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Summary statement 1 

Contractile tension at the actomyosin cortex is a key determinant of cell shape. We analysed 2 

cortices from cells with high and low tension using mass spectrometry, generating a dataset 3 

of candidate cortex mechanics regulators.  4 
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Abstract 5 

Many animal cell shape changes are driven by gradients in the contractile tension of the 6 

actomyosin cortex, a thin cytoskeletal network supporting the plasma membrane. 7 

Elucidating cortical tension control is thus essential for understanding cell morphogenesis. 8 

Increasing evidence shows that alongside myosin activity, actin network organisation and 9 

composition are key to cortex tension regulation. However, due to poor understanding of 10 

how cortex composition changes when tension changes, which cortical components are 11 

important remains unclear. In this Resource article, we compared cortices from cells with 12 

low and high cortex tensions. We purified cortex-enriched fractions from cells in interphase 13 

and mitosis, as mitosis is characterised by high cortical tension. Mass spectrometry analysis 14 

identified 922 proteins consistently represented in both interphase and mitotic cortices. 15 

Focusing on actin-related proteins narrowed down the list to 238 candidate regulators of 16 

the mitotic cortical tension increase. Among these candidates, we found a role for septins, 17 

and in particular septin 9, in mitotic cell rounding control. Overall, our study provides a 18 

comprehensive dataset of candidate cortex regulators, paving the way for systematic 19 

investigations of cell surface mechanics regulation.  20 

 21 

 22 

 23 

 24 

  25 
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Introduction 26 

Changes in animal cell shape are largely controlled by the actin cytoskeleton. In particular, 27 

the actomyosin cortex, a thin (~ 150 nm thick) network of actin, myosin and associated 28 

proteins underlying the plasma membrane, drives contraction-based cellular deformations 29 

(Salbreux et al., 2012; Chugh & Paluch, 2018). Contractile tension is generated in the cortex 30 

by myosin motors pulling on actin filaments, and increasing cortical tension promotes cell 31 

rounding. For instance, a strong increase in cortical tension at the onset of mitosis typically 32 

leads cells to round up in prometaphase (Stewart et al., 2011; Cadart et al., 2014). The 33 

resulting mitotic rounded shape provides the space required for spindle assembly, 34 

positioning, and accurate chromosome separation (reviewed in Lancaster and Baum, 2014). 35 

Furthermore, gradients in cortical tension lead to local contractions and induce cell shape 36 

changes driving processes such as cell division, cell migration, and epithelial morphogenesis 37 

(reviewed in Levayer & Lecuit, 2012; Chugh & Paluch, 2018). Given its importance in the 38 

regulation of cell shape, it is thus essential to systematically identify the key factors 39 

controlling cortical tension. 40 

 41 

The role of myosin motors in cortical tension generation has been extensively characterised 42 

(Tinevez et al., 2009; Murrell et al., 2015; Ramanathan et al., 2015; Truong Quang, Peters, et 43 

al., 2021). However, a number of recent studies have highlighted the importance of other 44 

actin-binding proteins. In particular, regulators of actin filament nucleation, length, as well 45 

as crosslinkers have been shown to play a role in the control of cortical tension (Bergert et 46 

al., 2012; Chugh et al., 2017; Ding et al., 2017; reviewed in Koenderink & Paluch, 2018). 47 

Furthermore, intermediate filaments have been shown to contribute to the cortical tension 48 

increase observed in mitotic cells (Duarte et al., 2019; Serres et al., 2020). Taken together, 49 
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the emerging view is that cortical tension is controlled by a variety of mechanisms that 50 

modulate myosin activity, actin network organisation, as well as cortex interactions with 51 

other cytoskeletal networks. However, systematic investigations of cortex tension 52 

regulation have been significantly hindered by our limited understanding of how cortical 53 

composition changes when tension changes.  54 

 55 

In this Resource article, we set out to systematically investigate which actin-related proteins 56 

display different levels at the cortex in cells with high and low cortical tension. To this aim, 57 

we analysed the proteic composition of actin cortices in cells synchronised in interphase and 58 

mitosis, as mitotic cells display considerably higher cortical tension compared to interphase 59 

cells (Chugh et al., 2017). We used purified cellular blebs, as we have previously shown that 60 

blebs assemble a cortex similar to the cellular cortex, and can be isolated from cells, yielding 61 

cortex-enriched cellular fractions (Biro et al., 2013; Bovellan et al., 2014). We compared, 62 

using mass spectrometry, the composition of blebs separated from interphase and mitotic 63 

cells. We identified 922 different proteins consistently present in blebs from both mitotic 64 

and interphase cells, among which 238 were actin-related proteins. Finally, we investigated 65 

one of the candidates identified, the septin family of proteins, and showed that septins 66 

regulate mitotic cell rounding, highlighting the potential of our dataset to identify new 67 

cortex and cell shape regulators. Taken together, our systematic analysis generates a list of 68 

candidate regulators of the cortical remodelling taking place at mitosis entry. It also 69 

identifies septins, and in particular septin 9, as important regulators of cortex-driven cell 70 

rounding at the transition between interphase and mitosis.  71 
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Results 72 

Isolation of actin cortex-enriched blebs from cells synchronised in interphase and mitosis 73 

We obtained synchronised rounded interphase (low cortex tension) and mitotic (high 74 

tension) cells using a protocol previously established in the lab (Chugh et al., 2017). 75 

Specifically, to enrich for cells in interphase, HeLa cells were synchronised in G1/S phase 76 

using thymidine (Fig. 1A, see Methods for details). Synchronised interphase cells were then 77 

detached and maintained in suspension (Fig. 1B, upper panel). To obtain mitotic cells, HeLa 78 

cells were synchronised in prometaphase using S-Trityl-L-Cystine (STLC). Mitotic cells were 79 

further enriched by mechanically separating them from adherent cells through a mitotic 80 

shake-off (Fig. 1B, bottom panel). We have previously shown that following this protocol, 81 

rounded interphase cells display a continuous cortex that can be compared to the cortex of 82 

mitotic cells, but display a cortical tension four-fold lower than mitotic cells, as measured by 83 

atomic force microscopy flat cantilever compression (Chugh et al., 2017). Finally, we 84 

checked synchronisation efficiency by DNA staining of the synchronised cell populations 85 

(Fig. 1B), and by immunoblotting for levels of the mitotic markers phosphorylated histone 86 

H3 and cyclin B (Fig. 1C). This confirmed that our synchronisation procedure yielded cell 87 

populations of predominantly rounded interphase and mitotic cells.  88 

 89 

We then purified blebs to enrich for actin cortex components from synchronised, rounded 90 

cells (Fig. 1D) by adapting a previously published protocol (Biro et al., 2013) (see Methods 91 

for details). In brief, blebbing was induced using the actin depolymerizing drug Latrunculin B 92 

(Spector et al., 1983) and blebs were detached from cells by shear stress. We observed that 93 

mitotic HeLa cells yielded much fewer isolated blebs than the constitutively blebbing M2 94 

cells used in previous studies (Biro et al., 2013; Bovellan et al., 2014). To account for this 95 
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limited output, we considerably increased the amounts of cells used. Furthermore, in our 96 

protocol blebs are isolated from non-adherent cells, we thus added a stringent filtration 97 

step to ensure the removal of entire cells from the cortex preparation (Fig. 1D). As 98 

previously described (Biro et al., 2013), Latrunculin B was washed out (at Step 4, Fig. 1D) 99 

and the bleb membrane was permeabilised with Hemolysin A, and an exogeneous creatine-100 

phosphate-based ATP regeneration system was added to the buffer (Step  6 in Fig. 1D, see 101 

Methods for details), to facilitate cortex re-assembly. We then imaged actin in samples of 102 

isolated blebs from each replicate prior to mass spectrometry. The blebs displayed a clearly 103 

defined actin cortex, confirming that the isolated blebs contain all the components required 104 

for successful cortex assembly (Figs 1E, S1A). Furthermore, we confirmed that bleb lysates 105 

were enriched in actin and actin-binding proteins and displayed lower levels of nuclear 106 

proteins compared to whole cell lysates (Fig. S1B). Taken together, our data show that our 107 

purification protocol successfully isolated cortical fractions from cells synchronised in 108 

interphase and mitosis. 109 

 110 

Proteomic analysis of actin cortex-enriched blebs from interphase and mitotic cells 111 

To identify proteins potentially involved in the regulation of cortical tension, we analysed 112 

blebs isolated from interphase and mitotic cells using liquid chromatography (LC)-tandem 113 

mass spectrometry (LC-MS/MS). For this, purified blebs from three biological replicates for 114 

each condition were lysed in denaturing Laemmli buffer and proteins were resolved by SDS-115 

PAGE (Fig. 2A). Proteins were then subjected to in-gel trypsin digestion, and purified 116 

peptides were analysed by LC-MS/MS. Overall, we identified 117,088 unique peptides from 117 

2,268 unique proteins in interphase and mitosis (Fig. 2B,C, Table S1). To account for 118 

variations between experiments, the total number of spectra identified for each protein was 119 
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normalised to the total spectral count detected within each replicate, using the first 120 

interphase replicate as a reference (see Methods for details). For further analysis, we only 121 

considered proteins that were detected from at least 2 unique peptides and with an average 122 

spectral count of 2 or higher in triplicates from both phases of the cell cycle, narrowing 123 

down the list to 922 proteins (Fig. 2D, Table S2). These criteria allowed us to focus on 124 

proteins that were consistently and reliably detected in our samples. Furthermore, focusing 125 

on proteins present in both interphase and mitosis eliminated multiple nuclear proteins that 126 

were detected at high levels in mitotic blebs but absent in interphase blebs (Table S1), likely 127 

due to increased cytoplasmic levels of nuclear components following nuclear envelope 128 

breakdown.  Out of the 922 proteins selected, myosin heavy chain IIA (MYH9), actin (ACTG1) 129 

and filamin A (FLNA) were the most abundant based on spectral counts, which reflect both 130 

protein abundance and size (Fig. 2E). Of note, differentiating actin isoforms in mass 131 

spectrometry is challenging because of the high degree of conservation between isoforms 132 

(98.9% amino acid identity between ACTG1 and ACTB for instance), and resulting high 133 

degree of overlap between identified peptides. ACTG1 thus likely corresponds to various 134 

actin isoforms present in our samples. Overall, many of the most abundant proteins 135 

identified were actin-related proteins (Fig. 2E, magenta dots). 136 

 137 

To globally characterise the composition of the identified protein dataset, we next 138 

performed a Gene Ontology (GO) analysis for cellular components, molecular functions, and 139 

biological processes (Figs 2F, S1C,D). Cellular component GO terms describing actomyosin 140 

(P-value= 3.8x10-14), actin filament (P-value= 4.7x10-11), cell cortex (P-value= 1.6x10-25) and 141 

actin cytoskeleton (P-value= 3.7x10-38) were enriched for in our dataset (Fig. 2F). Analysis of 142 

molecular functions, and biological processes GO terms further supports a high 143 
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representation of actin-related proteins in isolated blebs (Fig. S1C,D). Taken together, our 144 

observations suggest that isolated blebs are indeed enriched in actin cortex components 145 

and are thus a good model system to compare cortex composition between interphase and 146 

mitosis.  147 

 148 

Analysis of actin-related proteins in cortex-enriched blebs from interphase and mitotic 149 

cells  150 

To identify potential regulators of cortical tension, we next compared the levels of individual 151 

proteins detected in blebs isolated from cells in interphase and mitosis (Fig. 3A, Table S2). 152 

Only 180 out of the 922 proteins detected displayed a significant difference in protein levels 153 

between interphase and mitosis (corresponding to a P-value= 0.05 in Fig. 3A, data points 154 

above the dashed line), suggesting that cortex composition is largely similar between these 155 

two phases of the cell cycle. To narrow down our candidate list, we focused on actin-related 156 

proteins. These were selected based on a previously published list of F-actin binding 157 

proteins identified by pull down of F-actin binding cellular fractions (Serres et al., 2020), 158 

complemented by manual curation to select further actin-related factors. Based on these 159 

criteria, we found 238 actin-related proteins in the cortex-enriched blebs (magenta dots on 160 

Fig. 3A,B, Table S3). This narrowed down list included many proteins known to directly bind 161 

and regulate actin filaments, as well as membrane and adhesion proteins, the intermediate 162 

filaments vimentin and keratin, and various Rho-GTPases and their regulators. Notably, the 163 

other proteins found in blebs included tubulins and microtubule-binding proteins, as well as 164 

multiple factors involved in intracellular trafficking, which might also indirectly interact with 165 

the actin cortex (Tables S1, S2).  Out of the 238 identified actin-related proteins, 54 166 

significantly changed in levels between interphase and mitotic blebs to a P-value <0.05. 167 
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While this cut-off is somewhat arbitrary given the small number of experimental replicates 168 

inherent to a mass spectrometry study, this reduced list (Table 1) represents actin-related 169 

proteins that most consistently changed levels in cortex-enriched blebs between interphase 170 

and mitotic cells. Finally, we verified that there was a high degree of reproducibility 171 

between experimental replicates in our mass spectrometry analysis of the identified 54 172 

proteins (Fig. S2A,B).  173 

 174 

Several of the identified proteins had previously been shown to change levels between 175 

interphase and mitosis (Fig. 3C). In particular, we found that the levels of cyclin-dependent 176 

kinase 1 (CDK1), a known cell-cycle regulator that increases in mitosis (Lee & Nurse, 1987), 177 

and anillin, a cortical protein that translocates from the nucleus to the actin cortex in mitosis 178 

(Field & Alberts, 1995) were higher in mitotic compared to interphase blebs. Furthermore, 179 

the intermediate filament protein vimentin displayed strongly increased levels in mitotic 180 

blebs, consistent with recent findings demonstrating a role for vimentin in the mitotic cortex 181 

(Duarte et al., 2019; Serres et al., 2020). Finally, caldesmon displayed lower levels in mitotic 182 

compared to interphase blebs, consistent with previous observations showing that 183 

caldesmon dissociates from actin filaments during mitosis (Yamashiro, 1990). Together, 184 

these observations suggest that our mass spectrometry analysis successfully identifies 185 

proteins for which cortical levels change between interphase and mitosis.  186 

 187 

We then compared the changes in bleb protein levels between interphase and mitosis, to a 188 

published dataset reporting changes in protein levels in whole cell lysates of interphase and 189 

mitotic HeLa cells (Heusel et al., 2020) (Fig. S2C). We focused on the 54 proteins reported in 190 

Table 1. Interestingly, while most of the proteins that increased in mitotic blebs also 191 
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increased in cells, the extent of the increase was for most proteins higher in blebs than in 192 

cells. Furthermore, most proteins that showed decreased levels in mitotic blebs, displayed 193 

increased levels in mitotic cells. Together, these observations suggest that differences in 194 

cortical composition between interphase and mitosis are not only the result of differences 195 

in expression levels, but are tightly regulated through differential cortical recruitment.  196 

 197 

Finally, we further scrutinised our dataset by comparing our list of 238 actin-related cortical 198 

proteins to a published targeted screen of proteins involved in the generation of the mitotic 199 

rounding force (Toyoda et al., 2017). We found that 103 out of the 238 actin-related 200 

proteins detected in blebs had been tested in this mechanical screen. Out of these, 10 were 201 

shown to reproducibly and significantly reduce mitotic rounding force upon depletion (Table 202 

S3). These 10 regulators of cortex mechanics included the heavy chain of non-muscle 203 

myosin IIA (MYH9), which served as a positive control in the mechanical screen (Toyoda et 204 

al., 2017), upstream regulators of actomyosin dynamics (RAC1, ROCK), the septin SEPT9, and 205 

proteins involved in the control of actin organisation. This last category included proteins 206 

affecting actin polymerisation and nucleation (DIAPH1, PFN1, DBN1, CYFIP1), and actin 207 

bundling and crosslinking (ACTN4, FSCN1). Mechanisms of how actin length regulators (e.g. 208 

DIAPH1, PFN1) and crosslinkers (e.g. ACTN4) affect force generation in actomyosin networks 209 

have been explored previously (Logue et al., 2015; Ennomani et al., 2016; Chugh et al., 210 

2017). Furthermore, MYH9 and SEPT9 were the only two proteins out of the 10 cortex 211 

mechanics regulators, to also show a significant change in cortical levels in our mass 212 

spectrometry analysis (Table 1). We thus decided to focus on the role of septins, and septin 213 

9 in particular, in cortex regulation for the rest of the study. 214 

 215 
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A role for the septin protein family in the regulation of the mitotic cortex 216 

We then asked whether septins could play a role in the regulation of the cortex 217 

reorganisation between interphase and mitosis. Septins 2 and 9 have been previously 218 

shown to localise to the prometaphase cell cortex (Estey et al., 2010), but their role at the 219 

mitotic cortex remains unclear. Interestingly, our data indicate that the levels of several 220 

members of the septin family increase at the cortex between interphase and mitosis, with 221 

septin 8 and 9 displaying the most significant increase (Figs 3A, 4A). Proteins of the septin 222 

family assemble into higher order structures, including filaments, and are increasingly 223 

considered a component of the cytoskeleton (reviewed in Mostowy & Cossart, 2012; 224 

Spiliotis, 2018). Septins are generally classified into four different homology subgroups 225 

(SEPT2, SEPT3, SEPT6, SEPT7), with members of the same subgroups displaying some 226 

redundancy for the formation of oligomers and filaments. Septin 9 is the only member of 227 

SEPT3 subgroup that was detected in blebs, it also displayed a statistically significant change 228 

in cortical levels between interphase and mitosis in our analysis (Figs 3A, 4A, Table 1), and 229 

had been shown to significantly affect mitotic rounding forces upon depletion in a 230 

mechanical screen (Toyoda et al., 2017). We thus decided to first investigate the role of 231 

septin 9 in the regulation of the mitotic cortex.  232 

 233 

We first assessed whole cell levels of septin 9 and found that not only cortical (Fig. 4A) but 234 

overall septin 9 levels increase between interphase and mitosis (Fig. S3A), suggesting that 235 

septin 9 might play an important role in cell division. We thus depleted septin 9 (Fig. 4B,C) 236 

and examined the resulting effects on the cortex-driven mitotic rounding by analysing cell 237 

shape and cell division dynamics using live-cell imaging (Figs 4C-E, S3B-D, Movies S1, S2). We 238 

found that septin 9-depleted cells showed strong mitotic rounding defects affecting 239 
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metaphase cell shape and rounding time (Figs 4D,E, S3C,D). In particular, septin 9-depleted 240 

cells took slightly longer to round-up at the onset of mitosis (Fig. S3D) and displayed larger 241 

and less circular equatorial shapes in metaphase (as imaged in the cellular midplane, Fig. 4C-242 

E), as well as a significantly higher aspect ratio (Fig. S3C) compared to control cells. Taken 243 

together, our dataset identifies septin 9 as an important regulator of cell rounding at the 244 

onset of mitosis, highlighting the effectiveness of our dataset for identification of cell 245 

surface mechanics regulators.  246 

 247 

Finally, we asked whether members of other septin homology groups also affected mitotic 248 

shape (Fig. S4). We thus tested how depletion of other septins affected metaphase cell 249 

circularity, as well as rounding and ingression times. We focused on septin 2 and septin 7, 250 

the only representatives of the SEPT2 and SEPT7 septin homology groups detected in 251 

isolated blebs (see Fig. 4A), and septin 8, the member of the SEPT6 homology group that 252 

displayed the most significant change in levels between interphase and mitotic blebs (Fig. 253 

4A; the other members of the SEPT6 group detected in blebs were septin 6, septin 10, 254 

septin 11). We found that depletion of septin 2, septin 7, and septin 8 resulted in decreased 255 

equatorial circularity in metaphase cells, but we observed no significant change in mitotic 256 

rounding or ingression times (Fig. S4B-D). Finally, to assess potential redundancy between 257 

different groups of septins, we tested, using qPCR, how depletion of specific septins affected 258 

expression levels of other septins (Fig. S4A). Even though upon depletion of specific septins, 259 

slight changes in levels of some of the other septins were detected, these changes were 260 

small and did not suggest any clear pattern of compensation. Taken together, our data 261 

suggest that multiple members of the septin protein family act together to affect cell shape 262 

mechanics in early mitosis.  263 
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 264 
Discussion 265 

Here, we compared the composition of the actin cortex between interphase and mitosis, 266 

through mass spectrometry of cellular blebs isolated from synchronised rounded interphase 267 

and mitotic cells. Our previous work has shown that our purification protocol yields blebs 268 

displaying a cortex similar to the cellular cortex, as assessed by confocal and scanning 269 

electron microscopy, and that the isolated blebs display active contractions, confirming the 270 

presence of contractility regulators (Biro et al., 2013; Bovellan et al., 2014). We have verified 271 

that blebs isolated from cells synchronised in interphase and mitosis re-assemble an actin 272 

cortex (Figs 1E, S1A), and are enriched in cortical components and depleted in nuclear 273 

components (Fig. S1B). Directly measuring cortical tension in isolated blebs is technically 274 

challenging due to their small size. Nonetheless, we frequently observed that the blebs 275 

isolated from interphase cells tended to display less round shapes than those isolated from 276 

mitotic cells (see Fig. 1E for an example), suggesting that interphase blebs might display a 277 

lower cortical tension. Taken together, our observations indicate that bleb isolation 278 

constitutes a simple protocol for the purification of cellular fractions enriched for actin 279 

cortex components from interphase (low cortical tension) and mitotic (high cortical tension) 280 

cells. As a result, unlike previous studies where proteic composition of whole cell lysates 281 

(Heusel et al., 2020) or re-polymerised F-actin fractions (Serres et al., 2020) were compared 282 

between interphase and mitosis, our approach directly compares cortex-enriched cellular 283 

fractions. As such, our study can detect differences in protein levels at the cortex that are 284 

due to changes in either protein expression or protein localisation (Fig. S2C).  285 

 286 
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Our study identifies a dataset of 922 proteins detected in both interphase and mitotic blebs, 287 

out of which 238 are actin-related. These 238 proteins represent a candidate list for the 288 

regulation of the cortex remodelling upon mitosis entry (Table S3). Analysis of our candidate 289 

list pointed to the septin family as a potential and underexplored regulator of the mitotic 290 

cortex. Septins were first identified as key regulators of yeast cytokinesis (reviewed in 291 

Gladfelter et al., 2001). In mammalian cells, several septins have also been shown to 292 

interact with actomyosin networks and with the plasma membrane (reviewed in Spiliotis & 293 

Nakos, 2021). Depletion of septins 2, 7, and 11 has been shown to affect cleavage furrow 294 

ingression, leading to multinucleated cells (Estey et al., 2010) (Fig. S4). In particular, septin 2 295 

colocalises with non-muscle myosin II in dividing cells, potentially acting as a scaffold to 296 

promote myosin phosphorylation during cytokinesis (Joo et al., 2007). Furthermore, septin 9 297 

depletion has been shown to interfere with midbody abscission following cytokinesis but did 298 

not affect cytokinesis (Estey et al., 2010; Kim et al., 2011). Interestingly, although septin 9, 299 

septin 2 and potentially septin 7 have been shown to localise to the mitotic cortex during 300 

prometaphase (Estey et al., 2010), whether septins also affect the cortex and cellular shape 301 

during earlier stages of mammalian cell division had received little attention. Our study 302 

suggests that septins regulate the cortex already in the very early stages of mitosis, and 303 

contribute to the changes in cell surface mechanics that drive cell rounding. We showed 304 

that members of all four septin homology groups affect metaphase cell shape. Septins from 305 

different groups are required for the formation of septin oligomers and filaments (reviewed 306 

in Mostowy & Cossart, 2012).  How exactly specific septins are recruited to the mitotic 307 

cortex, and whether they regulate mitotic cortex mechanics and resulting cell rounding 308 

independently or act together through the formation of multimeric complexes and higher 309 

order structures, will constitute interesting avenues for future studies.  310 
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 311 

The identification of septins as a regulators of the cortex-driven cell shape changes at 312 

mitosis entry highlights the potential of the dataset we generated in detecting important 313 

cortex regulators amongst the multiple cortical components. More broadly, by 314 

systematically comparing the composition of the mitotic and interphase actin cortex, our 315 

study will be an important resource for investigations of mitotic shape changes, and of actin 316 

cortex mechanics in general. 317 

 318 

Materials and Methods 319 

Cell culture, cell synchronization and siRNA treatment 320 

HeLa cells from MPI-CBG Technology Development Studio (TDS) were cultured in DMEM 321 

Glutamax (Thermo Fischer Scientific) supplemented with 10% fetal bovine serum (FBS) 322 

(Thermo Fischer Scientific); 1% Penicillin-Streptomycin (Thermo Fischer Scientific); 1% L-323 

Glutamine (Thermo Fischer Scientific). For passaging, cells were detached from culturing 324 

flasks with Trypsin-EDTA (Thermo Fischer Scientific). Cells were regularly tested for 325 

mycoplasma.  326 

Cells were synchronised in interphase with 2 mM thymidine for approximately 22h, and in 327 

prometaphase with 2 μM S-Trityl-L-cystine (STLC) for 16h. Mitotic cells were further 328 

enriched for with mitotic shake-off. Thymidine and STLC were removed from the cells 329 

before the bleb isolation.  330 

For siRNA depletion, cells were transfected with ON-TARGET plus Human SEPT9 pool siRNA 331 

(Horizon Discoveries, 006373-00), ON-TARGET plus Human SEPT2 pool siRNA (Horizon 332 

Discoveries, 010614-00), ON-TARGET plus Human SEPT7 pool siRNA (Horizon Discoveries, 333 

011607-00), ON-TARGET plus Human SEPT8 pool siRNA (Horizon Discoveries, 010647-00) 334 
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and Non-targeting Control pool (Horizon Discoveries, 001810-10) using Lipofectamine™ 335 

RNAiMAX Transfection Reagent (Thermo Fischer Scientific) in antibiotic-free media. 336 

Overnight imaging was performed 24-48h after siRNA treatment and SEPT9 levels were 337 

checked 48h after the treatment.  338 

 339 

Bleb isolation 340 

Blebs were isolated from either mitotic cells synchronised with STLC and detached with 341 

mitotic shake-off or cells synchronised in interphase with thymidine and detached with 342 

trypsin (at 37°C). Trypsin was deactivated with cell culturing media, followed by 343 

centrifugation at 100 rpm for 3 min and exchanging media for fresh culturing media. 344 

Blebbing was induced by addition of either 1.7 μM (interphase) or 2.4 μM (prometaphase) 345 

of Latrunculin B (Sigma Aldrich), immediately followed by shaking on a horizontal benchtop 346 

shaker for 15 min at room temperature to detach the blebs from the cells. Latrunculin was 347 

then washed out through centrifugation of isolated blebs (and cells) at 4410 g for 6 minutes 348 

and re-suspension in intracellular buffer (0.01 M sodium chloride, 0.28 M pH 7.2 L-glutamic 349 

acid, 0.14 M magnesium sulphate, 0.013 M calcium chloride, 0.020 M pH 7.2 EGTA, 0.04 M 350 

pH 7.2 HEPES, in dH2O, potassium hydroxide to adjust the pH). To separate entire cells and 351 

isolated blebs, cells were firstly pelleted with a 4 min centrifugation at 100 g. The 352 

supernatant was then filtered with 5 μm Satorious Minisart filters (FIL6602, Minisart) to 353 

remove remaining cells and any larger debris. Collected blebs were then pelleted with a 354 

centrifugation at 16100 g for 5 min and incubated in a solution containing an exogeneous 355 

ATP regeneration system (energy mix) and alpha-toxin to permeabilise the bleb membrane 356 

(5% A-Hemolysin alpha-toxin (1 mg mL-1; H9395, Sigma Aldrich), 2% energy mix (50 mg mL-1 357 

UTP, 50 mg mL-1 ATP, 255 mg mL-1 creatine phosphate), 2% creatine kinase (10 mg mL-1), in 358 
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intracellular buffer) for 10 min, followed by centrifugation at 16100 g for 5 min to remove 359 

alpha-toxin and blebs resuspension in 500 μL re-suspension buffer (50% intracellular buffer, 360 

44% dH20, 1% energy mix, 5% creatine kinase) for 20 min. Bleb isolation was performed at 361 

room temperature. Purified blebs were then lysed directly in the Laemmeli sample buffer 362 

and the lysates were prepared for mass spectrometry. 363 

 364 

Mass spectrometry 365 

To obtain sufficient material for MS analysis, isolated blebs were prepared from 15 of T175 366 

flasks containing cells synchronised in interphase and 60 flasks of cells synchronized in 367 

mitosis, in three experimental replicates for each phase of the cell cycle. After bleb isolation, 368 

samples were subjected to SDS-PAGE and coomassie-stained gel bands were excised and 369 

subjected to in-gel trypsin digestion, as described previously (Carrière et al., 2008). The 370 

resulting peptides were extracted and subjected to capillary LC-MS/MS using a high-371 

resolution hybrid mass spectrometer LTQ-orbitrap XL (Thermo Fisher Scientific). 372 

Experiments were performed in triplicates. Database searches were performed against The 373 

Uniprot SwissProt Human database (containing 20 347 protein entries) using PEAK Studio 374 

(version 8.5) as search engine, with trypsin specificity and three missed cleavage sites 375 

allowed. Methionine oxidation, Lysine acetylation, Cysteine carbamidomethylation, 376 

Serine/Threonine/Tyrosine phosphorylation and asparagine/glutamine deamidation were 377 

set as variable modifications. The fragment mass tolerance was 0.01 Da and the mass 378 

window for the precursor was ± 10 ppm. The data were visualised with scaffold (version 379 

4.8.6) and minimum number of peptides per protein was set to 2 for data analysis. For 380 

normalisation the total number of spectra identified for each protein was divided by the 381 

total spectral count detected in the specific replicate considered, and multiplied by the total 382 
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spectral count detected in the first interphase replicate, thus normalising for experimental 383 

variation between replicates.  384 

 385 

Gene Ontology and candidate list curation 386 

For Gene Ontology (GO) analysis the statistical overrepresentation test function from 387 

PantherDB (http://www.pantherdb.org/) was used. Actin-related proteins from the bleb 388 

extracts were identified by comparing the list with previous mass spectrometry analysis of 389 

the F-actin interactome in interphase and mitotic cells (Serres et al., 2020), and by manually 390 

adding known actin related proteins.  391 

 392 

Western blots 393 

Cells were lysed directly in Laemmeli sample buffer, boiled and sonicated. 30 µg of total 394 

protein per sample was loaded on NuPage 4-12% Bis-Tris Protein gels (Thermo Fischer 395 

Scientific) or 4–15% Mini-PROTEAN TGX Stain-Free Protein gels (Biorad) and run at 200 V as 396 

per manufacturer’s instructions. Proteins were transferred to a nitrocellulose membrane 397 

(Thermo Fischer Scientific) using the BioRad transfer system at 100 V for 60 min at 4°C or 398 

with Trans-Blot Turbo Mini PVDF Transfer Packs using Trans-Blot Turbo Transfer System 399 

(Biorad). The membrane was blocked for 30 min with the Odyssey Blocking Buffer (TBS) 400 

(Licor) and stained overnight with primary antibodies at 4°C. Primary antibodies used 401 

against: phospho-histone H3 (Cell Signalling, 9713S, 1:500 dilution), beta-actin (Santa Cruz 402 

Biotechnology, 47778), cyclin B (Santa Cruz Biotechnology, 245) septin 9 (Sigma-Aldrich, 403 

HPA042564), GAPDH (Abcam, ab8245, 1:5000 dilution) , filamin A (Santa Cruz 404 

Biotechnology, 28284), ezrin-radixin-moesin (Cell Signalling, 3142), myosin RLC (Cell 405 

Signalling, 3672), phospho-myosin RLC Cell Signalling, 3675), Histone H3 (Abcam, 1791) in 406 
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5% milk in PBS with 0.1% tween. Antibodies were diluted 1:1000 unless stated otherwise. 407 

Following primary antibody incubation, membranes were washed three times with PBS 0.1% 408 

tween. Licor secondary antibodies conjugated to IRDyes were diluted 1:5000 in 5% milk in 409 

PBS 0.1% Tween 20 and incubated with the membranes at room temperature for 60 min. 410 

Membranes were imaged with Odyssey FC system and the results were analysed with the 411 

Studio Lite software.  412 

 413 

qPCR 414 

Cells were collected 24 and 48 hours after siRNA treatment and total RNA was extracted 415 

using RNeasy mini Kit (Qiagen) and reverse-transcribed using the cDNA Reverse 416 

Transcription Kit (Applied Biosystems), as described by the manufacturer. For each qPCR 417 

assay, a standard curve was performed to ensure that the efficacy of the assay (between 90 418 

and 110%). The Viia7 qPCR instrument (Life Technologies) was used to detect amplification 419 

level and was programmed with an initial step of 20 s at 95 °C, followed by 40 cycles of 1 s at 420 

95 °C and 20 s at 60 °C. Relative expression (RQ = 2−ΔΔCT) was calculated using the 421 

Expression Suite software (Life Technologies), and normalization was done using both ACTB 422 

and GAPDH. 423 

Levels of septins were measured using the following primers SEPT2 forward- 424 

AAGGCAATACACAACAAGGTGA, reverse- TTCTTCAATTTCATCCAGAATCC; SEPT6 forward- 425 

TCGTCCAGCGAGTCAAAGAG, reverse- TCTCGTCCTGGTGCAGTTTC; SEPT7 forward- 426 

GAAGTTAATGGCAAAAGGGTCA, reverse- TCAAGTCCTGCATGTGTGTTC; SEPT8 forward- 427 

TTCAGGACAGCGATGGTGAC, reverse- CTCCTTCCTCTGCAGCTCAC; SEPT9 forward- 428 

CGGGACCTTCTCATCAGG, reverse- GGTACGCCTCGAAGTGGAT; SEPT10 forward- 429 

GTTGCTTCTGCCCTCCGG, reverse- CGGTGAAGCGGCTGTATCAG; SEPT11 forward- 430 
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TTACTACAGTCCCAGGCCCA, reverse- TGGCTTGCCAGGCTTTATGT. ACTB and GAPDH were 431 

used as endogenous controls using the following primers ACTB forward- 432 

CCATCTACGAGGGGTATGCC, reverse- GCGCTCGGTGAGGATCTTC; GAPDH forward- 433 

AGCCACATCGCTCAGACAC, reverse- GCCCAATACGACCAAATCC. 434 

 435 

Preparation of fixed samples for imaging 436 

Samples, isolated blebs and cells were spun on poly-L-lysine coated 25 mm coverslips by 437 

centrifugation at 460 g for 10 min. Cells were fixed with 4% paraformaldehyde (PFA) in PBS 438 

for 10 min followed by 10 min permeabilisation with 0.2% Triton X-100 at room 439 

temperature. Blebs were fixed with combined permeabilisation-fixation for 6 min with 4% 440 

PFA in intracellular buffer with 0.2% Triton X-100 followed by 14 min fixation with 4% PFA in 441 

intracellular buffer at room temperature, followed by three washes with PBS. Samples were 442 

stained with DAPI and Phalloidin-Alexa568 (1:500 dilution) for 1h, followed by three washes 443 

with PBS.  444 

Samples were imaged using Olympus FluoView FV1200 Confocal Laser Scanning Microscope 445 

using a 60x oil objective (NA 1.4).  446 

  447 

Live imaging and analysis 448 

Cells we treated with siRNA for 24h before the start of the overnight imaging. 30 min prior 449 

to imaging, the culture media was changed to Leibovitz’s L-15 (Thermo Fischer Scientific) 450 

media supplemented with 10% FBS and 1% Penicillin-Streptomycin. Cells were imaged for 451 

15h at 37°C every 2 min on an inverted Olympus IX81 microscope, controlled via Velocity 452 

interface, and a Hamamatsu Flash 4.0v2 ScMOS camera. Imaging was performed with the 453 

brightfield setting under a 20x air objective.  454 
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Cell shape was analysed with manual segmentation using the measure feature of the FIJI 455 

image analysis software (Schindelin et al., 2012). Mitotic cell shape was measured in the 456 

cellular mid-plane (Figs. 4C, S3B), at the last frame of metaphase, i.e. the last frame where 457 

aligned chromosomes were observed, prior to anaphase onset and chromosome 458 

segregation. For a small subset of cells, even after cell rounding the cells maintained 459 

protrusions that extended from the cell surface (see example in Fig. S3B). These protrusions 460 

were included in the cell contour; they occurred with comparable frequency in control and 461 

SEPT9-siRNA treated cells. Rounding time was measured from the first frame where 462 

retraction of cell edges was observed (onset of rounding) to the first frame of completely 463 

round morphology; in cases where active rounding continued throughout metaphase, the 464 

end of rounding was set at end of metaphase (last frame before chromosome separation 465 

onset). Ingression time was measured from the last frame where aligned chromosomes 466 

were observed (just before the onset of chromosome segregation) until the end of furrow 467 

ingression. Statistic analysis was performed for individual cells pooled over 3 independent 468 

experiments, sample numbers are reported in the figure legends. 469 

 470 

STORM sample preparation, imaging and analysis 471 

Cells were plated on 35 mm Dish High Precision 1.5 Coverslips (MatTek, P35G-0.170-14-C) 472 

and synchronised with 2 μM S-Trityl-L-cystine (STLC) overnight. Samples were fixed for 6 473 

min with 4% PFA in CBS (10 mM MES, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA, in H20, pH 474 

7.4, and 4.51% sucrose) with 0.2% Triton X-100 followed by 14 min with 4% PFA in CBS and 475 

further permeabilised for 10 min with 0.5% Triton X-100 in PBS. Samples were blocked for 476 

30 min in 5% bovine serum albumin (BSA) in PBS before staining. Samples were stained by 477 

1h incubation with 1:200 Phalloidin-AlexaFluor 647 diluted in PBS. 478 
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Samples were imaged with a buffer of 45mM TRIS, 10 mM NaCl, 10% glucose, 5U/mL 479 

Pyranose Oxidase, 35 mM MEA, 40 ug/mL catalase and 2mM COT as previously described 480 

(Olivier et al., 2013).  481 

 482 

Samples were imaged using Zeis Elyra 7 imaging set-up for single molecule localisation using 483 

64x objective with NA 1.46. Laser power was at 100% with 20 ms exposure for 10000 484 

frames. Images were corrected for drift using model-based correction, grouped, and filtered 485 

for localisation precision 5-50 nm and number of photons 500-5000 with the in built Zeis 486 

Black processing software.  487 

 488 

Statistical analysis 489 

Mass spectrometry results (Table 1, S1-S3) were analysed using Excel Microsoft and Prism 490 

(GraphPad Software) for other experiments. To compare means Student’s t-test was used or 491 

Mann-Whitney test for non-normally distributed samples. 492 
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 617 

Figure Legends 618 

Figure 1: Isolation of cortex-enriched blebs from interphase and mitotic cells. (A) 619 
Schematic describing cell synchronisation in interphase (top) and mitosis (bottom). Prior to 620 
bleb isolation, cells were synchronised in interphase (G1/S phase) with a 22 h thymidine 621 
treatment, detached from the dish and rounded up using trypsin. For synchronisation in 622 
mitosis, the cell population was first enriched for mitotic cells with a 16 h treatment with 623 
the Eg5 inhibitor STLC, which prevents bipolar spindle formation, followed by a mitotic 624 
shake-off.  (B) Representative confocal images of synchronised interphase (upper panel) and 625 
mitotic (lower panel) cells. Cyan: DAPI (DNA), white: Phalloidin (F-actin). DAPI staining 626 
shows the nuclear organisation of DNA in cells synchronised in interphase and condensed 627 
chromosomes in cells synchronised in mitosis. Scale bar = 20 µm. (C) Representative 628 
fluorescent Western blots (upper panels), and related quantifications (lower panels), of 629 
mitotic markers (phosphorylated histone H3 – PHH3 - and cyclin B) and actin levels in 630 
interphase and mitotic cell lysates, confirming cell cycle phase synchronisation at the cell 631 
population level. Membranes are representative of n=4 samples used for quantification. 632 
GAPDH: loading control. For quantification, protein levels were normalised to the loading 633 
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control (GAPDH) and interphase conditions. Red datapoints on graphs correspond to the 634 
samples represented in the images of Western blot membranes (upper panels). (D) 635 
Schematic depicting the bleb isolation protocol. Blebs were isolated from round cells 636 
synchronised in interphase or mitosis (as described in A) (Step 1). Blebbing was induced with 637 
treatment with the actin depolymerising drug Latrunculin B (Step 2). Blebs were detached 638 
from the cells with shear stress (Step 3) and separated blebs were isolated from the cells 639 
using a 5 µm filter (Steps 4, 5). Re-assembly of a dynamic actin cortex was induced in blebs 640 
through addition of a creatine phosphate-based ATP regeneration system and the alpha-641 
toxin haemolysin, to permeabilise the bleb membranes to allow for ATP regeneration 642 
system uptake (Step 6, see Methods for details). Step 1 was performed at 37°C and Steps 2-643 
6 were performed at room temperature. (E)  Stochastic Optical Reconstruction Microscopy 644 
(STORM) of the actin cortex in blebs isolated from interphase (upper panel) and mitotic 645 
(lower panel) cells. Isolated blebs were pre-treated with the ATP regeneration system (Steps 646 
5-6 in D) prior to imaging. White: Phalloidin (F-actin) Scale bars= 2 µm. 647 

Figure 2: Proteomic analysis of blebs isolated from interphase and mitotic cells. (A) 648 
Coomassie staining of isolated blebs from interphase and mitosis in the three experimental 649 
replicates used for mass spectrometry. (B) Quantification of the number of proteins (left) 650 
and other overall readouts of the mass spectrometry analysis of samples from (A). (C) 651 
Percentage of proteins detected in all, two or one of the replicates. (D) Schematic 652 
summarising the process of protein selection for further analysis. Mass spectrometry 653 
detected 1793 and 2164 different proteins in blebs isolated from interphase and mitotic 654 
cells, respectively. Out of these, 922 proteins with a unique peptide number above 2 and 655 
normalised spectra count above 2 were present in both interphase and mitotic blebs; these 656 
proteins were selected for further analysis. (E) Average normalised spectral counts in all 657 
(three per condition) replicates from interphase and mitotic blebs of the 922 proteins 658 
selected as described in (D). Magenta dots: actin related proteins. The proteins with the 659 
highest average spectral count were myosin heavy chain IIA (MYH9), actin (ACTG1) and 660 
filamin A (FLNA). (F) Gene Ontology (GO) analysis of the selected 922 proteins, focusing on 661 
GO terms for “cellular components related to cell surface enrichment”. 662 

Figure 3: Changes in cortical levels of actin-binding proteins between interphase and 663 
mitosis (A) Volcano plot of the 922 selected proteins detected in blebs, showing the 664 
enrichment (x axis) and the significance of this enrichment (p-values, y axis) between 665 
interphase and mitosis. Dotted line highlights -Log10 (P-value) = 1.3, corresponding to P-666 
value= 0.05; three independent replicates; statistics: student’s t-test. Magenta dots: actin 667 
related proteins. (B) Schematic of actin-related proteins among all proteins detected in 668 
blebs. (C) Spectral counts in the mass spectrometry analysis of mitotic and interphase blebs 669 
for proteins known to change in levels at the cortex between interphase and mitosis. Each 670 
data point corresponds to an individual replicate, with mean ± 1 standard deviation shown. 671 
Spectral counts were normalised to account for variation between experiments. 672 

Figure 4: Septin 9 regulates mitotic rounding. (A) Normalised spectral counts for septins 673 
detected in the mass spectrometry analysis of mitotic and interphase blebs; each data point 674 
corresponds to an individual replicate. Student’s t-test: P-values= 0.26, 0.050, 0.12, 0.017, 675 
0.019, 0.024, 0.18 for SEPT2, 6, 7, 8, 9, 10, 11, respectively. (B) Representative fluorescent 676 
Western blot (left) and quantification (right) showing the decrease in septin 9 levels upon 677 
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siRNA treatment. Membrane is representative of n=4 samples used for quantification. For 678 
quantification, protein levels were normalised to the loading control (GAPDH) and control 679 
siRNA conditions. Red datapoint on graph corresponds to the sample on the Western blot 680 
membrane image (left panel).  (C) Brightfield images of the cellular midplane of live mitotic 681 
cells treated with control and SEPT9 siRNA and example of manual segmentation (lower 682 
panel), that were used to analyse cell shape parameters. Quantification of cell area (D) and 683 
circularity (defined as 4π*area/perimeter^2, E) in mitosis of control and SEPT9 siRNA 684 
treated cells. Scale bar= 10 µm. Graph, mean ± 1 standard deviation, 3 independent 685 
experiments, n=156 (area), n=126 (circularity) cells for each control and SEPT9 siRNA treated 686 
cells. Statistics: Mann-Whitney test. 687 

 688 

Table 1: Actin-related proteins detected in isolated blebs showing a significant difference 689 
in levels between interphase and mitosis (P-value<0.05). Fold-change and exact P-values 690 
were calculated from normalised spectral counts detected in blebs in 3 experimental 691 
replicates. Statistics: Student’s t-test. Right column: rounding force changes upon protein 692 
depletion, as reported in (Toyoda et al., 2017); n.t. (not tested): protein not examined in the 693 
mechanical screen in (Toyoda et al., 2017); no change: protein for which no change was 694 
detected with any of the siRNA tested; potentially lower force: protein for which the change 695 
in rounding force was detected with one of the siRNA sequences tested; lower force: 696 
protein for which rounding force changed with all siRNA sequences tested (Toyoda et al., 697 
2017).  698 

  699 
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Enriched in mitotic cortex fraction 
Protein 
Symbol 

Ratio of spectral count 
(Mitosis/Interphase) 

P-value Mitotic rounding force changes 
(Toyoda et al., 2017) 

VIM 23.49 0.00050 n.t 
PRKDC 13.96 0.00012 n.t 
ANLN 10.27 0.018 no change 
XPO1 8.31 0.0028 n.t 
STOM 7.61 0.013 n.t 
KRT14 6.52 0.0032 n.t 
CDH2 6.51 0.0076 n.t 
CLTA 6.42 0.0048 n.t 

ITGA11 5.60 0.00024 no change 
KRT17 5.50 0.0049 n.t 
MCAM 4.69 0.0019 n.t 
KRT18 4.61 0.015 n.t 

RACGAP1 3.72 0.0040 no change 
KRT8 3.55 0.0030 n.t 

ANXA4 3.47 0.035 n.t 
KRT7 3.47 0.0014 n.t 
CDK1 3.35 0.044 no change 
SEPT8 3.31 0.017 potentially lower force 

PGRMC2 3.30 0.012 n.t 
PDCD6 3.17 0.0050 n.t 
ANXA1 3.14 0.037 n.t 
EHD2 2.95 0.0073 n.t 
ITGAV 2.77 0.0055 no change 
ITGB1 2.55 0.0025 no change 

ANXA11 2.43 0.010 n.t 
ANXA6 2.26 0.0068 n.t 
DSG2 2.17 0.0084 n.t 
ITGA3 1.77 0.018 no change 
ITGA5 1.75 0.048 no change 
ANXA2 1.74 0.046 n.t 
SEPT9 1.63 0.019 lower force 

CTNNB1 1.59 0.049 no change 
CD44 1.56 0.0074 n.t 

CTNNA1 1.39 0.011 no change 
 700 
  701 
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Enriched in interphase cortex fraction 
Protein 
Symbol 

Ratio of spectral count 
(Mitosis/Interphase) 

P-value Mitotic rounding force changes 
(Toyoda et al., 2017) 

YBX1 0.25 0.01 n.t. 
ARHGAP17 0.31 0.021 n.t. 

LIMCH1 0.35 0.048 n.t. 
LMO7 0.36 0.037 n.t. 

AKAP13 0.37 0.018 n.t. 
EXOC4 0.41 0.021 n.t. 
ALDOA 0.43 0.0094 no change 
CALD1 0.43 0.0043 no change 
DDX3X 0.43 0.0016 n.t. 
ACTG1 0.43 0.039 no change 
IPO9 0.43 0.017 n.t. 

ACTBL2 0.48 0.045 n.t. 
EEF1A1 0.48 0.014 n.t. 
CTTN 0.50 0.0065 n.t. 

ACTC1 0.51 0.024 no change 
FLNC 0.51 0.043 n.t. 

CAPRIN1 0.53 0.019 n.t. 
MSN 0.54 0.039 no change 

MARCKS 0.54 0.019 no change 
MYH9 0.70 0.039 lower force 
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