
Article
PLK1 Activation in Late G2
 Sets Up Commitment to
Mitosis
Graphical Abstract
Highlights
d Plk1 activity is required for commitment to mitosis during

normal cell cycles

d Rapid Plk1 activation in late G2 shortly precedes CyclinB1-

Cdk1 activation

d CyclinA2-Cdk is an upstream regulator of Plk1 activation

d Plk1-dependent Cdc25C1 phosphorylation promotes mitotic

entry
Gheghiani et al., 2017, Cell Reports 19, 2060–2073
June 6, 2017 ª 2017 The Authors.
http://dx.doi.org/10.1016/j.celrep.2017.05.031
Authors

Lilia Gheghiani, Damarys Loew,

Bérangère Lombard, Jörg Mansfeld,

Olivier Gavet

Correspondence
olivier.gavet@gustaveroussy.fr

In Brief

Gheghiani et al. find that Plk1 activity is

required for commitment to mitosis

during normal cell cycles. Sudden Plk1

activation in late G2 is dependent on

CyclinA2-Cdk activity levels and triggers

Cdc25C1 phosphorylation, promoting

mitotic entry.

mailto:olivier.gavet@gustaveroussy.fr
http://dx.doi.org/10.1016/j.celrep.2017.05.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.05.031&domain=pdf


Cell Reports

Article
PLK1 Activation in Late G2
Sets Up Commitment to Mitosis
Lilia Gheghiani,1,2,3 Damarys Loew,4 Bérangère Lombard,4 Jörg Mansfeld,5 and Olivier Gavet1,2,3,6,*
1Sorbonne Universités, UPMC University Paris 06, UFR927, 75005 Paris, France
2CNRS UMR 8200, 94805 Villejuif, France
3Gustave Roussy Cancer Campus, 94805 Villejuif, France
4Institut Curie, PSL Research University, LSMP, 75248 Paris, France
5Cell Cycle, Biotechnology Center, Technische Universität Dresden, 01307 Dresden, Germany
6Lead Contact

*Correspondence: olivier.gavet@gustaveroussy.fr

http://dx.doi.org/10.1016/j.celrep.2017.05.031
SUMMARY

Commitment to mitosis must be tightly coordinated
with DNA replication to preserve genome integrity.
While we have previously established that the timely
activation of CyclinB1-Cdk1 in late G2 triggers
mitotic entry, the upstream regulatory mechanisms
remain unclear. Here, we report that Polo-like ki-
nase 1 (Plk1) is required for entry into mitosis during
an unperturbed cell cycle and is rapidly activated
shortly before CyclinB1-Cdk1. We determine that
Plk1 associates with the Cdc25C1 phosphatase
and induces its phosphorylation before mitotic entry.
Plk1-dependent Cdc25C1 phosphosites are suffi-
cient to promote mitotic entry, even when Plk1 activ-
ity is inhibited. Furthermore, we find that activation of
Plk1 during G2 relies on CyclinA2-Cdk activity levels.
Our findings thus elucidate a critical role for Plk1 in
CyclinB1-Cdk1 activation and mitotic entry and
outline how CyclinA2-Cdk, an S-promoting factor,
poises cells for commitment to mitosis.
INTRODUCTION

Commitment to mitosis must be coordinated with the comple-

tion of DNA replication to preserve the genetic integrity. Consis-

tently, cells that are induced to enter prematurely into mitosis

frequently do not properly divide (Furuno et al., 1999; Karlsson

et al., 1999). We previously reported that CyclinB1-Cdk1, the

master mitotic driver, is not progressively activated until a spe-

cific threshold for mitotic entry but is instead rapidly activated

in late G2 triggering prophase onset (Gavet and Pines, 2010a,

2010b). The sudden activation of CyclinB1-Cdk1 indicates that

the equilibrium between its upstream phosphatase activators,

Cdc25A, B, and C, and inhibitory kinases, Wee1 and Myt1,

must be tightly balanced at this time point by still poorly under-

stood mechanisms.

Polo-like kinase 1 (Plk1) has been reported to phosphorylate,

at least in vitro, Cdc25B, Cdc25C, Wee1, and Myt1 (Lobjois
2060 Cell Reports 19, 2060–2073, June 6, 2017 ª 2017 The Authors.
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et al., 2011; Nakajima et al., 2003; Roshak et al., 2000;Watanabe

et al., 2005), suggesting that it may be required for CyclinB1-

Cdk1 activation. Whereas Plk1 promotes G2 checkpoint recov-

ery, whether its activity is required for entry into mitosis during

unperturbed cell cycles remains controversial (van Vugt et al.,

2004). Indeed, experiments in which Plk1 was disturbed have

generated contradictory results with either a marked G2 arrest

(Lane and Nigg, 1996) or a limited G2 delay followed by a mitotic

block (Liu et al., 2006; Seki et al., 2008; Sumara et al., 2004),

which may emphasize the technical difficulties of effectively

inhibiting Plk1. Plk1 depletion in mice is associated with early

embryonic lethality and leads either to non-mitotic phenotypes

(Lu et al., 2008) or mitotic spindle aberrations with variable pene-

trance (Wachowicz et al., 2016), which may originate from the

progressive dilution of the maternal pool. Similarly, conditional

Plk1 depletion in mouse embryonic fibroblasts leads to a limited

accumulation of cells into mitosis, possibly linked to the persis-

tence of Plk1 protein during the first cell cycle (Wachowicz

et al., 2016).

Here, we report the critical requirement of Plk1 activity for

entry into mitosis during normal cell cycles and characterize

the upstream and downstream mechanisms by which its activa-

tion in late G2 sets up commitment to mitosis.
RESULTS

Plk1 Activity Is Required for Commitment to Mitosis
during Normal Cell Cycles
We investigated whether Plk1 activity is required for entry into

mitosis during unperturbed cell cycles. Cell cycle progression

of asynchronous human immortalized (hTERT-RPE1) and trans-

formed (cervix adenocarcinoma, HeLa) cells were recorded by

phase-contrast video-microscopy assays. We used a well-char-

acterized Plk1 inhibitor (BI2536) to reach instant Plk1 inhibition at

a set time during recording (Steegmaier et al., 2007). We tested

BI2536 compound on asynchronous hTERT-RPE1 cells at

increasing concentrations up to 200 nM to reach complete inhi-

bition of Plk1 activity (Burkard et al., 2012). Using BI2536 doses

below 20 nM, mitotic progression was delayed, but most cells

exited mitosis during recording (data not shown). From 20 to

40 nM, cells were arrested into mitosis for several hours, due
creativecommons.org/licenses/by-nc-nd/4.0/).
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to spindle assembly checkpoint (SAC) maintenance, with a pro-

gressive dose-dependent slowing down of the kinetics of mitotic

entry (Figure S1A). From 50 to 200 nM, some cells still entered

into mitosis immediately after drug addition, but then mitotic

entry became fully inhibited within a 1-hr period (Figures S1A

and 1A). Mitotic entry of asynchronous HeLa cells was also

strongly inhibited within 1 hr but in a dose-dependent manner

from 50 to 200 nM BI2536 (compare Figures 1A and 1B). The

differential dose-dependent sensitivity between the two cell lines

may rely on the higher Plk1 expression level in HeLa cells (Fig-

ure S1B), leading to its incomplete inhibition as investigated

thereafter. Previous work established that Plk1 is critical for G2

checkpoint recovery following DNA damage (van Vugt et al.,

2004). To rule out that the inhibition of mitotic entry was linked

to any activation of DNA damage response (DDR) after drug

addition, entry into mitosis was recorded in the presence of

BI2536 (200 nM) compound, followed 1 hr later by the addition

of caffeine (van Vugt et al., 2004) or a Chk1&Chk2 inhibitor

(AZD7762) (Zabludoff et al., 2008), which abrogates G2 check-

point response. Inhibition of mitotic entry of hTERT-RPE1 or

HeLa cells after Plk1 inhibition was not rescued by caffeine or

AZD7762 addition (Figures 1A and 1B). Consistently, we did

not detect any increase of g-H2AX or 53BP1 DNA damage foci

on hTERT-RPE1 G2 cells (CyclinB1 positive) after BI2536 addi-

tion (Figure S1C). Also, the addition of BI2536 compound did

not activate p38 MAPK and SAPK/JNK-dependent stress

pathways or promote p53 and p21 accumulation (Figure S1D).

Inhibition of mitotic entry was further investigated using a

different Plk1 inhibitor (GSK461364) that exhibits a 1,000-fold

selectivity for Plk1 over Plk2&Plk3 in vitro (Gilmartin et al.,

2009). Transition into mitosis of asynchronous hTERT-RPE1 or

HeLa cells was strongly inhibited within 1 hr after GSK461364

addition, although this compound exhibited an overall slightly

lower efficiency (Figures 1C and 1D). Progression into mitosis

could not be rescued by the addition of caffeine or Chk1&Chk2

inhibitor (AZD7762) (Figures 1C and 1D). To confirm the depen-

dency of commitment to mitosis on Plk1 activity during normal

cell cycles, wemade use of hTERT-RPE1 PLK1D/D cells, in which

both Plk1 loci have been disrupted, constitutively expressing

either EGFP-wild-type Plk1 (EGFP-Plk1wt) or an ATP analog sen-

sitive form (EGFP-Plk1as) (Burkard et al., 2007). Mitotic entry of

asynchronous EGFP-Plk1wt -expressing cells was unaffected

by the addition of a bulky purine analog (3-MB-PP1) but fully in-

hibited following BI2536 addition (Figure 1E). Conversely, mitotic

entry of EGFP-Plk1as-expressing cells was strongly inhibited

following 3-MB-PP1 addition, with a mild dose-dependent effect

from 5 to 10 mM but became fully resistant to BI2536 (Figure 1F).

This latter observation demonstrates the lack of any side effect of

BI2536 compound on the kinetics of mitotic entry. Consistently,
Figure 1. Plk1 Activity Is Required for Commitment to Mitosis during N

(A–F) Entry into mitosis of asynchronous hTERT-RPE1 (A and C), HeLa (B and D), h

(F) cells were recorded by phase-contrast video-microscopy at one image/4 min in

(A–F) n > 1,000 cells for each condition; two independent experiments. Graphs

normalized to cell density. Tables report the percentage of inhibition of mitotic en

These times correspond to average G2 phase duration as previously determined

inhibitor (AZD7762 100 nM) were added 1 hr after Plk1 inhibition.

See also Figures S1 and S2.
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using Cdc25C phosphorylation levels as readout of Plk1 activity

(see below), we found that Cdc25C phosphorylation in EGFP-

Plk1as -expressing cells is insensitive to BI2536 or GSK461364

treatment (Figure S2A). We noted that GSK461364 exhibits a

slightly lower efficiency than BI2536 to inhibit Cdc25C phosphor-

ylation in EGFP-Plk1wt-expressing cells (Figure S2A), in good

agreement with our time-lapse recordings (Figures 1A–1D).

Finally, we analyzed the robustness of the G2 arrest induced

by Plk1 inhibition over time. We found that a limited fraction of

hTERT-RPE1 PLK1D/D EGFP-Plk1wt (Figure S2B) and EGFP-

Plk1as (Figure S2C) cells progressively resumed mitotic entry

from �7–8 hr after Plk1 inhibition. Comparison of EGFP levels

in cells that resumed mitotic entry versus control conditions

showed that Plk1 protein accumulated during the G2 arrest

(Figure S2D). To determine whether the resumption of mitotic

entry relies on the recovery of Plk1 activity, we combined first

Plk1 inhibitor treatment with a second one, 6 or 8 hr later.

Importantly, we determined that 3-MB-PP1 or BI2536 can be

used at concentrations up to 25 mM or 300 nM, without any

side effect on the kinetics of mitotic entry in EGFP-Plk1wt or

EGFP-Plk1as cells, respectively (Figure S2D). We found that

increasing 3-MB-PP1 or BI2536 concentration decreased the

resumption of entry into mitosis in a dose-dependent manner

(Figures S2B and S2C), indicating that it relies on Plk1 activity.

In addition, pre-incubation assays of 3-MB-PP1 revealed that it

is unstable at 37�C, favoring the recovery of Plk1 activity (Figures

S2C and S2E).

Altogether, we conclude that Plk1 activity is required to pro-

mote commitment to mitosis during normal cell cycles.

Plk1 Activity Rises in Late G2 and Shortly Precedes
CyclinB1-Cdk1 Activation
To determine how Plk1 promotes commitment to mitosis, we

addressed the regulation of its enzymatic activity in live single-

cell assays. We evaluated an improved version of a fluorescence

resonance energy transfer (FRET)-based (including a c-Jun sub-

strate sequence) Plk1 phosphorylation sensor highly sensitive to

Plk1 depletion or inhibition (Liu et al., 2012), because a first

version (including aMyt1 substrate sequence) is phosphorylated

to various extents by Plk1 andMps1, which share closely related

target sites, at the time of mitotic entry (Bruinsma et al., 2014).

Also, whereasMyt1 and c-Jun-based Plk1 sensors contain iden-

tical FHA2 phosphorylation-binding domain (Violin et al., 2003),

Myt1-based sensor exhibits slow FRET responses to inhibition

of Plk1 as well as phosphatase activities, indicating that it might

not be suitable to record rapid variations of Plk1 activity (Figures

S3A–S3F). From our data, we hypothesize that its phosphoryla-

tion kinetics in the nucleus in G2 (Figure S3A) might reflect a

limiting counteracting phosphatase activity (Figure S3C) and
ormal Cell Cycles

TERT-RPE1 PLK1D/D-EGFP-Plk1wt (E), or hTERT-RPE1 PLK1D/D-EGFP-Plk1as

the indicated conditions. Entry into mitosis for each cell was defined at NEBD.

represent the percentage of cells that have entered into mitosis over time,

try, normalized to control (CT), at 3 (RPE1) or 2.5 (HeLa) hr after drug addition.

using PCNA staining (data not shown). (A–D) Caffeine (5 mM) or Chk1&Chk2



Figure 2. Plk1 Activity Suddenly Rises in

Late G2

(A) Asynchronous PCNA-RFP HeLa cell line tran-

siently expressing the (c-Jun based) Plk1 sensor.

Recording was performed at one image/3 min.

Curveswere aligned onNEBD. Data aremeans±SD,

n = 41 cells; three independent experiments. Right:

PCNA staining and IMD representation of CFP/YFP

emission ratio changes over time.

(B) Synchronized (single thymidine release regime)

HeLa cells expressing the Plk1 sensor were treated

with Plk1 (BI2536 200 nM, left) or Mps1 (reversine

5 mM, right) inhibitor at mitosis onset. Curves were

aligned on the time of drug addition. Mean quanti-

fication curves (±SD) of emission ratio changes are

displayed (n = 5; two independent experiments).

Bar, 10 mm. See also Figures S3 and S4.
relies on Plk1 protein accumulation exhibiting a minimal kinase

activity (Figure S3B).

C-Jun-based Plk1 sensor (hereafter referred to as Plk1 sensor)

exhibited a FRET signal increase of around 20% between inter-

phase and mitotic cells, as described in more detail thereafter.

Hence, mitotically arrested HeLa cells expressing the Plk1

sensor were treated with either Mps1 (reversine + MG132 to

avoid any mitotic exit) or a Plk1 (BI2536) inhibitor. Whereas

Plk1 inhibition induced its complete dephosphorylation to inter-

phase level within �6 min, this sensor was insensitive to the

addition of a Mps1 inhibitor (Figure S3D). Similar experiments

performed on interphase (G2 phase-enriched) cells did not

show any change of Plk1 sensor phosphorylation level (Fig-

ure S3E). Interphase Plk1 sensor-expressing cells were also

detached from their substratum by trypsin treatment, which

showed that the FRET signal was insensitive to cell rounding

up as normally taking place atmitotic entry (Figure S3E). Because

FRET-based Plk1 sensor records the balance between Plk1 and

opposite phosphatase(s) activity, we investigated whether its

phosphorylation during mitosis relies on a downregulation of

counteracting phosphatase(s). FRET signal was monitored in

mitotic versus G2-enriched cells after the addition of a

PP2A&PP1 inhibitor (okadaic acid) (Figures S3E and S3F). This

treatment led within 5 min to a pronounced increase in sensor

phosphorylation in mitotic cells, whereas its phosphorylation

level was barely increased in G2 cells. Hence, the increase of

Plk1 sensor phosphorylation duringmitosis is not due to the inac-

tivation of counteracting phosphatase(s). Altogether, our data

indicate that the c-Jun-based Plk1 sensor is ideally suited to

investigate the spatiotemporal regulation of Plk1 activity per se.
Cel
We carried out analysis of Plk1 activity

during the cell cycle in asynchronous prolif-

erating cell nuclear antigen (PCNA)-RFP-

expressing HeLa cells. No significant

change of Plk1 activity was detectable

from G2 onset corresponding to the initia-

tion of Plk1 protein synthesis (Akopyan

et al., 2014). Remarkably, a rapid Plk1

activity increase reproducibly occurred in

late G2, around 40 min before nuclear en-
velope break down (NEBD) (Figure 2A). Addition of either a

Plk1 or a Mps1 inhibitor shortly before NEBD confirmed that

the activation kinetics recorded is strictly dependent on Plk1,

but not Mps1, activity (Figure 2B). This activation kinetics was

almost identical between nuclear and cytoplasmic compart-

ments on mitotic entry (Figure S4A), although in most cells a

basal Plk1 activity was detectable in the nucleus possibly related

to its local activation/roles at centromeres in G2 (McKinley and

Cheeseman, 2014). Consistent with the sudden Plk1 activity in-

crease observed in late G2, immunostaining assays of CyclinB1

Ser133 phosphorylation, a well-characterized Plk1 phosphoryla-

tion site in vivo (Jackman et al., 2003), showed that its phosphor-

ylation does not increase during G2 (as visualized by CyclinB1

accumulation) but is rapidly taking place around mitotic entry

(Figure S4B).

We compared the activation kinetics of Plk1 versus CyclinB1-

Cdk1 during G2/M transition. HeLa cells co-expressing the Plk1

sensor and CyclinB1-mCherry were used for this purpose as

CyclinB1 nuclear translocation in early prophase is concurrent

and dependent on CyclinB1-Cdk1 activation (Gavet and Pines,

2010b), making CyclinB1 nuclear translocation a surrogate

marker of CyclinB1-Cdk1 activation. Because Plk1 activation ki-

netics at mitotic entry was similar between asynchronous and

synchronized (thymidine-release regime) HeLa cells (Figures

3A and 3B), cells were enriched in G2 and recorded at one

image/45 s to get a high temporal resolution. In all cells analyzed,

Plk1 activation shortly preceded the nuclear translocation of

CyclinB1-Cdk1, with a mean interval between the two pro-

cesses of 18 ± 4 min (Figure 3B). We addressed the relationship

between Plk1 and CyclinB1-Cdk1 activation by performing
l Reports 19, 2060–2073, June 6, 2017 2063



Figure 3. Plk1 Activity Rise Shortly Precedes

CyclinB1-Cdk1 Activation

(A) Asynchronous CyclinB1-mCherry HeLa cell line

transiently expressing the Plk1 sensor. Recording

was performed at one image/3 min. Curves were

aligned on NEBD. Data are means ± SD, n = 45; two

independent experiments.

(B) Synchronized CyclinB1-mCherry HeLa cell line

transiently expressing the Plk1 sensor (one image/

45 s). Curves were aligned on NEBD. Data are

means ± SD, n = 6; three independent experiments.

Bottom: IMD representation of CFP/YFP ratio

changes and CyclinB1 nuclear translocation at

mitotic entry are displayed (one selected image

each 3 min).

(C) CyclinB1-mCherry and Plk1 sensor HeLa stable

cell line was recorded at one image/3 min, �33 hr

after RNAi-mediated CyclinB1 depletion. Curves

display CFP/YFP emission ratio changes during time

in cells that either achieved mitotic entry or did not

enter into mitosis. Data are means ± SD, n = 10 per

condition; two independent experiments. Curves

were aligned on NEBD or on the first time point of

CFP/YFP increase, respectively. Bottom: IMD rep-

resentation of CFP/YFP ratio changes in a cell that

did not enter into mitosis.

Bars, 10 mm. See also Figure S4.
CyclinB1 knockdown assays. The use of HeLa cells stably ex-

pressing CyclinB1-mCherry to get a direct readout confirmed

the overall efficiency of RNAi-mediated CyclinB1 depletion

(Figure S4C). Hence, changes of Plk1 activity during time

were analyzed in cells that either did not enter mitosis or

instead that still achieved mitotic entry, due to incomplete

CyclinB1 depletion. In the latter ones, the timing of Plk1 activa-

tion (starting �45 min before NEBD) appeared unaffected,

whereas maximum Plk1 activity reached at NEBD was signifi-

cantly reduced (Figure 3C). More importantly, Plk1 activation

was taking place in cells that did not achieve mitotic entry

although with a slower kinetics. Hence, our results support

that Plk1 activation in late G2 is initiated independently of

CyclinB1-Cdk1 activity although feedback mechanisms might

be taking place following CyclinB1-Cdk1 activation (Lindqvist

et al., 2009).
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Finally, we investigated why some trans-

formed HeLa cells continued to achieve

mitotic entry in the presence of a high

dose of a Plk1 inhibitor (BI2536 200 nM),

in contrast to immortalized hTERT-RPE1

cells (Figures 1A and 1B). In all trans-

formed cells that still entered mitosis, a

Plk1 activity increase preceded mitotic

entry (starting �50 min before NEBD),

although maximum Plk1 activity reached

at NEBD was significantly lower (FRET dy-

namic range <5% versus up to 20% in CT

conditions) (Figure S4D). Subsequent in-

crease of Plk1 inhibitor concentration

immediately induced Plk1 sensor dephos-
phorylation, confirming that its phosphorylation preceding

mitotic entry was dependent on a remaining Plk1 activity (Fig-

ure S4D). Therefore, it supports the conclusion that transformed

cells do not achieve mitotic entry by Plk1-independent mecha-

nisms and that a minimal Plk1 activity is sufficient to promote

commitment to mitosis.

In summary, we found that Plk1 activity suddenly rises in late

G2 and shortly precedes CyclinB1-Cdk1 activation, providing

insights into the role of Plk1 in promoting entry intomitosis during

normal cell cycles.

CyclinA2-Cdk Is an Upstream Regulator of Plk1
Activation during G2
We investigated the upstream mechanisms leading to Plk1 acti-

vation. Consistent with previous findings, sudden Plk1 activation

in late G2 is dependent on Aurora-A activity (Figure S4E)



Figure 4. Stimulation of CyclinA2-Cdk Activ-

ity in Early G2 Induces a Premature Activation

of Plk1

(A) Following a double thymidine (TT) release regime,

HeLa cell extracts at reported times were analyzed

by immunoblot. Left: phosphorylation profiles during

cell-cycle progression. Right: comparison of phos-

phorylation profiles between CT (DMSO) and Wee1

(MK-1775) inhibitor-treated cells at t6h post-release.

Bottom: normalized quantification of corresponding

immunoblots. n = 2.

(B) Early G2 synchronized HeLa cells co-expressing

the Plk1 sensor and CyclinB1-mCherry were treated

by Wee1 inhibitor MK-1775 followed or not by Plk1

inhibition (BI2536) �90 min later (right). Data are

means ± SD. Left: n = 5, right: n = 10; three inde-

pendent experiments. Top: IMD representation of

CFP/YFP ratio changes and CyclinB1 intracellular

localization during time in the indicated conditions.

Bar, 10 mm. See also Figure S5.
(Mac�urek et al., 2008; Seki et al., 2008). Also, Aurora-A and/or

Plk1 activation rely on a Cdk activity that remains ill defined

(Van Horn et al., 2010; Lorca et al., 2010; Marumoto et al.,

2002; Seki et al., 2008). We sought to determine whether

CyclinA2-Cdk acts upstream of the Aurora-A / Plk1 pathway.

While CyclinA2-Cdk is a limiting factor for mitotic entry, the

underlying mechanism is currently unknown (Fung et al.,

2007; Gong et al., 2007). CyclinA2-Cdk1&2 complexes exhibit

biphasic activation kinetics with a limited activity in S phase

and a progressive increase during G2 (Goldstone et al., 2001;

Pagano et al., 1992). CyclinA2-Cdk2 is regulated by Wee1-

dependent Tyr15 phosphorylation and in contrast to CyclinB1-

Cdk1 is a poor substrate of Myt1 kinase (Booher et al., 1997;

Coulonval et al., 2003). Also, the contribution of cytoplasmic

and membrane-anchored Myt1 in the regulation of mainly

nuclear CyclinA2-Cdk1&2 complexes may be limited by their dif-

ferential intracellular distribution (Figure S5A). Hence, we made
Cel
use of Wee1 inhibitor MK-1775 (>100-fold

selectivity over Myt1) to prematurely raise

CyclinA2-Cdk activity in early G2. Addition

of MK-1775 on early G2 cells (�6–7 hr

post-thymidine release, as determined

using a PCNA-RFP marker) induced a pre-

mature mitotic entry of the cell population

by at least 1 hr (Figure S5B). Interestingly,

the kinetics of CyclinB1 nuclear transloca-

tion at prophase remained unaffected,

whereas mitotic exit was frequently de-

layed in these conditions (Figure S5C).

Immunoblot assays revealed that Wee1 in-

hibition in early G2 stimulated CyclinA2-

Cdk activity within 15–30 min as visualized

by a phospho-specific antibody directed

against the CyclinA2-S154 autophosphor-

ylation site (Figures 4A and S5D) (Pagliuca

et al., 2011). A concurrent decrease in

Cdk1/2 Tyr15 phosphorylation was also
observed (Figures 4A and S5D). More importantly, compared

to normal cell-cycle conditions,Wee1 inhibition caused a prema-

ture Plk1 activation by up to 1.5 hr (Figure 4A). Premature

CyclinB1-Cdk1 activation �60 min after Wee1 inhibition, as re-

vealed by the use of a phospho-specific antibody against the

S126 auto-phosphorylation site, and Cdc25C hyperphosphory-

lation were also observed (Figure 4A). To get access to the ki-

netics of Plk1 activation followingWee1 inhibition, we performed

time-lapse single-cell assays. Early G2 cells co-expressing the

Plk1 sensor and CyclinB1-mCherry were treated with Wee1 in-

hibitor MK-1775. This treatment reproducibly induced within

10–20 min a premature activation of Plk1 by around 1.5 hr,

consistent with our biochemical results (Figure 4B, left). The

extent of maximum Plk1 sensor phosphorylation was signifi-

cantly lower in these conditions (FRET dynamic range of up to

10% versus �20%) (Figures 3B and 4B), which might be related

to the lower expression level of Plk1 in early G2 (Akopyan et al.,
l Reports 19, 2060–2073, June 6, 2017 2065



2014). Remarkably, reminiscent to the normal cell cycle, Plk1

activation still preceded the onset of CyclinB1 nuclear transloca-

tion by the same duration (�20 min) (Figure 4B, left). The

subsequent addition of BI2536 compound confirmed that the

premature phosphorylation of Plk1 sensor in early G2 was

dependent on Plk1 activity (Figure 4B, right).

To unravel how CyclinA2-Cdk may trigger Plk1 activation,

we investigated whether a molecular interaction between them

is taking place during cell cycle progression. To this end,

we made use of a CyclinA2-mVenus/+ (mRuby-PCNA/+ double

knockin) hTERT-RPE1 cell line. Endogenous CyclinA2 (-mVenus)

was exclusively nuclear in S phase but slowly accumulated in the

cytoplasm during G2. Its intracellular distribution between both

compartments was not significantly affected following Wee1 in-

hibition (our unpublished data). Immunoprecipitation of mVenus-

tagged CyclinA2 from synchronized RPE-1 cells revealed that

Plk1 progressively interacted with CyclinA2 during G2 progres-

sion (mitotic peak �10 hr post-release), related to the increase

of CyclinA2-Cdk activity (Figure 5A, right). Conversely, this inter-

action appeared unrelated to Plk1 and CyclinA2 protein expres-

sion levels (Figure 5A, left). Addition of the Wee1 inhibitor

induced a rapid decrease of CyclinA2-associated Cdk1/2

Tyr15 phosphorylation and significantly promoted endogenous

CyclinA2-Plk1 interaction (Figure 5A, right).

Altogether, these findings strongly suggest that Plk1 activation

during G2 is dependent on CyclinA2-Cdk activity levels,

providing an outline on how the latter kinase contributes to the

control of mitotic entry.

Because Plk1 activation preceded a premature mitotic entry

followingWee1 inhibition (Figure 4B), we askedwhether its activ-

ity was still required to promote entry into mitosis in these condi-

tions. Early G2 cells were first treated by the Wee1 inhibitor

followed 40 min later by the addition of Plk1 inhibitor BI2536.

Plk1 inhibition induced within a few minutes a pronounced

decrease in mitotic entry (Figure 5B), supporting that its activity

is required in a premature transition into mitosis. A complemen-

tary experiment in which Plk1 activity was inhibited before Wee1

inhibition provided the same results and supported this interpre-

tation (Figure 5C). We sought to induce a premature mitotic entry

by targeting both Wee1 and Myt1 inhibitory kinases of CyclinB1-

Cdk1 (Wee1&Myt1 inhibitor PD166285) (Gaffré et al., 2011). In

these conditions, entry into mitosis was strongly promoted but

remarkably remained unaffected following Plk1 inhibition (Fig-

ure 5B). Consistently, immunoblots showed that the premature

activation of CyclinB1-Cdk1 is dependent on Plk1 activity

following Wee1, but not Wee1&Myt1, inhibition (Figure 5D).

Together, it supports the conclusion that, in normal cell cycles

as well as during unscheduled mitotic entry following CyclinA2-

Cdk stimulation, Plk1 is activated shortly before CyclinB1-

Cdk1 and its activity is required for commitment to mitosis.

Plk1-Dependent Cdc25C1 Phosphorylation in Late G2
Promotes Entry into Mitosis
We addressed the mechanisms by which Plk1 promotes entry

into mitosis. Cdc25A, B, and C phosphatases, although partially

redundant, are involved in CyclinB1-Cdk1 activation (Lee et al.,

2009; Lindqvist et al., 2009). Plk1 can phosphorylate both

Cdc25B and Cdc25C in vitro, but it remains poorly characterized
2066 Cell Reports 19, 2060–2073, June 6, 2017
which Cdc25 phosphatase(s) are substrates of Plk1 during the

transition into mitosis (Lobjois et al., 2011; Roshak et al., 2000).

To tackle this point, we analyzed Cdc25A, B, and C phosphory-

lation states by two-dimensional gel electrophoresis following or

not Plk1 inhibition on mitotically arrested HeLa cells. We found

that Cdc25C, but not Cdc25A or Cdc25B, displayed phosphor-

ylated forms (‘‘P’’) that exhibit an isoelectric point shift following

Plk1 inhibition (Figure 6A). Lower exposure (inserts) indicated

that it corresponds to up to four highly phosphorylated forms

probably phosphorylated on combinations of both Plk1 and

Cdk1 sites, because these forms persist after Plk1 inhibition.

Remarkably, of the two major Cdc25C1 and Cdc25C5 isoforms

expressed, as determined by RT-PCR (data not shown), only

Cdc25C1was phosphorylated in a Plk1-dependent manner (Fig-

ure 6A) (Albert et al., 2011). Consistently, endogenous Plk1 co-

immunoprecipitated with 3xFLAG-tagged Cdc25C1 but not

Cdc25C5 form during mitosis (Figure S6A), reflecting the pres-

ence and absence of the PBD binding site at Thr130, respec-

tively (Elia et al., 2003).

We next investigated when Plk1-dependent Cdc25C1 phos-

phorylation is taking place. We tracked the temporal regulation

of Plk1 interaction with its Cdc25C1 substrate during the cell

cycle by immunoprecipitation assays. Interaction between

endogenous Plk1 and Cdc25C1 was initiated before entry

into mitosis and increased progressively until the mitotic entry

peak (�9 hr post-thymidine release), possibly related to Plk1

protein synthesis (Figure 6B). Identification of Plk1-dependent

Cdc25C1 phosphorylation sites was addressed by mass spec-

trometry, following the immunoprecipitation of endogenous

Cdc25C1 or a 3xFLAG-YFP-Cdc25C1-tagged form (Figures

S6B and S6C). Using complementary protease digestions,

�87% of Cdc25C protein sequence was covered, and 32

phosphorylation sites were identified, 16 of which had been

previously reported in phosphoproteomic analyses (Table S1)

(Kettenbach et al., 2011). Comparisons of Cdc25C phosphoryla-

tion states with or without Plk1 inhibition led to the identification

of eight Plk1-dependent phosphosites (Table S1 and Fig-

ure S7). Interestingly, all the surrounding sequences fitted with

consensus Plk1 phosphorylation sites (Kettenbach et al.,

2011). More importantly, Plk1 sites, except for Thr268, were fully

conserved in mammals (Ser20, 38, 61, 75) and vertebrates

(including Xenopus laevis; Ser38, 61, 75) (Figure 6C).

A phospho-specific antibody directed against the fully

conserved Ser75 site surrounded by a canonical Plk1 consensus

sequence was generated, which recognizes 3xFLAG-tagged

Cdc25C1 but not 3xFLAG-Cdc25C1 S75A or 3xFLAG-

Cdc25C5 isoform during mitosis (Figure S6D). It showed that

S75 phosphorylation duringmitosis is dependent on Plk1 activity

(Figure S6E). We used this antibody to track Plk1-dependent

Cdc25C1 phosphorylation during the cell cycle. A basal

Cdc25C1-S75 phosphorylation signal was detectable during

S/G2 progression, which significantly increased at the time of

mitotic entry and relied on Plk1 activity (Figure 6D). Because

the synchronization procedures used are inherently imperfect

and provide limited temporal resolution, a FRET-based phos-

phorylation sensor based on Cdc25C1-S75 phosphosite was

generated (Figure S6F). The replacement of Ser75 with a non-

phosphorylatable residue and the use of chemical inhibitors



Figure 5. CyclinA2 and Plk1 Progressively Interact during G2

(A) CyclinA2-mVenus/+ or normal hTERT-RPE1 cells were synchronized in G2 phase using the indicated procedure (mitotic peak �10 hr post-release), and

immunoprecipitation was performed at reported times using GFP-trap beads. When indicated, Wee1 inhibitor MK-1775 was added at t7h post-release.

Immunoblots show the level of various proteins. Left: whole-cell extracts (WCE). Right: immunoprecipitation assays (Ip). Bottom: quantification of Plk1 and

Cdk1/2 Tyr15P signals normalized to CyclinA2-mVenus. Data were determined by three independent experiments.

(B and C) Graphs display cumulative mitotic entry over time normalized to cell density (n > 500 cells per condition).

(B) Early G2 synchronized HeLa cells were treated (except in CT, + DMSO) by a Wee1 (MK-1775) or a Wee1&Myt1 (PD0166285) inhibitor. When indicated, Plk1

inhibitor BI2536 was added 45 min later.

(legend continued on next page)
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showed that its FRET dynamics is dependent on both Ser75

phosphorylation and Plk1, but not on Mps1, activity (Figures

S6F and S6G). Time-lapse recordings showed that the phos-

phorylation of Cdc25C1-S75 sensor was initiated �40 min

before NEBD, closely mimicking Pk1 activity kinetics previously

described (Figure 6E). Hence, it supports that Plk1 promotes

Cdc25C1 phosphorylation, at least on Ser75, before mitotic

entry. Nonetheless, because Cdc25C1-Ser75 sensor lacks

Plk1 PBD binding site, it is possible that the phosphorylation of

endogenous Cdc25C1 on Ser75 is initiated earlier during G2

due to the favorable interaction between Plk1 and Cdc25C1.

Previous work reported that Cdc25C phosphatase activity can

be stimulated by both Plk1 or CyclinB1-Cdk1 in vitro (Hoffmann

et al., 1993; Roshak et al., 2000). We addressed whether

Cdc25C1 phosphorylation by Plk1 is sufficient to promote

commitment to mitosis. Hence, fluorescent-tagged wild-type

(WT)-Cdc25C1 or phospho-mimetic forms of the conserved

Plk1 sites in mammals (‘‘5E’’; S20-38-61-75-102E; note that

site 102 might be missing in C. Lupus) and in vertebrates

(‘‘3E’’; S38-61-75E) were transiently expressed in HEK293 cells.

Following a short synchronization-release regime, cells were

trapped into mitosis and analyzed by immunostaining assays

(Figure 7A, left). All fluorescent (yellow fluorescent protein;

YFP) Cdc25C-tagged forms exhibited an exclusive cytoplasmic

localization until NEBD, as previously described (Gavet and

Pines, 2010b). The overexpression of WT-Cdc25C1 increased

the amount of mitotic cells (CT: 6%; WT-Cdc25C1: 32%),

consistent with a previous findings (Bonnet et al., 2008).

Whereas the expression of the 3E form did not further increase

the number of mitotic cells, the 5E phospho-mimetic form signif-

icantly promotedmitosis (3E: 31%; 5E: 48%) (Figure 7A, left). We

also performed similar assays in the absence of Plk1 activity

(BI2536 200 nM at t6h post-release). Accumulation of YFP posi-

tive cells into mitosis was reduced by �50% under these exper-

imental conditions. Remarkably, cells expressing the 5E form

exhibited a different behavior and still significantly entered

mitosis (Figure 7A, right). To address more precisely the

contribution of Plk1-dependent Cdc25C1 phosphorylation for

commitment to mitosis, we performed time-lapse recordings of

the different YFP-Cdc25C1-expressing cell populations (Fig-

ure 7B). Consistent with our immunofluorescence results, WT-

Cdc25C1 and 3E-expressing cells exhibited a similar behavior

and entered significantly earlier into mitosis, whereas the 5E

phospho-mimetic form further accelerated entry into mitosis by

up to 2 hr (based on the time at which 50% of the fluorescent

cells have performed mitosis) (Figure 7B, left). Entry into mitosis

was also recorded in Plk1 inhibition conditions. Mitotic entry of

control cells was massively inhibited, whereas overexpression

of WT-Cdc25C1 and 3E form had limited mitosis-promoting

effects (Figure 7B, right). Remarkably, the overexpression of

the 5E form strongly promoted the transition into mitosis, and

all the cells entered mitosis during the time course of the exper-

iment (Figure 7B, right).
(C) Complementary experiments. Early G2 synchronized HeLa cells were treated

Wee1 inhibition (MK-1775) 1 hr later (arrow).

(D) Immunoblots showing CyclinB1-S126P phosphorylation profiles over a 1-hr p

G2 synchronized HeLa cells (at t6h post-release), preceded or not by the addition
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Hence, our present findings strongly suggest that the multiple

phosphorylation of Cdc25C1 by Plk1 is a key event promoting

commitment to mitosis.

DISCUSSION

While a set of regulators of mitotic entry have been previously

identified (Lindqvist et al., 2009), a main challenge remains to

decipher their relative contribution and how they work in concert

to control the transition into mitosis. Here, combining careful

evaluation of Plk1 inhibitors in a dose-dependent manner, a

chemical genetics model to target Plk1 activity, and time-lapse

recordings of asynchronous populations, we demonstrate that

entry into mitosis relies on Plk1 activity in mammalian somatic

cells. Spindle assembly and/or satisfaction of SAC appear far

more sensitive to any interference with Plk1 activity than mitotic

entry, and we obtain evidence that a minimal Plk1 activity is suf-

ficient to promote commitment to mitosis. We speculate that it

might originate from the anchoring of Plk1 to Cdc25C1 phospha-

tase, which phosphorylation is sufficient to promote mitotic

entry. Hence, the technical limitations to fully inhibit Plk1-depen-

dent Cdc25C1 phosphorylation might provide an explanation for

the contradictory results previously reported (Lane and Nigg,

1996; Liu et al., 2006; Seki et al., 2008). Supporting this interpre-

tation, incomplete (up to 90%) versus full Plx1 (Plk1 homolog)

depletion in Xenopus oocyte extracts delays or fully inhibits

CyclinB-Cdk1 activation (Qian et al., 2001). Our current findings

are consistent with a recent work reporting a G2 arrest following

the use of Plk1 inhibitors, although side effects including poten-

tial DNA damages were not ruled out (Aspinall et al., 2015).

We determine that Plk1 activity suddenly rises in late G2 and

shortly precedes CyclinB1-Cdk1 activation. Investigating the

mechanism by which Plk1 promotes mitotic entry, we identify

the Cdc25C1 phosphatase as its major Cdc25 target during

G2/M progression. Cdc25C is activated later than Cdc25A and

Cdc25B and close to the G2/M transition (Lammer et al.,

1998), but its contribution in mitotic entry remained puzzling.

Indeed, its partial depletion by RNAi did not affect the kinetics

of mitotic entry (our unpublished data), whereas its overexpres-

sion had a limited effect that we hypothesize is related to its low

phosphatase activity in its unphosphorylated state (Bonnet et al.,

2008; Gabrielli et al., 1997; Strausfeld et al., 1994). Plk1 can stim-

ulate Cdc25C phosphatase activity in vitro, but target phosphor-

ylation sites remained unknown (Roshak et al., 2000). Here, we

identify several Plk1-dependent Cdc25C1 phosphosites fully

conserved in mammals. Endogenous Plk1 and Cdc25C1 pro-

gressively interact in interphase, and we provide evidence that

Plk1 promotes Cdc25C1 phosphorylation, at least on Ser75,

before entry into mitosis. The spatiotemporal regulation of other

phosphosites will require further investigations. Supporting the

relevance of identified Cdc25C1 phosphosites, overexpression

of phosphomimetic mutants promotes entry into mitosis, even

in the absence of Plk1 activity. Hence, it supports the notion
or not by Aurora-A (MLN8054), Plk1 (BI2536), or both inhibitors at t6h before

eriod following Wee1 (MK-1775) or Wee1&Myt1 (PD166285) inhibition on early

of Plk1 inhibitor BI2536 (at t5:30h).



Figure 6. Plk1-Dependent Cdc25C1 Phosphorylation in Late G2

(A) Mitotic arrested HeLa cells (thymidine release + nocodazole) were treated or not with Plk1 inhibitor BI2536 (200 nM) for 1 hr, and samples were analyzed by

two-dimensional (2D) immunoblot (1D, right). Note that few minor forms of Cdc25B were close to the detection limit, but highly phosphorylated ones were

unaffected by Plk1 inhibition (four independent experiments). For clarity, some identical spots are highlighted using black stars.

(legend continued on next page)
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Figure 7. Cdc25C1 Phosphomimetics Forms

on Plk1 Sites Promote Entry into Mitosis

(A) Synchronized HEK293 cells expressing either

a-tubulin-YFP (CT), mVenus-Cdc25C1, -Cdc25C1-

S38,61,75E (3E), or -Cdc25C1-S20,38,61,75,102E

(5E) were trapped into mitosis (+ nocodazole at t6h
post-thymidine release) and analyzed at t9h post-

release using H3S10P and DAPI staining. When

indicated, Plk1 inhibitor BI2536 was added at t6h.

Data are means ± SD, n = 200 cells analyzed per

condition; two independent experiments. Statistical

analyses (Fisher’s test), ***p value < 0.001. Table:

percentages of inhibition of mitotic entry following

Plk1 inhibition in indicated conditions.

(B) Left: synchronized HEK293 cells (single thymi-

dine release regime) expressing the indicated

constructs (CT: a-tubulin-YFP) were tracked by

recording YFP signals at one image/5 min. Mitotic

entry was defined as the time of YFP-Cdc25C1

intracellular redistribution at NEBD. Cumulative

curves of mitotic entry are shown. Right: Plk1 in-

hibitor BI2536 was added at t6h. n = 300–500 YFP

positive cells were analyzed for each condition.

Displayed is a representative experiment from three

independent ones performed on either asynchro-

nous or synchronized cells. Table: percentages of

cells that have reached mitosis at t14h post-release,

following or not Plk1 inhibition.
that Plk1-dependent Cdc25C1 phosphorylation in late G2 is a

key event to trigger a timely entry into mitosis. Nonetheless,

because Cdc25C or double Cdc25B and C (BCKO) knockout

mice are viable, alternative mechanisms must be taking place

to trigger mitotic entry (Ferguson et al., 2005). A delay in Cdk1
(B) Immunoprecipitation of endogenous Cdc25C1&C5 isoforms using anti-Cdc25C antibody at reported tim

extracts. Immunoblot shows the co-immunoprecipitation of endogenous Plk1. Normalized quantificatio

independent experiments.

(C) Sequence alignment of NH2-terminal Cdc25C proteins. Plk1-dependent phosphorylation sites are ind

(in red). Hs, Homo sapiens; Pt, Pan troglodytes; Oc, Oryctolagus cuniculus; Bt, Bos Taurus; Cl, Canis lupu

(D) As in (B), immunoblot showing Cdc25C1-Ser75 phosphorylation level. Note that Ser75 phosphorylatio

migrating band, suggesting that they originate from different phosphorylation combinations. Normalized qu

by two independent experiments.

(E) Quantification of CFP/YFP emission ratio changes over time of HeLa cells expressing the Cdc25C1-

are means ± SD, n = 12; two independent experiments. Right: IMD representation of CFP/YFP ratio change

Bar, 10 mm.

See also Figures S6 and S7 and Table S1.
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activation has been reported in the

absence of Cdc25B&C (Ferguson et al.,

2005). Consistent with our present findings

(Figure S2D), it is possible that a persistent

accumulation of Plk1 in BCKO cells in

which mitosis is delayed might promote

Wee1 degradation, ultimately leading to

entry into mitosis (Watanabe et al., 2005).

Addition of either CyclinB or CyclinA can

promote Plx1 activation in Xenopus egg

extracts (Abrieu et al., 1998; Lorca et al.,

2010). Hence, it remained unclear whether

Plk1 activation is initiated by CyclinA2-Cdk

or CyclinB1-Cdk1. Our present findings
support the former hypothesis providing an outline on how

CyclinA2-Cdk contributes to the control of mitotic entry. We

observe that Plk1 activation reproducibly precedes CyclinB1-

Cdk1 activation and is still taking place following CyclinB1 deple-

tion. We also report that endogenous Plk1 and CyclinA2 interact
es (double thymidine-release regime) from HeLa cell

n is also displayed. Data were determined by two

icated as well as surrounding consensus sequence

s; Mm, Mus musculus; Rn, Rattus Norvegicus.

n is more prominent on Cdc25C1 lower than higher

antification is also displayed. Data were determined

S75P sensor. Curves were aligned on NEBD. Data

s and CyclinB1 intracellular localization during time.



in a timely regulated manner during G2, related to CyclinA2-Cdk

activity rise. Consistently, their interaction is promoted following

stimulation of CyclinA2-Cdk activity by Wee1 inhibition. The

molecular links between CyclinA2-Cdk and Plk1 remain to be

investigated to distinguish between several, not mutually exclu-

sive, scenarios. First, CyclinA2-Cdk could induce Aurora-A acti-

vation during G2 because Aurora-A-dependent Plk1 Thr210

phosphorylation is rapidly promoted following CyclinA2-Cdk

stimulation. Second, CyclinA2-Cdk1/2 might phosphorylate

hBora and promote Aurora-A-dependent Plk1 activation (Taver-

nier et al., 2015). Third, direct Cdk-dependent T-loop phosphor-

ylation might be required for Plk1 activity, as observed for Cdc5

S. cerevisiae homolog (Dulla et al., 2010; Mortensen et al., 2005).

Alternatively, Plk1 activation may be initiated by Aurora-A/Bora

and further boosted before mitotic entry by CyclinA2-Cdk-

dependent Bora and/or Plk1 phosphorylation (Lasek et al.,

2016; Thomas et al., 2016).

Future work on the mechanisms leading to the activation of

Plk1 by CyclinA2-Cdk, an S-promoting factor, should help to

unravel how the coordination between DNA replication and

mitotic entry is reproducibly achieved during the cell cycle.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures, reagents, and antibodies used are

described in the Supplemental Experimental Procedures.

Cell Culture

Human cervix adenocarcinoma (HeLa) and embryonic kidney (HEK293) cells

were cultured in DMEM, high glucose (Life Technologies), supplemented

with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U/mL penicillin, and

100 mg/mL streptomycin. HeLa PCNA-RFP stable cell line is a kind gift

from J. Pines’s laboratory. WT- (ATCC CRL-4000), mRuby-PCNA/+ knockin,

CyclinA2-mVenus/+ mRuby-PCNA/+ double knockin, PLK1D/D-EGFP-Plk1wt

and PLK1D/D-EGFP-Plk1as (Burkard et al., 2007), and hTERT-RPE1 cells

were maintained in DMEM/F12 (Life Technologies) supplemented with 10%

FCS, 100 U/mL penicillin, and 100 mg/mL streptomycin.

HeLa and HEK293 cells were synchronized by a single (video-microscopy

assays) or a double (immunoblots) thymidine-release regime (2.5 mM for 18

or 24 hr or following a 18/10/18-hr schedule, respectively). hTERT-RPE1 cells

were synchronized by a serum starvation-release regime (FCS 0.1% for 24 hr)

(mitotic peak at �26 hr post-release) or using serum starvation conditions

followed by an aphidicolin treatment (1 mM) for 18 hr for immunoprecipitation

assays (mitotic peak at �10 hr post-release). Nocodazole was used to trap

cells into mitosis.

Time-Lapse Imaging

For phase-contrast time-lapse imaging assays, cells were seeded in 12-well

tissue culture plates and imaged in CO2-independent L15 medium without

phenol red (Life Technologies) supplemented with 10% FCS, at 203 using

an inverted video-microscope (Olympus IX83) equipped with an ORCA flash

4.0 camera and controlled by CellSens software.

For FRET imaging assays, HeLa cells were seeded on glass-bottom dishes

(m-Dish, IBIDI), precoated with fibronectin (Sigma-Aldrich) at 1 mg/cm2 and

imaged in L15 without phenol red supplemented with 1% FCS. Imaging was

performed using an inverted microscope (Leica DMI6000) controlled by

Metamorph software and equipped with adaptive focus control, fast emission

filter wheel (lambda 10-3, Sutter), electron multiplying charge coupled

device (EMCCD) camera (Evolve 512; Photometrics), HCX PL APO 403/NA

1.30 oil immersion lens, and light-emitting diode (LED)-based illumination

system (spectra X-light engine, Lumencor). Filters used were ET480/40m

and ET535/30m and double band CFP/YFP dichroic mirror 51017bs from

Chroma (Chroma Technology). Quantifications were performed using ImageJ
software (Gavet and Pines, 2010a). Intensity-modulated display (IMD) repre-

sentations were performed using Metamorph software.

Plasmid Constructs

Complete sequences are available upon request.
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