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Interphase microtubule disassembly is a signaling
cue that drives cell rounding at mitotic entry
Kévin Leguay1,2, Barbara Decelle1,2, Islam E. Elkholi4,9, Michel Bouvier1,3,5, Jean-François Côté4,5,7,8,9, and Sébastien Carréno1,2,6

At mitotic entry, reorganization of the actomyosin cortex prompts cells to round-up. Proteins of the ezrin, radixin, and moesin
family (ERM) play essential roles in this process by linking actomyosin forces to the plasma membrane. Yet, the cell-cycle signal
that activates ERMs at mitotic entry is unknown. By screening a compound library using newly developed biosensors, we
discovered that drugs that disassemble microtubules promote ERM activation. We further demonstrated that disassembly of
interphase microtubules at mitotic entry directs ERM activation and metaphase cell rounding through GEF-H1, a Rho-GEF
inhibited by microtubule binding, RhoA, and its kinase effector SLK. We finally demonstrated that GEF-H1 and Ect2, another
Rho-GEF previously identified to control actomyosin forces, act together to drive activation of ERMs and cell rounding in
metaphase. In summary, we report microtubule disassembly as a cell-cycle signal that controls a signaling network ensuring
that actomyosin forces are efficiently integrated at the plasma membrane to promote cell rounding at mitotic entry.

Introduction
Cell morphogenesis relies on a dynamic reorganization of the
actomyosin cortex (Diz-Munoz et al., 2013). Forces generated by
actomyosin contractions are coupled to the plasma membrane
and apply tension that drives cell shape remodeling. During
mitosis, coordination between cell morphogenesis and chro-
mosome segregation preserves genome stability (Ramkumar
and Baum, 2016). Deregulation of this coordination leads to
aneuploidy that contributes to growth and developmental de-
fects and to cancers (Ben-David and Amon, 2020).

Early in mitosis, the cortex stiffens up isotropically, a
mechanism that participates in promoting mitotic rounding
(Kunda et al., 2008). At least two other mechanisms were also
identified to contribute to this mitotic rounding. Changes in cell
osmolarity promote osmotic swelling in prophase and meta-
phase (Son et al., 2015; Stewart et al., 2011; Zlotek-Zlotkiewicz
et al., 2015), and cell-substratum adhesion structures are dis-
assembled while cells enter into mitosis (Dao et al., 2009;
Marchesi et al., 2014; Yamakita et al., 1999). Almost every animal
cell is spherical in metaphase. Rounding is necessary for the
biogenesis of the spindle and for chromosome centering by
limiting the space that microtubules have to search for chro-
mosomes (Lancaster et al., 2013). Cortical stiffening also protects

the division apparatus from external forces that can be exerted
by neighboring cells in tissues (Matthews et al., 2012; Matthews
et al., 2020).

Two independent signaling pathways were shown to control
reorganization of cortical actomyosin forces in metaphase cells
(Taubenberger et al., 2020). On the one hand, the M-phase
promoting factor, Cdk1/Cyclin B, phosphorylates Ect2, a Rho
guanine nucleotide exchange factor (Rho-GEF) that activates
RhoA. This small GTPase promotes the actomyosin contractions
necessary for cell rounding by activating actin polymerization
through formins and myosin light chain II phosphorylation
through Rho-associated protein kinases (ROCK; Maddox and
Burridge, 2003; Matthews et al., 2012). On the other hand, we
and others have shown that in Drosophila, dMoesin, the sole
ortholog of the ezrin–radixin–moesin (ERM) family of proteins,
drives metaphase rounding by functionally linking the newly
generated actomyosin forces to the plasmamembrane.While the
role of ERM proteins in mitotic rounding of mammalian cells
still remains to be established, depletion of dMoesin promotes
defects in cortical stiffness and metaphase cell rounding in
Drosophila cells in culture (Carreno et al., 2008; Kunda et al.,
2008).

.............................................................................................................................................................................
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ERM crosslink actin filaments (F-actin) and microtubules
with the plasma membrane (Fehon et al., 2010; Solinet et al.,
2013). ERMs exist at the plasma membrane under a closed-
inactive and open-active conformations (Leguay et al., 2021).
When closed, their N-terminal four-point-one, ezrin, radixin,
moesin (FERM) domain binds their C-terminal actin-binding
domain (C-ERMAD) and ERMs cannot link F-actin or micro-
tubules to the plasma membrane (Gary and Bretscher, 1995;
Solinet et al., 2013). Ser/Thr kinases open ERMs by phosphor-
ylating a conserved Thr residue (T567, T564, and T558 in ezrin,
radixin, and moesin, respectively) thereby freeing their C-ER-
MAD and FERM, which are then accessible to interact with
F-actin and microtubules, respectively (Pelaseyed et al., 2017). In
Drosophila and human cells, ERMs were shown to be phos-
phorylated and activated at mitotic entry by the Ser/Thr kinases
of the Ste20-like kinase (SLK) family (Carreno et al., 2008; De
Jamblinne et al., 2020; Kunda et al., 2008; Machicoane et al.,
2014; Roubinet et al., 2011). However, the cell-cycle signal that
prompts activation of ERMs when cells enter into mitosis is still
unknown.

In this study, we found that disassembly of microtubules
activates ERMs. We showed that GEF-H1 acts downstream of
interphase microtubule disassembly at mitotic entry to promote
cell rounding by activating ERMs via RhoA and its kinase ef-
fector SLK. In addition, we demonstrated that GEF-H1 and Ect2
act together to drive ERM activation and cell rounding in met-
aphase. We thus identified interphase microtubule disassembly
as a cell-cycle signal that contributes to a signaling network
ensuring that actomyosin forces are efficiently coupled to
the plasma membrane to promote proper cell rounding in
metaphase.

Results
Drugs that disassemble microtubules promote ERM activation
To study the regulation of ERMs in live cells, we recently
designed ERM bioluminescence resonance energy transfer
(BRET)–based biosensors (Leguay et al., 2021). Briefly, the bio-
luminescent donor (Renilla luciferase, rLucII) is fused to the
C-terminus of individual ERMs that are anchored at the plasma
membrane through a myristoylation and polybasic (MyrPB)
motif (MyrPB-E,R,M-rLucII; Fig. 1 A). The rGFP (Renilla GFP)
acceptor is also targeted to the plasma membrane through the
prenylation CAAX box of Kirsten rat sarcoma viral oncogene
homolog (KRAS; rGFP-CAAX, Fig. 1 A). Since BRET occurs only
when the acceptor and donor are in close proximity (<10 nm;
Breton et al., 2010), ERM opening and activation decrease BRET2
signals, whereas ERM closing and inactivation increase these
signals.

Using theMyrPB-ezrin-rLucII BRET biosensor, we screened a
library of 3,469 FDA-approved small molecules in human em-
bryonic kidney cells (HEK293T). Among the 46 candidates pro-
moting BRET2 signal decrease (Fig. S1, A and B), we identified 36
molecules that activate ezrin in a confirmation screen (Fig. S1 C).
Although a link between ERM activation and microtubules
has never been established to our knowledge, we found that
molecules that promote microtubule disassembly were over-

represented among these activators (17 out of 36 molecules;
Figs. 1 B and S1 C). By performing dose-response experiments
with two of thesemicrotubule destabilizing drugs, we found that
nocodazole and podophyllotoxin promote ezrin opening at IC50
compatible with their action on microtubule disassembly (261
nM and 160 nM, respectively; Figs. 1 C and S1 D). Next, we
confirmed that microtubule disassembly activates ERMs by as-
sessing the phosphorylation of their common regulatory Thr
using a well-characterized anti–p-ERM antibody (Carreno et al.,
2008). We found that microtubule disassembly promotes ERM
phosphorylation in HEK293T cells, as well as in the five other
human and murine cell lines tested (Fig. 1, D and E; and Fig. S1, E
and G). We also found that in HEK293T cells, ERMs are activated
after 1 min of nocodazole treatment, the earliest time point
tested (Fig. 1, F and G). Finally, we found that ERMs are phos-
phorylated at the plasma membrane upon nocodazole-induced
microtubule disassembly (Fig. 1, H and I; and Fig. S1, H and I).

GEF-H1 and RhoA act downstream of nocodazole-induced
microtubule disassembly to activate ERMs
We next aimed to determine how microtubule disassembly
promotes ERM activation. We previously reported that ERMs
directly bind tomicrotubules through a conserved chargedmotif
within their FERM domain (Solinet et al., 2013). However, we
found that ERM activation by nocodazole is not dependent on
their direct interaction with microtubules since an ezrin
microtubule-binding mutant (ezrinKK211,212MM) was still phos-
phorylated after nocodazole treatment (Fig. S1 J). Nocodazole-
induced microtubule disassembly may thus activate ERMs
through other downstream signaling molecules. Interestingly,
nocodazole has been shown to trigger RhoA activation through
the release of GEF-H1, a Rho-GEF, from microtubules (Chang
et al., 2008; Krendel et al., 2002). Furthermore, other studies
have established that RhoA could mediate activation of ERMs
(Kotani et al., 1997; Shaw et al., 1998).We then tested if RhoA and
GEF-H1 could mediate the signal from nocodazole-induced mi-
crotubule disassembly to ERM activation. As previously ob-
served in HeLa and D2 cells (Chang et al., 2008; Krendel et al.,
2002), we confirmed that nocodazole treatment activates RhoA
in HEK293T cells using a rhotekin-RBD (Rho binding domain)
pulldown assay that reveals the fraction of active RhoA bound to
GTP (Fig. 2, A and B). We then used the exoenzyme C3 trans-
ferase to inhibit RhoA and test the function of this small GTPase
in ERM activation. Demonstrating that the exoenzyme C3
transferase properly inhibited RhoA in HEK293T cells, and as
previously established (Majumdar et al., 1998), we observed that
it substantially decreased the phosphorylation of myosin light
chain II in control cells (Fig. S2, A and B). In addition, we found
that chemical inhibition of RhoA also abrogates ERM activation
after nocodazole-induced microtubule disassembly (Fig. 2, C and
D). We next established that activation of ERMs upon microtu-
bule disassembly is also mediated by GEF-H1, which is inhibited
by its binding to microtubules (Birukova et al., 2006; Chang
et al., 2006; Krendel et al., 2002; Matsuzawa et al., 2004; Ren
et al., 1998). Depletion of GEF-H1 using independent shRNA or
siRNA decreased ERM phosphorylation after nocodazole treat-
ment (Fig. 2, E and F; and Fig. S2, C and D). We also noticed that
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Figure 1. Drugs that disassemble microtubules promote ERM activation. (A) Schematic representation of MyrPB-ezrin-rLucII/rGFP-CAAX BRET2 bio-
sensor (Leguay et al., 2021). (B) Diagram representing the identified class of targets of the validated ezrin activators. (C) BRET2 signals were measured in
HEK293T cells expressing MyrPB-ezrin-rLucII/rGFP-CAAX and incubated with increasing concentration of nocodazole (blue) or podophyllotoxin (red) for 15
min. (D and E) Immunoblot of HEK293T (left) and HeLa (right) cells incubated with the indicated concentrations of nocodazole for 15 min (D). p-ERM over ERM
signals were quantified and normalized to vehicle (DMSO; E). (F and G) Immunoblot of HEK293T cells incubated with 1 µM nocodazole for the indicated times
(F). p-ERM over ERM signals were quantified and normalized to vehicle (t = 0; G). (H and I) Immunofluorescence of HEK293T cells incubated with vehicle
(DMSO) or 1 µM nocodazole for 15 min (H). p-ERM staining at the plasmamembrane was quantified and normalized to cells treated with vehicle (I; n > 45 cells).
BRET2 signals (C) represent the mean ± SD of three independent experiments. Immunoblots (D and F) and immunofluorescences (H) are representative of at
least two independent experiments. p-ERM quantifications represent the mean ± SD of at least two independent experiments. Dots represent independent
experiments (E), individual cells (I), or the mean of independent experiments (C and G). P values were calculated using one-sample t test (E and G) or using two-
tailed unpaired t test (I). *, P < 0.05; ****, P < 0.0001. ns, not significant. Numbers associated with Western blots indicate molecular weight in kD. Source data
are available for this figure: SourceData F1.
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GEF-H1 depletion does not affect ERM phosphorylation in cells
with intact microtubules, unlike inhibition of RhoA (Fig. 2, C–F;
and Fig. S2, C and D). This indicates that GEF-H1 activates ERMs
only downstream of microtubule disassembly whereas RhoA
controls the overall level of ERM activation.

Nocodazole-induced microtubule disassembly promotes
interphase cell rounding through SLK activation
We then aimed to identify which kinase acts downstream of
GEF-H1 and RhoA to phosphorylate ERMs upon nocodazole
treatment. Two different Ser/Thr kinases, SLK and ROCK, have
been identified to be directly activated by RhoA (Bagci et al.,
2020; Fujisawa et al., 1998; Sahai et al., 1999) and to directly
phosphorylate ERMs (Machicoane et al., 2014; Matsui et al.,
1999; Viswanatha et al., 2012). We then investigated if these
kinases could phosphorylate ERMs downstream of nocodazole-
induced microtubule disassembly. We found that inhibition of
ROCK1 and ROCK2 using Y-27632 did not decrease ERM phos-
phorylation after nocodazole treatment (Fig. 2, C and D). Yet, Y-

27632 properly inhibited ROCK kinase activities since phos-
phorylation of myosin light chain II, a well-characterized ROCK
substrate (Totsukawa et al., 2000), is almost suppressed (Fig. S2,
A and B).

On the contrary, we found that SLK stable depletion using
independent shRNA abrogates ERM phosphorylation both in
nontreated cells and upon nocodazole treatment (Fig. 3, A and
B). While this shows that SLK phosphorylates ERMs down-
stream of microtubule disassembly, we observed that SLK stable
depletion promotes defects in cell growth and adhesion (data not
shown). We thus further investigated the importance of SLK for
ERM phosphorylation by transiently depleting this kinase using
independent siRNA. After 48 h of SLK siRNA transfection, we
confirmed that this kinase is necessary for microtubule-
dependent ERM activation (Fig. 3, C and D). In accordance
with these results, we found that microtubule disassembly ac-
tivates the kinase activity of SLK using an in vitro kinase assay
with immunoprecipitated SLK from cells treated with nocoda-
zole (Fig. 3, E and F). We also found that this was not a direct

Figure 2. GEF-H1 and RhoA activate ERMs downstream of nocodazole-induced microtubule disassembly. (A and B) Rhotekin-RBD pull-down assays
were performed to evaluate RhoA activation. Immunoblot of whole extract HEK293T cells incubated with vehicle (DMSO) or 1 µM nocodazole for 15 min are
shown in the three top panels. Pull-down RhoA is shown in the lower panel (A). RhoA-GTP over total RhoA were quantified and normalized to vehicle (B).
(C and D) Immunoblot of HEK293T cells pre-incubated with vehicle (DMSO), 1 µg/ml C3 transferase for 6 h or 10 µM Y-27632 for 4 h and then incubated with
vehicle (DMSO) or 1 µM nocodazole for 15 min (C). p-ERM over ERM signals were quantified and normalized to vehicle (D). (E and F) Immunoblot of
HEK293T cells stably expressing non-target shRNA (NT) or two different shRNA targeting GEF-H1 and incubated with vehicle (DMSO) or 1 µM nocodazole for
15 min. White lines indicate that intervening lanes have been spliced out (E). p-ERM over ERM signals were quantified and normalized to NT treated with
vehicle (F). Immunoblots (A, C, and E) are representative of at least three independent experiments. p-ERM quantifications represent the mean ± SD of at least
three independent experiments. Dots represent independent experiments (B, D, and F). P values were calculated using one-sample t test (B) or using Holm-
Sidak’s multiple comparisons test with a single pooled variance (D and F) except for comparison made with normalized condition (vehicle + vehicle [D] or NT +
vehicle [F]) where one-sample t test was applied. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Numbers associated with Western blots indicate
molecular weight in kD. Source data are available for this figure: SourceData F2.
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effect of nocodazole on the enzyme since this molecule did not
affect the kinase activity of a recombinant SLK in vitro (Fig.
S2 E).

Nocodazole treatment was previously found to promote cell
rounding in interphase dependently on GEF-H1 (Chang et al.,
2008). We extended these findings by showing that the effect
of nocodazole on cell rounding is dependent on SLK using 3D
reconstruction after confocal microscopy. Indeed, upon micro-
tubule disassembly, transient depletion of SLK prevented the
increase of cell sphericity, calculated as the ratio between cell
height and cell shape in the x/y plane (see Material and methods

section for more details; Fig. 3, G–I). Altogether, these experi-
ments indicate that nocodazole-induced microtubule disassem-
bly promotes cell rounding in interphase by activating SLK.

Perturbing interphase microtubule disassembly at mitotic
entry inhibits ERM activation
At mitotic entry, CDK1 was shown to promote interphase
microtubule array disassembly by inactivating microtubule-
associated protein 7 (MAP7), a microtubule-stabilizing protein
(McHedlishvili et al., 2018). We therefore hypothesized that
disassembly of interphase microtubules acts as a signaling cue

Figure 3. Nocodazole-induced microtubule disassembly promotes interphase cell rounding depending on SLK activation. (A–D) Immunoblots of
HEK293T cells stably expressing non-target shRNA (NT) or two independent shRNA targeting SLK (A) or HEK293T cells transiently transfected with non-target
siRNA (NT) or two independent siRNA targeting SLK (C) and incubated with vehicle (DMSO) or 1 µM nocodazole (noco.) for 15 min. p-ERM over ERM (B) or actin
(D) signals were quantified and normalized to NT incubated with vehicle (B and D). (E and F) Kinase assay of endogenous SLK immunoprecipitated from
HEK293T cells incubated with vehicle (DMSO) or 1 µM nocodazole for 15 min. Total lysate (input) is shown in the right panels (E). p-ERM signals were
quantified and normalized to vehicle (F). (G–I)Measurement of cell sphericity in HEK293T cells incubated with the indicated treatments. (I) Cell sphericity was
quantified as a ratio between cell height (z) and cell shape within the x/y plane, which is determined as the average length of the longer axis (L) and its
orthogonal (O); see G and Material and methods section for more details. (H) F-actin, red; tubulin, green; DNA, blue. Dashed white lanes underline cell pe-
riphery in the orthogonal view. Top panels show confocal planes (Top view), and lower panels show orthogonal views (Ortho view; n > 80 cells). p-ERM and
sphericity quantifications represent the mean ± SD of at least three independent experiments. Dots represent independent experiments (B, D, and F) or
individual cells (I). P values were calculated using one-sample t test (F) or using Holm-Sidak’s multiple comparisons test with a single pooled variance (B, D, and
I) except for comparison madewith normalizing condition (NT + vehicle [B and D]) where one-sample t test was applied. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
****, P < 0.0001. Numbers associated with Western blots indicate molecular weight in kD. Source data are available for this figure: SourceData F3.
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that promotes ERM activation at mitotic entry. To test this hy-
pothesis, we first treated cells with low doses of taxol (pacli-
taxel), a treatment that was previously demonstrated to perturb
disassembly of the interphase microtubule array while cells
enter into mitosis (Leung and Cassimeris, 2019; McHedlishvili
et al., 2018). We treated cells with this microtubule stabilizing
drug for 90 min to allow cells that reach metaphase to have
previously gone through the interphase-to-mitosis transition
during the taxol treatment. While ERM phosphorylation in-
creased more than threefold from interphase to metaphase in
control cells, we found that low doses of taxol partially inhibit
ERM phosphorylation in metaphase but did not affect the levels
of phosphorylated ERMs in interphase cells (Fig. 4, A and B).
Disassembly of interphase microtubule was also proposed to free
tubulin dimers that can then repolymerize to form the mitotic
spindle (Zhai et al., 1996). In agreement with this latter function
(Hornick et al., 2008), we found that low dose of taxol affects the
formation of the mitotic spindle, with an increase of monopolar
spindles inmetaphase, as well as an increased number of mitotic
cells (Fig. S2, F–H). Excluding an effect of taxol on ERM phos-
phorylation, independent of its action perturbing interphase
microtubule disassembly at mitosis entry, we showed that
treatment of cells with taxol for 15 min did not affect ERM
phosphorylation in metaphase when compared with cells trea-
ted with vehicle (Fig. S2, I and J). Unlike the 90-min taxol
treatment, this short 15-min treatment does not allow cells that
enter mitosis to reach metaphase. Altogether, our results sup-
port that interphase microtubule disassembly acts as a signaling
cue that drives ERM activation at mitosis entry.

A GEF-H1–RhoA–SLK signaling axis activates ERMs
downstream of interphase microtubule disassembly at mitotic
entry
We then tested if mitotic disassembly of interphase micro-
tubules could engage the same signaling network that activates
ERMs after nocodazole treatment. We first found that GEF-H1
depletion using independent siRNA or shRNA decreased ERM
phosphorylation inmetaphase (Fig. 4, C and D; and Fig. S2, K and
L). We then showed that RhoA chemical inhibition or transient
SLK depletion almost totally abrogate phosphorylation of ERMs
in metaphase (Fig. 4, E–H). While both RhoA inhibition and SLK
depletion also abrogate ERM phosphorylation in interphase, we
observed that GEF-H1 depletion affects ERM phosphorylation in
mitosis only (Fig. 4, D, F, and H). To our knowledge, GEF-H1 is
the first protein that was identified to promote ERM activation,
specifically in mitosis. Finally, if the GEF-H1–dependent path-
way transmits signals from interphase microtubule disassembly
to ERM activation in metaphase, we reasoned that the require-
ment of interphase microtubule disassembly could be bypassed
by activating RhoA. We used CN03, a small molecule that was
shown to activate RhoA to test this hypothesis (Schmidt et al.,
1997). We first validated the efficacy of this RhoA activator by
showing that CN03 promotes the phosphorylation of ERMs and
myosin light chain II, two downstream indirect effectors of
RhoA, in control cells (Fig. S2, A, B, M, and N). Confirming our
hypothesis, we then found that this RhoA activator restores
normal metaphase levels of p-ERMs in cells where interphase

microtubule disassembly was impaired by low levels of taxol
(Fig. 4, I and J). Altogether, these results demonstrate that the
disassembly of interphase microtubules acts as a cell-cycle cue
that engages GEF-H1, RhoA, and SLK to promote ERM activation
upon entering into mitosis.

SLK and ERMs promote cell rounding in metaphase
Slik and dMoesin, the fly orthologs of SLK and ERMs, respec-
tively, were shown to play crucial roles in cell rounding of
Drosophila metaphase cells (Kunda et al., 2008). Yet, the in-
volvement of SLK and ERMs and their respective mammalian
orthologs for metaphase cell rounding remains to be established.
We found that the transient knockdown of SLK led to a decrease
in metaphase cell sphericity and cell height in comparison with
control metaphase cells (Fig. 5, A and B; and Fig. S3 A). Ac-
cordingly, SLK-depleted metaphase cells appeared more spread
out as measured by the increase of cell dimensions within the
x/y plane (Fig. S3 B). To further quantify cell rounding from
interphase to metaphase, we measured the ratio of sphericity
between the two populations of interphase and metaphase cells.
We found that SLK depletion significantly reduced this ratio
(Fig. 5 C), demonstrating that, as previously established for its
Drosophila ortholog, SLK plays an important role in metaphase
cell rounding in mammalian cells. We also observed similar
sphericity defects in metaphase cells upon co-depletion of the
three ERM proteins (Fig. 5, D–G; and Fig. S3, C and D), sug-
gesting that ERM phosphorylation by SLK is required for
rounding at mitotic entry in mammalian cells. To further test
this hypothesis, we wondered if the expression of a constitu-
tively active phosphomimetic mutant of one of the ERM proteins
would compensate for the loss of SLK. While a substantial
decrease of metaphase cell sphericity was observed in SLK-
depleted cells, this was completely rescued by expression of ez-
rinT567D but not of ezrinT567A, its non-phosphorylatable mutant
(Fig. 5, H–J; and Fig. S3, E and F). We also observed that ex-
pression of ezrinT567A in control cells decreases sphericity and
cell height of metaphase cells (Fig. 5, I and J; and Fig. S3 E). This is
in accordance with this construct behaving as a dominant neg-
ative ERM mutant (Gautreau et al., 2000) and further demon-
strates the important role of ERMs for metaphase cell rounding.

Interphase microtubule disassembly at mitotic entry controls
cell rounding
We next wondered if by activating the GEF-H1–RhoA–SLK–ERM
signaling axis, the disassembly of interphase microtubule at
mitotic entry could promote cell rounding in metaphase. We
first showed that perturbing interphase microtubule disassem-
bly prevents metaphase cell rounding. We measured decreases
of metaphase cell sphericity and cell height, as well as ratio of
sphericity between interphase and metaphase in cells treated
with low dose of taxol for 90 min (Fig. 6, A–C; and Fig. S4, A and
B). Importantly, as previously observed for ERM phosphoryla-
tion (Fig. S2, I and J), a short 15-min treatment with taxol did not
affect cell sphericity or cell height in metaphase cells (Fig. S4,
C–F).

We next showed that in agreement with its role on ERM
activation in metaphase, GEF-H1 drives interphase to metaphase
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cell rounding. Depletion of GEF-H1 using siRNA or shRNA de-
creased sphericity and cell height in metaphase, as well as ratio
of sphericity between interphase and metaphase (Fig. 6, D–F;
and Fig. S4, G–M). While GEF-H1 was previously shown to
control cytokinesis (Birkenfeld et al., 2007), we present here the
first evidence that this Rho-GEF plays also important roles in
an earlier stage of mitosis. Then, and as already reported by
others (Maddox and Burridge, 2003; Matthews et al., 2012;

Ramanathan et al., 2015), we showed that RhoA was necessary
for metaphase cell rounding by inhibiting this GTPase using the
exoenzyme C3 transferase (Fig. 6, G–I; and Fig. S4, N and O).
Finally, having previously established that RhoA chemical acti-
vation bypasses the need for interphase microtubule disassem-
bly to activate ERMs in metaphase (see Fig. 4, I and J), we
showed that the RhoA activator CN03 also rescues mitotic
rounding defects caused by treatment with low doses of taxol

Figure 4. Perturbing interphase microtubule disassembly at mitotic entry inhibits ERM activation in metaphase. (A–J) Immunofluorescences of
HEK293T cells incubated with vehicle (DMSO) or indicated concentrations of taxol for 90 min (A and B; n > 70 cells), transiently transfected with non-target
siRNA (NT) or two independent siRNA targeting GEF-H1 (C and D; n > 80 cells) or two independent siRNA targeting SLK (G and H; n > 45 cells), incubated with
vehicle (veh.; water) or 1 µg/ml C3 transferase (C3) for 6 h (E and F; n > 55 cells), incubated with vehicle (DMSO) or 10 nM taxol for 90 min and/or 1 µg/ml Rho
activator II (CN03) for 1 h (I and J; n > 55 cells). Metaphase and interphase cells were identified based on DNA staining (DAPI, blue; A, C, E, G, and I; arrowheads
indicate metaphase cells), and p-ERM (green) signal intensity at the plasma membrane was quantified and normalized to interphase cells incubated with
vehicle (B and F), to interphase cells treated with non-target siRNA (D and H), or to metaphase cells incubated with vehicle (J). I, interphase; M, metaphase.
Immunofluorescences (A, C, E, G, and I) are representative of three independent experiments. p-ERM quantifications represent the mean ± SD of three in-
dependent experiments, and dots represent individual cells. P values were calculated using Holm-Sidak’s multiple comparisons test with a single pooled
variance. ****, P < 0.0001.
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Figure 5. SLK and ERMs promote cell rounding in metaphase. (A–J) Sphericity and mitotic rounding defects were measured using immunofluorescence 3D
reconstitution after confocal microscopy in HEK293T cells transiently transfected with non-target siRNA (NT) or two independent siRNA targeting SLK (A–C; n > 55 cells)
or a combination of three siRNA targeting each ERM (D–G; n > 55 cells), or transiently transfected with non-target siRNA (NT) or two independent siRNA targeting SLK
and co-transfected with ezrinT567D-dsRed or ezrinT567A-dsRed constructs (H–J; n > 48 cells). (A, E, and I) Top panels show confocal planes (Top view), and lower panels
show orthogonal views (Ortho view). Sphericity was measured as in Fig. 3 G (B, F, and J). Mitotic rounding defects were assessed by measuring the mean sphericity ratio
of metaphase to interphase cell populations (C and G). Knock down efficiency and overexpression were assessed using immunoblots (D and H). Immunofluorescences (A,
E, and I) and immunoblots (D and H) are representative of three independent experiments. Quantifications of sphericity and sphericity ratio of metaphase to interphase
populations represent themean ± SD of three independent experiments. Dots represent individual cells (B, F, and J) or independent experiments (C and G). P values were
calculated using Holm-Sidak’s multiple comparisons test with a single pooled variance (B, F, and J) or using a two-tailed paired t test (C and G). *, P < 0.05; **, P < 0.01;
****, P < 0.0001. Numbers associated with Western blots indicate molecular weight in kD. Source data are available for this figure: SourceData F5.

Leguay et al. Journal of Cell Biology 8 of 17

Signals that prompt metaphase cell rounding https://doi.org/10.1083/jcb.202109065

https://doi.org/10.1083/jcb.202109065


Figure 6. Interphase microtubules disassembly at mitotic entry controls cell rounding in metaphase. (A–K) Sphericity and mitotic rounding defects
were measured using immunofluorescence 3D reconstitution after confocal microscopy in HEK293T cells incubated with vehicle (DMSO) or indicated con-
centrations of taxol for 90 min (A–C; n > 60 cells), transiently transfected with non-target siRNA (NT) or two independent siRNA targeting GEF-H1 (D–F; n > 50
cells), incubated with vehicle (veh.; water) or 1 µg/ml C3 transferase for 6 h (G–I; n > 50 cells), or incubated with vehicle (DMSO), 10 nM taxol for 90 min and/or
1 µg/ml Rho activator II (CN03) for 1 h (J and K; n > 50 cells). Sphericity was measured as in Fig. 3 G (B, E, H, and K). Mitotic rounding defects were assessed by
measuring the mean sphericity ratio of metaphase to interphase cell populations (C, F, and I). (A, D, G, and J) Top panels show confocal planes (Top view), and
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(Fig. 6, J and K; and Fig. S4, P and Q). These results, combined,
establish that microtubule disassembly is a key regulator of
metaphase cell rounding depending on RhoA activation.

Both GEF-H1 and Ect2 act upstream of RhoA to regulate ERM
phosphorylation and cell rounding during mitosis
RhoA has been shown to be central to another signaling pathway
that regulates reorganization of the actin cytoskeleton in early
mitosis. RhoA is also activated by Ect2 (Miki et al., 1993; Yuce
et al., 2005), a Rho-GEF that is itself phosphorylated and acti-
vated by Cdk1/Cyclin B (Hara et al., 2006; Matthews et al., 2012;
Niiya et al., 2006). Ect2 promotes the generation of actomyosin
forces dependently on ROCK kinases that phosphorylate myosin
light chain II (Matthews et al., 2012). While SLK depletion and
RhoA inhibition totally abrogated ERM activation in metaphase,
GEF-H1 depletion or treatment with low dose of taxol only
partially inhibited ERM activation (Fig. 4, A–H). We, therefore,
hypothesized that interphase microtubule disassembly and Ect2
could act together to fully activate ERMs in metaphase. We
found that depletion of Ect2 by independent siRNAs partially
decreases ERM phosphorylation in metaphase, but did not affect
ERM activation in interphase (Fig. 7, A and B; and Fig. S5 A).
Therefore, similarly to GEF-H1, Ect2 contributes to ERM acti-
vation only in mitosis. Having confirmed that Ect2 is important
for interphase-to-metaphase cell rounding (Matthews et al.,
2012; Fig. 7, C and D; and Fig. S5, B–D), we then depleted Ect2
together with GEF-H1 and showed that this co-depletion further
decreases ERM phosphorylation in metaphase when compared
with single depletions of these Rho-GEFs (Fig. 7, E and F). We
confirmed this result by depleting Ect2 and inhibiting the GEF-
H1 signaling pathway using low dose of taxol to inhibit inter-
phase microtubule disassembly (Fig. S5, E and F). In accordance
with this discovery, we found that these two pathways act to-
gether to promote metaphase cell rounding. Ect2 and GEF-H1
depletion led to a similar decrease of cell sphericity inmetaphase
while their co-depletion further decreased this parameter
(Fig. 7, G and H; and Fig. S5, G and H). The ratio of sphericity
between the population of interphase and metaphase cells also
tends to decrease upon double depletion of Ect2 and GEF-H1
when compared with single depletions, even if this reduction did
not reach statistical significance (Fig. 7 I). We also confirmed
that Ect2 and GEF-H1 act together to promote metaphase cell
rounding by stabilizing microtubules with low dose of taxol in
Ect2-depleted cells (Fig. S5, I and J). Altogether, our results
provide evidence that Ect2 and GEF-H1 converge to RhoA to
activate ERMs and cell rounding at mitotic entry.

Finally, since RhoA was shown to directly activate both SLK
and ROCK kinases (Bagci et al., 2020), we aimed to investigate
the respective roles of these kinases in rounding of metaphase
cells. As previously reported (Maddox and Burridge, 2003), we
found that ROCK inhibition using Y-27632 decreased cell

rounding in metaphase (Fig. 7, J and K; and Fig. S5, K and L). We
also found that SLK depletion promoted a higher attenuation in
sphericity of metaphase cells when compared with ROCK inhi-
bition that was not further potentiated when ROCK kinases were
co-inhibited with SLK (Fig. 7, J and K). This indicates that cou-
pling ROCK-dependent actin forces to the plasma membrane
through SLK-ERM activation plays major roles in metaphase cell
rounding.

Discussion
By performing a chemical screen using newly developed ERM
biosensors (Leguay et al., 2021), we discovered that drugs that
promote microtubule disassembly, such as nocodazole, activate
ERMs through a GEF-H1–RhoA–SLK signaling axis. While no-
codazole treatment was already known to promote rounding of
cells in interphase, dependently on GEF-H1 and RhoA (Chang
et al., 2008; Krendel et al., 2002), we now show that this also
involves the ERM activating kinase SLK, since nocodazole no
longer induces cell rounding when SLK is depleted. Interphase
microtubules also disassemble at mitosis entry, and we obtained
several experimental evidence demonstrating that this disas-
sembly is one of the cell-cycle cues that control metaphase cell
rounding through ERM activation. We found that (1) SLK or ERM
depletion prevents normal cell rounding in metaphase; (2) expres-
sion of a constitutively active mutant of ezrin rescues normal levels
ofmetaphase cell sphericitywhen SLK is depleted; (3) use of taxol to
perturb interphase microtubule disassembly (Hornick et al., 2008;
Leung and Cassimeris, 2019; McHedlishvili et al., 2018) prevents
normal ERM activation and cell rounding in metaphase; (4) deple-
tion of GEF-H1, a RhoA-GEF inhibited by its binding tomicrotubules
(Joo and Olson, 2021) or inhibition of RhoA, prevents normal ERM
activation and cell rounding in metaphase, similar to what is ob-
served in taxol-treated cells; (5) both ERM phosphorylation and cell
rounding defects in metaphase triggered by taxol treatment are
rescued by bypassing the need of interphase microtubule disas-
sembly through chemical activation of RhoA.

Interestingly as cells are entering into mitosis, microtubules
are progressively disassembled at the cell periphery, whereas
they are stabilized at the vicinity of the cortex by taxol (Leung
and Cassimeris, 2019). It is therefore tempting to speculate that
at mitosis entry, GEF-H1 is released and activated by local mi-
crotubule disassembly close to the cortex where ERMs need to
be activated to contribute to metaphase cell rounding. We are
currently testing this hypothesis, which is also in agreement
with a recent study showing that in migrating cells, micro-
tubules that disassemble close to the cortex promote cortical
contractions depending on GEF-H1 and RhoA activation within a
narrow cortical peripheral band (Azoitei et al., 2019).

We propose that disassembly of interphase microtubules
at mitotic entry activates the membrane-actin linkers ERMs

lower panels show orthogonal views (Ortho view). I, interphase; M, metaphase. Immunofluorescences (A, D, G, and J) are representative of three independent
experiments. Quantifications of sphericity and sphericity ratio of metaphase-to-interphase populations represent the mean ± SD of three independent ex-
periments. Dots represent individual cells (B, E, H, and K) or independent experiments (C, F, and I). P values were calculated using Holm-Sidak’s multiple
comparisons test with a single pooled variance (B, E, H, and K) or using a two-tailed paired t test (C, F, and I). *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure 7. Both GEF-H1 and Ect2 regulate ERM phosphorylation and cell rounding in metaphase. (A and B) Immunofluorescence of HEK293T cells
transiently transfected with non-target siRNA (NT) or two independent siRNA targeting Ect2 (A). Metaphase and interphase cells were identified based on DNA
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through GEF-H1, RhoA, and SLK (Fig. 8). Interphasemicrotubule
disassembly was shown to depend on the inactivation ofMAP7, a
microtubule-stabilizing protein, through direct phosphorylation
by the Cdk1/Cyclin B complex (McHedlishvili et al., 2018).
Therefore, at mitosis onset, Cdk1/Cyclin B activates two Rho-
GEFs: GEF-H1 through disassembly of interphase microtubule
(McHedlishvili et al., 2018) and Ect2 through direct phospho-
rylation (Matthews et al., 2012). GEF-H1 and Ect2 both engage
RhoA that relays the cell-cycle signals to its direct effectors,
ROCK kinases, and SLK. In return, ROCK kinases generate the
actomyosin forces (Maddox and Burridge, 2003; Matthews et al.,
2012), while SLK activates ERMs that link these forces to the
plasma membrane (Fig. 8). This integrated signaling network
coordinates the generation of actomyosin forces with their
coupling to the plasma membrane to drive cell rounding at
mitotic entry.

Slik and dMoesin, the respective Drosophila orthologs of SLK
and ERMs, have been shown to be essential to promote meta-
phase cell rounding by increasing cortical stiffness (Kunda et al.,
2008). Yet, the importance of SLK and ERMs for mitotic cell
rounding remained controversial. In HeLa cells, ezrin RNAi-
mediated silencing was previously shown to trigger a decrease
in cortical tension during metaphase (Toyoda et al., 2017). Since
the increase of cortical tension at mitotic entry provides an es-
sential force that prompts cell rounding, this finding suggests
that the role of ERMs for metaphase rounding is conserved in
mammalian cells. In disagreement with this hypothesis, meta-
phase rounding was reported not to be affected upon depletion
of SLK or ERMs in HeLa cells (Machicoane et al., 2014). Notably,
these last observations were made by recording cell division by
phase contrast time-lapse microscopy. Although this approach
could indicate whether cells round-up to a certain extent, it is
not as accurate as 3D reconstruction after confocal microscopy to
precisely measure cell sphericity. Here, using the latter ap-
proach, we demonstrated that depletion of SLK or co-depletion
of the three ERMs promote a decrease of cell sphericity between
interphase and metaphase when compared to control cells. This
establishes that Slik/SLK and ERM proteins play important roles
for metaphase cell rounding from fly to mammals.

We showed that the inhibition of Ect2, GEF-H1, RhoA, ROCK
kinases, SLK, or ERMs triggered substantial defects in meta-
phase cell rounding. Yet, we did not observe a complete inhibi-
tion of this rounding.We also found that while the overexpression
of a constitutive active mutant of ezrin (ezrinT567D) did increase
cell rounding in interphase, the average sphericity of interphase
ezrinT567D expressing cells was still lower than what was observed
in control metaphase cells or in ezrinT567D metaphase cells
(Fig. 5 J). These results suggest that the reorganization of acto-
myosin network at mitotic entry is an important but not a suffi-
cient mechanism to drive cell rounding in metaphase.

This is in agreement with other studies that showed that
mitotic cell rounding is also promoted by two othermechanisms:
the decrease of integrin-based cell-substrate adhesions (Dao
et al., 2009; Marchesi et al., 2014; Yamakita et al., 1999) and
the increase of intracellular pressure due to water influx (Son
et al., 2015; Stewart et al., 2011; Zlotek-Zlotkiewicz et al., 2015).
In addition to help cell rounding, the water influx occurring in
metaphase was shown to help the disassembly of interphase
microtubules (McHedlishvili et al., 2018). Yet, it is still not clear
whether and how the reorganization of the actomyosin cortex at
mitotic entry is coordinated with focal adhesion disassembly. A
potential candidate that could coordinate these two mechanisms
is SLK. This kinase was shown to directly phosphorylate paxillin
and to promote focal adhesion turnover during cell migration
(Quizi et al., 2013; Wagner et al., 2008). We are currently in-
vestigating whether, in addition to activating ERMs, SLK could
promote the disassembly of focal adhesion structures when cells
enter mitosis.

To remodel cell shape, the forces generated by actomyosin
contractions need to be linked to the plasma membrane. While
the ROCK kinases are well-characterized RhoA effectors, we
very recently reported that SLK is also a direct effector of this
small GTPase (Bagci et al., 2020). This finding provided a po-
tential signaling module that places RhoA in an upstream setting
to couple actomyosin force generation, via ROCK, with their
functional integration through ERM activation, via SLK, at the
plasma membrane. Here, we demonstrated that this signaling
module was at play to drive mitotic rounding. It is indeed

staining (DAPI, blue; A; arrowheads indicate metaphase cells), and p-ERM (green) signal intensity at the plasma membrane was quantified and normalized to
interphase cells transfected with non-target siRNA (B; n > 60 cells). (C and D) Sphericity and mitotic rounding defects were measured using immunofluo-
rescence 3D reconstitution after confocal microscopy (see Fig. S5 B) in HEK293T cells transiently transfected with non-target siRNA (NT) or two independent
siRNA targeting Ect2. Sphericity was measured as in Fig. 3 G (C). Mitotic rounding defects were assessed by measuring the mean sphericity ratio of metaphase
to interphase cell populations (D). (n > 55 cells). (E and F) Immunofluorescence of HEK293T cells transiently transfected with non-target siRNA (NT), siRNA
targeting GEF-H1 and/or siRNA targeting Ect2 (E). Metaphase and interphase cells were identified based on DNA staining (DAPI, blue; E; arrowheads indicate
metaphase cells), and p-ERM signal intensity at the plasmamembrane was quantified and normalized to interphase cells transfected with non-target siRNA (F).
Quantifications of p-ERM signal intensity of cells transfected with non-target siRNA or siRNA #1 targeting Ect2 (Ect2 #1; F) were already shown in B (n > 45
cells). (G–K) Sphericity and mitotic rounding defects were measured using immunofluorescence 3D reconstitution after confocal microscopy in HEK293T cells
transiently transfected with non-target siRNA (NT), siRNA targeting GEF-H1 and/or siRNA targeting Ect2 (G–I; n > 55 cells), or two independent siRNA targeting
SLK and incubated with vehicle (DMSO) or 10 µM Y-27632 for 4 h (J and K; n > 55 cells). Sphericity was measured as in Fig. 3 G (H and K). Mitotic rounding
defects were assessed by measuring the mean sphericity ratio of metaphase to interphase cell populations (I). Quantifications of sphericity of cells transiently
transfected with non-target siRNA or siRNA #1 targeting Ect2 (Ect2 #1; H) were already shown in C. Quantifications of sphericity of metaphase cells transiently
transfected with non-target siRNA or siRNA targeting SLK and treated with vehicle (K) were already shown in Fig. 5 B. (G and J) Top panels show confocal
planes (Top view), and lower panels show orthogonal views (Ortho view). I, interphase; M, metaphase. Immunofluorescences (A, E, G, and J) are representative
of three independent experiments. Quantifications of p-ERM, sphericity, and sphericity ratio of metaphase-to-interphase populations represent the mean ± SD
of three independent experiments. Dots represent individual cells (B, C, F, H, and K) or independent experiments (D and I). P values were calculated using
Holm-Sidak’s multiple comparisons test with a single pooled variance (B, C, F, H, and K) or using a two-tailed paired t test (D and I). *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001.
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tempting to speculate that this signaling module can regulate
other aspects of cell morphogenesis. Interestingly, GEF-H1 was
recently shown to be specifically inhibited at the proximity of
focal adhesions. GEF-H1, under its inactive state, is bound to
microtubules that are themselves linked to talin by a KN motif
and ankyrin repeat domain-containing protein/CLIP-associating
protein microtubule docking complex (Rafiq et al., 2019). This
mechanism ensures that actomyosin contractions areminimal at
the vicinity of focal adhesions. This raises the possibility that the
disassembly of focal adhesions releases active GEF-H1 to activate
RhoA and promote actomyosin contractions coupled to the
plasmamembrane through activation of ROCK and ERMs. While
this remains to be tested, one could envision that this signaling
pathway can drive the dynamic reorganization of the plasma

membrane necessary for migration, a cellular function that was
also shown to involve activity of ERMs (Arpin et al., 2011; Clucas
and Valderrama, 2014).

Materials and methods
Reagents and inhibitors
Nocodazole, taxol, and Y-27632 were purchased from Sigma-
Aldrich (#M1404, #T7402, and #688000, respectively). Podo-
phyllotoxin was purchased from Cayman chemical (#19575). The
exoenzyme C3 transferase (Rho inhibitor I) and the Rho acti-
vator II (CN03) were purchased from Cytoskeleton (#CT04 and
#CN03, respectively). Coelenterazine 400a was purchased from
NanoLight Technology (#340).

Figure 8. Model for ERM activation and cell rounding at mitosis entry. The Cdk1/Cyclin B complex promotes both Ect2 phosphorylation (Matthews et al.,
2012) and interphase microtubule disassembly (McHedlishvili et al., 2018), leading to GEF-H1 release and activation. GEF-H1 and Ect2 activate RhoA that in turn
activates SLK and ROCK kinases. While ROCK kinases take charge of the phosphorylation of myosin II to generate actomyosin forces, SLK activates ERMs that
integrate the actomyosin forces to the plasma membrane. This integrated signaling network promotes cell rounding at mitotic entry.
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DNA and RNA constructs
MyrPB-ezrin-rLucII, ezrin-rLucII, and rGFP-CAAX constructs
were previously described (Leguay et al., 2021). Ez-
rinKK211,212MM-rLucII was obtained by inverse PCR from ezrin-
rLucII using the following primers: (forward) 59-ATGATGGGA
ACAGACCTTTGGCTTGGAGTTGATGCCCTTGG-39; (reverse) 59-
GTTTTTTATCTCGAAATAGTTGATTCCATACATTTCCAGGTCC-
39.

Ezrin-DsRed was obtained by subcloning PCR amplified ezrin
into pDsRed-Monomer-N1 vector (#632465; Clontech) digested
by NheI and XhoI. EzrinT567D-DsRed and ezrinT567A-DsRed were
obtained by inverse PCR on ezrin-DsRed using the following
primers: (forward for TD) 59-AAGATCTGCGGCAGATCCGGC
AGGGCAACACCAAGC-39; (forward for TA) 59-AAGCTTTGCGGC
AGATCCGGCAGGGCAACACCAAGC-39; (reverse for TD/TA) 59-
TGTACTTGTCCCGGCCTTGCCTCATGTTCTCG-39.

MISSION shRNA constructs were obtained in pLKO.1-puro
vectors from Sigma-Aldrich: SLK #1 (TRCN0000000895, sense
strand: 59-CCACCACTGATGAACCTGAAA-39); SLK #2 (TRCN
0000000897, sense strand: 59-CCATGACAGAACAGCAGTAAT-
39); GEF-H1 #1 (TRCN0000003174, sense strand: 59-CGCTCTGTC
CATCGAAACTTT-39); GEF-H1 #2 (TRCN0000003176, sense
strand: 59-CCCAACCTGCAATGTGACTAT-39).

FlexiTube siRNA were obtained from Qiagen: SLK #1
(SI00107723, sense strand: 59-TAGCATCTTGTGATCACCCAA-
39); SLK #2 (SI04438350, sense strand: 59-AAGTAGCATCTTGGT
GACTAA-39); GEF-H1 #1 (SI00067564, sense strand: 59-CTGCAA
TGTGACTATCCACAA-39); GEF-H1 #2 (SI05181533, sense strand:
59-TTCAGTGGTATCGCTGCAGAA-39); ECT2 #1 (SI02643067,
sense strand: 59-TTGCCTAGAGATAGCAAGAAA-39); ECT2 #2
(SI03049249, sense strand: 59-ATGACGCATATTAATGAGGAT-
39); EZR (SI02664228, sense strand: 59-CAGGACTGATTGAAT
TACGGA-39); RDX (SI02664144, sense strand: 59-GAGGAAGAA
CGTGTAACCGAA-39); MSN (SI00300888, sense strand: 59-AAA
GGTTTCTCCACCTGGCTG-39).

Cell culture, transfection and infection
Human HEK293T, HeLa, A375, SW620 cells, and murine MC38
cells were cultured in DMEM (4.5 g/l D-glucose, L-Glutamine,
110mg/l sodium pyruvate; #11995073; Invitrogen) supplemented
with 10% FBS (#12483020; Life Invitrogen) and 1% penicillin–
streptomycin antibiotics (#15070063; Thermo Fisher Scientific)
at 37°C with 5% CO2. Transfections for BRET experiments were
performed as previously described (Leguay et al., 2021). Briefly,
HEK293T cells were transfected with 1 µg of total DNA (50 ng
rLucII construct, 300 ng rGFP-CAAX, and 650 ng salmon sperm
DNA) using linear polyethyleneimine (#43896; Alfa Aesar)
as transfecting agent (polyethyleneimine:DNA ratio of 3:1).
Transfected cells were then plated in white 96-well culture
plates (#82050-736; VWR) and incubated for 48 h prior to BRET
measurement. For loss-of-function experiments, siRNAs were
transfected using lipofectamine RNAiMAX (#13778075; Thermo
Fisher Scientific). For lentiviral infection, lentiviruses were
added to the cells cultivated in DMEM supplemented with 10%
FBS and 5 µg/ml polybrene (#H9268; Sigma-Aldrich) for 48 h.
Infected cells were then selected for another 48 h prior to ex-
periments using 2 µg/ml puromycin (#540222; EMD Millipore).

BRET measurement
48 h after transfection, HEK293T cells were washed with HBSS
(#14065056; Thermo Fisher Scientific) and incubated for 5 min
with 2.5 µM coelenterazine 400a diluted in HBSS. BRET signals
were monitored with a Tecan Infinite 200 PRO multifunctional
microplate reader (Tecan) equipped with BLUE1 (370–480 nm;
donor) and GREEN1 (520–570 nm; acceptor) filters. BRET signals
were calculated as a ratio by dividing the acceptor emission over
the donor emission.

Chemical screen
The day before the experiment, HEK293T cells stably expressing
MyrPB-ezrin-rLucII and rGFP-CAAXwere suspended in DMEM/
F12 without phenol red (#21041025; Invitrogen) supplemented
with 1% FBS, sifted through a 70-µm cell strainer (#352350;
Falcon), and seeded in white 384-well culture plates (#3570;
Corning). After an overnight incubation at 37°C with 5% CO2,
compounds from different libraries (Microsource Discovery,
Biomol GmbH, Prestwick, and Sigma-Aldrich) were added using
an Echo 555 acoustic dispenser (Labcyte) at a final concentration
of 10 µM for 1 h. Substrate solution (coelenterazine 400a diluted
in HBSS with 1% pluronic acid) was added 15 min before reading
at a final concentration of 2.5 µM. BRET signals were monitored
with a Synergy NEO HTS microplate reader (BioTek) equipped
with a donor filter of 410/80 nm and an acceptor filter of 515/
40 nm.

Immunoblotting
Cells were washed with ice-cold PBS and lysed in TLB buffer
(40 mM Hepes, 1 mM EDTA, 120 mM NaCl, 10 mM NaPPi, 10%
glycerol, 1% Triton X-100, 0.1% SDS) supplemented with both
phosphatase and protease inhibitors (phosphatase inhibitor
cocktail [#P2850; Sigma-Aldrich], 1 mM sodium orthovanadate
[Na3VO4, #S6508; Sigma-Aldrich], 5 mM β-glycerophosphate
[#G6251; Sigma-Aldrich], 1 mM PMSF [#P7626; Sigma-
Aldrich], and anti-protease cocktail [#4693132001; Sigma-Al-
drich]). Samples were then boiled in sample buffer (200 mM
Tris-HCl 1 M, pH 6.8, 8% SDS, 0.4% bromophenol blue, 40%
glycerol, and 412 mM β-mercaptoethanol) before being re-
solved by 8% SDS-PAGE and transferred to nitrocellulose
membranes (pore 0.2 μm, #27376-991; VWR). For RhoA im-
munoblotting, proteins were transferred to polyvinylidene di-
fluoride membrane (pore 0.45 μm, #IPVH00010; Millipore).
Membranes were then blocked in TBS-Tween (25 mM Tris-
HCl, pH 8, 125 mM NaCl, 0.1% Tween 20) supplemented with
2% BSA (#ALB001.250; Bioshop) for 1 h before overnight in-
cubation with primary antibodies at 4°C. Primary antibodies
used are: rabbit anti-ERM (1:1,000, #3142; Cell Signaling),
rabbit anti-ezrin (1:1,000, #3145; Cell Signaling), rabbit anti-
radixin (1:1,000, #2636; Cell Signaling), rabbit anti-moesin (1:
1,000, #3150; Cell Signaling), rabbit anti-phospho-ERM (1:5,000;
Carreno et al., 2008), mouse anti-actin (1:5,000, #MAB1501;
Sigma-Aldrich), rabbit anti-SLK (1:500, #A300-499A; Cederlane),
mouse anti-RhoA (1:500, #ARH05; Cytoskeleton), rabbit
anti–GEF-H1 (1:1,000, #ab155785; Abcam), rabbit anti-Ect2
(1:1,000, #07–1364; Millipore Sigma), and mouse anti-tubulin
(1:1,000, #T9026; Sigma-Aldrich). Washed membranes were
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then incubated for 1 h with secondary antibodies: goat anti-
rabbit HRP antibody (1:10,000, #sc-2004; Santacruz) or goat
anti-mouse HRP (1:10,000, #sc-516102; Santacruz). Protein
detection was performed using Amersham ECL Western blot-
ting detection reagent (#CA95038-564L; GE Healthcare). Im-
munoblots were quantified using ImageJ software (National
Institutes of Health [NIH]).

Immunofluorescence
Cells plated on glass coverslips (#0115200; Marienfeld) were
washed once with PBS and fixed. For p-ERM and p-MLC2
staining, cells were fixed with 10% trichloroacetic acid
(#T0699; Sigma-Aldrich) for 10 min at room temperature before
extensive washings with TBS (20 mM Tris-HCl, pH 7.5, 154 mM
NaCl, 2 mMEGTA, 2 mMMgCl2). For cytoskeleton staining, cells
were fixed with 4% paraformaldehyde (#043368-9M; Cederlane)
for 30 min. Cells were then permeabilized with 0.02% saponin
(#0163; Amresco) and blocked with 2% BSA (#ALB001.250;
Bioshop) for 1 h. The antibodies used were the following: rabbit
anti-phospho-ERM (1:500, overnight; Carreno et al., 2008),
mouse anti-phospho-MLC2 (Ser19; 1:50, overnight, #3675S;
Cell signaling), goat anti-rabbit Alexa Fluor 488–conjugated
secondary antibody (1:200, 1 h, #A11070; Invitrogen), goat
anti-mouse Alexa Fluor 488–conjugated secondary antibody
(1:200, 1 h, #A21235; Invitrogen), phalloidin Texas red (1:100,
1 h, #T7471; Life technologies), phalloidin Alexa Fluor 647 (1:100,
1 h, #A22287; Thermo Fisher Scientific) and anti–α-Tubulin-FITC
(1:200, 1 h, #F2168; Millipore Sigma). Coverslips were mounted
in Vectashield medium with DAPI (#H-1200; Vector Laborato-
ries). Images were acquired using a LSM700 confocal microscope
(Zeiss) equipped with a Plan Neofluar 40×/1.30 NA or a Plan
Apochromat DIC 63×/1.4 oil immersion objectives. For quantifi-
cations of p-ERM levels, images were acquired with identical
microscope settings across the same experiment. p-ERM signals
were measured all around the plasma membrane using the
segmented line tool from ImageJ software (NIH). p-ERM inten-
sity is represented as the average of p-ERM levels at the plasma
membrane per cell, in which background was subtracted. In
experiments where p-ERM levels were quantified in both in-
terphase and metaphase cells, p-ERM levels per cell were nor-
malized to the average of p-ERM levels in interphase control cells
(vehicle or si/shRNA non-target). Thus, the average of normal-
ized p-ERM levels in control interphase cells is equal to 1. For cell
sphericity measurements, orthogonal views were extracted us-
ing Zen software (Zeiss). On these views, several parameters
were measured using ImageJ software (NIH): cell height (z) and
cell width determined as the average between the longer axis (L)
and its orthogonal (O). Cell sphericity was then determined as a
ratio between cell height and cell width. Blue lines on pictures
symbolize the adhesion surface (coverslip).

In vitro kinase assay
In vitro kinase assays were performed as previously described
with slight modifications (Bagci et al., 2020). Briefly, endoge-
nous SLK from HEK293T cell lysate was immunoprecipitated
using rabbit anti-SLK antibody (#A300-499A; Bethyl) incubated
for 1 h at 4°C followed by incubation with protein A–sepharose

beads (#GE17-0780-01; GE Healthcare) for 2 h at 4°C. Beads were
then washed three times with TLB and three times with kinase
reaction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 6 mM
MgCl2, and 1 mMMnCl2). Beads were then resuspended in 15 μl
kinase reaction buffer supplemented with 2 mM DTT, 50 µM
ATP, 1 mM Na3VO4, 5 mM NaF, and 2.5 mM sodium pyro-
phosphate with purified recombinant GST or GST-Ezrin479–585

from BL21 bacteria. Beads were finally incubated at 30°C for
30 min, and proteins were denatured using sample buffer. For
in vitro kinase assay using recombinant purified SLK, SLK enzyme
was purchased from Promega (#V4242). In vitro kinase assays
were performed in 384-well low volume plates (#784075; Greiner)
in 5 μl reaction volume. Kinase reactions were executed for 2 h at
room temperature in reaction buffer A (40 mM Tris, pH 7.5,
20mMMgCl2 and 0.1mg/ml BSA supplementedwith 50 µMDTT)
with 100 ng purified SLK, 0.5 µg histone H3 protein as substrate,
and 50 µM ATP. Kinase reactions were then stopped and pro-
cessed using ADP-Glo kinase assay kit (#V6930; Promega) as in-
dicated in the manual. Briefly, 5 μl of ADP-Glo reagent was added
for 40 min at room temperature to stop the reaction, followed by
10 μl of Kinase Detection Agent for 30 min. Luminescence signals
was measured with a Synergy NEO Microplate Reader (Biotek).

Rhotekin-RBD pull-down assay
Rhotekin-RBD beads were purchased from Cytoskeleton
(#RT02), and the assay were performed as indicated by the
manufacturer. Briefly, HEK293T cells, treated as indicated,
were washed once with ice-cold PBS and lysed in ice-cold cell
lysis buffer (50mMTris, pH 7.5, 10 mMMgCl2, 0.5 MNaCl, and
2% IGEPAL) supplemented with protease inhibitor cocktail. Cell
lysates were then immediately clarified by centrifugation at
10,000 g for 1 min at 4°C. After protein quantification, 600 µg
of proteins were incubated with 50 µg rhotekin-RBD beads for
1 h at 4°C. Beads were then washed twice with washing buffer
(25 mM Tris, pH 7.5, 30 mM MgCl2, 40 mM NaCl) and sus-
pended in sample buffer.

Data and statistical analysis
All quantifications were performed using ImageJ software (NIH)
and analyzed using GraphPad PRISM software (GraphPad Soft-
ware). Microscopy images were prepared using ImageJ software
(NIH) and Photoshop (Adobe). All data represent the mean ± SD
of multiple independent experiments as indicated in the figure
legends. Statistical significance between various conditions was
assessed by determining P values (95% confidence interval)
using GraphPad PRISM software. Different statistical tests were
used according to the type of data, as indicated in the figure
legends: one-sample t test (one experimental group compared to
a control experimental group normalized to 1); two-tailed paired
or unpaired t test (two experimental groups); Holm-Sidak’s
multiple comparison test with a single pooled variance (three
ormore experimental groups). Data distribution was assumed to
be normal, but this was not formally tested.

Online supplemental material
Fig. S1 presents the list of molecules identified in the chemical
screen and shows that drugs that disassemble microtubules
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trigger ERM phosphorylation. Fig. S2 validates the efficiency of
small molecules targeting ROCK and RhoA used in this study. It
shows the impact of taxol on mitotic spindle formation and
confirms the role of GEF-H1 on ERM activation. Fig. S3 presents
measurements of cell height and cell shape within the x/y plane
from experiments presented in Fig. 5 showing that SLK and
ERMs promote cell rounding in metaphase. Fig. S4 presents
measurements of cell height and cell shape within the x/y plane
from experiments presented in Fig. 6 showing that both GEF-H1
and RhoA are promoting cell rounding in metaphase. Fig. S5
presents measurements from experiments presented in Fig. 7
showing that both Ect2 and GEF-H1 regulate ERM phosphoryl-
ation and cell rounding in metaphase.
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Figure S1. Microtubule disassembly promotes ERM activation. (A) Distribution of the 3,469 compounds (blue dots) screened over MyrPB-ezrin-rLucII
BRET2 activation. BRET2 signals are normalized to vehicle (DMSO, 100%). Grey zone represents vehicle (100%) ± 28.4% corresponding to three times the SD of
all compounds tested. Compounds promoting a BRET2 signal decrease lower than 71.6% are potential ezrin activators. (B) Schematic representation of the
number of hits identified after both the primary and confirmation screens. (C) Table showing the targets of each compounds identified and validated in the
chemical screen. BRET2 signals (in % compared to vehicle) measured for each compound in the primary and confirmation screens are indicated in columns
2 and 3, respectively. (D) Immunofluorescence of microtubules of HEK293T cells treated with indicated inhibitors for 15 min. (E and F) Immunoblots of
HEK293T (left) and HeLa (right) cells incubated with the indicated concentrations of podophyllotoxin for 15 min (E). p-ERM over ERM signals were quantified
and normalized to vehicle (DMSO; F). (G) Immunoblots of Hs578T, A375, SW620, and MC38 cells treated with 1 µM nocodazole for 15 min. (H and I) Im-
munofluorescence of HEK293T cells incubated with vehicle (DMSO) or 1 µM podophyllotoxin for 15 min (H). p-ERM staining at the plasma membrane was
quantified and normalized to cells treated with vehicle (I; n > 45 cells). Immunofluorescence (H) and quantification of p-ERM staining at the plasma membrane
(I) of vehicle treated cells were already shown in Fig. 1, H and I, respectively. (J) Immunoblot of HEK293T cells transfected with ezrinWT-rLucII or ezrin-
KK211,212MM-rLucII and treated with vehicle (DMSO) or 1 µM nocodazole for 15 min. Immunofluorescences (D and H) and immunoblots (E, G, and J) are rep-
resentative of at least two independent experiments. p-ERM quantifications represent the mean ± SD of at least two independent experiments. Dots represent
independent experiments (F) or individual cells (I). P values were calculated using one-sample t test (F) or using two-tailed unpaired t test (I). *, P < 0.05; ****,
P < 0.0001. Numbers associated with Western blots indicate molecular weight in kD. Source data are available for this figure: SourceData FS1.
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Figure S2. Taxol-induced microtubule stabilization affects mitotic spindle organization while GEF-H1 and RhoA are key regulators of ERM during
mitosis. (A and B) Immunofluorescence of HEK293T cells treated with vehicle (DMSO), 10 µM Y-27632 for 4 h, 1 µg/ml C3 transferase (C3) for 6 h, or 1 µg/ml
Rho activator II (CN03) for 1 h (A). p-MLC2 (Ser19) signal intensity at the plasma membrane over cytosol is normalized to cells treated with vehicle (B; n > 60
cells). (C and D) Immunoblot of HEK293T cells transiently transfected with non-target siRNA (NT) or siRNA targeting GEF-H1 (C). p-ERM over tubulin signals
were quantified and normalized to NT treated with vehicle (D). (E) SLK kinase activity measured by an in vitro kinase assay in presence of purified GST-SLK pre-
incubated with vehicle (DMSO), 100 nM staurosporine, or 1 µM nocodazole for 15 min. (F–H) Immunofluorescence of HEK293T cells treated with vehicle
(DMSO) or 10 nM taxol for 90 min (F). Percentage of metaphase cells was determined (G) based on DNA and tubulin staining (F), and mitotic spindles were
classified following the number of apparent centrosomes (monopolar, bipolar, or tri/multi-polar; H). (I and J) Immunofluorescence of HEK293T cells treated
with vehicle (DMSO) or 10 nM taxol for 15 min (I). Metaphase cells were identified based on DNA staining (DAPI, blue; arrowheads indicate metaphase cells),
and p-ERM signal intensity at the plasmamembrane was quantified and normalized to cells treated with vehicle (J; n > 50 cells). (K and L) Immunofluorescence
of HEK293T cells stably expressing non-target shRNA (NT) or two independent shRNA targeting GEF-H1 (K). Metaphase and interphase cells were identified
based on DNA staining (DAPI, blue; arrowheads indicate metaphase cells), and p-ERM signal intensity at the plasma membrane was quantified and normalized
to interphase cells treated with non-target shRNA (L). I, interphase; M, metaphase (n > 55 cells). (M and N) Immunofluorescence of HEK293T cells incubated
with vehicle (water) or 1 µg/ml Rho activator II (CN03) for 1 h (M). p-ERM signal intensity at the plasma membrane in metaphase cells was quantified and
normalized to cells incubated with vehicle (N; n = 50 cells). Immunofluorescences (A, F, I, K, and M) and immunoblot (C) are representative of at least two
independent experiments. All quantifications represent the mean ± SD of at least two independent experiments. Dots represent individual cells (B, J, L, and N)
or independent experiments (D, E, and G). P values were calculated using a two-tailed unpaired t test (B, J, and N), using a two-tailed paired t test (G and H), or
using Holm-Sidak’s multiple comparisons test with a single pooled variance (D and L), except for comparison made with normalizing condition (NT + vehicle
[D]) where one-sample t test was applied. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Numbers associated withWestern blots indicate molecular
weight in kD. Source data are available for this figure: SourceData FS2.
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Figure S3. SLK and ERMs control metaphase cell rounding. (A–F) Cell height and cell shape within the x/y plane were measured in HEK293T cells
transiently transfected with non-target siRNA (NT) or two independent siRNA targeting SLK (A and B; n > 55 cells), or a combination of three independent
siRNA targeting all three ERM (C and D; n > 55 cells), or two independent siRNA targeting SLK and co-transfected with ezrinT567D-dsRed (constitutively active)
or ezrinT567A-dsRed (non phosphorylatable) constructs (E and F; n > 48 cells). I, interphase; M, metaphase. Quantifications represent the mean ± SD of three
independent experiments. Dots represent individual cells. P values were calculated using Holm-Sidak’s multiple comparisons test with a single pooled variance.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S4. Microtubule dissociation atmitotic entry regulates cell rounding depending on GEF-H1 and RhoA. (A and B) Cell height and cell shape within
the x/y plane were measured in HEK293T cells incubated with vehicle (DMSO) or taxol for 90 min (A and B; n > 60 cells). (C–F) Sphericity (D), cell height (E),
and cell shape within the x/y plane (F) were measured using immunofluorescence 3D reconstitution after confocal microscopy (C) in HEK293T metaphase cells
treated with vehicle (DMSO) or 10 nM taxol for 15 min. Sphericity was measured as in Fig. 3 G (D). (C) Top panels show confocal planes (Top view), and lower
panels show orthogonal views (Ortho view; n > 45 cells). (G and H) Cell height (G) and cell shape within the x/y plane (H) were measured in HEK293T cells
transiently transfected with non-target siRNA (NT) or two independent siRNA targeting GEF-H1 (n > 50 cells). (I–M) Sphericity (J), cell height (K), cell shape
within the x/y plane (L), and mitotic rounding defects (M) were measured using immunofluorescence 3D reconstitution after confocal microscopy (I) in
HEK293T cells stably expressing non-target shRNA (NT) or two independent shRNA targeting GEF-H1. Sphericity was measured as in Fig. 3 G (F). Mitotic
rounding defects were assessed by measuring the mean sphericity ratio of metaphase-to-interphase cell populations (M). (I) Top panels show confocal planes
(Top view), and lower panels show orthogonal views (Ortho view; n > 70 cells). (N–Q) Cell height and cell shape within the x/y plane were measured in
HEK293T cells incubated with vehicle (water) or 1 µg/ml C3 transferase for 6 h (N and O; n > 50 cells), or incubated with vehicle (DMSO), 10 nM taxol for 90min
and/or 1 µg/ml Rho activator II (CN03) for 1 h (P and Q; n > 50 cells). I, interphase; M, metaphase. Immunofluorescences (C and I) are representative of at least
two independent experiments. All quantifications represent the mean ± SD of at least two independent experiments. Dots represent individual cells (A, B, D–H,
J–L, and N–Q) or independent experiments (M). P values were calculated using Holm-Sidak’s multiple comparisons test with a single pooled variance (A, B, G, H,
J–L, and N–Q), two-tailed unpaired t test (D–F) or two-tailed paired t test (M). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S5. Ect2 acts together with interphase microtubule disassemblyand GEF-H1 to regulate ERM activity and metaphase cell rounding.
(A) Immunoblot of HEK293T cells transiently transfected with non-target siRNA (NT; lane #1), two independent siRNA targeting Ect2 (lanes #2 and #3), or
GEF-H1 (lanes #4 and #5), or transfected with a combination of siRNA targeting Ect2 and GEF-H1 (lane #6). (B–D) Cell height (C) and cell shape within the x/y
plane (D) were measured using immunofluorescence 3D reconstitution after confocal microscopy (B) in HEK293T cells transiently transfected with non-target
siRNA (NT) or two independent siRNA targeting Ect2 (n > 55 cells). (E and F) Immunofluorescence of HEK293T cells transiently transfected with non-target
siRNA (NT) or siRNA targeting Ect2 and incubated with vehicle (DMSO) or 10 nM taxol for 90 min. Metaphase cells were identified based on DNA staining
(DAPI, blue; E; arrowheads indicate metaphase cells), and p-ERM signal intensity at the plasmamembrane in metaphase cells was quantified and normalized to
cells transfected with non-target siRNA and incubated with vehicle (F). Quantification of p-ERM signal intensity of metaphase cells transiently transfected with
non-target siRNA (NT) or siRNA #1 targeting Ect2 (Ect2 #1) was already shown in Fig. 7 B (n > 70 cells). (G and H) Cell height (G) and cell shape within the x/y
plane (H) were measured in HEK293T cells transiently transfected with non-target siRNA (NT), siRNA targeting Ect2 or GEF-H1, or with a combination of siRNA
targeting Ect2 and GEF-H1 (n > 55 cells). (I and J) Sphericity was measured using immunofluorescence 3D reconstitution after confocal microscopy (I) in
HEK293T cells transfected with non-target siRNA (NT) or siRNA targeting Ect2 and incubated with vehicle (DMSO) or 10 nM taxol for 90 min. Sphericity was
measured as in Fig. 3 G (J). Sphericity of metaphase cells transiently transfected with non-target siRNA (NT) or siRNA #1 targeting Ect2 (Ect2 #1; J) was already
shown in Fig. 7 C (n > 60 cells). (K and L) Sphericity (K) and mitotic rounding defects (L) were measured using immunofluorescence 3D reconstitution after
confocal microscopy (see Fig. 7 J) in HEK293T cells incubated with vehicle (DMSO) or 10 µM Y-27632 for 4 h. Sphericity was measured as in Fig. 3 G (K). Mitotic
rounding defects were assessed by measuring the mean sphericity ratio of metaphase to interphase cell populations (L) (n > 55 cells). I, interphase; M,
metaphase. Immunoblot (A) and immunofluorescences (B, E, and I) are representative of three independent experiments. All quantifications represent the
mean ± SD of three independent experiments. Dots represent individual cells (C, D, F–H, J, and K) or independent experiments (L). P values were calculated
using Holm-Sidak’s multiple comparisons test with a single pooled variance (C, D, F–H, J, and K) or two-tailed paired t test (L). *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001. Numbers associated with Western blots indicate molecular weight in kD. Source data are available for this figure: SourceData FS5.
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