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ABSTRACT

Entry into mitosis requires the phosphorylation of multiple substrates by cyclin B-Cdk1, while exit from
mitosis requires their dephosphorylation, which depends largely on the phosphatase PP2A in complex
with its B55 regulatory subunit (Tws in Drosophila). At mitotic entry, cyclin B-Cdk1 activates the Greatwall
kinase, which phosphorylates Endosulfine proteins, thereby activating their ability to inhibit PP2A-B55
competitively. The inhibition of PP2A-B55 at mitotic entry facilitates the accumulation of phosphorylated
Cdk1 substrates. The coordination of these enzymes involves major changes in their localization. In
interphase, Gwl is nuclear while PP2A-B55 is cytoplasmic. We recently showed that Gwl suddenly
relocalizes from the nucleus to the cytoplasm in prophase, before nuclear envelope breakdown and that
this controlled localization of Gwl is required for its function. We and others have shown that
phosphorylation of Gwl by cyclin B-Cdk1 at multiple sites is required for its nuclear exclusion, but the
precise mechanisms remained unclear. In addition, how Gwl returns to its nuclear localization was not
explored. Here we show that cyclin B-Cdk1 directly inactivates a Nuclear Localization Signal in the central
region of Gwl. This phosphorylation facilitates the cytoplasmic retention of Gwl, which is exported to the
cytoplasm in a Crm1-dependent manner. In addition, we show that PP2A-Tws promotes the return of Gwl
to its nuclear localization during cytokinesis. Our results indicate that the cyclic changes in Gwl localization
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at mitotic entry and exit are directly regulated by the antagonistic cyclin B-Cdk1 and PP2A-Tws enzymes.

Introduction

Mitotic progression relies on the coordinated activities of sev-
eral kinases and their counteracting phosphatases. Cyclin
B-CdKk1 triggers mitotic events such as DNA condensation, the
assembly of a mitotic spindle and nuclear envelope breakdown
by phosphorylating a multitude of proteins. Cdkl activity is
opposed mainly by PP2A in complex with its B55 type regula-
tory subunits (Tws in Drosophila).'” Upon mitotic entry,
PP2A-B55 is inhibited to promote the phosphorylated state of
Cdkl substrates. This event requires the Gwl kinase (called
Mastl in mammals), which is activated at mitotic entry and
subsequently phosphorylates the small protein «-Endosulfine
(also known as Ensa or Endos) and its homolog Arpp19.*°
Once phosphorylated by Gwl, a-Endosulfine/Arppl9 binds
and inhibits PP2A-B55 competitively.*>”® In Xenopus egg
cycling extracts, Gwl depletion completely prevents mitotic
entry.” In Drosophila, although gw! null mutant neuroblasts
enter mitosis, nuclear envelope breakdown (NEBD) is delayed
and defects in chromosomes condensation, congression and
segregation are frequent.'”'" Similar phenotypes have been
reported in Mastl-depleted human cells and in knockout mouse
embryonic fibroblasts.'*'* These data indicate that Gwl-

dependent inhibition of PP2A-B55 is required for timely and
faithful mitotic progression. In addition, Gwl activity has also
been shown to be essential for meiotic maturation and meiotic
arrests in flies and in vertebrates.'">""”

The mechanisms regulating Gwl are not completely under-
stood. Gwl activation requires its phosphorylation by cyclin B-
Cdkl in the T-loop of the kinase domain.” It also requires
phosphorylation in its C-terminal tail, probably by an intramo-
lecular reaction, which is thought to induce an interaction
between the C-tail and the N-terminal part of the kinase
domain to stabilize its active conformation.'®'® The Hsp90 and
Cdc37 chaperones are also required to stabilize Gwl.** Gwl con-
tains a long region which splits its kinase domain into N-termi-
nal and C-terminal sub-domains, and contributes to its
regulation.'’ Although this region is conserved in all Gwl
orthologs, its amino-acid sequence is poorly conserved. No spe-
cific sequence in this middle region is essential for Gwl kinase
activity."” We recently showed that the middle region of Dro-
sophila Gwl is required for the nuclear localization of the pro-
tein via 2 Nuclear Localization Signals (NLS).>* Mammalian
and Xenopus Gwl were also found to contain at least one NLS
in their central region."**° In all these organisms, the NLS-
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dependent nuclear localization of Gwl during interphase pro-
motes its function and mitotic progression.'****" The nuclear
concentration of Gwl is thought to facilitate its activation by
cyclin B-Cdkl which concentrates in the nucleus while it
becomes activated during mitotic entry, before NEBD.'**"** In
addition, it was hypothesized that the coordinated activation of
cyclin B-Cdkl and Gwl in the nucleus could be facilitated by
the fact that they are effectively sequestrated from PP2A-B55,
which is mostly cytoplasmic.*' >

From its nuclear localization in interphase, Drosophila Gwl
suddenly relocalizes to the cytoplasm in prophase (before
NEBD), until it becomes excluded from the nucleus.®! A similar
dynamics was observed for Mastl in human cells."* This reloc-
alization of Gwl is important for mitotic progression, presum-
ably because Gwl needs to access the cytoplasmic compartment
to efficiently phosphorylate Endos and antagonize PP2A-B55
in the cytoplasm before NEBD to avoid subsequent mitotic col-
lapse.'**! We have shown that phosphorylation by Polo and
Cdkl in the middle region of Drosophila Gwl promotes its
cytoplasmic localization in prophase.”’ Phosphorylation by
Polo promotes the association of Gwl with 14-3-3¢ leading to
its cytoplasmic retention.”' Interestingly, Rim15, the budding
yeast ortholog of Gwl, was shown to be regulated in a similar
fashion.”* The Sch9 and Pho80-Pho85 kinases phosphorylate
Rim15 to allow its interaction with Bmhl and Bmh2 (yeast
14-3-3 proteins), which promotes Rim15 cytoplasmic retention
and thus prevents GO entry.”*** In addition, in flies and in
human cells, the relocalization of Gwl from the nucleus to the
cytoplasm requires its phosphorylation by cyclin B-Cdk1.'**'
However, the precise mechanism by which this is achieved
remains unclear. In mouse cells, mutation of known Cdk1 acti-
vation sites in the T-loop of Maslt, or a kinase-dead mutation
in Mastl, prevents its cytoplasmic relocalization in prophase.'*
Therefore, the activation of Mastl by Cdk1 is required for its
ability to relocalize in prophase. However, mutation of 6 Cdk1
sites in the central region of Drosophila Gwl, outside its kinase
domain, also prevents its relocalization, suggesting that another
mechanism is at play.*'

How Gwl is regulated at mitotic exit is poorly understood. It
has been shown that PP2A-B55 itself is responsible for the inac-
tivation of its competitive inhibitor Endos, which is bound to
PP2A-B55 with extremely high affinity but is dephosphorylated
inefficiently.” It is only when PP2A-B55 has freed itself from
this inhibition that it can effectively target its other substrates
in late mitotic exit.”*® In principle, as long as Gwl is active, it
continuously generates phosphorylated Endos, thus keeping
PP2A-B55 inhibited. As Gwl activation and nucleo-cytoplasmic
relocalization at mitotic entry requires phosphorylation, it is
presumed that its inactivation and return to the nuclear com-
partment require phosphatase activity. Gwl has been observed
to associate with PP2A-B55, but the reaction taking place in
this complex is unknown.””*® PP2A can dephosphorylate and
inactivate Xenopus Gwl in vitro.”® Furthermore, simultaneous
RNAI silencing of B55« and B558 results in an increased phos-
phorylation level of Mastl at a T-loop site in HeLa cells.”” How-
ever, it appears unlikely that PP2A-B55 could be responsible
for the initial inactivation of Gwl since PP2A-B55 is antago-
nized by Gwl activity. Thus, the specific contribution of PP2A-
B55 in the regulation of Gwl is unclear.
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Here, we studied the role of Cdkl in promoting the cyto-
plasmic relocalization of Gwl in prophase and the regula-
tion of Gwl by PP2A-Tws in Drosophila. We show that
phosphorylation at Thr562, a Cdkl site immediately adja-
cent to an NLS in the central region of Gwl, is responsible
for the inactivation of its nuclear import via this NLS in
prophase. Moreover, we show that PP2A-Tws activity is
required for timely nuclear relocalization of Gwl during
mitotic exit, and that Thr562 is important for this control.
Our findings demonstrate the direct and opposite roles of
cyclin B-Cdkl and PP2A-Tws in controlling the localization
of Gwl in the cell cycle.

Results
Gwl localization is regulated by nuclear import and export

We previously showed that Gwl rapidly relocalizes from the
nucleus to the cytoplasm in prophase.”' The clear and quick
exclusion of Gwl from the nucleus suggested that Gwl is either
rapidly degraded specifically in the nucleus or actively exported
from the nucleus to the cytoplasm. Gwl is not known to be reg-
ulated by proteolysis. Experiments in human cells showed that
the nuclear relocalization of Mastl from the nucleus in pro-
phase is inhibited by leptomycin B, an inhibitor of the nuclear
export factor Crm1.'* We tested if this also holds true for Dro-
sophila Gwl using D-Mel2 cells in culture expressing Gwl-GFP.
In control cells, the nuclear exclusion of Gwl-GFP is observed
for approximately 5 min before NEBD. This exclusion is mani-
fested by a uniformly darker nucleus compared to the cyto-
plasm (Fig. 1A). As expected, the exclusion is abolished by
treatment with leptomycin B. In this case, Gwl-GFP diffuses to
the cytoplasm when the nuclear envelope breaks down and the
only apparent exclusion of Gwl is in the areas occupied by con-
densed chromosomes. This result indicates that the nuclear
exclusion of Gwl normally observed in prophase requires
Crml-dependent export of Gwl from the nucleus to the cyto-
plasm (Fig. 1A).

We identified a putative nuclear export sequence (NES) in
Gwl (Fig. 1B). Mutation of this motif (L556A, I558A) abolished
the nuclear exclusion of Gwl in prophase (Fig. 1C). We previ-
ously showed that the nuclear localization of Gwl depends on 2
NLS motifs in its central region (Fig. 1B).”! Mutation of both
NLSs is required for a clear cytoplasmic retention of Gwl, while
mutation of a single NLS induces only a partial cytoplasmic
relocalization. Mutation of the hypothetical NES could partially
reduce the cytoplasmic localization of Gwl caused by mutation
of its NLSs (Fig. 2A). It was previously shown that the kinase
activity of Mastl is required for its nuclear exclusion in pro-
phase.'"* We obtained similar results with Drosophila Gwl. A
kinase-dead mutation (K87R)'! or mutation of its C-terminal
auto-phosphorylation activation site (S840A)'° abolished the
nuclear exclusion of Gwl (Fig S1A-C). Thus, mutation of the
putative NES motif could have abrogated the nuclear exclusion
of Gwl if it killed its kinase activity. This was unlikely as the
motif is not strictly conserved in vertebrates (data not shown).
We nevertheless tested if the putative NES motif was required
for Gwl kinase activity. In vitro kinase assays showed that
mutation of the NES did not kill the kinase activity of Gwl



530 P.WANG ETAL.

A NUCLEAR EXCLUSION
EtOH
LMB
B NLS1 NLS2
Gwl (518-520) 564-567)
I Kinase N-term i Kinase C-term I
846 aa
NES: IEILNI
(553-558)
C NUCLEAR EXCLUSION
WT
NESm

Figure 1. The nuclear exclusion of Gwl in prophase depends on active export. (A) The nuclear exclusion of Gwl in prophase is inhibited by leptomycin B. Cells were treated
with 50 M leptopmycin B or ethanol alone and filmed immediately. (B) Identification of an NES motif in Gwl (residues 553-558). This motif was predicted as a highly
probable NES using ValidNESs.>® (C) Mutation of the NES abolished the nuclear exclusion of Gwl in prophase. NESm = L556A, 1558A. Time zero (T,) was defined as the

time when an increase in cytoplasmic Gwl is first noticed. Scale bars: 5 pum.

(Fig S1D). These results suggest that the identified motif is a
genuine active NES in Gwl.

To visualize the nucleocytoplasmic shuttling of Gwl in real
time, we performed fluorescence loss in photobleaching (FLIP)
experiments. In cells expressing Gwl-GFP, we repeatedly pho-
tobleached a small area in the cytoplasm (Al) and measured
the decrease in nuclear GFP fluorescence in a second area (A2)
as a function of time. As expected for a protein shuttling
between the cytoplasm and the nucleus, bleaching of the cyto-
plasmic Gwl-GFP in interphase cells resulted in a decrease of
the Gwl-GFP signal in the nucleus (Fig. 2B). Mutation of the
NES resulted in a much slower decrease of the nuclear Gwl-
GFP signal during FLIP experiments. By contrast, bleaching of
nuclear Gwl-GFP resulted in a much faster decrease of nuclear
GFP fluorescence and mutation of the NES had little or no
effect, indicating that Gwl-GFP and Gwl-NESm-GFP diffuse at
similar rates inside the nucleus (Fig. S2). We conclude that Gwl
is constantly shuttling between the nucleus and the cytoplasm
in interphase cells, and that it is actively exported from the
nucleus via a conserved NES motif.

Phosphorylation at a Cdk1 site directly inhibits the nuclear
import of Gwl

We previously showed that cyclin B-Cdk1 phosphorylates Gwl
at multiple sites in its central region, and that simultaneous

mutation of these residues prevents the relocalization of Gwl
from the nucleus to the cytoplasm in prophase.”’ It has been
shown that cyclin B-Cdk1 activates Gwl by phosphorylation of
sites in its kinase domain.” We know that Gwl requires its own
kinase activity for its nuclear exclusion (Fig. S1 and'*), although
the underlying molecular mechanism is unknown. Therefore,
cyclin B-Cdk1 is expected to promote the nuclear exclusion of
Gwl by phophorylating and activating its kinase domain.
Indeed, in human cells, mutation of Cdkl sites in the kinase
domain of Mastl known to control its kinase activity abolishes
its nuclear exclusion in prophase."* However, the cyclin B-
CdKk1 sites that we identified as required for Gwl nuclear exclu-
sion are distinct and outside the kinase domain. We therefore
investigated if Cdkl could also contribute to regulate Gwl local-
ization more directly, by modulating its nuclear import or
export. In particular, we focused our attention on Thr562, a
Cdkl site previously detected by mass spectrometry and imme-
diately adjacent to NLS2 in Gwl (Fig. 3A).>! We found that ala-
nine substitution of Thr562 abolishes the nuclear exclusion of
Gwl in prophase (Fig. 3B). However, the additional mutation of
NLS2 restored the capacity of Gwl-T562A to be excluded from
the nucleus (Fig. 3B). These results suggest that phosphoryla-
tion at Thr562 inactivates NLS2 and is required for the efficient
relocalization of Gwl to the cytoplasm in prophase, although
other mechanisms are sufficient for Gwl nuclear exclusion if
NLS2 is inactivated.
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Figure 2. Gwl shuttles between the nucleus and the cytoplasm. (A) Mutation of the NES motif partially rescues the localization defects due to mutations of NLS motifs
in Gwl. The relative fluorescence intensities of the cytoplasm and nucleus were measured for the indicated versions of GwlI-GFP. Scale bar: 5 m. (B) Fluorescence loss in
photobleaching (FLIP). Irradiation of a small portion of the cytoplasm (A1) for repeated cycles (30 total) induces the bleaching of GwI-GFP in the nucleus (measured
in A2). A region A3 in a neighboring cell was measured to subtract the bleaching induced by the image acquisition (see Materials & Methods). Calculations were done for
the indicated time points. Numbers are averages of multiple cells == SEM. Note that mutation of the NES in Gwl slows down the bleaching.

To further evaluate if phosphorylation at Thr562 could inac-
tivate NLS2, we introduced phospho-mimetic mutations. The
T562D substitution alone did not significantly abrogate the
nuclear localization of Gwl. We reasoned that if a negatively
charged phosphate group inactivates the NLS by a neutraliza-
tion effect (NLS2 has 4 positive charges), then an aspartic acid
residue may not fully mimic phosphorylation because it intro-
duces a single negative charge instead of the 2 negative charges

of a phosphate. Therefore, we decided to test the introduction
of a second negative charge, with the P563D substitution. We
found that Gwl-T562D-P563D was partially retained in the
cytoplasm in interphase, to a similar level to Gwl-NLS2m
(Fig. 3C). The P563D mutation alone was less effective in caus-
ing cytoplasmic retention of Gwl-GFP (7 £ 3% of cytoplasmic
intensity vs 13 & 4% for T562D-P563D and 4 + 3% for WT
measured in a separate experiment from that shown in
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Figure 3. Phosphorylation near an NLS is required for the nuclear exclusion of Gwl in prophase. (A) Thr562 (red) is a phosphorylation site immediately adjacent to NLS2
(green) in Gwl. To be compared with Gwl-WT-GFP in Fig. 1A. (B) Alanine mutation of Thr562 abolishes the nuclear exclusion of Gwl in prophase. (C) Phosphomimetic
mutations of Thr562 inactivate NLS2 and promote the cytoplasmic retention of Gwl. Scale bars: 5 um. The relative fluorescence intensities of the cytoplasm and nucleus

were measured for the indicated versions of GwI-GFP. * p = 0.02, ** p < 1 x 107",

Fig. 3C). Because mutation of both identified NLSs is needed to
efficiently prevent the concentration of Gwl in the nucleus
(Fig. 3C and®"), we introduced the T562D-P563D substitutions
in a background already mutated to inactivate NLS1 in Gwl. As
expected, Gwl-NLS1m-T562D-P563D was strongly retained in
the cytoplasm (Fig. 3C). Altogether, our results indicate that
phosphorylation of Gwl at a Cdkl site directly inactivates an
NLS and thereby contributes to promote the relocalization of
Gwl from the nucleus to the cytoplasm during prophase, as the
cell enters mitosis.

PP2A-Tws promotes the return of Gwl to the nucleus
after mitosis

Because the nuclear localization of Gwl is negatively regu-
lated by phosphorylation, we hypothesized that phosphatase
activity could promote the return of Gwl to the nucleus
after mitosis. PP2A-Tws/B55 is known to efficiently dephos-
phorylate Cdkl sites. We therefore considered the possibil-
ity that PP2A-Tws could contribute to the return of Gwl to
the nucleus by dephosphorylating its Cdkl sites. Moreover,
Gwl and PP2A-B55 were shown to associate in Xenopus,
but the function for this interaction remained elusive.”®
Using co-purifications and Western blots, we found that
Drosophila Gwl and Tws associate, like in Xenopus

(Fig. 4A). We used Proximal Ligation Assay (PLA) to probe
the association between Gwl and Tws, allowing the detec-
tion of the complex at specific cell cycle stages and in dif-
ferent cellular compartments. We confirmed that Tws and
Gwl associate in cells. PLA foci were most frequent in telo-
phase and cytokinetic cells (Fig. 4B). Interestingly, foci were
almost exclusively detected in the cytoplasm. A mutant
form of Gwl which is retained in the cytoplasm even in
interphase (Gwl-NLSIm-NLS2m) associated more strongly
with Tws in the co-purification assay, and induced more
Gwl-Tws PLA foci in interphase cells (Fig. 4C). These
observations suggest that the Gwl/Tws interaction is nor-
mally prevented in interphase by the physical sequestration
of these proteins. The interaction between PP2A-Tws and
Gwl in the cytoplasm of telophase/cytokinetic cells is ideally
poised to promote the dephosphorylation of Gwl when it
returns to its nuclear localization.

To begin to evaluate if PP2A-Tws promotes the nuclear
localization of Gwl, we used Drosophila syncytial embryos,
where 13 rounds of synchronous nuclear mitotic divisions
occur rapidly using the maternal contribution in mRNA
and proteins. In embryo extracts, Gwl is detected as a thick
stack of bands corresponding to multiple phosphorylated or
unphosphorylated forms.'"*' We found that the slower
migrating forms of Gwl were enriched at the expense of the
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Figure 4. Gwl associates with PP2A-Tws in the cytoplasm during late mitotic exit. (A) D-Mel cells were transfected with plasmids for the expression of the indicated pro-
teins. Cells were used in Protein A-affinity purifications followed by Western blots. Tws-Myc was co-purified specifically with GwlI-PrA. Mutation of the 2 NLSs enhanced
this association. (B) D-Mel cells expressing Tws-Myc and GwlI-PrA were submitted to Proximal Ligation Assay (PLA). PLA foci were visualized on a confocal microscope and
quantified. PLA foci were detected mostly in telophase and during cytokinesis, in the cytoplasm and not in the nuclei. (C) Tws-Flag/GwI-Myc PLA signals are enhanced
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Figure 5. PP2A-Tws promotes the nuclear localization of Gwl in vivo. (A) Gwl is hyperphosphorylated in embryos from mothers heterozygous for mutations in mts and tws,
as detected by slower-migrating forms of Gwl by Western blot. (B) Gwl is more cytoplasmic in embryos from mothers heterozygous for a mutation in tws. Left: immunoflu-
orescence in fixed syncytial embryos. Center: quantification of the nuclear vs cytoplasmic fluorescence intensities of Gwl. Right: Western blot showing the lower levels of
Tws in embryos from tws”/++ mothers. (C) Gwl is more cytoplasmic in tws"/tws” larval neuroblasts. Left: immunofluorescence in fixed larval neuroblasts. Dashed lines indi-
cate the approximated limits of nuclear areas. Center: quantification of the nuclear vs cytoplasmic fluorescence intensities of Gwl. Right: Western blot showing the lower

levels of Tws in tws'/tws’ whole larvae.
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faster migrating forms in extracts from embryos laid by
mothers heterozygous for mutations in tws or mts (which
encodes the catalytic subunit of PP2A-Tws) (Fig. 5A). We
used immunofluorescence to probe the localization of Gwl
in syncytial embryos. In embryos from tws’/+ mothers,
Gwl was slightly but significantly more cytoplasmic in inter-
phase than in embryos from WT mothers (Fig. 5B). Because
Tws is an essential gene, we could not test the effect of a
complete loss of its function in embryos. However, we were
able to measure the localization of Gwl in neuroblasts of
tws"/tws"” larvae because these animals develop until the
pupal stage using the perduring maternal contribution in
Tws protein and/or mRNA. In twsP/tws® neuroblasts, the
nuclear/cytoplasmic ratio of Gwl localization was lower
than that in WT controls (Fig. 5C). These results suggest
that PP2A-Tws promotes the nuclear localization of Gwl in
mitotically active tissues in vivo, both in syncytial embryos
and in larval neuroblasts.

To assess the contribution of PP2A-Tws to the return of
Gwl to its nuclear localization during the cell cycle, we used
time-lapse imaging of Gwl-GFP expressing cells in culture
transfected with dsRNA against Tws. Inactivation of PP2A-
Tws in these cells interferes with several events of late
mitotic exit, leading to problems including an increase in
anaphase bridges and central spindle defects (*° and our
unpublished observations). Despite these defects, most cells
completed cell division and daughter cells managed to
return to interphase following RNAi depletion of Tws. We
measured the timing of Gwl-GFP nuclear import relative to
RFP-Lamin B assembly as a marker of nuclear envelope ref-
ormation (Fig. 6A). In these cells, Gwl-GFP became visibly
enriched in daughter nuclei compared to the cytoplasm on
average 11 min after RFP-Lamin B began to be recruited at
the nuclear periphery. By contrast, following RNAi deple-
tion of Tws, Gwl-GFP took on average 25 min before
becoming enriched in daughter nuclei (Fig. 6A-C). We con-
clude that PP2A-Tws activity is required for the timely
return of Gwl to the nucleus at the end of cell division.

We reported above that the phosphorylation of Gwl at
Thr562, near NLS2, was required for the nuclear exclusion
of Gwl in prophase. Thr562 is a verified Cdkl site.”'
Because PP2A-Tws efficiently dephosphorylates Cdkl sites,
we hypothesized that it could promote the return of Gwl to
the nucleus by dephosphorylating Thr562. Gwl-GFP became
enriched in the nuclei of daughter cells around 11 min after
RFP-Lamin B recruitment. By comparison, we found that
the T562A mutation advanced the return of Gwl to the
nucleus by approximately 5 minutes (Fig. 6A and B). Con-
versely, the phosphomimetic substitutions T562D-P563D
dramatically delayed the return of Gwl to the nuclei. Gwl-
T562D-P563D-GFP became enriched in nuclei only between
1 and 2 hours after RFP-Lamin B recruitment (Figs. S3 and
S4). We conclude that dephosphorylation of Thr562 con-
trols the reactivation of the immediately adjacent NLS2 in
Gwl, and that this mechanism is required for the efficient
re-import of Gwl during mitotic exit. The 2 min delay in
the import of Gwl-T562A-GFP observed upon depletion of
Tws suggests that PP2A-Tws may also promote the import
of Gwl by dephosphorylating additional sites.

Discussion

Direct control of Gwl localization by reversible
phosphorylation

Our results indicate that cyclin B-Cdk1 directly and negatively
regulates the nuclear import of Gwl by phosphorylating the
central region of Gwl. This mechanism is distinct from the pre-
viously shown activation of Gwl kinase by cyclin B-Cdkl, in
which sites in the N-terminal part of the kinase domain of Gwl
are phosphorylated. Phosphorylation at Thr562 was found to
be particularly important for the inactivation of NLS2 and the
cytoplasmic retention of Drosophila Gwl in prophase. Our
results also show that conversely, PP2A-Tws plays a role in
promoting the import of Gwl to daughter nuclei at the end of
cell division, and suggest that Thr562 is a critical site in this
process, although possibly not the only one. Moreover, while
the inactivation of an NLS is essential for the efficient relocali-
zation of Gwl from the nucleus to the cytoplasm in prophase, it
is not sufficient. This relocalization also requires Crm1-depen-
dent nuclear export. We report the identification of a motif in
Gwl predicted to function as an NES, the mutation of which
abolishes the nuclear exclusion of Gwl.

The central region of Gwl serves as a regulatory platform for
its nuclear localization. It contains at least 2 NLSs and one
NES, and multiple phosphorylation sites, all clustered in a small
sequence segment. While we have uncovered the regulation of
NLS2 by Cdkl and PP2A-Tws, and at least one major phos-
phorylation site involved, the mechanisms controlling Gwl
localization remain incompletely understood. Consistent with
results obtained for human Mastl,'* we found that kinase activ-
ity of Gwl is required for its nuclear exclusion. Intramolecular
auto-activation of Gwl in its C-tail is thought to induce a con-
formational change that locks Gwl in its active state.'®'” Tt is
possible that this active conformation of Gwl that would nor-
mally be induced in prophase hides an NLS, or exposes the
NES or phosphorylation sites, and thus promotes the nuclear
exclusion of Gwl as a result. Further studies would be required
to discriminate between possible mechanisms. In addition, our
previous study indicated that phosphorylation of Gwl by Polo
kinase and 14-3-3e binding also promote the cytoplasmic local-
ization of Gwl*' Since NLSI is sufficient for a significant
nuclear enrichment of Gwl in interphase (Fig. 2A), its inactiva-
tion is likely required for the exclusion of Gwl from the nucleus
in prophase seen with the Gwl-T562A, NLS2m (Fig. 3B). How-
ever, the role of Polo kinase in regulating the localization of
Gwl does not appear to be conserved in humans as inhibition
of Plkl does not prevent the relocalization of Mastl in pro-
phase.'* Subtle mechanistic differences between species are to
be expected since the central region of Gwl is poorly conserved
at the sequence level. However, general principles of regulation
are likely conserved. Human Mastl and Xenopus Gwl both con-
tain at least one NLS and multiple phosphorylation sites in
their central region.'*'** It would be interesting to test if
phosphorylation of Mastl by Cdkl can directly inactivate an
NLS motif, or if it promotes Mastl nuclear exclusion solely by
activating its kinase domain. The multiple levels of regulation
ensuring that Gwl is rapidly and effectively exported from the
nucleus and retained in the cytoplasm before nuclear envelope
breakdown suggest that considerable selective pressure has
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Figure 6. PP2A-Tws is required for timely return of Gwl to the nuclei during late mitotic exit. (A) Stable cell lines allowing the inducible expression of RFP-Lamin B and
GwI-GFP or Gwl-T562A-GFP were transfected with dsRNA against tws or the bacterial KAN gene. Expression was induced 3 days later and cells were filmed on day 4. The
time between the initial enrichment of RFP-Lamin B at the nuclear periphery (T) and the observation of a clearly higher concentration of Gwl-GFP in daughter nuclei
compared to the cytoplasm (red squares) was measured. Scale bars: 5 m. (B) Quantification of measurements done as in (A). The delay in Gwl import caused by the
depletion of Tws depends on Thr562. Error bars: SEM. (C) Western blots for the indicated proteins under the conditions used.



536 P.WANG ETAL.

been acting during evolution to ensure that this process is cou-
pled to cell division. In fact, a failure in Gwl nuclear exclusion
in prophase is known to result in mitotic defects similar to a
complete loss of Gwl function.'**! The relocalization of Gwl to
the cytoplasm in prophase is thought to be necessary for the
efficient phosphorylation of Endos and the ensuing inhibition
of PP2A-B55. It is proposed that if PP2A-B55 is not inhibited
in the cytoplasm before NEBD, it immediately dephosphory-
lates cyclin B-Cdk1 sites on the nuclear substrates that become
exposed at NEBD.'*** These substrates are likely to include
important factors for chromosome condensation and kineto-
chore function that must remain phosphorylated until later in
mitosis. The specific identity of these substrates remains to be
determined.

It has been shown that the Gwl-Endos system imposes a
delay between sister chromatid segregation (which is triggered
by APC? activation) and central spindle constriction (which
is controlled by PP2A-B55).*° Goldberg and colleagues have
shown that phosphorylated Endos is a substrate of PP2A-B55
with an extremely high affinity for PP2A-B55 and which is
dephosphorylated very slowly by PP2A-B55.” According to
their “unfair competition” model, PP2A-B55 cannot efficiently
dephosphorylate its other substrates as long as there is a stoi-
chiometric excess of phosphorylated Endos in the cell. Consis-
tent with it, our PLA results indicate that the association
between PP2A-Tws and Gwl increases dramatically only after
anaphase, even though both partners are present in the cyto-
plasm starting in prophase. Our results indicate that PP2A-Tws
promotes the re-entry of Gwl in the newly born nuclei by the
direct dephosphorylation of sites including Thr562 near an
NLS. The fact that the T562A mutation advances the time of
Gwl import in daughter nuclei suggests that PP2A-Tws is not
fully reactivated until nuclear envelope re-formation, also in
agreement with the proposed model.

Phosphatases controlling Gwl and Endos

The idea that Gwl could be subject to dephosphorylation by
PP2A-B55 during the cell cycle was tantalizing already based
on the fact that Gwl is a target of Cdk1 and on evidence indicat-
ing that PP2A-B55 efficiently dephosphorylates Cdkl sub-
strates."” Experimental evidence also suggested that PP2A-B55
can dephosphorylate Gwl, including at Thr194, a T-loop activa-
tion site in humans.”®*” The physical sequestrations of Gwl and
PP2A-B55 in the nucleus and the cytoplasm, respectively, is
thought to facilitate Gwl activation by cyclin B-Cdkl1 in the
nucleus during prophase, without futile dephosphorylation by
PP2A-B55.2"** Even if PP2A-B55 is capable of dephosphorylat-
ing Cdkl sites in Gwl required for its kinase activity, it is
unlikely to contribute to the initial inactivation of Gwl during
mitotic exit. The reason is that for PP2A-B55 to become active
again and begin to process Gwl, it must dephosphorylate
Endos, but as long as Gwl is active, it should regenerate phos-
phorylated Endos, keeping PP2A-B55 inhibited. While this
paper was in revision, a report by Heim and colleagues
appeared, showing that PP1 is responsible for the initial inacti-
vation of Gwl in Xenopus egg extracts, by dephosphorylating
the auto-activation site in the C-terminal tail of Gwl.>" Their
results also suggest that this initial inactivation of Gwl allows

reactivation of PP2A-B55 which can then contribute to dephos-
phorylate Gwl at other sites, consistent with our findings.
Although clearly required for the rapid re-entry of Gwl to
nuclei during mitotic exit, PP2A-B55 is unlikely to be the sole
phosphatase competent for this function because Gwl ulti-
mately returns to the nucleus when Tws is depleted, albeit with
a delay. Future studies could identify contributions of other
phosphatases in the regulation of Gwl.

Materials and methods
Cell culture and fly husbandry

D-Mel2 (D-Mel) were cultured in Express Five medium (Invi-
trogen). Stable cell lines expressing pMT-Gwl-GFP (WT and
mutants) were generated as described.’® Briefly, selection was
based on resistance to 20 ug/ml blasticidin. Inducible pMT-
based vectors contained the blasticidin resistance gene, while
pAC5-based vectors were co-transfected with the pCoBast
which confers cells the blasticidin resistance. Stable cultures
obtained were also sorted by flow cytometry to obtain more
homogeneous expression levels of Gwl-GFP and RFP-Lamin B.
Flies were maintained at 25°C on standard food. Oregon R was
used as wild type strain. tws” (tws”'®) carrying a TM6B bal-
ancer chromosome was from David Glover. mts**?**® carrying
a CyO balancer chromosome was from Bloomington stock
center.

Plasmids

All Drosophila cells expression vectors were generated in the
Gateway system (Invitrogen). Coding sequences were first
cloned into the pDONR2214 entry vector. They were then
recombined with destination vectors to generate the following
expression plasmids: pMT-Gwl-GFP, pMT-Gwl-TAP, pAC5-
Gwl-Myc, pMT-Tws-TAP, pAC5-Tws-Myc, pAC5-Tws-Flag,
pAC5-PrA-GFP, pMT-RFP-Lamin B as well as all related
mutants. All mutants were generated by QuickChange (Agilent
Technologies) in entry clones. The Gwl and Tws coding
sequences used correspond to their longest isoforms annotated
in Flybase.

Immunofiuorescence and western blotting

For immunofluorescence in embryos and in cells, we used
protocols previously described.’® Briefly, cells were fixed
with 4% formaldehyde for 10 min, and permeabilized and
blocked in Phosphate Buffer Saline (PBS) containing 0.1%
Triton X-100 and 1% BSA (PBSTB). Cells were incubated
with primary antibody diluted in PBSTB for 1 h at room
temperature or O/N at 4 degree, washed 3 times in PBSTB,
and incubated with secondary antibodies for 1 h to 2 h at
room temperature. Cells were washed several times in
PBSTB and once in PBS, before being mounted in Vecta-
shield medium containing DAPI. Zero to 3 h old embryos
were dechorionated in 50% bleach before fixation using
formaldehyde and methanol. Embryos were then rehydrated,
permeabilized, blocked and incubated with antibodies. DAPI
was added in the secondary antibodies solution and embryos



were mounted in Vectashield. Immunostaining of neuro-
blasts was performed as described.”> Brains were dissected
from the third instar larvae 6 days after laying. Antibodies
used for immunofluorescence and Western blotting are: rab-
bit IgG (for PrA in TAP tag; MP Biochemicals) and anti-
Gwl (custom-made against full-length Gwl by Genscript),
anti-Myc 9E10 (Santa Cruz), M2 anti-Flag (Sigma). Second-
ary antibodies were coupled to Alexa-488 (1:200; Invitrogen),
Texas red (1:200; Invitrogen) or Peroxidase (Jackson). DNA
was marked with DAPI. In Figs. 2A, 3C, 5B and 5C, the
cytoplasmic and nuclear fluorescence of Gwl was measured
by drawing boxes in Image] for multiple cells taken
randomly. Error bars: Standard error of the mean. Asterisks:
*p < 0.05, ™p < 0.01 and " p < 0.001 after Student t-test.

Microscopy

Fixed cell images were acquired on a Laser scanning confo-
cal microscope LSM 510 Meta (Zeiss), using a 100X oil
objective. FLIP experiments were performed using a
LSM700 laser scanning confocal microscope (Zeiss) with a
Plan Apochromat 63x objective on cells either expressing
Gwl-GFP or Gwl-NES-GFP. Expression of Gwl-GFP and
Gwl-NESm-GFP was induced by adding 300 uM CuSO,
24 hours before the experiment. After an initial image acqui-
sition, 30 cycles of photobleaching and image acquisitions
were performed. In each cycle, a small region of interest
(Al) from the cytoplasm was photo-bleached for 1 second
(20 iterations) using full laser power, followed by 1 image
acquisition. FLIP was analyzed by measuring the mean fluo-
rescence in a ROI of the nucleus of the bleached cell (A2)
prior to photobleaching and in every frames of the experi-
ment using the Image] software (National Institutes of
Health). Similarly, a ROI from a non-bleached neighbor cell
(A3) was measured to determine the photobleaching
induced during image acquisition. The FLIP data were cal-
culated as normalized fluorescence as published**: normal-
ized fluorescence = ( F(A2tn) / F(A2t0) ) * ( F(A3t0) / F
(A3tn) ), where F(A2tn) and F(A2t0) are the mean fluores-
cence of the ROI A2 at time n and at time O (prior to
bleaching), respectively, and F(A3tn) and F(A3t0) in the
ROI A3. The background fluorescence was negligible in our
measurement.

All other live cell imaging was acquired on a Spinning-Disk
confocal system (Yokogawa CSU-X1 5000) mounted on a fluo-
rescence microscope (Zeiss Axio Observer.Z1) using an Axio-
cam 506 mono camera (Zeiss) and a 63X oil objective. For
images shown in Figures 1, 3, S1 and S3 a binning of 2 x 2 was
applied. For images shown in Figure 6, a binning of 5 x 5 was
applied. No pixel interpolation was applied.

Affinity purifications

Protein A affinity purifications from cells were carried out
essentially as described.” Briefly, pelleted cells from confluent
75 cm” flasks were resuspended in approximately 10 volumes
of lysis buffer and passed through a needle several times using
a syringe. Lysates were clarified by centrifugation for 15 min at
14,000 rpm in a tabletop centrifuge. Supernatants were
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incubated with 25 ul of IgG-conjugated DynaBeads (Invitro-
gen) for 1 to 2 hours and washed with lysis buffer 4 to 5 times
for 5 min. Purification products were eluted by heating at 95°C
for 2 min in 2x SDS-PAGE Laemmli buffer (Sigma) and ana-
lyzed by Western blotting.

Kinase assay

TAP tagged Gwl WT, Kinase-Dead, NLSm and NESm were
purified from D-Mel2 cells by affinity to the PrA tag as
described above and subsequently used to phosphorylate GST-
Endos obtained from bacterial expression. Reactions were per-
formed in kinase buffer (20 mM K-HEPESpH 7.5, 2 mM
MgCl,, 1 mM DTT, 1 uM ATP, 1 uCi **P-y-ATP) at 30°C for
20 min with agitation and stopped by addition of 2x Laemmli
buffer and heating at 95°C for 5 minutes. Products were
resolved by SDS-PAGE and transferred onto nitrocellulose
membrane for autoradiography.

Proximal ligation assay

For PLA assay, we used the Duolink starter kit from Sigma and
according to the protocol of the manufacturer. Antibodies used
were mouse anti-Myc 9E19 (Sigma) and rabbit IgG (MP Bio-
chemicals) (Fig. 4B) or mouse anti-Flag M2 (Sigma) and rabbit
anti-Myc (Santa Cruz) (Fig. 4C). The plus probe was anti-
mouse and the minus probe was anti-rabbit. Cells were incu-
bated with secondary antibodies during the PLA amplification
step. As controls, we ensured that PLA signals were not
observed in cells expressing only one tagged protein.

RNA interference

dsRNAs corresponding to the Tws coding sequence between bp
333 and 735 or to the bacterial kanamycin resistance gene (as
negative control) were synthesized using the T7 Ribomax kit
(Promega) from PCR products generated with T7 sequence-
containing primers (Forward: TAATACGACTCACTATAGG-
GAGATCCTGCCTCAAAAGCC; Reverse: TAATACGACT-
CACTATAGGGAGAGAAGGTCTCCTGATCCGA). The day
before RNAi treatment, 1,000,000 cells stably transfected with
copper-inducible Gwl-GFP (wild type and mutants) and RFP-
Lamin B were seeded in 2 ml of medium in 6-well plates. The
day of RNAI treatment, the 2 ml of medium was replaced with
a mix of 20 pg of dsRNA and 20 ul Transfast (Promega) in
1 ml of medium. The expression of Gwl-GFP wild type or
mutants and RFP-Lamin B was induced on the 3rd day post-
transfection, and the cells were analyzed on the 4th day.
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