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iASPP contributes to cell cortex rigidity, mitotic cell
rounding, and spindle positioning

Aurélie Mangon*®, Daniéle Salatin', Mohamed Lala Bouali*@®, Mira Kuzmic?, Sabine Quitard?, Sylvie Thuault'®, Daniel Isnardon?, Stéphane Audebert!@®,
Pierre-Henri Puech?®, Pascal Verdier-Pinard'®, and Ali Badache!®

iASPP is a protein mostly known as an inhibitor of p53 pro-apoptotic activity and a predicted regulatory subunit of the PP1
phosphatase, which is often overexpressed in tumors. We report that iASPP associates with the microtubule plus-end binding
protein EBI, a central regulator of microtubule dynamics, via an SxIP motif. iASPP silencing or mutation of the SxIP motif led
to defective microtubule capture at the cortex of mitotic cells, leading to abnormal positioning of the mitotic spindle. These
effects were recapitulated by the knockdown of the membrane-to-cortex linker Myosin-Ic (Myolc), which we identified as a

novel partner of iASPP. Moreover, iASPP or Myolc knockdown cells failed to round up upon mitosis because of defective
cortical stiffness. We propose that by increasing cortical rigidity, iASPP helps cancer cells maintain a spherical geometry
suitable for proper mitotic spindle positioning and chromosome partitioning.

Introduction

In symmetric cell division, placement of the mitotic spindle at
the cell center and orientation along the future axis of cell di-
vision is a prerequisite for equal distribution of the cellular
material to the daughter cells (Kiyomitsu, 2015). Spindle posi-
tioning is driven by pulling forces exerted on astral micro-
tubules by the cortically anchored minus-end-directed motor
complex dynein-dynactin (Du et al., 2001; di Pietro et al., 2016).
Anchoring of the motor proteins involves a well-conserved
ternary complex, including a-subunits of heterotrimeric G
proteins, LGN (Leu-Gly-Asp repeat protein), and the nuclear and
mitotic apparatus protein (NuMA), which interacts with the
dynein-dynactin complex and microtubules (Lu and Johnston,
2013; Du et al., 2001). Appropriate positioning of the mitotic
spindle during cell division also depends on cell morphogenetic
reorganization. Indeed, epithelial cells undergo dramatic
changes in shape and mechanics as they progress through cell
division. Mitotic entry is associated with focal adhesions disas-
sembly; osmotic swelling, which results in increased cell tension;
and rearrangement of the cortical actomyosin network, leading
to increased cortex rigidity. Altogether, this enables cells to
adopt a close-to-spherical shape, providing a suitable environ-
ment for spindle assembly and accurate partitioning of chro-
mosomes into the daughter cells (Ramkumar and Baum, 2016).
Cortex stiffening requires uniform activation of myosin-II-mediated

cortical contractility downstream of the RhoA exchange factor Ect2,
but also requires tight membrane-to-cortex attachment. In Dro-
sophila melanogaster cells, this is likely to be mediated by the ezrin-
radixin-moesin (ERM) family of proteins (Carreno et al., 2008;
Kunda et al., 2008). In mammalian cells, the molecular mechanism is
less clear, as ERMs do not appear to be required for cell rounding
(Machicoane et al., 2014). Class 1 myosins, monomeric molecular
motors that bind actin filaments via their motor domain and
membranes via their tail domain, are possible candidates as they
were shown to cross-link the plasma membrane to the cortex in
brush border cells, skin fibroblasts, and primary macrophages
(Nambiar et al., 2009; Venit et al., 2016; Barger et al., 2019). How-
ever, their role during mitotic rounding was not explored.

Mitotic rounding is of particular importance for cells dividing
in confined environments. In packed epithelia, mitotic rounding
defects lead to abnormal spindle orientation and asymmetric
division (Chanet et al., 2017; Luxenburg et al., 2011). Cells
growing in three-dimensional confining devices preventing
rounding display spindle assembly defects and delayed mitotic
progression (Lancaster et al., 2013). Cancer cells must be able to
divide in a wide range of environments: in the primary tumors,
in the circulating system, and at metastatic sites. Recent evi-
dence shows that oncogenic signals promote cortical rigidity to
facilitate division of cancer cells in mechanically confined
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environments (Matthews et al., 2020; Hosseini et al., 2020), in
accordance with the hypothesis that regulators of the actomy-
osin cortex can be coopted by cancer cells to successfully divide
in environments with diverse physical properties (Matthews
and Baum, 2012). The mechanisms underlying the stiffening of
the cell cortex in mitosis is still incompletely known. A sys-
tematic search for cues mediating increased rounding force and
pressure of mitotic cell uncovered dozens of potential candidates
(Toyoda et al., 2017), including many regulators of the actin
cytoskeleton, but few regulators of the mitotic spindle or astral
microtubules.

Microtubule function is modulated by microtubule-associated
proteins, including plus-end tracking proteins (+TIPs), a large
and diverse family of proteins that share the ability to bind
growing microtubule plus-ends. EB1 is a hub in the complex
network of +TIPs. It directly interacts with microtubule plus-
ends and recruits many other proteins harboring SxIP or CAP-
Gly motifs to control microtubule dynamics and mediate their
association with the cell cortex (Akhmanova and Steinmetz,
2008). The systematic investigations of the EB1 protein-protein
interaction has revealed numerous potential EB1 partners
(Bouguenina et al., 2017; Jiang et al., 2012) that might differen-
tially contribute to regulate microtubule properties or mediate
crosstalk with the cellular cortex.

Here, we investigated the unexplored connection between
EBI and inhibitor of ASPP (iASPP) and its impact on mitotic
spindle positioning and astral microtubule crosstalk with the cell
cortex. iASPP is a member of the ASPP (apoptosis-stimulating
protein of p53) family of proteins (Bergamaschi et al., 2003),
which share the ability to interact with the p53 tumor sup-
pressor via their C-terminal SH3 domain to modulate the ex-
pression of pro-apoptotic target genes. iASPP also interacts with
PPI and could function as a PP1 regulatory subunit (Zhou et al.,
2019; Skene-Arnold et al., 2013). iASPP is overexpressed in many
types of tumors and contributes to tumor progression and re-
sistance to treatment (Bergamaschi et al., 2003; Lu et al., 2013;
Jiang et al., 2011; Morris et al., 2014; Zhang et al., 2005; Ge et al.,
2017). We identify and validate a specific motif that mediates
iASPP binding to EB1. We show that iASPP knockdown or dis-
ruption of iASPP-EBI interaction leads to abnormal centering of
the mitotic spindle, associated with asymmetric astral micro-
tubule capture, and defective rounding of mitotic cells. This is
recapitulated by the knockdown of the class 1 myosin Myolc
(myosin-Ic), which we identify as a novel partner of iASPP.
iASPP or Myolc knockdown results in a significant decrease of
cortex rigidity, which is restored by ectopic expression of
cortex-membrane cross-linkers. Altogether, we propose that
iASPP and Myolc are important for mitotic cell cortex stiffening,
cell rounding, and correct positioning of the spindle, which is
required for the appropriate distribution of genetic material to
daughter cells.

Results

iASPP interacts with PP1 and EB1

We had previously performed a systematic investigation of the
protein interaction network of EBl in SKBr3 cells stably
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expressing EB1-GFP and identified several potential EB1
partners, including iASPP (Bouguenina et al., 2017). We first
confirmed that iASPP is an actual partner of EBI. iASPP co-
precipitated with ectopically expressed EBI in three different
cell lines (Fig. 1 A). Ectopically expressed EBl fused to the
promiscuous biotin ligase BirA (Roux et al., 2012) biotinylated
iASPP in situ, verifying that iASPP-EBI interaction occurred in
intact cells (Fig. 1 B). We also tagged endogenous EBI via
CRISPR/Cas9-mediated knock-in of GFPIl (corresponding to
the 11th B-strand of the GFP B-barrel structure) in a HeLa cell
line expressing the complementary GFP1-10 fragment. Coex-
pression of EBI-GFP1l, under the control of the endogenous
promoter, and GFP1-10 allows the reconstitution of a functional
GFP tag (Leonetti et al., 2016). We verified that EB1 expressed
under the control of the endogenous promoter coprecipitated
endogenous iASPP (Fig. 1 C and Fig. S1 A). EB1-binding proteins,
when overexpressed, form comets at microtubule plus-ends,
regardless of their actual subcellular localization at endogenous
levels. Overexpressed GFP-tagged 1ASPP colocalized with EB1 at
microtubule plus-ends and formed typical comets (Fig. 1 D).
iASPP antibodies did not allow us to verify the coprecipita-
tion of endogenous iASPP and EBI. This might be due to the poor
affinity of the antibodies and/or the low levels of expression of
iASPP. We thus tagged endogenous iASPP with multiple copies
of GFP11 via CRISPR/Cas9-mediated gene editing of HeLaSFF1-10
cells. Using this cell line, which expressed iASPP associated with
(multiple) reconstituted GFP proteins, we could confirm that
iASPP expressed under the control of its endogenous promoter
interacted with endogenous PP1 and EBI (Fig. S1, B and C).

We evaluated the ability of iASPP constructs with mutations
of specific motifs or domains (Fig. 1 E) to interact with EBI and
PP1 (Fig. 1 F). WT iASPP interacted robustly with PP1. The in-
teraction was lost when the ®22RARL®2® PPI-binding motif
(Skene-Arnold et al., 2013) was mutated to RARA or when the
SH3 domain was deleted. iASPP C-terminal folded region (Cter;
600-828) was sufficient for the robust association of PP1 via the
cooperative contribution of the RARL motif, the Ank repeats,
and the SH3 domain (Fig. S1 D).

In transient transfections, iASPP interaction with EBI was
generally below detection levels (Fig. 1 F) unless we also over-
expressed tagged EBI (Fig. 1 G), indicating that EB1 had a weaker
affinity for iASPP than PP1. Mutation of iASPP 350SRIP3%3motif
to SRNN prevented both coimmunoprecipitation of EBI (Fig. 1 G)
and colocalization with EBI at microtubule plus-ends (Fig. 1 D).
Interestingly, EBI binding was stronger for iASPP constructs
defective for PP1 binding (iASPP-RARA and iASPP-ASH3) and
was maximal for iASPP-AAnk-SH3, which lacks the entire fol-
ded region (Fig. 1, F and G), indicating that PP1 and the
C-terminal region hinder iASPP-EBI interaction. Proximity bi-
otinylation, using iASPP constructs fused to BirA, confirmed
that the same pattern of interactions occurred in situ (Fig. 1 H).
Of note, we have not been able to detect the interaction of iASPP
with p53 in the cellular models used here, neither by coimmu-
noprecipitation nor by proximity biotinylation.

It was suggested that iASPP constitutes homodimers in the
cytoplasm via head-to-tail N-terminal to C-terminal binding (Lu
et al., 2013). We confirmed that the iASPP N-terminal region
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Figure 1. iASPP associates with EBL. (A) EB1-GFP or GFP was expressed in the indicated cell lines before immunoprecipitation (IP) with GFP-Trap and WB
analysis. (B) EB1-BirA or BirA was expressed in the indicated cell lines before addition of biotin, isolation of the biotinylated proteins with avidin-coated beads,
and WB analysis. (C) Endogenous EB1 tagged with GFP interacts with endogenous iASPP. EB1 was C-terminally tagged via knock-in (K1) of GFP11in HeLa®F1-10
cells. EB1-GFP was pulled down via GFP-Trap and iASPP coprecipitation analyzed by WB. (D) Co-localization of iASPP, but not iASPP-SRNN, with EB1 at
microtubule plus-ends was determined by immunolabeling of EB1 and microtubules in SKBr3 cells expressing GFP-iASPP or GFP-iASPP-SRNN. Inserts: zoomed
images of the boxed regions; scale bar is 10 um. (E) Representations of iASPP constructs used in the study. iASPP displays a predicted disordered region (blue)
that includes a putative SxIP motif and a noncanonical PP1-binding motif. Ank repeats and SH3 folded domains are indicated. Red Xs designate the position of
the mutated amino acid residue. (F-H) Identification of motifs and domains required for EB1 and PP1 binding. GFP-iASPP, BirA-iASPP, and SF-EB1 constructs
were expressed in cells before IP (F and G) or biotinylation (H) and analysis of coprecipitated/biotinylated PP1 and EB1 by WB.

(1-290) interacted with the C-terminal region whether we
pulled down the C-terminal fragments (Fig. 2 A) or the
N-terminal fragments (Fig. 2 B). The interaction was actually
much stronger with longer fragments (1-599 or 1-628) corre-
sponding to the entire disordered region (Fig. 2, A-C), with the
(290-382) sequence showing the strongest contribution (Fig. 2,
D and E). On the C-terminal side, the combined contribution of
the ankyrin repeats and the SH3 domain was required (Fig. 2 F).
Interestingly, PP1 binding to the C-terminal region consider-
ably prevented N-terminal binding (Fig. 2, A-C). To confirm the
ability of iASPP to homodimerize, we coexpressed two different
iASPP constructs, one with a GFP tag and the other with a
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Strep-Flag (SF) tag in HEK293 cells. Surprisingly, pulling down
one construct did not coprecipitate the other construct
(Fig. 2 G). In a parallel experiment, EB1-GFP robustly copre-
cipitated with EB1-SF (Fig. 2 G), as expected for a protein that
functions as a dimer (Sen et al., 2013). Inefficient dimerization
was not due to steric hindrance by the bulky GFP tag, as
constructs with small tags positioned on the C- or N-terminal
extremities of iASPP were likewise unable to dimerize (Fig. S1
E); PP1, on the other hand, was efficiently coprecipitated with
all iASPP constructs (Fig. S1 E). Thus, iASPP supramolecular
organization does not involve homodimerization, but rather
association with PP1 and EBI.
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Figure 2. Interaction of iASPP C-terminal (C-ter) region with iASPP N-terminal (N-ter) region is prevented upon PP1binding. (A-F) SF- and GFP-iASPP
constructs were coexpressed in HEK293F cells before IP with GFP-Trap and WB analysis. Color code for the constructs corresponds to the functional domains
as illustrated in Fig. 1 E. (A) IP was performed via iASPP C-terminal fragments. Note that SF1-628 is expressed at lower levels than SF1-599, which means that
the efficacy of coprecipitation was much better for the pair GFP629-828/SF1-628 than for GFP600-828/SF1-599. (B) IP was performed via iASPP N-terminal
fragments. (C) Summary of the IP results. (D and E) Characterization of the N-terminal sequences involved in the interaction with the C-terminal region.
(F) Characterization of the C-terminal domains required for interaction with the N-terminal region. (G) iASPP does not form homodimers. Top: GFP- and SF-
iASPP constructs were coexpressed before pulldown with GFP-Trap or Strep-Tactin beads and WB. Bottom: A similar experiment was performed using GFP-

and SF-EB1 constructs. See also Fig. S1 E. expo, exposure.

iASPP contributes to mitotic spindle positioning: Role of the
SxIP motif

Mitotic microtubules organize a symmetric spindle between
centrosomes, which serves to capture and align chromosomes at
the cell center. Astral microtubules transmit pulling and pushing
forces, generated by cortical complexes, to the mitotic spindle to
facilitate spindle positioning. We evaluated the contribution of
iASPP to mitotic spindle organization in HeLa cells, which
spontaneously align their spindle parallel to the substratum (di
Pietro et al., 2016), using siRNA-mediated knockdown (Fig. S1 F).
Microscopic examination revealed that upon iASPP knockdown,
the mitotic spindle was often shifted to one side of the cell in-
stead of being positioned at the cell center (Fig. 3 A). We mea-
sured the pole-to-cortex distance on either side of the spindle
(Fig. 3 B and Fig. S2 A). While the shorter pole-to-cortex distance
(d1) remained unchanged, the larger pole-to-cortex distance (d2)
was significantly increased upon iASPP silencing (Fig. S2 A). As
the pole-to-cortex distance could vary with cell size, we evalu-
ated the mitotic spindle shift (d2-d1), which should be close to
zero for centered spindles independently of cell size. In control
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cells, d1 and d2 distribution was largely overlapping (Fig. S2 B),
and the average spindle shift was close to 1 um (Fig. 3 B). iASPP
silencing induced a much larger shift of the spindle of ~3 um
(Fig. 3 B and Fig. S2 B). As a change in the size of the hemi-
spindles might be a confounding factor, we also measured the
cortex-to-metaphase plate distances (D1 and D2) and observed a
similar shift upon iASPP knockdown (Fig. 3 B, right). Altogether,
these analyses indicate that iASPP is involved in the proper
centering of the spindle in the metaphase cell.

To investigate the respective contribution of iASPP-EBI and
iASPP-PPI1 interactions to spindle positioning, we stably ex-
pressed iASPP constructs (Fig. 3 C) mutated in specific motifs
and domains in HeLa cells. Expression of iASPP-SRNN, defective
for EB1 binding, induced a large shift in mitotic spindle posi-
tioning (Fig. 3 D). Cells expressing iASPP-RARA, defective for
PP1 binding, displayed appropriately positioned spindles, clearly
showing that PP1 binding is not required for this function. In-
triguingly, iASPPAAnk-SH3, which showed strongly increased
EBI binding, was also defective for mitotic spindle centering,
suggestive of a negative impact of excessive EBI binding. These
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Figure 3. iASPP is required for mitotic spindle positioning in metaphase, via EB1. (A and B) Hela cells were transduced with control (si-Ctrl) or iASPP
targeting (si-iIASPP) siRNA. Mitotic spindle, centrosomes, and chromosomes of metaphase Hela cells were visualized by IF and DAPI staining (A). Mitotic
spindle shift was calculated by comparing the pole-to-cortex (d1, d2) or metaphase plate-to-cortex (D1, D2) distances on either side of the spindle (B). Data are
represented as box-and-whiskers plots with boxes showing 25th percentile, median, and 75th percentile and whiskers indicating the fifth and 95th percentiles.
(C and D) Stable expression of GFP-IASPP constructs in Hela cells was verified by WB (C) and spindle positioning quantified as above (D). (E) HeLa cells were
transduced with Ctrl or EB1 (si-EB1) targeting siRNA and spindle shift calculated as above. Data are collected from three independent experiments. The number
of cells analyzed is indicated between brackets. The unpaired two-tailed t test with Welch correction was used to determine if the difference was significant

between data groups. ***, P < 0.001.

results strongly suggest that iASPP-EBI interaction is critical for
mitotic spindle positioning. Accordingly, EB1 silencing (Fig. S1F)
induced a strong shift of the mitotic spindle (Fig. 3 E).

Myolc is a partner of iASPP involved in spindle positioning
To understand the mechanism whereby iASPP controls mitotic
spindle positioning, we performed a systematic search for iASPP
partners via GFP pulldown and mass spectrometry (MS) analysis
as described before (Bouguenina et al., 2017), focusing specifi-
cally on proteins known to associate with the actomyosin cortex
(Biro et al., 2013; Fig. 4 A). Among these, the main iASPP partner
was Myolc (Fig. 4 B), a class 1 myosin molecular motor. This was
of particular interest since Myolc is an actomyosin-associated
protein (Fig. S1 G) involved in regulating membrane and cortical
mechanics (McIntosh and Ostap, 2016). We observed that, sim-
ilarly to EB1, Myolc displayed stronger binding to C-terminally
truncated iASPP (Fig. 4 C). iASPP disordered region was the
main contributor to Myolc binding (Fig. 4 C, right). We thus
evaluated whether concomitant Myolc and EBI interaction with
iASPP disordered region was possible: we observed that in-
creasing Myolc expression led to increased iASPP-Myolc asso-
ciation and to reduced iASPP-EBI interaction (Fig. 4 D), indicating
that Myolc and EBI1 compete for binding iASPP.

Importantly, depletion of Myolc (Fig. S1, F and G) induced a
defect in spindle centering comparable to the one induced by
iASPP knockdown (Fig. 4 E). In contrast, silencing of NuMA
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(Fig. S1 F), a protein of the mitotic cortex important for mitotic
spindle orientation (di Pietro et al., 2016), did not affect spindle
centering. Thus, both iASPP and its cortical partner Myolc
contribute to mitotic spindle positioning.

iASPP and Myolc contribute to microtubule capture

For a better understanding of the events that lead to mitotic
spindle shift in iASPP- and Myolc-silenced cells, we im-
plemented a comprehensive reconstitution of the spindle and
astral microtubule network of metaphase HeLa cells. Micro-
scopic observations suggested that upon iASPP or Myolc
knockdown, astral microtubules failed to extend to the polar
cortex on one side of the spindle, while still reaching the polar
cortex on the other side (Fig. 5 A). Since astral microtubules are
an essential relay of forces exerted by cortical molecular motors,
which allow direct spindle orientation and positioning, it was
important to document this observation further. Because the
high density of astral microtubules prevented the accurate
quantification of individual microtubules, we choose to quantify
the number of EBl-labeled microtubule plus-ends that reached
the cell periphery in different quadrants of the cells (Fig. 5 B).
Astral microtubules extended in all directions but contacted the
cell periphery mostly at the polar cortexes, with a slight dis-
symmetry, one polar cortex showing more microtubule ends
than the other (Fig. S3 A). Microtubule ends at the lateral cortex
were less frequent and were distributed symmetrically (Fig. S3 A).

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012002

5 of 15


https://doi.org/10.1083/jcb.202012002

« [
5.

A SPTBN1 SINA RAP1B B
SPTBNz:E
SPTBN1 GFP
cbc4z 4 -
RACT - [ GFp-iAsPP
SPTBN2 YES1
RALA 7
MISP ]
RAP1B -
GNAI2 47
GNB2 T/
SPTAN1 T
GNB1 -] ]
LiMA
GNAIZ /1
(L LI | —
MYO1C -] ]
I ] I ] |
0 50 100 150 200 250
PSM
D
C > mCherry-Myoic - 4]
mCherry-Myoic &
mCherry-Myo1c - + + + Ay GFP + - - - .
GFP + + - - 0 o X GFP-AANk-SH3 - + + + +
GFP- WT - - + - GFP- O g &
iASPP|AANK-SH3 - - - + iASPP AV A AP w0m| emem— [EB1
160m=
160 == pa— Mvo1ic - -!- Myo1c
vy 107 160 mm o w wl Myo1c
160 mm|
-
107 i 107 = -
IP GFP iASPP
kD
160=| ) g | My 01 Ghmm| W E
— |
160m IP GFP =
107m W_lASPP g0 — g
= o= =R = Mmyo1c =
Input 3
Input S
=
=
(]
2
T
£
Q.
)

si-Ctrl si-Myo1c si-NuMA
[120] [120] [120]

Figure 4. Myolc is a partner of iASPP required for mitotic spindle positioning in metaphase. (A and B) GFP-iASPP was pulled down by GFP-Trap from
SKBr3 cells stably expressing a C-terminally truncated GFP-iASPP. iASPP-associated proteins were identified by MS, and cortical proteins are displayed as a
protein interaction network (STRING database 11.0; A) or as a bar graph of the number of peptide spectrum matches (PSM) identified in the GFP or GFP-iASPP
pulldown (B). (C and D) GFP-iASPP constructs and mCherry-Myolc were coexpressed before GFP pulldown and WB analysis. In D, increasing amounts of
mCherry-Myolc were expressed. Increasing Myolc interaction correlates with decreasing EB1 binding. (E) HeLa cells were transduced with control (si-Ctrl),
Myolc (si-Myolc), or NuMA (si-NuMA) targeting siRNA, and spindle shift was calculated as above. Data are from three independent experiments. The number
of cells analyzed is indicated between brackets. The unpaired two-tailed t test with Welch correction was used to determine if the difference was significant

between data groups. ***, P < 0.001.

We found that iASPP or Myolc silencing induced a drop in the
number of microtubule ends that reached the cell periphery
(Fig. 5 C and Fig. S3 B). This effect was more pronounced at
one polar cortex than at the other, resulting in a strikingly
aggravated asymmetry in the number of astral microtubules
that reached the polar cortex on either side of the spindle
(Fig. 5 D). In fact, the quantification confirmed that upon
iASPP or Myolc knockdown, a large majority of cells had few
or no comets at one polar cortex (Fig. 5 E) while retaining a
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good number of microtubules at the opposite polar cortex (Fig.
S3 C). Of note, this did not result from a reduction in the
number of astral microtubules formed from the pole, since we
measured that astral microtubule density remained equally
distributed on either side of the spindle in knockdown cells
(Fig. S3, D and E). Thus, spindle positioning defect might be
the consequence of unbalanced forces generated by astral
microtubules (Kern et al., 2016). Accordingly, upon specific
elimination of astral microtubules by short treatment of the
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cells with low doses of nocodazole, iASPP-silenced cells re-
covered a centrally positioned spindle (Fig. 5 F).

iASPP and Myolc are required for mitotic cell rounding and
cortex stiffening
Upon transition to mitosis, cells disassemble focal adhesions,
detach from the substratum, and round up because of increased
cortical tension (Ramkumar and Baum, 2016). Unexpectedly, we
observed that iASPP and Myolc-silenced mitotic cells were not
spherical, but were distorted and flatter than control cells (Fig. 6,
A and B), often filling up the space between interphase cells. We
measured the shape and circularity of control and knockdown
cells (Fig. 6 C). The shape ratio (i.e., the largest cell diameter
divided by the width) was close to 1 in control and NuMA-
depleted cells, reflecting the fact that they were mostly round.
In contrast, the shape ratio was significantly higher in both
iASPP and Myolc knockdown cells (Fig. 6 D), and cell circularity
diminished (Fig. S4 A). Interestingly, cells expressing iASPP de-
fective for EBI binding also failed to round up, while cells defective
for PP1 binding were close to normal (Fig. 6 E), showing that,
similar to what we have observed for mitotic spindle positioning,
EBI binding is central for mitotic rounding. PP1 binding is not
critical for this function but could have a regulatory function.
The lack of cell rounding could be the consequence of inap-
propriate disassembly of cell-substrate adhesion sites (Dao et al.,
2009). However, we observed that mitotic iASPP knockdown
cells disassembled both focal adhesions and actin stress fibers
(Fig. S4 B). We thus suspected that defective rounding might be
due to insufficient stiffening of the cortex (Kunda et al., 2008).
Recent studies evaluated the biomechanical properties of mitotic
HelLa cells by atomic force microcopy (AFM). Most of these used
wedged cantilevers, which gave access to global cellular pa-
rameters such as intracellular pressure and surface tension
(Taubenberger et al., 2020; Toyoda et al., 2017; Chugh et al.,
2017). As we wanted to analyze more specifically the mechani-
cal properties of the cortex, we preferred indentation AFM,
measuring the response of the cells to local deformation by a
cantilever equipped with a pyramidal probe: since the indenta-
tion depth is limited, the response to deformation is dominated
by the cell cortex. Synchronization of AFM with real-time mi-
croscopy (Cazaux et al., 2016) allowed identifying live meta-
phase cells (Fig. S4 C). The AFM force-indentation curves were
fitted with the Hertz model to derive an apparent Young’s mo-
dulus (Fig. S4 D). HeLa cell elasticity is typically in the kPa range
(Sadoun and Puech, 2017; Shimizu et al., 2012; Chen et al., 2021).
We found that when iASPP or Myolc was silenced, mitotic cell
stiffness was greatly decreased, showing a 40% and 60% drop in
Young’s modulus, respectively (Fig. 6 F). Thus, iASPP and Myolc
are important contributors to mitotic cell rigidity. We then
wanted to verify that low cortical tension was actually the cause
of abnormal cell rounding. We therefore used overexpression of
constitutively active ERM proteins as the means to strengthen
cortical tension (Kunda et al., 2008; Liu et al., 2012). We ob-
served that expression of phosphomimetic moesin or ezrin in
iASPP defective cells significantly restored rounding of mitotic
cells (Fig. 6 G), confirming that defective mitotic cell rounding
was indeed the consequence of low cortical tension.
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Recent evidence suggests that modulating rounding or cor-
tical rigidity has a direct impact on mitotic progression and
chromosome segregation (Matthews et al., 2020; Serres et al.,
2020; Carreno et al., 2008). Along this line, we observed that
synchronized iASPP knockdown cells accumulated into mitosis
(Fig. 5 H). Moreover, iASPP knockdown induced a moderate but
significant increase in the proportion of cells that failed to
properly align chromosomes in metaphase (Fig. 5 I), indicating
that iASPP overexpression favors proper mitosis.

Discussion

This study defines a novel function of iASPP in the control of
mitotic cell rigidity with consequences on mitotic cell rounding
and positioning of the mitotic spindle. This function depends on
iASPP’s newly identified partners, EB1 and Myolc.

We propose that i1ASPP adopts variable supramolecular or-
ganizations, which depend on relative affinities for and local
concentrations of its partners. From our experiments, iASPP
does not generally form homodimers. This is probably the
consequence of the low-affinity interaction between the N- and
C-terminal fragments and the robust association of the
C-terminal region to PP1. The affinity of PP1 for iASPP is in the
low nanomolar range (Bertran et al., 2019). Considering that
PP1 is expressed at much higher levels than iASPP [(PP1) = 2.8
MM vs. (1ASPP) = 31 nM in Hela cells; Hein et al., 2015], it is
likely that the bulk of iASPP is associated with PP1. While EB1 is
expressed at a similar concentration as PP1 in HeLa cells (2.7
pM), the affinity of EB1 for SxIP motif-harboring proteins is in
the micromolar range (Buey et al., 2012), explaining why
iASPP-PP1 is the major complex in the cytoplasm. However,
EBI1 is present at a much higher concentration at microtubule
ends (Seetapun et al., 2012) and in a more favorable confor-
mation for SxIP binding (Kanaba et al., 2013), explaining a
possible recruitment of iASPP to EBI at this particular location.
Of note, even though it contains a validated SxIP motif, en-
dogenous iASPP does not form comets at microtubule ends.
This does not exclude that low amounts of iASPP interact with
EB1 at microtubule ends or elsewhere transiently. Many other
typical +-TIPs do not track microtubules when assessed at en-
dogenous levels, the best example being CLASP1/2 (Stehbens
et al.,, 2014; Hotta et al., 2010; Nakaya et al., 2013), which as-
sociates with the cell periphery. Similarly, immunofluores-
cence (IF) images of iASPP at endogenous levels of expression
suggested encounters with EB1 in cortical areas and other un-
defined cytoplasmic locations (Fig. SI B).

This work identifies Myolc as a novel partner of iASPP, im-
portant for its function. Since our results indicate that EB1 and
Myolc cannot concomitantly bind iASPP, the association of
iASPP with one or the other partner will be determined by their
relative affinity and local concentration: iASPP is more suscep-
tible to interact with EBI1 at microtubule plus-ends where EBI is
concentrated and with Myolc at the cortex, where this protein is
enriched (Fig. S1 G). The relative affinity of EBI and Myolc for
iASPP might be regulated during the cell cycle. A previous study
suggests that iASPP is phosphorylated by cyclin B1-CDKI1 mitotic
kinase, which prevents iASPP N-terminal to C-terminal iASPP
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Figure 6. iASPP and Myolc silencing prevents rounding of mitotic cells and reduces cortical rigidity. (A-1) HeLa cells were transduced with control (si-
Ctrl), iASPP (si-iASPP), Myolc (si-Myolc), or NuMA (si-NuMA) siRNA and GFP-tagged iASPP-WT, -SRNN, or -RARA constructs (E) or GFP, GFP-tagged moesin
T558D (MSN*), or ezrin T567D (EZR*; G) before labeling of microtubules, actin, centrosomes, and actin (except in H). (A and B) Representative confocal
microscopy images are shown. (C, D, E, and G) Metaphase cell shape was quantified by measuring the ratio of the largest cell diameter (L) to the width (W) as
shown in C. In E, the WB shows endogenous iASPP and GFP-iASPP construct expression levels. (F) Stiffness of live mitotic mCherry-H2B-expressing HeLa cells
was measured by indentation AFM. The grey dot outlier (for si-Ctrl) is at 3.7 kPa. (H) Cells were released from G1 block, and the cell cycle was analyzed by FACS
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after 0 and 10 h and the percentage of cells in each phase of the cycle presented. (I) The percentage of metaphase cells having more than two poles or showing
retarded chromosomes that failed to align at the metaphase plate was determined. Data are collected from three independent experiments. The unpaired two-
tailed t test with Welch correction was used to determine if the difference was significant between data groups. Data in F were collected from four or five
experiments and analyzed with the Kruskal-Wallis test with Bonferroni adjustment. ***, P < 0.001; **, P < 0.01.

interaction (Lu et al., 2013). While we also observed that iASPP is
heavily phosphorylated upon entry into mitosis (Fig. S5 A), in
our hands, this did not disturb N-terminal to C-terminal inter-
action (Fig. S5 B) but interestingly decreased iASPP-EBI inter-
action (Fig. S5 C). We can thus envision that iASPP binding to
EBI contributes to raise the concentration of iASPP at the cell
periphery where, in turn, it will be able to encounter and in-
teract with Myolc (Fig. S1 B and Fig. S5 D). In this model, either
defective binding to EBI or excessive iASPP-EBI interaction (as
observed for the iASPP-AAnk-SH3 mutant; Fig. 1 F and Fig. 3 D)
might prevent relocalization to Myolc and thus be detrimental
for iASPP cortical functions. How iASPP affects cortical rigidity
remains to be solved, but as iASPP does not directly bind the
membrane or actin, it could act by contributing to the regulation
of Myolc activity.

Mitotic cell rounding is the consequence of the loss of focal
adhesions and increased intracellular pressure. This is accom-
panied by changes in mechanical properties, including cell
surface tension and cortical stiffness. These changes depend on
the composition and architecture of the contractile actomyosin
cortex and on tight tethering of the cortex to the plasma mem-
brane (Taubenberger et al., 2020). While several proteins have
the ability to link the membrane to the actin cytoskeleton (such
as spectrin in red blood cells and talin in Dictyostelium discoideum
cells), ERM proteins are often considered critical in mitosis,
since moesin was involved in cortical stiffening and cell
rounding in S2 Drosophila cells (Carreno et al., 2008; Kunda
et al., 2008). However, the picture is less clear in mammalian
cells, as others (Machicoane et al., 2014) and our preliminary
data (Fig. S4 F) indicate that ERMs are not essential for rounding
of mitotic HeLa cells. Like ERMs, class 1 myosins are enriched at
the plasma membrane and are capable of interacting both with
the actin cytoskeleton via their motor domain and membranes
via their tail homology domain. Structural studies show that
class 1 myosins are extended and rather rigid molecules with the
actin-binding domain at one end and the lipid-interacting do-
main at the other end (Jontes and Milligan, 1997; Lu et al., 2015),
well suited for transducing tension forces while maintaining an
~20-nm gap, which is close to the estimated spacing between
the membrane and the inner boundary of the cortex (Clausen
et al,, 2017). Class 1 myosins are important regulators of mem-
brane tension and/or cortex rigidity in interphase brush border
cells, fibroblasts, and macrophages (Nambiar et al., 2009; Venit
et al., 2016; Barger et al., 2019). Our observations demonstrate
that, similarly to moesin in S2 cells, Myolc contributes to cor-
tical stiffening and rounding of mitotic HeLa cells. iASPP has a
similar contribution to mitotic cell rounding, but as it does not
bind actin or the plasma membrane, its action is conceivably
mediated by its partner Myolc. It has been shown that upon
increased calcium concentrations, Myolc tail undergoes a major
conformational change leading to higher flexibility (Lu et al.,
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2015). It will be interesting to investigate whether iASPP bind-
ing affects Myolc extended conformation in vitro using struc-
tural approaches and in vivo using fluorescence resonance
energy transfer-based Myolc tension sensors (Kannan and
Tang, 2018). Alternatively, iASPP might contribute to microtu-
bule targeting to the cell cortex, allowing the delivery of a pro-
tein regulating Myolc conformation or activity.

It was proposed that a rigid and uniform cortex facilitates
physical interactions between the plus-ends of astral micro-
tubules and the actomyosin cortex, enabling the spindle to exert
and sustain cortical forces for proper positioning of the mitotic
spindle (Ramkumar and Baum, 2016). For instance, upon dis-
turbance of cellular stiffness, cultured S2 metaphase cells failed
to retract their margins, remained flat (Kunda et al., 2008), and
displayed disturbed mitotic spindle positioning (Carreno et al.,
2008), showing images strikingly similar to iASPP/Myolc
knockdown cells. Thus, abnormal astral microtubule attachment
to the cortex and mitotic spindle mispositioning might be the
consequence of cortex softening. This is supported by the ob-
servation that stiffening of the cortex via expression of consti-
tutively active ERM restored symmetric spindle positioning in
iASPP knockdown cells (Fig. S4 E).

The rounding of mitotic cells is a common feature that has
been observed in many cell types in culture or in tissues. It has
recently become appreciated that mitotic rounding, by ensuring
that there is sufficient space to form and orient a mitotic spindle,
facilitates successful cell division (Cadart et al., 2014). In con-
trast, it was shown that in flattened cells, the mitotic spindle
cannot rescale to account for the altered geometry and is unable
to efficiently capture chromosomes due to an upper limit in
astral microtubule reach (Lancaster et al, 2013). In iASPP
knockdown cells, even though the projected cell area was in-
creased, the size of the spindle was not (Fig. S2 A). Although
astral microtubules were not captured and remained distant
from the cortex on one side, they did not extend beyond the
usual length (Fig. S3 D). They are thus probably less efficient in
reaching chromosomes dispersed in the extended cell area and
contributing to the poleward movement of chromosomes that
precedes congression of a subset of chromosomes (Maiato et al.,
2017), explaining the increase in the proportion of cells that fail
to align some chromosomes. The satisfaction of the spindle as-
sembly checkpoint being conditioned to the attachment of all
chromosomes, this might, in turn, lead to the observed pro-
longed stay in metaphase.

It was proposed that cancer cells could hijack pathways im-
pacting actomyosin cortex properties to enable them to suc-
cessfully round up and divide in different environments
(Matthews and Baum, 2012). For instance, active Ras alters cell
mechanics, enhances cell rounding, and contributes to prevent
mitotic defects of breast cancer cells growing in a rigid envi-
ronment (Matthews et al., 2020). By promoting cell rounding,
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thus ensuring conditions favorable for the correct positioning of
the spindle, iASPP might similarly contribute to the accurate
segregation of chromosomes in the mechanically altered tumor
environment (Levental et al., 2009; Nagelkerke et al., 2015;
Brauchle et al., 2018).

Materials and methods

Cell lines

SKBr3 (American Type Culture Collection/LGC Standards),
HEK293F (Thermo Fisher Scientific), and HeLa cells (a kind gift
of P. Dubreuil, Centre de Recherche en Cancérologie de Marseille
[CRCM], Marseille, France) were cultured in DMEM (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Eurobio) at 37°C in a humidified atmosphere with 5% CO, and
were checked regularly for mycoplasma contamination.

Cell transfection

Plasmid transfection of HEK293F and HeLa cells was performed
with Fugene HD (Promega), whereas SKBr3 cells were trans-
fected using Fugene 6 (Promega), following the manufacturer’s
instructions. Transfection of siRNA was performed using Lip-
ofectamine RNAiMax (Thermo Fisher Scientific) via the reverse
transfection method. For ERM rescue experiments, HeLa cells
were first transfected with iASPP siRNA and GFP or GFP-tagged
active ezrin or moesin 24 h later. Cell lysate was collected
48-72 h later. Stable HeLa and SKBr3 cell lines were generated
by transfection with the indicated iASPP constructs, selection
with 1 mg/ml geneticin (Thermo Fisher Scientific), and sorting
by flow cytometry. HeLa cell clones with comparable GFP-
tagged construct expression levels were selected. The Hela
cell population expressing GFP-a-tubulin and mCherry-histone
H2B constructs was selected successively with geneticin and
0.1 mg/ml hygromycin B.

Endogenous protein split GFP-tagging

A split-GFP system (Leonetti et al., 2016) was used to insert a
minimal tagging sequence (GFP11, the 11th B-strand of the su-
perfolder GFP barrel B-barrel structure) at EB1 endogenous loci.
HeLa cells expressing the complementary GFP1-10 fragment
were generated by lentiviral integration from pHR-SFFV-GFPI-
10 (a gift from B. Huang; Addgene plasmid #80409) and isolation
of a clonal cell line. Homology-directed repair (HDR) donor
templates and associate gRNAs were selected by the Alt-R
CRISPR HDR Design Tool (Integrated DNA Technologies [IDT])
to allow insertion of GFP1l C-terminally to MAPREI gene and
(GFP11); N-terminally to PPPIRI3L gene. The following gRNA
sequences were used: for EB1 gRNAIL: 5'-CAAGAAGAGTATTAA
CAGCC-3'; and for iASPP gRNAI: 5'-CTGGAATGCCTCGCTGTC
CA-3’, gRNA2: 5'-TGCCTCGCTGTCCATGGTGC-3'. GFP1l and
(GFP11), single-stranded DNA templates with 40 and 250 nu-
cleotide homology arms were obtained from IDT and Genewiz,
respectively. Ribonucleoprotein complex was prepared from
AltR-Cas9 and gRNA (both from IDT) according to manu-
facturer’s protocol and delivered together with the HDR tem-
plate into HeLaS™'1° cells by nucleofection (kit R; Lonza).
Coexpression of GFP1-10 and GFP1l in the same cell allows
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reconstitution of a functional GFP molecule. GFP-positive cells
were sorted on a FACSAria III cytometer (BD Biosciences). Ho-
mogeneity of the subcellular distribution of GFP-tagged proteins
in the cell population (and across the two populations generated
from two independent gRNAs for iASPP-GFP) was verified by
fluorescence microscopy. The ability of GFP-iASPP knock-in
mitotic cells to round up was also verified.

Plasmids and siRNA
PEGFP-C1 and pEGFP-a-tubulin was obtained from Clontech.
pBabeD-mCherry-histone H2B was a kind gift from C. Lachaud
(CRCM, Marseille, France). pDEST-EGFP-C1 and pDEST myec-
BioID were derived from pEGFP-Cl and pcDNA3.1 mycBioID (a
gift from K.J. Roux, Sanford Research, Sioux Falls, SD; Addg-
ene plasmid #35700) to allow Gateway-based cloning. iASPP
cDNA was amplified by PCR from pcDNA3VS5iASPP (a gift
from X. Lu, Ludwig Institute, Oxford, UK) and cloned into
PDONRZeo. iASPP was subcloned into pDEST-EGFP-C1 in or-
der to obtain GFP-tagged iASPP, pDEST/N-, or C-SF-TAP (a
gift from C.J. Gloeckner, University of Tiibingen, Tiibingen,
Germany) to obtain Strep- and FLAG-tagged iASPP (SF-iASPP),
2HA-pDEST-C or -N (a gift from M. Vartiainen, University of
Helsinki, Helsinki, Finland; Addgene plasmid #118374) to obtain
HA-tagged iASPP and pDESTmycBiolD to obtain BirA-fused
iASPP. iASPP point mutations (SRIP to SRNN and RARL to
RARA) were produced by Quickchange site-directed mutagenesis
(Agilent). Truncated forms of iASPP were generated by PCR am-
plification and cloned into pDONRZeo before integration into
destination vectors. Plasmid-expressing human EBI (EB1-EGFP JB
131) was a gift from T. Mitchison and J. Tirnauer, Harvard Uni-
versity, Boston, MA (Addgene plasmid #39299). EBI was cloned
into pDEST/N-SF-TAP in order to obtain EBI-SFII and into
pcDNA3.1 MCS-BirA(R118G)-HA (a gift from KJ. Roux; Addgene
plasmid #36047) to produce EBI-BirA. Myosin lc-mCherry con-
struct was a gift from P. Miklavc and M. Frick (Ulm University,
Ulm, Germany). GFP-tagged active moesin (pHJ322) and ezrin
(pHJ423) constructs were gifts from S. Shaw, National Institutes of
Health, Bethesda, MD (Addgene plasmid #20677 and #20681).
The following siRNAs, selected with support vector machine
siRNA Design Tool (Applied Biosystems) software and synthe-
tized by Thermo Fischer Scientific, were used: iASPP-3044
(sense strand: 5'-GAAACUUUCCUUAUAAAUATT-3'); Myosin
1c-1480 (sense strand: 5'-GGAUAUUUAUGGCUUUGAA-3');
NuMA-7297 (sense strand: 5'-GGAUCUUUUCUAAAUGUUA-
3'); EB1-1262 (sense strand: 5'-UUAAAUACUCUUAAGGCA
UTT-3'). ERM siRNA sequences were from Machicoane
et al. (2014). An siRNA targeting the B galactosidase gene
from Escherichia coli (LacZ; sense strand: 5'-GCGGCUGCC
GGAAUUUACCTT-3') was used as negative control.

Antibodies

The following antibodies were used for Western blotting (WB)
and IF: anti-y-tubulin GTU88 (IF), a-tubulin clone DMIA
(IF+WB), a-tubulin clone YL 1/2 (IF), B-actin clone AC15 (IF),
GFP (WB), PPPIRI3L HPA041231 (WB), myosin 1c HPA 001768
(IF, WB), FLAG M2 (WB) from Sigma-Aldrich; anti-mCherry
(WB) and NuMA [EP3976] (WB) from Abcam; anti-iASPP
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18590-1-AP (WB) from Proteintech and PCRP-PPPIRI3L-2G4
(WB) from Developmental Studies Hybridoma Bank; anti-ERM
#3142 (WB), anti-EBI clone 5 (WB), and anti-HA clone 6E2 (WB)
from Cell Signaling Technology; anti-EB1 KT51 (IF), myosin Ic (13;
WB), PPlo. (C-19; WB) from Santa Cruz Biotechnology; anti-
CDKSRAP2, A300-554 (IF) from Bethyl; anti-Phospho-Histone H3
(Ser10) from Millipore (WB); and anti-GFP JL-8 from Clontech (for
GFP1-10, WB). GFP-Trap was from Chromotek, anti-HA agarose
conjugated beads, tetramethylrhodamine isothiocyanate (TRITC)-
phalloidin from Sigma-Aldrich, and Strep-Tactin beads from IBA.

WB, protein pulldowns, and MS analysis

Cells were lysed in a Nonidet P-40-based lysis buffer (10 mM
Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 0.5% NP-40)
supplemented with protease and phosphatase inhibitors
(Roche). When indicated, HeLa cells were treated with 10 uM
nocodazole for 16 h before cell lysis. Cells expressing the tagged
constructs were lysed, and GFP, HA, or Strep-iASPP pulldowns
were performed using GFP-Trap, anti-HA agarose, or Strep-
Tactin beads (Daou et al., 2014; Bouguenina et al., 2017). Prox-
imity biotinylation was essentially as described (Bouguenina
et al., 2017; Roux et al., 2012). Briefly, cells expressing EB1-BirA
or BirA-iASPP were treated overnight with 50 pM biotin and
were lysed in denaturing buffer (50 mM Tris, pH 7.4, 500 mM
NaCl, 0.4% SDS, 2% Triton X-100, 5 mM EDTA, and 1 mM DTT)
supplemented with protease and phosphatase inhibitors. Bio-
tinylated proteins were isolated by incubating the cell lysates
with Avidin-coated beads (Thermo Fisher Scientific) for 1 h at
4°C. For WB, samples were run on Novex NuPAGE Bis-Tris
4-12% gels using a MOPS-based running buffer. To detect gel-
retarded phosphorylated iASPP, cells were washed in salt-free
isotonic buffer and lysed in 7 M urea, 2 M thiourea, 4% CHAPS,
20 mM spermine, and 40 mM DTT buffer and run on 6% poly-
acrylamide gels. For 2D gels, samples were run on pH4-pH7
isoelectric focusing gels (GE Healthcare) for the first dimension,
reduced and alkylated, and run on Novex 4-12% gels for the
second dimension. Proteins were transferred onto nitrocellulose
membranes, incubated with the primary antibodies listed above
and secondary antibodies coupled to HRP, and detected by chemi-
luminescence. Quantification of WB was performed with Image J
software. For MS analysis, GFP pulldown samples from SKBr3 cells
stably expressing a spontaneously C-terminally truncated GFP-
iASPP were analyzed by liquid chromatography-tandem MS/MS
in an LTQ-Orbitrap-Velos (Thermo Electron) online with a nanoLC
Ultimate 3000 chromatography system (Dionex). Protein identifi-
cation and relative intensity-based label-free quantification were
processed using Progenesis liquid chromatography-MS software,
version 4.1 (Nonlinear Dynamics) as described previously (Daou
et al., 2014). Only proteins identified with at least two peptides in
two out of four independent replicates were selected. Among these,
proteins associated with the cell cortex were identified through a
literature search.

Microscopy and flow cytometry

Hela cells transfected with the indicated siRNA were grown on
glass coverslips coated with 25 pg/ml rat-tail collagen I for 72 h.
When indicated, nocodazole at a final concentration of 40 nM
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was added to the culture medium for 1 h. For IF, cells were fixed
either with methanol containing 1 mM EGTA at -20°C for 5 min,
followed by 4% formaldehyde in PBS for 15 min at room tem-
perature or with 4% formaldehyde and 3% sucrose in PBS for
20 min at 37°C. After permeabilization with 0.2% Triton in PBS
for 10 min, immunolabeling was performed with antibodies
against target proteins and secondary antibodies coupled to
Alexa Fluor 488, 546, 594, or 647 (Jackson ImmunoResearch),
and DNA was counterstained with DAPI (Sigma-Aldrich). Im-
ages were acquired on a Zeiss structured light ApoTome mi-
croscope equipped with a 63x/1.4 plan Apochromat objective
and an Axiocam MRc5 camera using AxioVision software or a
Zeiss LSM880 META confocal microscope equipped with a 63x/
1.46 plan Apochromat objective and a GaAsP detector using Zen
software.

For flow cytometry cell cycle analysis, cells were synchro-
nized in G1 by a double block with 2 mM thymidine, collected O
and 10 h after thymidine wash off, and permeabilized with 0.2%
Triton in PBS. After the addition of anti-phospho-histone H3
antibody and anti-rabbit IgG coupled to secondary Alexa Fluor
647 to label mitotic cells, cells were resuspended in a solution of
40 pg/ml propidium iodide/RNase A (Sigma-Aldrich) for 30 min
in the dark at 37°C. DNA content and histone H3 phosphoryla-
tion were determined with an LSRFortessa flow cytometer (BD
Biosciences), and cell cycle was analyzed using FlowJo V10
Software.

Analysis of microcopy images

To determine spindle position in the xy plane, microtubules,
centrosome, and DNA were labeled as indicated in Materials and
methods to identify mitotic cells. Images were acquired with a
Zeiss structured light ApoTome microscope. Only metaphase
cells with both poles in the same focus plane were quantified, to
disregard effects on spindle orientation. Cell size, mitotic spindle
size, cortex-to-pole distances (d1 and d2), and cortex-to-meta-
phase plate distances (D1 and D2) were measured via Image ]
software in three independent experiments. The number of
counted cells is indicated.

Astral microtubule plus-ends were identified thanks to EBI
labeling and quantified on z-stack image projections (40 x 0.2-
pm-thick sections). Astral microtubule EB1 comets that entered
a 2-um-wide strip drawn along the cell periphery, as indicated
in Fig. 5, were counted in three independent experiments. Astral
microtubule density was determined by measuring a-tubulin
total fluorescence minus spindle fluorescence after correcting
for background fluorescence, as described previously (Bouguenina
et al,, 2017). To evaluate metaphase cell morphology, cells were
labeled with anti-B-actin or TRITC-phalloidin, anti-a-tubulin and
anti-CDK5RAP antibodies, and DAPI before acquisition of 0.42-
pm-thick sections encompassing the entire cell. For ERM rescue
experiments, only GFP-positive cells were included in the analysis.
Images were acquired with a Zeiss confocal LSM880 META mi-
croscope, using a 63x objective and a numeric zoom of 3.5. The
largest cell diameter (L) and related width (W) were determined
with Zen software. Circularity was measured in independent ex-
periments: 0.25-pm-thick sections were collected with a ZEISS
Axio Observer Z1 microscope equipped with a Yokogawa CSU-X1A
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head and a plan Apochromat 63x/1.46, and cytosolic a-tubulin im-
munostaining was used to define cell limits using ImageJ particles
analysis tool: maximum projection images, blurred with the Gauss-
ian filter (sigma = 2 pixels), were used for thresholding, producing a
binary image. A 150-pixel® size filter was applied before analysis of
cell area, perimeter, and circularity [4m(area)/perimeter2].

AFM

EGFP-tubulin/mCherry H2B-HeLa cells were transfected with
the indicated siRNA, plated on collagen I-coated glass-bottom
FluoroDishes (WPI), and synchronized by a single 2-mM thy-
midine treatment. AFM measurements were performed in
serum-free DMEM 12-14 h after thymidine washout. Details of
the setup have been described elsewhere (Cazaux et al., 2016;
Sadoun and Puech, 2017). In short, measurements were con-
ducted with an AFM (Nanowizard I; JPK Instruments/Bruker)
mounted on an inverted microscope (Zeiss Axiovert 200) with a
CellHesion stage and a PetriDish Heater (JPK Instruments/
Bruker). The setup was used in AFM force mode (15-um head
piezo on, stage off) and in closed loop, constant-height feedback
mode. The sensitivity of the optical lever system was calibrated
on the Petri dish glass substrate; the cantilever (Bruker MLCT-
bio C) spring constant was determined using the thermal noise
method, thanks to JPK SPM software routines, at the start and at
the end of each experiment. Spring constants were found to be
consistently close to the manufacturer’s nominal values (10 pN/
nm). Bright-field images and/or fluorescence images were ac-
quired with 10x or 40x NA 0.75 lenses, a CoolSnap HQ2 camera
(Photometrics), and a four-diode Colibri2 (Zeiss) setup with
suitable multiband filter sets (Cazaux et al., 2016).

The AFM tip was positioned over the center of mitotic cells
(identified by morphology and/or organization of the mitotic
spindle). A minimum of five force curves were gathered for each
cell with a maximal pressing force of 500 pN, a pushing (and
pulling) speed of 2 pm/s, and an acquisition frequency of 2,048
Hz, making sure that cells were not moving during the inden-
tation measurements with the optical microscope. Data from
four to five experiments were collected and pooled.

AFM data processing

Using custom-made Python-scripts and JPK-DP data processing
software (JPK Instruments/Bruker), force curves were processed. We
corrected for baseline offset and tilt and calculated tip sample sepa-
ration before applying a fit based on the Hertz model for a square-
based pyramid (Sadoun and Puech, 2017). We took care to keep the
fitted indentation smaller than the minimum manufacturer-reported
tip height (<2 um) and to verify by eye the goodness of the detection
of the contact point for each curve. If the fit appeared to be bad
quality, the corresponding force curve was rejected from the analysis.
We then obtained for each processed curve a Young modulus (in Pa),
calculated the mean Young modulus per cell, and plotted the dis-
tribution of the cell’s Young moduli per experimental condition. The
higher the value of Young modulus is, the stiffer the cell is.

Statistical analysis
All experiments were performed at least three times indepen-
dently. Statistical analyses were performed using GraphPad
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Prism. The unpaired two-tailed t test with Welch correction was
used to determine if the difference was significant between data
groups. Data distribution was assumed to be normal, but this
was not formally tested. For AFM analysis, R asbio package
(https://www.r-project.org/) was used and analyzed with
Kruskal-Wallis test with Bonferroni adjustment and verified
using GraphPad Prism. Data are represented as box-and-
whiskers plots, with boxes showing 25th percentile, median,
and 75th percentile, and whiskers indicating the fifth and 95th
percentiles. P values are indicated as *, P > 0.05; **, P < 0.01; and
*** P < 0.001.

Online supplemental material

Fig. S1 shows images of endogenously tagged EB1 and iASPP and
coprecipitation of endogenous GFP-tagged iASPP and EBI, the
contribution of specific iASPP domains to PP1 binding, and the
inability of HA- and FLAG-tagged iASPP to coprecipitate. It also
shows the efficiency of the various siRNAs used in the study and
data to confirm Myolc cortical localization. Fig. S2 shows addi-
tional data on the effect of iASPP siRNA on spindle positioning
and pole-to-cortex distance. Fig. S3 shows a complement of data
on the effect of iASPP knockdown on microtubule capture at the
cortex, including the lack of impact on astral microtubule nu-
cleation. Fig. S4 shows the effect of iASPP siRNA on mitotic cell
circularity, focal adhesions, and stress fibers. It also shows that
ERMs do not contribute to mitotic rounding but that overex-
pressed active ERMs restore mitotic spindle positioning. It il-
lustrates how AFM data were acquired. Fig. S5 shows that
nocodazole treatment induces iASPP phosphorylation visualized
as gel-retarded bands on 1D and 2D gels, and the impact of
iASPP phosphorylation on N-terminal region-C-terminal
region, iASPP-EBI, and iASPP-Myolc interactions. It also
presents a graphical summary.
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Figure S1. Validation of EB1-GFP11 and GFP11-iASPP knock-in cells, siRNAs used in the study, and the lack of iASPP homodimerization. (A) En-
dogenous EB1, C-terminally tagged with GFP by knock-in (K1) of GFP11 in HeLa®P-10, [ocalizes to microtubule plus-ends as expected. Insert, zoomed image of
the boxed region; scale bar is 10 um. (B) Endogenous iASPP N-terminally tagged with GFP by knock-in of (GFP11); in HeLa®FP*-10 jASPP is present in the
cytosol, in various types of condensates, and in cortical areas. Co-labeling of EB1 or Myolc reveals the areas of iASPP and EB1/Myolc labeling overlap, including
cortical areas (arrows and insert 1). Endogenous iASPP partially overlaps with EB1 at plus-ends (insert 2) but does not form comets. Inserts, zoomed images of
the boxed regions; scale bar is 10 um. (C) Endogenous iASPP tagged with GFP interacts with endogenous EB1. iASPP was tagged via N-terminal knock-in of
(GFP11); in Hela®"P2-10 cells. GFP-iASPP was pulled down via GFP-Trap, and EB1 and PP1 coprecipitation was analyzed by WB. (D) Interaction of iASPP with
PP1 requires the RARL motif, the Ank repeats, and the SH3 domain. The indicated GFP-tagged iASPP constructs were coexpressed in HEK293 cells before IP
with GFP-Trap and WB of the GFP constructs and PP1. Color code corresponds to functional domains as in Fig. 1 E and Fig. 2. (E) iASPP does not homodimerize.
The indicated HA-tagged and SF-tagged iASPP constructs were coexpressed in HEK293 cells before IP with HA-conjugated beads or Strep-Tactin Sepharose
beads and analyzed by WB. Regardless of the position of the tags, the iASPP constructs do not coprecipitate, in contrast to PP1. Note that 1/10 of the sample
was used to verify the efficacy of the IP/pulldown; the rest was used to verify the coprecipitation. (F) Efficiency of iASPP (si-iASPP), Myolc (si-Myolc), NuMA
(si-NuMA), and EB1 (si-EB1) siRNAs. HeLa cells were transfected with the indicated siRNA before WB analysis with the corresponding antibodies (right) and
quantification (left). a-Tubulin was used as loading control. The bar graph shows the means and SEM of three independent experiments. Signal intensity was
normalized to the signal intensity of a-tubulin, and Ctrl siRNA was set to 100%. (G) Myolc associates with the actomyosin cortex. Myolc subcellular localization
was verified by IF and phalloidin-based F-actin labeling.
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Figure S2. Impact of iASPP knockdown on mitotic Hela cells. (A) Schematic showing the average control HeLa cell and the average iASPP knockdown
HeLa cell. HeLa cells were transduced with control (si-Ctrl) or IASPP (si-iASPP) targeting siRNA. Mitotic spindle, centrosomes, and chromosomes of metaphase
HeLa cells were visualized by IF and DAPI staining before measuring the cell length (at the level of the centrosomes), spindle size, hemi-spindle size, pole-to-
cortex distance, and pole-to-metaphase plate distance. Data were collected from 128 and 133 cells, respectively, obtained in three independent experiments.
(B) Histograms of the cell distribution of pole-to-cortex distances in control cells (left) and iASPP knockdown cells (right) showing that iASPP knockdown

induced a strong pole-to-cortex asymmetry.
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Figure S3. Impact of iASPP and Myolc knockdown on astral microtubules. (A-E) Hela cells were transduced with control (si-Ctrl), iASPP (si-iASPP), or
Myolc (si-Myolc) siRNA. Microtubules, microtubule plus-ends, and chromosomes were visualized by confocal microscopy. (A-C) The EB1 comets that reached
the polar or lateral cortexes (as defined in Fig. 5 B) were counted. (A) The distribution of astral microtubules that reached the polar cortex on either side is
slightly asymmetric. (B) The number of astral microtubules that reached the lateral cortexes is reduced upon iASPP or Myolc knockdown but remains
symmetrically distributed (right, dashed line is set at 1). (C) Histograms of cell distribution according to cortical comet number at polar cortex 2 illustrate the
observation that astral microtubules remained captured on one side of the spindle. (D and E) The density of astral microtubules on either side of the spindle
was quantified. (D) Representative maximum image projections are shown. Scale bar is 10 um. (E) In contrast to astral microtubule capture, astral microtubule
density remains symmetrically distributed in iASPP and Myolc knockdown cells. Data were collected from three independent experiments. The number of cells
analyzed is indicated between brackets. The unpaired two-tailed t test with Welch correction was used to determine if the difference was significant between
data groups. ***, P < 0.001; **, P < 0.01. fluo, fluorescence.
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Figure S4. Impact of iASPP knockdown on cell circularity and focal adhesions; impact of ERM proteins on mitotic cell morphology; AFM metho-
dology. (A) iASPP silencing prevents rounding of mitotic cells. Hela cells were transduced with control (si-Ctrl) or iASPP (si-iIASPP) siRNA. Microtubules and
chromosomes were visualized by IF, z-stacks were collected, and cell circularity was calculated from maximum-intensity projection images. The number of cells
analyzed is indicated between brackets. (B) Mitotic iASPP knockdown cells disassemble stress fibers and focal adhesions. Adhesions, actin filaments, and
chromosomes were labeled with anti-paxillin antibody, TRITC-phalloidin, and DAPI staining, respectively. Representative images are shown. Two focal planes
are presented to visualize focal adhesions (bottom focal plane) and the metaphase plate (middle focal plane). Arrows indicate mitotic cells. Note the absence of
focal adhesions and stress fibers in metaphase cells compared with neighboring interphase cells. (C and D) Using AFM force curves to investigate mitotic cell
mechanics. (C) Top view phase contrast (left) and mCherry-H2B fluorescence (right) micrographs showing a cantilever tip positioned near a mitotic cell. Note
the typical mitotic cell morphology and chromosome alignment (arrow). (D) Typical pressing and pulling force curves. Elastic measurements (Young modulus)
were extracted from a fit using a Hertz-like model (green curve) on the pressing curve over the greyed region. Note that the adhesion as observed on the
retract curve was relatively weak so that using Hertz model was reasonable. (E) Expression of active moesin or ezrin partly restores mitotic spindle centering.
Hela cells were transduced with control or iASPP siRNA together with GFP, GFP-tagged moesin T558D (MSN*), or GFP-tagged ezrin T567D (EZR*) before cell
labeling and evaluation of mitotic spindle positioning as in Fig. 3. (F) ERMs do not contribute to HeLa cell mitotic rounding. Hela cells were transduced with
siRNA targeting all three ERMs before analysis by WB (left) and confocal microscopy (right); actin filaments and chromosomes were labeled with TRITC-
phalloidin and DAPI staining, respectively. Representative cells are shown. Scale bar is 5 um. Data are collected from three independent experiments. The
unpaired two-tailed t test with Welch correction was used to determine if the difference was significant between data groups. ***, P < 0.001; *, P < 0.05.
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Figure S5. Impact of nocodazole induced iASPP phosphorylation on protein interaction and graphical summary. (A) Nocodazole-induced mitotic arrest
leads to iASPP phosphorylation (p-iASPP). Hela cells were transduced with control or iASPP (si-iASPP) siRNA and treated with nocodazole for 16 h to arrest
cells in G2/M. Cell arrest in G2/M induced the apparition of a slow migrating band on a 1D gel (left) corresponding to phosphorylated iASPP (p-iASPP; Lu et al,,
2013). 2D gel analysis (right) revealed multiple mitotic arrest-induced spots corresponding to incremental levels of iASPP phosphorylation. (B) Mitotic
arrest-induced iASPP phosphorylation does not affect N-terminal to C-terminal interactions. Short or long SF-tagged N-terminal iASPP constructs and GFP-
tagged C-terminal constructs including or not the PP1-binding motif were coexpressed in HEK293F cells before IP with GFP-Trap and WB with FLAG antibody.
(C) Mitotic arrest-induced iASPP phosphorylation reduces EB1 coprecipitation. SF-tagged EB1 or mCherry-tagged Myolc EB1 was cotransfected with GFP-
iASPP before IP with GFP-Trap and WB. (D) iASPP contribution to cortex rigidity and spindle positioning: graphical summary. Left: iASPP mostly interacts with
PP1in the cytosol. Interaction with EB1 might contribute to enrich iASPP at the cell periphery. How iASPP interaction with Myolc at the cell cortex affects
Myolc function in cortical stiffening remains unknown. Right: iIASPP overexpression promotes mitotic cell rigidity, which would be especially beneficial in
constrained environments.
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