2A cells to adapt is not due to the

caspase-dependent apoptotic pathways.
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Célls divide nuclei and spindle pole bodies (SPBs) in presence of
benomyl in an actin-independent manner.

In Rossio et al. (2010) we found that the time yeast cells to
undergo adaptation is highly variable, dependinghenconditions. In
particular, we found that mitotic slippage was éastin the presence
of benomyl and this correlated with the ability oglls to form
cytoplasmic microtubules and undergo an aberradieau division in
the absence of mitotic spindles. In order to bettearacterize this
phenotype, we first decided to verify if these €efllso undergo
spindle pole separation. To study this processewmessed a used
Spc42-GFP protein fusion in wild type cells (Spdd2a structural
component of the yeast microtubule organizing cemteSPB; Adams
and Kilmartin, 1999). We synchronized wild typelsdh G1 with
alpha factor and released them in presence of b@nain80°C. We
then analyzed DNA contents by FACS analysis atiridecated time
points, as well as the kinetics of budding, nucldarsion, SPB
separation and bipolar spindle formation (fig. 11&pnsistent with
our previous observations, cells divided nucleabsence of mitotic
spindles. In these conditions, cells also separ&tfs, albeit with a
seemingly slower kinetics than nuclear divisionphrticular, after 3
hours from the release about 50% of the cells hatkergone some
kind of nuclear division, while they barely startedparating SPBs
(fig. 11A and B). Therefore, cells are able to ugdean aberrant
nuclear division in the complete absence of bipaslgindles that is
also likely independent of spindle pole body sefiama

Recently, fission yeast cells have been shown taelinuclei in the

absence of mitotic spindles through an actin-depenanechanism
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(Castagnetti et al., 2010). We therefore decidetesd whether the
actin cytoskeleton is required for the aberrantlearc division of

budding yeast cells treated with benomyl. To thisd,e we

synchronized wild type cells in G1 with alpha factand released
them in presence of benomyl at 30°C. After 90 mesuive added
either DMSO or Latrunculin B (a compound that désasbles the
actin cytoskeleton); after 120 minutes alpha faetas re-added to
arrest again cells in the next G1 phase. At diffeteme points cell

samples were withdrawn for FACS analysis of DNAteats and to
measure the kinetics of budding and nuclear dimigitg. 12). We

found that cells divided nuclei with the same kicetn the absence
and in the presence of Latrunculin B, indicatingttlthe aberrant
nuclear division taking place in the presence afidoeyl is actin-

independent. In spite of that, cells treated wigttritnculin B did not
divide and did not re-accumulate with 1C DNA coms$dpecause actin
Is required for cytokinesis.
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Figure 11. Cells divide nuclei and separate spindle pole hodies in presence of henomyl

(&7 Wild type cells expressing SFPOY2-GFF (yEPEEIM were synchronized in Gl with alpha
factor and then released in presence of benomyl at 30°C (ime=0). Samples were collected at
the indicated times for FACE analysis of DMA contents (histograms) and for kinetics of
budding, nuclear division, formation of mitotic spindles and 3PBs separation (graphy. (E)
Micrographs of cells at t=300 minutes, Nuclear DN A was stained with DAPI and 3PBs were

wisualized thanks to Spcd2-GFP.
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Involvement of other factorsin adaptation to the spindle assembly
checkpoint

Our genetic screen for factors involved in the aakagn to the spindle
assembly checkpoint was not saturated. While wa pdare-do the
screen in the future using a different strategy, imeestigated the
possible involvement of candidate factors in thiscpss. In particular,
we decided to investigate the possible role ofetulasses of proteins
in this process: (1) spindle motors and microtutlnileling proteins;
(2) the acetyl-transferase SAGA complex; (3) théopganase. The
rationale behind this choice is the following. ()higher eukaryotic
cells, dynein has been shown to silence the spiraisembly
checkpoint by mediating the poleward movement oéckpoint
proteins from kinetochores to spindle poles usitgy minus-end
directed motor activity (Howell et al, 2001; Wojcit al, 2001).
Budding yeast seems to lack nuclear dynein. Howestkier motors
or microtubule-binding proteins might be involved & similar
process. (2) The RSC complex is known to bind &tydated histone
tails to move nucleosomes along chromatin through ATPase-
dependent remodelling activity (Cairns et al, 19%ihce the SAGA
complex is the major acetyltransferase of buddiegsy, we asked
whether its activity is required, like that of RSGr adaptation to the
SAC; (3) We have shown that the polo kinase Cdciedgiired for
adaptation to the SAC as it is for mitotic exit Rm et al., 2010). A
particular allele ofCDC5, cdc5-ad, is defective in adaptation to the
DNA damage checkpoint (Toczyski et al., 1997). Hosve it is

perfectly proficient for mitotic exit during the perturbed cell cycle.
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Thus, we decided to investigate whethde5-ad delays adaptation to
the SAC.

1. Microtubule requlators are involved in SAC addion

Like all eukaryotic cellsS. cerevisiae has motor proteins that move
along microtubules (Hildebrandt et al, 2000). Buddyeast has only
a reduced number of motor proteins: six kinesine§CKar3, Kipl,
Kip2, Kip3, and Smyl) and a single cytoplasmatimalg heavy
chain, Dynl (Chervitz et al., 1998). Microtubule tors and
microtubule-associated proteins are involved in ratidbule
dynamics, as well as in mitotic spindle formatieipngation and
positioning. In particular, Cin8, Kar3 and Kipl aneolved in bipolar
spindles formation and maintenance (Saunders ,e1392; Saunders
et al.,, 1997; Hoyt et al., 1993), whereas Kip2, Xignd Dynl are
required for spindle positioning (Yeh et al., 1994l]ler et al., 1998;
Miller et al., 1998b). Since upon benomyl treatm&amne cytoplasmic
microtubules were still detectable, we hypothesid#eat they could
drive the abnormal chromosome segregation and awudigision that
we observe in these conditions, thus favoring naitstippage. We
therefore investigated whether adaptation to th€ 8/s impaired by
lack of microtubule motors or microtubule-bindingofeins. In
particular, we decided to analyze the three mitralier motors
localized on cytoplasmic microtubules (Kip2, Kip&daDynl) and
Bik1, a protein that forms a complex with Kip2 aaskociates to the
plus-ends of microtubules (Carvalho et al., 200¢)ld type, bik1A,
kip3A, dynlA andkip2A cells were synchronized in G1 with alpha

factor and released in presence of benomyl at 38ft€r 120 minutes
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from the release alpha factor was re-added to ceraglate cells in
the next G1. We then analyzed DNA contents by FAGS8lysis and
kinetics of budding and nuclear division at differéime points (fig.
13). dyn1A andkip3A cells showed no defect in mitotic slippage in
these conditions relative to wild type cells, altgb kip3A cells
underwent nuclear division somewhat more ineffitienin sharp
contrast,kip2A andbiklA cells divide nuclei slowly and inefficiently
relative to wild type cells and most of them reneginarrested as
dumbbell-shaped, indicating a strong defect in tategm. Thus, Kip2
and Bik1l seem to be required for adaptation tcSIA€ in presence of

benomyl.
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2. The SAGA complex plays a role in mitotic slippag

The SAGA complex is a chromatin-modifying complemposed by
21 widely conserved proteins that contains twoimistenzymatic
activities, Gen5 and Ubp8, through which it acdgga and de-
ubiquitylates histones, respectively, thus regotptgjene expression
(Rodriguez-Navarro, 2009).

Since RSC binds to acetylated histone tails (Cagtnal, 1996), we
tested if the SAGA complex, like RSC, is involvedSAC adaptation.
To assess the effects of SAGA inactivation on aatapt, we deleted
either GCN5 or ADA2, the latter of which encodes for another subunit
of the complex. We synchronized wild tyaela2A andgcn5A cells in
G1 with alpha factor and released them in presafideenomyl at
30°C. We then analyzed DNA contents by FACS anslgsidifferent
time points, as well as the kinetics of budding andlear division
(fig. 14). Both ada2A and gcnS5A cells were delayed in nuclear
division and mitotic exit relative to wild type ¢l

We also analyzed microcolony formation GAL1-MAD2, GAL1-
MAD2 ada2A and GAL1-MAD2 gcn5A after release from G1 in the
presence of galactose. Surprisingly, under theeditonsada24 and
gcn54 mutants behaved differently: whilBAL1-MAD2 ada?A cells
formed microcolonies with a delay compared@GAL1-MAD2 cells,
GAL1-MAD2 gcn5A cells formed microcolonies slightly faster than
GAL1-MAD?2 cells (fig. 15A and 15B).

These data suggest that in the absence of Ada2 dmllhy adaptation
in the presence of both microtubule destabilizerd high levels of

Mad2, whereas the absence of Gnc5 only delays imtippage in
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benomyl. Further analysis will be needed to claitifg role of Gen5 in

this process.
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Figure 14. The ahsence of Ada2 and GenS delays SAC adaptation in the presence
henomyl

Wild type (EP2200, adalh (yEPETEE) and gendd (r3PE752) cells all carrying the BART
deletion were arrested it Gl with alpha factor at 23°C and then released in the presence of
benomyl at 30°C. At 120 minutes after release alpha factor was re-added to arrest cells in the
following Gl. Samples were collected at the indicated times for FACS analysis of DHNA
contents (left histograms) and for kinetics of budding and nuclear division (right graphs).
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Figure 15. Lack of Ada2 hut not of GenS delays adapiation upon M4 D2 overexpression
(&) GALI-MADZ (w3PE1T0 and GALI-MAD? ada2d (w3F63T3) cells were grown in
upinduced conditions, atrested in G1 (unbudded cells) at 25°C and then spotted on TEF
galactose plates at 30°C. Formation of microcolonies was scored at the indicated times with a
transmission microscope. (B GALI-MAD2 (w3PA1T0 and GALI-MAD2 gendh (w3FETIY
wete tteated as in (A) but the arrest with alpha factor has been petformed at 30°C because the
deletion of GCN5 has a cold-sensitive phenotype.
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3. Thecdch-ad allele has no effect on SAC adaptation

Recent works demonstrate that there are crosdvalivgeen the SAC
and the DNA damage checkpoint (Dotiwala et al, 204in and
Burke, 2008). It is therefore possible that tite5-ad allele that is
defective in adaptation to the DNA damage checkpaén also
defective in adaptation to the SAC. To test thipdifiesis, we tested
SAC adaptation otdc5-ad and wild type cells in presence of either
benomyl or high levels of Mad2 (Rossio et al., 201Bor the
experiment in benomyl, we synchronized wild type adc5-ad cells
in G1 with alpha factor and released them in preseasf benomyl at
30°C. After 120 minutes from the release we re-ddalpha factor to
re-accumulate cells in the next G1 phase. We thealyzed DNA
contents by FACS analysis and the kinetics of bugldind nuclear
division at different time points (fig. 16A). Undénese conditions,
cdc5-ad cells divided nuclei and exited mitosis with kiestsimilar to
wild type cells. To check whethecdc5-ad cells slowed down
adaptation uponMAD2 overexpressionGAL1-MAD2 and GAL1-
MAD2 cdc5-ad cells were grown in uninduced conditions, arrested
G1 with alpha factor (unbudded cells) and spotted galactose-
containing plates to follow the formation of micabonies.
Surprisingly, GAL1-MAD2 cdc5-ad cells escaped from the mitotic
arrest and formed colonies even faster tla.1-MAD?2 cells (fig.
16B). Altogether, these data suggest thatdiied-ad allele does not
affect adaptation to the SAC.
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Figure 16. The cdc5-ad allele does not affect SAC adaptation

(&) Wild type (w3P 2200 and cdeS-ad (yBPET74AT) cells carrying the BART deletion were amrested
ity 31 weith alpha factor at 23°C and then teleased in presence of benomyl at 30°C. At 120
mimtes after release alpha factor was re-added to re-accumulate cells in the next G1. Samples
wete collected at the indicated times for FACT analysis of DA contents (histograms) and for
kinetics of budding and nuclear division (graphs). (B) GALI-MADS (yEPE1T70 and GALI-
MAD2 pdeboad (wEPETAYY cells were grown i uninduced conditions, arrested in Gl
(unbudded cells) and spotted on YEP galactose plates (t=00 at 30°C. Formation of
triictocolonies was scored at the indicated times with a transmission mictoscope.
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MATERIALSAND METHODS

Abbreviations

APC: Anaphase Promoting Complex; CDKs: cyclin-dejsat
kinases; DMSO: dimethyl sulfoxide; FEAR: cdc-Foerte Early
Anaphase Release; MEN: Mitotic Exit Network; MTsicrotubules;
RSC: Remodel the Structure of Chromatin; SAC: Seimkssembly
Checkpoint; SAGA: Spt-Ada-Gcen5 acetyltransferaseBS spindle

pole bodies.

Strains and plasmids

Bacterial strains

E. coli DH5a T™™ (F -, 80dlazAM15, AlacZTA-argF) U169, deoR,

recAl, endAl, hsdR17, (rK-mK+), supE44, thil, gyrA96, relAl) strain
was used as bacterial host for plasmid construamhamplification.

Transformation competent bacterial cells were mlediby Invitrogen.

Plasmids

- YCplaclll (Gietz and Sugino, 1998FU2

- pSP773:YCplaclll (Gietz and Sugino, 199&8)EU2 carrying the
allelesth1K501R

Yeast strains

The genotypes of all the yeast strains used indhidy are listed in
Table 1. Unless differently stated, all yeast agavere derivatives of
W303 (MATa or MATa ade2-1 can1-100 trpl-1 leu2-3,112 his3-11,15

ura3).
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Name
ySP220
ySP6170
ySP6273
ySP6850
ySP6873
ySP6890
ySP8722
ySP8736

ySP8737
ySP8745
yS08746
ySP8747
ySP8749
ySP8750
ySP8752
ySP8768
ySP8770
ySP8789
ySP8795

YSP8796

Relevant genotypes

MATa bar1::URA3

MATa ura3::URA3::GAL1-MAD2 (m.c.)

MATalpha ura3::URA3::GAL1-MAD2 (m.c.)

MATa ura3::URA3::GAL1-MAD2 (m.c.)rsc2::kanMX
MATa ura3::URA3::GAL1-MAD2 (m.c.) ala2::kanMX
MATa TRP1:: SPC42-GFP (m.c.)

MATa ura3::URA3::GAL1-MAD2 (m.c.)gcn5::hph
MATa ura3::URA3:: GAL1-MAD2 (m.c.)rsc2::kanMX
ycal::kanMX

MATa ura3::URA3::GAL1-MAD2 (m.c.)ycal::kanMX
MATa bikl:: TRP1 bar1::kanMX

MATa kip3::HIS3 bar 1::kanMX

MATa cdc5-ad bar 1::kanMX

MATa ura3::URA3::GAL1-MAD2 (m.c.)cdc5-ad
MATa dynl::kanMX bar1::URA3

MATa gcn5::hph bar1::kanMX

MATa ada2::kanMX barl::URA3

MATa kip2::kanMX barl::URA3

MATa mad2:: TRP1 YCplacl11

MATa mad2::TRP1 GAL1-UBR1::HIS3 sthl::URA3
CUP1-1XHA-STH1td YCplac111

MATa mad2::TRP1 GAL1-UBR1::HIS3 sthl::URA3
CUP1-1XHA-STH1td pSP773

Table 1. Yeast strains used in this work. (m.cyltiple copy integration.
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Growth media
All media are autoclaved-sterilized and storedatr temperature.
Media for E. coli
LD 1% Bactotryptone
0.5% Yeast Extract
0.5% NaCl (pH 7.25)
LD amp LD + ampicillin (2.5 g/L)

Agar to 1% was added in order to obtain s&idoli media.
Media forS cerevisiae
YEP 1% Yeast extract
2% Bactopeptone
50 mg/l adenine (pH 5.4)
Before using, YEP medium was supplemented witheckfit carbon
source: 2% glucose (YEPD), 2% raffinose (YEPR) & eaffinose
and 1% galactose (YEPRG).
Synthetic Medium 0.7% Yeast nitrogen base (YNB)

without aminoacids (pH 5)
Before using, synthetic medium was supplementet 24 glucose
(YEPD), 2% raffinose (YEPR) or 2% raffinose and Ijdlactose
(YEPRG) and 25.g/ml of all aminoacids and nitrogen bases, unless
differently indicated.
5-FOA medium: it was obtained by adding 1g/l 5-F®A,mg/l uracil
to synthetic complete medium.
Sporulation medium (VB)  1.36% GGEOONaH20

0.19% KCI

0.0035% MgS@7H20

0.12% NaCl (pH 7)
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Agar to 2% was added in order to obtain solid yesdia.

Buffers

SDS-PAGE running buffer 5X: 2M Glycin, 0.25M TRI®02M SDS,
pH 8.3

STET: 8% sucrose, 5% triton X100, 50mM EDTA, 50mRI$-HCI,
pH 8

TAE: 0.04M TRIS acetate, 0.001M EDTA

TE: 10mM TRIS-HCI, 1ImM EDTA, pH 7.4

Laemly buffer: 0.62M TRIS, 2% SDS, 10% Glycine, @& BFB,
100mM DTT

TBS 10X: 1.5M NaCl, 0.5M TRIS-HCI, pH 8

BLUE 6X: 0.2% bromofenol blue in 50% glycerol

Methods

Generation of diploid strainsand sporulation

Diploid strains were generated by crossing the @ppate haploid
strains on YEPD plates. When diploid cell selectiwas possible,
crosses were transferred after 24 hours at 25°Gelective media
and/or temperatures allowing only diploid cellswtio. Diploid cells
were allowed to sporulate by transferring them oviB sporulation
medium. These plates were then incubated for 2 dagb°C. After
zymolyase digestion of the cell wall, tetrads wdigsected with an
optical micromanipulator on the appropriate agadioma.

Y east transfor mation

Cells were inoculated o/n at 25°C YEP medium comg the

appropriate sugar, allowing them to reach statpnainase. Cell
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cultures were then diluted and allowed to grow dbieast 2 hours,

until they reached a concentration between Satd 1x1d cells/ml.
10 ml of each culture were then centrifuged for Bmutes at room
temperature and pellets were washed with 1 ml éfclL0.1 M to
completely eliminate the growth medium. Each peleds then
resuspended in 5040 of 0.1 M LiAc, and 1-2ug of DNA were added
to 100 ul of cells suspension (sufficient for one transfation),
together with 16ug of carrier DNA (salmon sperm DNA) and gbof
PEG 4000 50%. After gently mixing, the tubes weax@ibated 30’-60’
at 25°C. Subsequently, @ of glycerol 60%was added to the cell
suspension, followed by incubation a 25°C for 30’-@\fter a 5’ heat
shock at 42°C, cells were finally plated on selectnedium.
Transposon insertion screen

We mutagenized the yeast genome by random transgasertions
using a yeast genomic DNA library carrying randamertions of a
bacterial transposon into the yeast DNA (Kumand.e2802) (from M.
Snyder, Yale University). The bacterial transposanries thelacZ

gene, the yeast marketEU2 and the tetR gene that confers
tetracycline resistance . coli. We digested the mTn3-mutagenized
genomic library withNotl in order to obtain linear DNA fragments
carrying the bacterial transposon flanked by higllyombinant yeast
sequences that directed their insertion in the tyegsmome by
homologous recombination, thereby replacing theesponding wild
type locus. MATa and MATa GAL1-MAD2 cells (ySP6170 and
ySP6273) were transformed with the linearized wasen library.

After transformation on leucine lacking selectiviates containing

raffinose, we obtained a collection of 3.2#10eut GAL1-MAD2
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clones carrying the transposon randomly insertedhimm genome.
These clones were replica-plated on galactose tseemedium in
order to identify those growing slower than the on#y in these
conditions. 800 clones were selected in the filgp.sTo discard the
clones that were slowly growing due to defects ialagtose
metabolism, we streaked out the selected clonés QA (5-fluoro-
orotic acid) plates to select for their derivatinghich had lost the
GAL1-MAD2 construct marked by th&RA3 gene, based on the
toxicity of 5-FOA for URA3 cells, and chose for further analysis only
the clones whosara3 derivatives did not show any growth defect on
galactose. To identify the transposon insertioe it the clones of
interest, we transformed them with the recoverysipid pRSQ2-
URA3 (Kumar et al.,, 2002) that replaces part of thendpmson.
Cutting the genomic DNA from each of the transfodnoéones with
BamHI, followed by ligation ande. coli transformation, allowed the
recover plasmids where the transposon was flankethd adjacent
yeast DNA, whose sequence could be determined usimgimer
complementary to 5 end of the transposon, in otderdentify the
precise point of transposon insertion for eache&lon

E. coli transformation

DH50TM-GIBCO BRL competent cells, kept at -80°C, werented

in ice, and 50-10Qul of cell suspension were used for each reaction.
After incubation in ice for 30 minutes, 1-10 nglNA were added to
the cells. After a further incubation in ice for 8finutes, cells were
subjected to a 20-45 seconds heat shock at 37°Mmweéx by
incubation in ice for 2 minutes. Finally, 900-950of LD medium
were added to each reaction tube. Cell suspensantien shacked
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for one hour at 37°C before plating on selectivediom and
incubation at 37°C.

Preparation of plasmid DNA from E. coli

Two different techniques were used, dependinghenamount and
the quality of the DNA to be obtained:

1) Minipreps boiling E. coli cells (2 ml overnight culture) are

harvested by centrifugation and resuspended ingb@IET buffer.
Bacterial cell wall is digested boiling the sampi@s2 minutes with 1
mg/ml lysozyme. Cellular impurities are removed dgntrifugation
and DNA is precipitated with isopropanol and resumgjed in the
appropriate volume of water or TE.

2) Qiagen columns®© kitthis protocol allows the purification of

up to 20ug high copy plasmid DNA from 1-5 ml overnight coli
culture in LD medium. Cells are pelleted by centydtion and
resuspended in 250 buffer P1. After addition of 250l buffer P2 the
solution is mixed thoroughly by inverting the tu#y& times, and the
lysis reaction occurs. 350 ml N3 buffer are addedhe solution,
which is then centrifuged for 10 minutes. The soptant is applied to
a QIAprep spin column which is washed once with IRBfer and
once with PE buffer. The DNA is eluted with EB barfbr water.
Synchronization with alpha-factor

MATa cells were inoculated in YEP medium supplementét e

appropriate sugar, allowing them to reach a comatoh of 5x16
cells/ml. alpha-factor was then added to the fo@icentration of 2
ug/ml for BARL cells and to the final concentration of u@/ml for
bar1A strains, and the percentage of budded cells waed@ hours
later. When more than 95% of cells arrested as dox (G1-arrested
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cells), the pheromone was removed and cells wesh&donce with
fresh medium and then re-suspended and incubat&dsih medium.
Unless otherwise stated, synchronizations werepadd at 25°C and
galactose, when required, was added half an hdoré¢he release
from alpha-factor.

Nocodazole and benomyl response

Nocodazole and benomyl allow yeast cell synchrdiupain G2/M
transition by causing microtubule depolymerizatidm)s activating
the SAC, which in turn arrests cells at the metaph® anaphase
transition. For nocodazole response, cells wereaseld from G1
arrest in the presence of 1/ml nocodazole (USBio) that was
dissolved in DMSO while for benomyl response, celtre released
from G1 arrest in the presence of 88/ml benomyl (dissolved in
DMSO too). The final DMSO percentage in the growtbdium was
1%.

Protein extracts

Cells were collected by centrifugation, washed owdd 1 ml TRIS
10 mM pH 7.5 cold and then resuspended in two vekiof breaking
buffer (TRIS 50 mM pH 7.5 and protease inhibitorcktail by
Boehringer Mannheim), using Eppendorf tubes thaevedways kept
in ice. Equal amount of acid-treated glass-bead® ween added to
each suspension, and cells were broken by vorteldn@ minutes.
Samples were then transferred into new tubes aamifietl. 1 pl of
each protein extract was diluted in 1 ml of Biortbtein Assay
(Biorad) for spectrophotometric protein quantifioat at 595 nm
wavelength. Clarified extracts were resuspendeddnul Lammli

buffer, boiled for 3 minutes and loaded on poly&ride gel.
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Coimmunoprecipitation

Cells from 50 ml of a 1x10 cells/ml concentration culture were
collected by centrifugation and rinsed. All the isnmoprecipitations
have been performed with the same Immunoprecipitabiuffer (50
mM HEPES pH 7.4, 75 mM KCI, 1 mM Mgg&l 1 mM sodium

orthovanadate, 5 mMNi-glycerolphosphate, 1 mM EGTA pH 8, 0.1%
Triton X-100 and a protease inhibitor cocktail byodBringer
Mannheim). For Mad1-Bub3 coimmunoprecipitations pot-downs,
cells were resuspended in one volume of the Immuangutation
buffer; an equal amount of acid-treated glass-beadsthen added to
the suspension, and cells were broken by 7 cydl&9'0 vortexing.
The sample was then transferred into a new tubettaer clarified.
2ul of protein extract were taken for spectrophotameprotein
quantification at 280 nm UV wavelength. Madl-Bub3
coimmunoprecipitation were performed as describedBrady and
Hardwick (2000), while pull-down were performed deascribed in
Donniani et al.(2010). For Rsc2-Cdc5 coimmunopriéatiion, cells
were lysed with zymolyase 20T at 30°C (1.2 M saibi0.1 M K-
phosphate, pH 6.4, 0.5 mM Mgg;10.6% p-mercaptoethanol and 600

ug/ml zymolyase). Spheroplasts were washed twicé wie same
buffer and incubated in Immunoprecipitation bufer 4°C for 30
minutes. 1-2 mg of cleared extracts were incub&ed30 minutes
with protein A-Sepharose and 1 hour with anti-HAtilodies
(12CA5).  Protein  A-Sepharose was then added to
immunoprecipitation and incubated for 30 minutebe Blurry was

washed four times with Immunoprecipitation bufferdatwice with
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PBS. The pellet is resuspended ingb@aemmly buffer , boiled for 3
minutes and finally clarified by centrifugation be¢ loading.

Western blot analysis

Protein were separated based on their moleculaghiv&n 10% or
12.5% polyacrylamide gel in SDS-PAGE. Proteins weamsferred
on nitrocellulose filters by 200 mA o/n. In ordes preliminarily

quantify the total amount of transferred proteitise filters were
stained with Ponceau S (Sigma). After destainintdy WBS 1X, filters

were incubated for one hour at room temperaturomfat 4% or 5%
dust milk in TBS 1X and 0.2% Triton X-100. Filtexgere then
incubated 2 hours with primary antibodies diredilyted in 4% milk.

To detect HA tagged proteins, we used 1:3000 oihsti of

monoclonal antibodies 12CA5; to detect myc-taggeotgns, we
used 1:2000 dilutions of monoclonal antibodies 9EbOdetect flag-
tagged proteins, we used 1:2000 dilutions of dag-fM2 mAb

(Sigma-Aldrich); for Clb2 we used anti-Clb2 polychd antibodies
kindly supplied by E. Schwob. Filters were then hexkthree times in
TBS 1X for 10 minutes, before incubating them farkeour at room
temperature with properly diluted secondary antié®danti-mouse
IgG against monoclonal antibodies and anti-raldg@ for polyclonal

antibodies). These secondary antibodies, provided\iersham in
the kit ECL, are conjugated with the peroxydaseyerez Filters were
finally washed three times for 10 minutes, dried3M paper and
carefully dipped in a mix composed by equal voluroiethe two ECL
solutions. After a new drying, the filters were expd for different

times to a film; peroxydase, together with its &g on the film
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catalyses a reaction which emits light, which ited&ble on the film
filter after treatment with developing and fixinglgtion.

FACS analysis, budding and nuclear division

For FACS (Fluorescence-Activated Cell Sorter) asialy5x1® cell
samples were collected by centrifugation and tlesnspended in 1 ml
of 70% ethanol, prior to 1 hour of incubation abmo temperature.
Cells were then washed once with 1 ml of Tris 50 pi¥17.5 and the
pellet was then resuspended in 0.5 ml of Tris mM7pbicontaining 1
mg/ml RNase. After incubation overnight at 37°C,liscewere
collected by centrifugation, and pellets were rpsasled in 0.5 ml of
pepsin 5 mg/ml, dissolved in 55 mM HCI, and incelolaBO minutes at
37°C. Cells were than washed once with 1 ml of FA&er (200
mM Tris pH 7.5, 200 mM NaCl, 78 mM Mg§&) and resuspended in

the same buffer containing @/ml Propidium lodide. Samples were
finally analysed with a FACS-Scan device provideg Becton
Dickinson. Budding and nuclear division were scamadroscopically
on FACS analysis samples.

In situ immunofluor escence and DAPI -staining

Cells were fixed in 1 ml IF buffer (0.1 M*KPO43' buffer pH 6.4, 0.5
mM MgClp) containing 3.7% formaldehyde at 4°C overnight.
Samples were washed three times in IF buffer arcd am IF buffer
containing 1.2 M sorbitol. Cells were spheropladtgdncubating for
about 45-60 minutes at room temperature in 0.2 phesplasting
buffer (1.2 M sorbitol, 0.1 M K/POy3- buffer pH 6.4, 0.5 mM
MgCly  0.2% B-mercaptoethanol , 250ug/ml  zymolyase).

Spheroplasting was monitored by mixing a drop oflscen
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spheroplasting buffer with an equal amount of 10@&SWhen cells
lysed under these conditions the spheroplasts washked once in IF
buffer containing 1.2 M sorbitol and resuspende@@r200ul of the

same solution depending on the amount of cellsOAv8Il slide was
coated with 0.1% polylysine, rinsed with mQ®! and dried. A drop

of cell suspension of medium density was addechtd evell, and cell
were allowed to attach to the slide surface fo2Q0ninutes. The cell
suspension was then removed, and slides were utriathanol bath
at -20°C for 6 minutes, and in an acetone bath28fG for 30
seconds. Next, the slide were dried. Primary adiybeas added to
each well and incubated for two hours at room teatpee. Then the
primary antibody was aspired off, each well was vealsthree times
with BA-PBS followed by addition of secondary amily. Slides
were incubated in he dark for 2 hours, then thersdary antibody
was aspired off, and each well was washed fourdiwiéh BSA-PBS.
For DAPI staining, a drop of pd-DAPI (0.2hg/ml DAPI (4,6
diamino-2-Phenylindolo), 0.1% p-phenylenediamined 0% PBS
pH 8.0 in glycerol) was added to each well, a celerwas placed
over, and the coverslip was sealed using nail mendeSlides were
stored at -20°C in the dark until use. Immunostajrof alpha-tubulin
was performed with the YOL34 mAb (Serotec) that wisted 1:100
in BSA-PBS, followed by indirect immunofluorescenagsing
rhodamine-conjugated anti-rat Ab (1:100 Pierce GbaimCo.).
Immunostaining of Pds1-mycl8 was detected by inboibavith the
9E10 mAb followed by indirect immunofluorescenceing€y 3-
conjugated goat anti-mouse antibody (1:500; GE tHeate).
Immunostaining of Cdcl4 was performed with anti-CH@ntibody
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(supplied by Rosella Visintin) that was diluted A03in ovalbumin-
PBS followed by indirect immunofluorescence using3&:onyugated
goat anti-rabbit antibody (1:500).

Digital images were acquired on a fluorescent nsicope (Eclipse
E600; Nikon) equipped with a change-coupled devizamera
(DC350F; Leica) at room temperature with an 0ilX10Q® Plan Fluor
objective (Nikon), using FW4000 software (Leica).

Drop test

For drop test analysis, cell cultures were growernight to a 18
cells/ml concentration and then diluted to 1.6 2,106 x 1®, 1.6 X

104 and 1.6 x 18 cells/ml respectively. For each dilution, b of
cellular suspension were spotted on plates tha¢ Wweubated at the
appropriate temperatures.

Microcolony assay

Cells were grown in uninduced conditions, arreste@1 with alpha-
factor (unbudded cells) and spotted on glucose- galactose-
containing plates, which were then incubated aC30% of galactose
was added to the cultures 30 minutes before tleaselto pre-induce
the GAL1l promoter). At different time points formation of
microcolonies was scored with a transmission maps. We
divided cells into four classes: (1) unbudded ¢dl3 budded cells,
(3) microcolonies formed by four cells and (4) romolonies formed

by more than four cells.
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DISCUSSION

Toolsto characterize SAC adaptation in yeast

Adaptation to checkpoint activation is an importpracess that gives
to cells the possibility to proceed into the celicle in critical
situations, i.e. in the absence of kinetochore-otidyule attachments
or in presence of DNA damage. In fact, it providies cells with a
chance to survive in the presence of irreparabheagd@s or errors that
might be corrected during the following cell cychdaptation is also
a dangerous process as a potential source of ameypi errors and
damages are not corrected (Rieder and Maiato, 2&iaye at the
moment little is known about the mechanisms thatnmte SAC
adaptation, we chose to use a genetically tractabldel system, such
as budding yeast, to identify factors influencihg tate of adaptation.
We found two conditions suitable to study what reagpwhen yeast
cells adapt to the SAC. First, we hyperactivatece tBAC
overproducing Mad2, one of the key SAC proteinsthis situation
cells arrest in metaphase with normal bipolar attaents (i.e. absence
of errors). Second, we induced SAC activation yyotigmerisation of
the mitotic spindle with nocodazole or benomyl. €ietent with
previous studies, we found that adaptation to th€ S&kes a variable
amount of time depending on the conditions. Inipaldr, we found
that yeast cells adapt the fastest in benomyl (®4rs), somewhat
slower in the presence of high levels of Mad2 (Aeurs) and the
slowest in nocodazole (6-8 hours). The reasonsghiese differences
are unclear at the moment. One difference betwesodazole and
benomyl treatment is that the former completelyaljgperizes both
spindle and cytoplasmic microtubules, whereas & lditer some
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cytoplasmic microtubules are still detectable ia #ibsence of mitotic
spindles. However, since cytoplasmic microtubulasutd also be
unaffected by Mad2 overproduction, this is unlikétybe the main
reason for the different adaptation timing betweetodazole and
benomyl. Further studies to identify factors thairpote adaptation to
the SAC in the different conditions will help shedyl light on this

process.

What happens when yeast cells adapt to the SAC

Like in mammalian cells, we found that yeast celltdlergo SAC
adaptation with sister chromatid separation andtmitexit that are
accompanied by degradation of the securin PdsIhendhitotic cyclin

CIb2. Unlike in animal cells, however, where addptato the SAC

takes place in the continuous presence of SAC HiigmgBrito and

Rieder, 2006), in yeast it occurs concurrently whtadl/Bub3

dissociation, suggesting that the SAC signal isnektWhether SAC
silencing is the cause or the consequence of dttapta unclear at
the moment. Beside that, other aspects of SAC atiaptseem to be
conserved. For instance, expression of a non-daggladorm of Clb2

or inactivation of Cdc20 delay adaptation. In aiddit we found that
the polo kinase Cdc5, which is a key regulatoryaiin B proteolysis

and mitotic exit (Queralt and Uhlmann, 2008; Geyatoet al., 2003;
Liang et al., 2009; Yoshida et al., 2006), is imaa in SAC

adaptation. On the contrary, deletion of the CDHibitor Sicl did

not show any effect on the timing of adaptationtogéther, our data
demonstrate that the modality by which cells undesgC adaptation

is similar from yeast to human, although the mdcmechanisms
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underlying this process might differ. In particylaur data raise the
possibility that, like for adaptation to DNA damag@eviewed in
Clemenson and Marsolier-Kergoat, 2009), SAC admptanight be
indistinguishable from checkpoint silencing.

Adaptation versus apoptosisin yeast: preliminary observations

We observed that the absenceR¥C2 caused a prolonged arrest in
mitosis upon engagement of the SAC by either midrote
depolymerization oMAD2 overexpression. When eukaryotic cells
escape from prolonged SAC activation they eithetengo adaptation
and proceed into the next cell cycle or die by apsip (Rieder and
Maiato, 2004; Gascoigne and Taylor, 2008). We foeseasked if the
persistent cell cycle arrest causedRSC2 deletion was due to cell
death. We verified that in absence of the only kmoweast
metacaspase (Ycalpc24 cells remained arrested in mitosis upon
SAC hyperactivation. These preliminary data sugtfestrsc24 cells
do not die in mitosis by activation of the apoptataspase-dependent
pathway. However, we cannot exclude that theses ai# due to
caspase-independent pathways. We are in the pramfedssting
whether in more general terms adaptation to the &Ag&tcompanied

by apoptotic features.

The RSC complex regulates mitotic exit by promoting the early
release of Cdcl4

The RSC complex is composed by many proteins; micodar, in
yeast RSC can bind to two alternative regulatotyusits, Rscl and
Rsc2 (Cairns et al., 1999). Our experimental datavsa new role of
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the RS®sC2 put not RS®sCL in mitotic exit regulation. In particular,
we demonstrated th&SC2 deletion in cells with hyperactivated SAC
by MAD2 overexpression strongly delays adaptation. Moneauethe
absence ofRC2 SAC-deficient mutants treated with microtubule
drugs are unable to exit from mitosis. These cgdlgrade Pdsl but
maintain a fraction of the mitotic cyclin Clb2 skaband do not
accumulate the CDK inhibitor Sicl. These phenotyhase been
observed also in absence of the Sthl catalytic sulmi RSC, or
when a ATPase-defective form of Stheht(-K501R) was expressed
as sole source of Sthl in the cells. We found #isd during the
unperturbed cell cycle, where RB&2has a minor role in mitotic
exit, the early anaphase release of Cdcl4 was ietpain addition,
we observed that the early release of Cdcl4 froenntircleolus was
strongly impaired by the lack of Rsc2 in SAC-dediti mutants in the
presence of nocodazole. Expression of a domin&iealf Cdcl4 that
loosens Netl-dependent inhibitioBC14™5%*, Shou et al, 2001) is
sufficient to restore the ability of these cellsegcape mitosis in these
conditions. Altogether, these data demonstrate R&CRSC2 s
involved in the regulation of Cdcl4 and mitotic teand this role
requires its ATPase activity, suggesting that Cdetdleolar release
and mitotic exit regulation presumably depend toegain extent on
chromatin-remodelling. Interestingly, a recent megmplicated also
some histone modifications in the FEAR pathway d€T! activation
(Hwang and Madhani, 2009). Our data strongly ingi¢chat RS&sc2
might be a component of the FEAR pathway. This idesupported
by the fact that deletion &83C2 shows synthetic growth defects when
combined with mutations affecting the MEN but nbie tFEAR
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pathway. In addition, deletion of FEAR genes in Séd&icient cells
treated with nocodazole shows the same phenotyRS@2 deletion,
I.e. cells are unable to exit mitosis and re-repédheir DNA.

How could RS®sc2 affect Cdc14 release from the nucleolus? We
showed that Rsc2 interacts with the polo kinase5Gtiat regulates
both the FEAR and the MEN pathway and phosphorylatevitro the
Cdc14 inhibitor Netl (Shou et al., 2002). Indeed,faund that in the
absence 0ofRSC2 Netl phosphorylation is impaired. Therefore,
RSARSC2 could stimulate Cdc5 activity for what concerns its
function(s) in Cdcl4 regulation. Alternatively, is Cdc5 that
modulates the function of R&€2to allow it to perform its FEAR
function. In this scenario, R®E2 could regulate more directly
Cdc14 release from the nucleolus, perhaps by leege¢he chromatin
structure at rDNA and/or by modulating the accabsilof Netl to
CDK phosphorylation.

The SAGA complex regulates SAC adaptation

Since chromatin-remodelling seems important for Sadaptation,
other factors that regulate the structure of chtonwould be involved
as well. In particular, since RSnds to acetylated histone tails to
promote nucleosome positioning, it is possible thastone
transacetylases are involved together with RBCGdaptation. We
decided to test if the SAGA, a protein complex thaetylates histones
thereby promoting chromatin restructuring, couldéha role in SAC
adaptation. Indeed, we observed that eliminationtwd SAGA
components, Ada2 and Gcnb, conferred adaptatiactiein presence

of benomyl, while the lack of Ada2 only, but not Gtn5, affected
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adaptation in the presence of high levels of Mad&se preliminary
data suggest that the SAGA complex might be inwblwe SAC

adaptation. The fact that Gen5 and Ada2 do not shimev same
phenotypes could indicate that these two protelag gifferent roles
in this process. SAGA components have been prelyich®wn to be
differentially required for other processes. Foraraple, a recent
report demonstrates that Ada2 promotes transcnigkigilencing at
telomeres and ribosomal DNA in a Gcnb5-independergnmar

(Jacobson and Pillus, 2009). Further investigatwdhbe necessary to
better understand the role of the SAGA complexACSdaptation.

Microtubule dynamics and SAC adaptation

When we characterised adaptation using benomylogcoaeazole to
depolymerise the mitotic spindle we observed that abnormal
nuclear division occurred only in cells treated hwvhenomyl. The
main difference between these two drug treatmestshat in the
presence of nocodazole no microtubules are prasené cells, while
in the presence of benomyl some cytoplasmic mibuas can be still
detectable. For this reason, we supposed that tickear division
observed in benomyl could depend on cytoplasmicrotubules.
Microtubules dynamics is controlled by motor protei and
microtubule regulators. Among the ones that weetksive found that
in the absence of the kinesin Kip2 or its assodiat@crotubule
binding protein Bikl, nuclear division is delaye¢ghom benomyl
treatment. In addition, mitotic slippage is alsgaired inkip24 and
bik1l4 mutants, suggesting that the aberrant nucleasidivimight be

linked to mitotic exit. Since Kip2 and Bikl regwdathe dynamics of
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cytoplasmic microtubules, these observations retefdthe hypothesis
that nuclear division might be triggered by cytsohéc microtubules.
In the future, it will be interesting to investigatnore extensively the
role of Kip2 and Bikl in SAC adaptation, as well tas establish
whether other mutants that specifically destabilisgoplasmic

microtubules affect this process.
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