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Summary  

Animal cells undergo a dramatic series of shape changes as they divide, which depend 

on re-modeling of cell-substrate adhesions. Here, we show that while focal adhesion 

complexes are disassembled during mitotic rounding, integrins remain in place. These 

integrin-rich contacts connect mitotic cells to the underlying substrate throughout 

mitosis, guide polarized cell migration following mitotic exit, and are functionally 

important, since adherent cells undergo division failure when removed from the 

substrate. Further, the ability of cells to re-spread along pre-existing adhesive contacts 

is essential for division in cells compromised in their ability to construct a RhoGEF-

dependent (Ect2) actomyosin ring. As a result, Ect2 siRNA cells fail to divide on small 

adhesive islands, but successfully divide on larger patterns, as the connection 

between daughter cells narrows and severs as they migrate away from one another. 

In this way, regulated re-modeling of cell-substrate adhesions during mitotic rounding 

aids cell division in animals. 
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Introduction 

As animal cells in culture progress through mitosis they undergo a series of changes 

in shape (reviewed by Ramkumar and Baum, 2016). Most round up as they enter 

mitosis. They then elongate as they exit mitosis and segregate their DNA, forming a 

central contractile furrow that narrows around the central spindle to form a mid-body, 

which is cut during the process of abscission to generate two new daughter cells 

(reviewed by Fededa and Gerlich, 2012). Two processes are critical for these drastic 

shape changes to occur efficiently: cells must dynamically re-model both their 

actomyosin cytoskeleton and the adhesions through which they attach to the 

substrate.  

 

At the molecular level, the mitotic re-modeling of the actomyosin cytoskeleton is 

regulated by the RhoGEF Ect2 (Matthews et al., 2012; Miki et al., 1993; Prokopenko 

et al., 1999; Tatsumoto et al., 1999).  Mitotic rounding begins with the export of 

RhoGEF Ect2 from the nuclear compartment in prophase (Matthews et al., 2012). This 

activates RhoA (Maddox and Burridge, 2003; Tatsumoto et al., 1999) at the plasma 

membrane, leading to the construction of a relatively isotropic (Rosa et al., 2015), and 

mechanically rigid (Kunda et al., 2008; Stewart et al., 2011) actomyosin cortex. At 

mitotic exit, Ect2 is then recruited to the center of the anaphase spindle  (Burkard et 

al., 2009; Somers and Saint, 2003), to the region of anti-parallel microtubule overlap 

(Rappaport, 1985), where it activates Rho (Bement et al., 2005; Kimura et al., 2000; 

Nishimura and Yonemura, 2006; Tatsumoto et al., 1999; Yüce et al., 2005) at the 

membrane (Kotynová et al., 2016; Wolfe et al., 2009) leading to local actin filament 

nucleation and Myosin II activation (Su et al., 2011). In combination with signals from 

anaphase chromatin (Kiyomitsu and Cheeseman, 2013; Rodrigues et al., 2015), these 
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events polarize the cell cortex (Wagner and Glotzer, 2016), causing cells to undergo 

cytokinesis as they relax at their poles and constrict at their center (reviewed by Green 

et al., 2012). 

 

These actomyosin-dependent shape changes can only take place if the adhesive 

contacts that couple cells to the underlying extracellular matrix are re-modeled upon 

entry into mitosis ( Dao et al., 2009; Lancaster et al., 2013). While this process is not 

well-understood, mitotic rounding has been shown to require inactivation of the small 

GTPase Rap1 (Dao et al., 2009). As a consequence, cells that express a constitutively 

active form of Rap1 fail to round up properly when they enter mitosis, leading to 

defects in spindle morphogenesis (Lancaster et al., 2013). Nevertheless, although 

Rap1 is inactivated at mitotic entry, cells do not lose all contacts with the substrate. 

Instead, as they round up, cells in culture remain in contact with the substrate through 

retraction fibres: narrow actin-rich membrane tubes generated during the process of 

rounding (Mitchison, 1992). In some instances, these retraction fibers have been 

shown to support significant forces (Fink et al., 2011). Moreover, tension in retraction 

fibers (Fink et al., 2011) has been shown to guide orientation of the metaphase spindle 

relative to the pattern of adhesions (Petridou and Skourides, 2016; Théry et al., 2005). 

These retraction fibers then help guide cell re-spreading as cells exit mitosis and enter 

G1 (Cramer and Mitchison, 1993).  

 

Here, using hTERT-immortalized RPE1 cells (Bodnar et al., 1998) as a model system 

in which to investigate the dynamics and function of mitotic adhesion re-modeling, we 

show that, while most of the components of focal adhesions are lost as cells enter into 

mitosis, integrins remain in place. The integrin-based contacts that persist throughout 
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mitosis decorate the portions of the cell that remain attached to the substrate as cell 

margins retract during mitotic rounding. As a result, they are able to assist in the 

division process by guiding the rapid re-spreading of cells as they exit mitosis - as 

evidenced by the fact that mitotic RPE1 cells fail to divide when they are removed from 

the substrate. This is especially the case in cells with a compromised actomyosin 

cortex, where mitotic adhesions are essential to enable daughter cells migrating away 

from one another to undergo abscission, as previously described in Dictyostelium and 

other systems (Kanada et al., 2005, 2008; Nagasaki et al., 2009; Neujahr et al., 1997). 

Taken together, these data suggest that it is adhesion, not the actomyosin ring, that 

plays the dominant role in division in adherent non-transformed human cells.  
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Results 

Adhesion re-modeling during mitotic cell rounding. 

In order to explore the dynamics of adhesion re-modeling that accompany changes in 

cell shape during passage through mitosis (reviewed by Ramkumar and Baum, 2016), 

we chose to image mitotic progression in an adherent, migratory, diploid human cell 

line: RPE1-hTERT cells (Bodnar et al., 1998), which are widely used to study the cell 

cycle, cell division, and cell migration in cell culture and as such provide an ideal model 

for this analysis of mitotic adhesion re-modeling. In these cells, we found that many 

components of focal adhesions present in interphase were lost upon entry into mitosis 

(Figure 1A-B). This included Zyxin, which we followed in cells engineered to stably 

express Zyxin-GFP - a component of the interphase focal adhesion complex 

(Kanchanawong et al., 2010). The exception to this rule was active E1-Integrin (Figure 

1A), which remained in punctae at the interface between the cell and the substrate 

throughout mitosis (Lock et al., 2017). 

 

When we used the Zyxin-GFP line to follow adhesion re-modeling live, we saw that, 

while RPE1 cells were highly motile in interphase, in the minutes prior to entry into 

mitosis, cells stopped moving, stopped extending lamellipodia, and stopped 

generating new Zyxin-positive puncta (Figure 1B, 1D). The complete set of Zyxin-

positive focal adhesions (and Paxillin puncta (Figure 1A) (Marchesi et al., 2014)) were 

then rapidly lost as cells rounded up (Figure 1B, 1D), with a timing that varied between 

puncta (Figure 1E) and between cells (relative to the onset of prometaphase as seen 

by the influx of GFP into the nucleus due to nuclear envelope permeabilisation (NEP)) 

(Figure 1C). Despite losing their full complement of focal adhesion complexes, RPE1 

cells remained attached to the substrate by thin retraction fibres (Cramer and 
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Mitchison, 1995; Fink et al., 2011; Théry et al., 2005), and a small number of relatively 

thick, long linear attachments, which we have called “tails”. 79% of cells exhibited tails, 

52% of which were bipolar, with tails aligned along the interphase long cell axis (N =76 

cells from 13 experiments). 

 

To explore the path of adhesion re-modeling, we fixed and stained Zyxin-GFP 

expressing cells that had previously been imaged live (using an online fixation protocol 

(Almada, 2017)) for active E1-Integrin. This revealed E1-Integrin-rich puncta 

decorating both the retraction fibers and the thicker tails that remained following mitotic 

rounding - at precisely the same positions as the Zyxin-positive focal adhesions that 

were lost during prophase (Figure 1F and S1A). This suggests that, as focal adhesion 

complexes are disassembled during entry into mitosis, they leave behind a stable pool 

of active E1-Integrin, which serves as a molecular memory of the adhesion pattern and 

of interphase cell shape (Lock et al., 2017). We note that adhesion re-modeling was 

similar in HeLa cells, even though they round without leaving tails (Figure S2A and B) 

– and is regulated by Rap1 (Lancaster et al., 2013) and essential for cell division 

(Figure S2C-E). 

 

To assess the function of these substrate attachments, we used the Zyxin-GFP line to 

track cells as they underwent a complete cycle of rounding and division (Figure 2A). 

Strikingly, when imaging cells in this way we noted that, although RPE1 cells are high 

motile and tend to undergo persistent directional migration in interphase, this 

directionality is erased as cells pass through mitosis (Figure S1B). Instead, the vast 

majority of daughter cells migrated away from one another following division. This was 

most evident for cells cultured on micro-patterned lines (Figure S1B-C), but similar 
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results were seen on non-patterned substrates (data not shown). Strikingly, in these 

same movies, the focal adhesions disassembled during rounding were reformed at 

many of the same positions during polar re-spreading in G1 (Figure 2A-B) - as 

previously described for retraction fibers (Cramer and Mitchison, 1993). At the same 

time, in line with the data from fixed cells (Figure 1F and S1A), many integrin-based 

adhesions labelled with ectopically expressed alpha-V-Integrin were retained from 

mitotic entry to exit (Figure 2C). In addition, daughter cells that adhered well to the 

substrate throughout mitosis via extensive “tails” re-spread sooner than those that did 

not (Figure 2D-E). These results demonstrate that cells entering mitosis re-model their 

focal adhesion complexes to leave integrin-based attachments, which aid daughter 

cell re-spreading at mitotic exit. 
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The importance of cell-substrate adhesion for RPE1 cell division. 

Having followed adhesion re-modeling during mitotic entry, we wanted to determine 

whether mitotic cell-substrate adhesion is important for cell division in RPE1 cells. To 

do so, we followed cells as they progressed through mitosis in the absence of a 

substrate. Trypsin-EDTA was used to remove cells from a tissue culture dish, which 

were then plated as single cells into fibronectin-coated control or non-adherent PLL-

PEG-coated micro-wells. Importantly, while the lack of adhesion induced cycle arrest 

in the vast majority of the cells in PEG micro-wells (data not shown), a proportion of 

cells, presumably those close to the G2/M boundary, were still able to enter mitosis 

while suspended. Despite undergoing mitotic exit and furrow formation, all of these 

cells failed to complete abscission (Figure 3A-B). This compares to a failure rate of 

11.5% for cells plated in control fibronectin-coated micro-wells (Figure 3B). By 

contrast, HeLa cells were able to divide in suspension culture under the same 

conditions (Figure 3C-D). Thus, adhesion is required for a successful division in RPE1 

cells, even though they can exit mitosis and form a cytokinetic furrow without it. 

 

To test whether the division failure observed in RPE1 cells passing through mitosis in 

suspension is due to a functional requirement for adhesion underneath the cytokinetic 

furrow, we plated cells on ring-shaped adhesive islands. At mitotic exit, the polar 

regions of these cells re-spread over the perimeter of the adhesive ring, away from 

the non-adherent division site. And strikingly, all of these cells (11/11 cells in 3 

experiments), completed division successfully (Figure S3A), suggesting that cells do 

not need to establish adhesions under the cytokinetic ring to complete cell division. In 

line with this conclusion, the region under the furrow was rose up off the substrate as 

RPE1 cells divided on an adherent substrate (Figure S3B). Furthermore, the rate of 
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furrow closure was similar in cells dividing on an adhesive structure and over a non-

adherent hole (furrow closure on disc 19.37+_2.32 nm/sec, N=5 cells. On ring 

18.59+_1.55 nm/sec, N=3 cells). Thus, while adhesion is required for cell division in 

RPE1 cells, this does not appear to reflect a requirement for adhesion under the 

furrow, as had been reported for some other systems (Pellinen et al., 2008).  

 

Since adhesions are sites at which cells exert traction on the substrate, it was also 

important to test the extent to which traction is required for cell division.  When we 

asked this question by imaging cells dividing on gels of differential stiffness, we saw 

that, while RPE1 cells were able to divide on an ECM-coated 1.5kPa gel, the majority 

of cells failed to divide on soft 0.5kPa gels (Figure 3E and S3C). Thus, both cell-

substrate adhesion and traction are required for normal RPE1 cell division.  

 

Integrin based protrusions allow division in Ect2-depleted cells. 

Having established an important role for adhesion and traction for RPE1 cell division, 

it is important to determine whether these adhesions are sufficient for cell division in 

the absence of a visible actomyosin ring. While this might seem surprising, since most 

eukaryotic cells, including in HeLa cells (Figure 4A), require an actomyosin ring for 

division, which is assembled downstream of the RhoGEF Ect2 and Rho (reviewed by 

Green et al., 2012), studies using several types of adherent eukaryotic cells, e.g. 

Dictyostelium, NRK and HT1080 fibrosarcoma cells (Kanada et al., 2005, 2008; 

Nagasaki et al., 2009), have suggested that cells with a compromised actomyosin ring 

can divide via an alternative mechanism as daughter cells migrate away from one 

another. To test whether this is also the case for RPE1 cells, we used Ect2 RNAi to 

compromise formation of an actomyosin ring in cells exiting mitosis (Figure 4B). 
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Importantly for this analysis, RNAi-mediated silencing of Ect2 was sufficient to deplete 

cells of the protein (Figure S4A-B), so that Ect2 was no longer visible at the mid-zone 

of cells exiting mitosis (Figure S4B). While this compromised the assembly of the 

actomyosin cortex (Figure S4C-E) and mitotic rounding (Figure S4F), as previously 

reported (Matthews et al., 2012), it did not alter the timing of adhesion re-modeling 

(Figure S4G-H). Strikingly, 58% of these Ect2-depleted cells divided (N=98 cells from 

8 experiments) (Figure 4B). Moreover, the chances of a cell undergoing a successful 

abscission event without an actomyosin ring, was positively correlated with the 

presence of adhesive structures linking it to the underlying substrate. Thus, cells with 

adhesive contacts with the substrate (tails) can divide, while cells without tails tend to 

fail in division (Figure 4B).  

 

To determine how RPE1 divide even when their ability to form an actomyosin ring is 

compromised, we used immunofluorescence to examine the set of proteins associated 

with cytokinesis that are recruited to the cell mid-zone following Ect2 RNAi-mediated 

silencing. In these cells, levels of F-actin within the neck connecting daughter cells 

were significantly reduced, relative to the control. In addition, both p-Myosin and Anillin 

were undetectable from the mid-zone of dividing Ect2 siRNA cells (Figure 4C-D). By 

contrast, while Aurora B was still recruited to the mid-zone in Ect2 siRNA cells, it was 

not localized with the same degree of precision as it was in wildtype cells prior to 

abscission (Figure 4E). Similar results were obtained in live RPE1 cells expressing 

LifeAct-GFP (Figure 4G). Thus, at anaphase, while control siRNA cells accumulated 

a central band of actomyosin and formed a narrow furrow, which closed to form the 

neck that separated the two new daughter cells (Figure 4G-I), before undergoing 

abscission some time later, as previously described (Fededa and Gerlich, 2012; 
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Lafaurie-Janvore et al., 2013), division in Ect2 siRNA treated cells occurred in the 

absence of a visible actomyosin ring or a furrow. Instead, in these cells, the actin 

cortex was lost from opposing poles as cells exited mitosis (Figure 4G). Then, as 

daughter cells re-spread and moved away from each other, the connection linking 

them slowly thinned - culminating in cell division (Figure 4G-I). Similar results were 

seen in cells treated with a ROCK inhibitor, which compromises actomyosin ring 

formation (Figure S4I-J; Kanada et al., 2008). Strikingly, this delay in the rate of neck 

closure in Ect2 siRNA cells did not translate into a delay abscission timing (Figure 4F), 

which was similar in control and Ect2 RNAi cells. Together these data point to a critical 

role for mitotic adhesions in the process of division in Ect2-depleted cells. 

 

Re-spreading of daughter cells is required for division in Ect2-depleted cells. 

In these experiments, the ability of daughter cells to migrate away from one another 

as they exited mitosis appears to determine whether or not they will succeed in 

dividing. This suggests, in line with work in Dictyostelium (Neujahr et al., 1997), that 

adhesion-dependent migration (Burton and Taylor, 1997) is required to generate the 

traction forces that allow division in Ect2-depleted cells. As a test of this hypothesis, 

we constrained daughter cell movement by plating cells on micro-patterns of different 

sizes. We used patterns of different sizes that were either circular or elliptical in shape 

(1:2.5 minor: major axis). While control siRNA cells successfully completed division on 

all patterns (Figure 5A-B top row, and 5C), Ect2 siRNA treated cells tended to fail 

during division on small, less elongated patterns (Figure 5A middle row and 5C). In 

cases of division failure, the neck separating daughter cells appeared to narrow as 

they exited mitosis, before widening again when opposing poles of the re-spreading 

daughter cells reached the pattern edge (Figure 5A-B middle row). As expected, as 
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the size and length of patterns was increased, the chances of a successful division 

began to approach levels seen for cells on non-patterned substrates (Figure 5A-B 

bottom row, and 5C). Similarly, for cells growing on a non-patterned substrate, the 

ability of cells to re-spread (measured at 21 minutes after anaphase) was positively 

correlated with the likelihood of their undergoing a successful division (Figure 5D).  

 

When traction forces were measured, tensile forces were found dropping to baseline 

levels as cells enter mitosis (Figure S5A-G). This indicates that the adhesive tails that 

persist through mitosis in RPE1 cells bear almost no tension. At mitotic exit, traction 

forces are then re-established at cell poles (Figure S5A-G), in opposite directions 

(Figure S5E-F). By analogy with a tug-of-war, the force acting at the neck can be 

readily computed as the unbalanced traction exerted at the cell-substrate interface by 

each of the two daughter cells (Figure S5G). As daughter cells begin to migrate away 

from each other this force increases, peaking at ~25nN (Figure S5H-J). Strikingly, this 

is of the order of magnitude as the tugging force between cells undergoing collective 

migration (Labernadie et al., 2017) and is similar in control and Ect2 RNAi cells (Figure 

S5J).  

 

Taken together, these data suggest that scission of the physical connection linking 

migrating daughter cells to one another depends on continuous and polarized 

lamellipodial extension at opposing daughter cell poles. This generates tension across 

the connection between daughter cells, narrowing the bridge, enabling abscission in 

the absence of a visible actomyosin ring. As a test of this idea, we treated cells with a 

small molecule, the Arp2/3 inhibitor CK666 (Nolen et al., 2009), which inhibits 

lamellipodial formation and adhesion-dependent cell migration. While few cells 
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entered mitosis in the presence of the Arp2/3 inhibitor, those Ect2 RNAi cells that 

entered and progressed through mitosis failed to narrow the region between daughter 

cells. Instead, they simply re-spread as large binuclear cells (Figure 5E); supporting 

the idea that Arp2/3 dependent migration is required for division under these 

conditions. 

 

Finally, to determine whether Ect2-depleted cells require adhesions and retraction 

fibers laid down during mitotic rounding to divide, we removed control and Ect2 RNAi 

cells that had been arrested in mitosis from the substrate. Cells were then re-plated 

on fibronectin and followed as they re-spread and exited mitosis. Strikingly, while 

almost all control siRNA cells successfully divided under these conditions, the vast 

majority of Ect2 siRNA cells failed (Figure 5F). This suggests that it is the cell-substrate 

contacts left during the adhesion re-modeling process that accompanies mitotic 

rounding which guide adhesion-mediated division in cells compromised in their ability 

to construct an actomyosin ring. Similarly, when we grew cells on a non-specific 

adhesive substrate, PLL, to prevent the formation of tails during mitotic rounding, the 

vast majority of Ect2 RNAi cells failed in division (Figure 5G). 
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Discussion 

In this study, we present a detailed analysis of the dynamics and function of mitotic 

adhesion re-modeling. This reveals a role for the adhesions laid down upon entry into 

mitosis in cell division both in cells with a normal actomyosin cortex and in those that 

lack a contractile actomyosin ring. Importantly, our data suggest that in order to 

undergo division in the absence of a visible contractile ring, RPE1 cells must retain 

the adhesions generated during mitotic rounding, since Ect2 RNAi cells fail to divide 

when they are re-plated from suspension in metaphase onto an adhesive structure 

and allowed to exit mitosis. This is possible because, while the peripheral proteins 

normally associated with focal adhesion complexes dissociate from cell-substrate 

adhesions during the process of rounding, stable active E1-Integrin puncta remain; 

decorating retraction fibers and tails that connect the cell to the substrate (Figure 1 

and Figure 6A). These adhesions then guide spindle orientation (Fink et al., 2011; 

Théry et al., 2005), and aid daughter cell re-spreading (Cramer and Mitchison, 1993) 

and cell division (Figure 3A-B, and Figure 6B). In addition, in cells with a compromised 

actomyosin cortex, these integrin-based adhesions are absolutely essential for cell 

division, as was shown to be the case for cell-substrate adhesion in Dictyostelium and 

some other systems (Neujahr et al., 1997; Nagasaki et al., 2002; Kanada et al., 2005, 

2008; Nagasaki et al., 2009). In line with a role for mitotic adhesions in this process, 

HeLa Kyoto cells, which fail to generate long adherent tail-like structures when they 

round up and enter mitosis (Matthews et al., 2012), fail to divide following Ect2 siRNA, 

but can be induced to undergo adhesion-dependent division through the expression 

of an activated form of Rap1 (Figure S5K and Figure 6C , and ,,).  
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Most animal cells appear to use an Ect2-dependent actomyosin-based cytokinetic ring 

to close the plasma membrane around the spindle, leading to a V-shaped neck, which 

provides a substrate for mid-body assembly and abscission. By contrast, when 

undergoing an adhesion-dependent division, RPE1 cells do not assemble a visible 

actomyosin ring, do not accumulate Anillin and pMyosin II at the future division site, 

and do not form a V-shaped neck as they divide. Instead, as daughter cells move away 

from one another, the bridge connecting RPE1 sisters slowly thins as the result of 

traction forces generated by the polar migration of daughter cells away from one 

another. A morphologically similar division through daughter cell migration has been 

reported for NRK and HT1080 fibrosarcoma cells (Kanada et al., 2005) treated with 

30PM blebbistatin, and a similar migration-based division mechanism has been 

reported to enable multinucleate cells in interphase to undergo fission in interphase 

(Ben-Ze’ev and Raz, 1981). When sufficiently thin, this membrane bridge likely forms 

a good substrate for the abscission machinery. Thus, adhesion-dependent division is 

likely to be a general phenomenon that relies on the transmission of traction forces 

from the leading edge of polarized migrating cells to the bridge.  

 

In Dictyostelium, the forces driving adhesion-based cell division depend on the 

polarized activity of the Arp2/3 activator, SCAR/WAVE (King et al., 2010). Similarly, in 

our system, cell division in the absence of a visible Ect2-based actomyosin ring 

depends on Arp2/3. In this, our work parallels recent developments in the field of cell 

migration, where it has recently become clear that there are a variety of mechanisms 

by which cells can move. Thus, it has been proposed that cells can use polarized Rho 

activity to squeeze themselves forward or can use polarized Rac1 activity and 

adhesion to pull themselves forward (Lämmermann and Sixt, 2009; Sanz-Moreno and 
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Marshall, 2010). In a similar manner, we suggest that dividing cells can use high Rho 

activity and Formin-nucleated actomyosin assemblies to squeeze daughter cells apart 

(Figure 6A*), or can employ Rac1, SCAR/WAVE and Arp2/3 activity together with 

adhesion to generate directional traction forces to pull daughter cells apart (Figure 

6C**). 

 

How then does abscission occur in these conditions? First tensions must be 

transmitted across the dividing cell to thin the connection linking daughter cells. How 

this occurs requires further investigation. One possibility, however, is that cytokinesis 

relies on membrane tension-dependent signaling from the lamellipodium to the cell 

rear as previously described for migrating cells (Diz-Muñoz et al., 2016). Interestingly, 

in HeLa cells, the movement of daughter cells away from one another following mitotic 

exit has been shown to delay rather than aid cell separation (Lafaurie-Janvore et al., 

2013). This, the authors suggested, is a result of tensile forces across the bridge 

connecting daughter cells inhibiting ESCRTIII-mediated abscission (Lafaurie-Janvore 

et al., 2013); an effect that may be due in part to the effect of tension on the actomyosin 

cortex in the bridge (Figure 2H and Lafaurie-Janvore et al., 2013), since actin can 

inhibit abscission if it is not cleared from the mid-body region in a timely manner 

(Echard, 2012). These data imply that assembly of the mid-body during the process 

of ring contraction (Hu et al., 2012) functions to inhibit abscission until the appropriate 

time, when Spastin and the ESCRTIII machinery are recruited to induce abscission at 

a nearby site (Connell et al., 2009; Guizetti et al., 2011). This may be an important 

feature of many systems, e.g. epithelia, where connections between daughter cells 

should be established prior to abscission in order to prevent tissue disruption 

(Herszterg et al., 2013). It may also make the system subject to checkpoint-mediated 
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control (Norden et al., 2006; Steigemann et al., 2009). However, as we show in this 

paper, efficient abscission does not absolutely require a well-structured mid-body 

formed through cortical ring contraction, sine abscission time is not impaired in Ect2-

depleted cells (Figure 3H and S3D). Moreover, as we show, stretching of the bridge 

(which we note contains Aurora B) appears to be essential for division in RPE1 cells 

that lack an actomyosin ring. These considerations make it clear that the primary goal 

of cytokinesis is to thin the bridge connecting the daughter cells so that it is sufficiently 

narrow to provide a good substrate for the abscission machinery (Guizetti et al., 2011; 

Mierzwa and Gerlich, 2014).  

Finally, this study highlights two different types of division system in human cells in 

culture. Transformed cells, like HeLa cells, tend to be very good at mitotic rounding 

(Matthews and Baum, 2012), likely as a result of having relatively weak cell-substrate 

adhesion at mitotic entry and a highly contractile cortical actomyosin network. As a 

consequence, these cells are unable to use adhesions as an aid to division. Instead, 

like divisions in the zygote, they rely on cell autonomous cues to position Ect2 and to 

assemble a robust contractile actomyosin ring to divide – making them an ideal system 

in which to study actomyosin ring formation and function (Bodnar et al., 1998; 

Kotynová et al., 2016; Matthews et al., 2012). As a result, Hela cells  divide in a manner 

that is relatively independent of their environment, e.g. in suspension (Figure 3C-D) 

and/or in soft agar (Cox, 1997). In line with this, in a previous study V12 H-Ras-

transformed fibroblasts succeeded to divide in suspension whereas control cells did 

not (Thullberg et al., 2007), suggesting oncogenic signaling may itself help override 

the requirement for adhesion; perhaps by increasing cortical tension. By contrast, as 

our study makes clear, adherent non-transformed RPE1 cells, rely on interactions with 

the extracellular environment to divide. As a result, while they are unable to divide in 
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suspension, they are able to use adhesive contacts with their environment to divide 

under other conditions. Moreover, because RPE1 cells tend to round relatively little 

when they enter mitosis, they are very good at using adhesive cues in the environment 

to guide spindle positioning (Théry et al., 2005). While more work must be done before 

one can conclude that these findings represent a general mechanistic difference 

between normal and cancer cells divisions (as discussed in Matthews and Baum, 

2012), this may go some way towards explaining the differences between cells that 

divide using an autonomous actomyosin ring, which maybe a general feature of 

metastatic cancer cell divisions (reviewed by Matthews and Baum, 2012), and 

adhesion-based cell division mechanisms (Kanada et al., 2005, 2008; Nagasaki et al., 

2009; Neujahr et al., 1997) that rely on intimate contact between a cell and its 

extracellular environment.  If so, it will be important in future work to explore the 

crosstalk between adhesion and cortical contractility in normal and cancer cells. 
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Figure legends 

Figure 1. Adhesion re-modeling during mitotic cell rounding: 

(A) Images depict fixed RPE1 cells in interphase and metaphase stained for Talin, 

active β1-Integrin (magenta) and Paxillin (yellow). Merge also shows DAPI (blue). 1 

basal z-slice. Scale-bar 20 μm. (B) Graph showing loss of Zyxin-positive adhesion 

sites as cells progress through mitosis. N=10 cells from 7 experiments. Mean ± SD. 

(C) Graphs show adhesion loss relative to NEP in 6 sample cells at mitotic entry. (D) 

Image depicts adhesion re-modeling in a representative RPE1 cell stably expressing 

Zyxin-GFP rounding up as it enters mitosis. 1 basal z-slice. Time is shown relative 

NEP. Scale-bar 20 μm. (E) Zoom of boxed region in (D) with 3 neighbouring 

adhesions highlighted as they are formed and eventually lost. Time is shown relative 

to NEP. Scale-bar 2 μm. (F) RPE1 cells stably expressing Zyxin-GFP were released 

from CDK1 inhibition to synchronise entry into mitosis (see Materials and Methods). 

Picture shows a representative cell (from a sample of 15 cells from 3 experiments), 

imaged during rounding, which was fixed in metaphase and stained on the 

microscope to visualize actin (magenta) and integrins (yellow) using phalloidin 

TRITC and Integrin E1 antibody. 1 basal z-slice. Scale-bar 20Pm. (See S1 for 

another sample cell which leaves cytoplasmic tails during mitosis). Image shows 

montage of the boxed region of the cell, overlaying the fixed integrin staining 

(yellow), with live Zyxin-GFP puncta loss (magenta). 1 basal z-slice. Scale-bar 

20Pm.  

 

Figure 2. Integrin-based attachments, left at mitotic entry, aid daughter cell re-

spreading at mitotic exit: 
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(A) Image depicts an RPE1 stably expressing Zyxin-GFP entering and then exiting 

mitosis. 1 basal z-slice. Time is shown relative to nuclear envelope permeabilisation 

(NEP). Scale-bar 20Pm. (B) Image shows an overlay of the cell from (A) during 

interphase (-9min) and during re-spreading (+48min). (C) Images show a RPE1 cell 

transiently expressing DV-Integrin-GFP in interphase, metaphase and telophase. 

Dotted line in first panel was used to generate the kymograph in the final panel. Arrows 

show a representative adhesion which is present during interphase, maintained during 

metaphase, and returned during telophase. Scale-bar 20Pm. (D) Montage shows 

RPE1 cell stably expressing Zyxin GFP, exiting mitosis with 1 tail. Time is shown 

relative to anaphase. 1 basal z-slice. Scale-bar 20 μm. (E) Graph shows the time from 

anaphase to the onset of re-spreading in daughter cells which either do or don’t inherit 

a tail. Mean ± SD. N=6 exp. Statistics used t test. 

 

Figure 3. The importance of cell-substrate adhesion for RPE1 cell division: 

(A) Montage showing phase and Tubulin-GFP expression in RPE1 cells showing cells 

fail to divide when imaged in non-adhesive PLL-PEG coated wells which force them 

to divide in suspension. Time is shown relative to anaphase. Wide-field image. Scale-

bar 20Pm. (B) Graph shows the percentage of RPE1 which succeed and fail division 

in adhesive and non-adhesive wells. N=2 experiments. Statistics used the Chi-square 

test. (C) Montage showing phase and LifeAct-RFP expression in HeLa cells imaged 

in non-adhesive PLL-PEG coated wells which force them to divide in suspension. 

Wide-field image. Scale-bar 20Pm. (D) Graph shows the percentage of HeLa cells 

which succeed and fail division in adhesive and non-adhesive wells. N=1 experiment. 

Statistics used the Chi-square test. (E) Graph shows the percentage of RPE1 which 
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succeed and fail division on substrates of different stiffness. N=4 experiments. See 

S3C for montages of sample cells. Statistics used the Chi-square test. 

 

Figure 4. Integrin based protrusions allow division in Ect2-depleted cells: 

(A) Graph depicts the percent of cells which succeed or fail division in Control siRNA 

cells, Ect2 siRNA in 4 cell types; HeLa, MCF10A (N=2 experiments), RPMI and MDA-

MB-231 (N=3 experiments). (B) Graph depicts the percent of RPE1 cells which 

succeed or fail division in Control siRNA cells, Ect2 siRNA cells without tails and Ect2 

siRNA cells with tails. N=8 experiments. See also Figure S4I-J for comparable data 

with a ROCK inhibitor. (C) Images show RPE1 Control siRNA and Ect2 siRNA cells 

fixed and stained with phalloidin TRITC (magenta), Anillin (yellow), Tubulin (magenta) 

and p-Myosin (yellow) antibodies. DAPI is shown in blue in the merge. 1 medial z-

stack. Scale-bar is 20Pm. See also Figure S2B for Ect2 antibody staining. (D) Graphs 

quantifying of the loss of Actin (Statistics used t test), Anillin (Statistics used Mann-

Whitney test) and pMyosin (Statistics used Mann-Whitney test) proteins from bridge 

connecting daughter cells, where the neck measures less than 5Pm. For each cell a 

10x10 px (1.1 x 1.1Pm) square in the neck is normalised to the average intensity of 

two identical sized boxes in each daughter cell cytoplasm. Mean r SD. N=1 

experiment. (E) Images depict sample cells treated with either Control or Ect2 siRNA 

stained for AuroraB (yellow) and Tubulin (magenta). Scale-bar is 20Pm. Zoom of the 

boxed regions shows the midbody. Scale-bar is 2Pm. (F) Graph showing time from 

anaphase to abscission in Control siRNA and Ect2siRNA cells. Mean r SD. N=7 

experiments. Statistics used Mann-Whitney test. 

 (G) Montage of Control siRNA and Ect2 siRNA RPE1 cells stably expressing LifeAct-

RFP as they exit mitosis. The magenta arrow shows the measurement taken over time 
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of decreasing neck width. The blue arrow shows the measurement taken over time of 

the increase in length between the polar leading edge of the two daughter cells as 

they migrate away from each other. The Ect2 RNAi cell depicted here re-spreads 

faster than the average. 5Pm max projection of basal-medial cell. Scale-bar 20Pm. 

See also Figure S3D for comparable data with a ROCK inhibitor. (H) Graphs depict 

the rate at which the width of the connection linking daughter cells decreases, and 

distance between daughter cell poles increases as cells divide. Data have been 

normalised to the first timepoint. (I) Graphs depict the mean rate at which the width of 

the connection linking daughter cells decreases, and distance between daughter cell 

poles increases as cells divide. Data have been normalised to the first timepoint. N=12 

cells from 2 experiments. Error bars show SD.  

 

Figure 5. Re-spreading of daughter cells is required for division in Ect2-depleted cells: 

(A) Montages showing Control siRNA and Ect2 siRNA cells plated on micro-patterned 

fibronectin discs surrounded by PLL-PEG. Dotted line denotes the pattern shape. 

Wide-field image. Scale-bar 20Pm. (B) Graphs depicting the decreasing neck width 

and increasing length between the leading edges of daughter cells during division. (C) 

Graph showing the percentage of Ect2 siRNA cells which succeed and fail division on 

each pattern type. N=7 experiments. (D) Graph showing the length daughter cells had 

re-spread to by 21min after anaphase in Control siRNA and Ect2 siRNA cells which 

succeed or fail division. N=3 experiments. Median r interquartile range. Statistics used 

t test. (E) Graph showing the percentage of Ect2 siRNA cells with and without 300PM 

Arp2/3 inhibitor which succeed and fail division. N=4 experiments. Statistics used Chi-

square test. (F) Graph showing the percentage of Control and Ect2 siRNA cells which 

succeed and fail division when re-plated from suspension at mitotic exit. N=4 technical 
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replicates from 1 experiment. Statistics used Chi-square test. (G) Graph showing the 

percentage of Control and Ect2 siRNA cells which succeed and fail division when 

plated on either fibronectin or PLL.  

 

Figure 6. Model: 

(A) A normal cell rounding, leaving integrin positive adhesive contacts before 

undergoing acto-myosin based cytokinesis using high Rho activity (*). (B) A cell 

undergoing mitosis in suspension and either failing or succeeding to complete division 

depending on cell type. (C) A cell treated with Ect2 siRNA and either failing (I) or 

succeeding (II) to divide in a manner that depends on high Rac-Arp2/3 activity (**). 

 

STAR methods 

CONTACT FOR REAGENT AND RESOURCE SHARING  

Further information and requests for resources and reagents should be directed to 
and will be fulfilled by the Lead Contact Buzz Baum (b.baum@ucl.ac.uk). 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cell lines and culture  

hTERT-RPE1 (female) cells (Clontech) and MDA-MB-231 (female) cells (gift from E. 
Sahai) were cultured in DMEM F-12 Glutamax (Gibco 31331-028), with 10% fetal 
bovine serum, 3.4% sodium bicarbonate (Gibco 25080-060), 1% Penstrep (Gibco 
15070-063). RPE1 α-tubulin-EGFP were a gift from D. Gerlich. RPMI-7951 (female) 
cells (purchased from the American Type Culture Collection (ATCC) Number: HTB-
66) and HeLa (female) cells (MitoCheck (Hutchins et al., 2010)) were cultured in 
DMEM (Gibco 41965-039) with 10% FBS and 1% PenStrep. HeLa LifeAct-Ruby cells 
were made in lab by M. Fedorova. MCF10A (female) cells (gift from E. Sahai) were 
cultured in DMEM F-12 Glutamax, with 5% Horse serum (Invitrogen 16050), 20ng/ml 
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EGF (Peprotech 100-15R), 0.5mg/ml Hydrocortisone (Sigma H-0888), 100ng/ml 
Cholera toxin (Sigma C-8052), 10Pg/ml Insulin (Sigma I-1882), 1% Penstrep. 
Leibovitz’s L-15 CO2 independent media (Gibco 21083-027) +10%FBS was also 
used during imaging.  Cell lines have not been authenticated. 

METHOD DETAILS 

Plasmid transfection 

rLVUbi-LifeAct-TagRFP lentiviral vector (Ibidi 60142) was used to infect RPE1 cells. 
Positive cells were then selected with 1ug/ml puromycin to generate a stable cell 
line. 

Plasmid transfection with the pArek1-EGFP-Zyxin plasmid (Gift from A. Welman 
(Welman et al., 2010)) was carried out using Fugene HD (Promega E2311). Positive 
RPE1 cells were selected with 500Pg/ml G418 (Calbiochem 345812) to generate a 
stable cell line. Transient transfection of HeLa with H2B-mCherry, Talin-GFP (Franco 
et al., 2004), chicken Paxillin-GFP (Laukaitis et al., 2001) or Zyxin-GFP (Welman et 
al., 2010),  pRK5-Rap1[Q63E] (Dupuy et al., 2005) was carried out with the same 
protocol. 

DV-Integrin-GFP was a gift from R. Horwitz (Addgene plasmid # 15238) and was 
transiently transfected into RPE1 cells using Liopfectamine LTX and Plus reagent 
(Invitrogen 15338-100). 

Ect2 siRNA 

siRNA treatment was carried out using AllStars negative control siRNA (Qiagen 
1027280), Hs_ECT2_6 Flexitube siRNA (ATGACGCATATTAATGAGGAT-Qiagen 
SI03049249) and Lipofectamine RNAimax (Invitrogen 13778-075) diluted in optimem 
(Gibco 51985-026). Cells were used approximately 20 hours post-transfection. 

Drug treatments 

Cells were incubated with 50PM of the small molecule Y27632 (Sigma Y0503) which 

inhibits ROCK activity and imaged the same day. Cells were incubated with 300PM 
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of the small molecule CK-666 (Sigma SML0006) which inhibits Arp2/3 activity and 
imaged immediately. 

To synchronise cells prior to mitosis they were incubated with 9PM Ro-3306 
(Enzolife Sciences ALX-270-463) to inhibit CDK1 activity for 15-20hours. This was 
replaced with drug free media immediately before imaging.  

To synchronise cells in metaphase they were incubated with 10PM STLC (Sigma 
164739) for 4hours. Then a mitotic shake off was carried out and the collected cells 
washed twice before being re-suspended in imaging media, re-plated and imaged 
immediately. 

Micropatterning and surface treatment 

Standard experimental imaging was carried out on glass bottomed dishes incubated 

with 10Pg/ml fibronectin for 1 hour at 37qC. Poly-L-Lysine (Sigma P4832) was 
incubated on a glass bottomed dish for 5 min room temperature with rocking, 
removed and allowed to air dry for 2 hours before seeding cells. 

For micropatterning, HCL cleaned coverslips were passivated by plasma cleaning for 
30seconds before incubating for 30min at room temperature with 0.1mg/ml PLL-g-
PEG-633 (SuSoS PLL(20)-g[3.5]- PEG(2)/Atto633). A drop of MilliQ water was used 
to attach the coverslips to a quartz mask custom designed with the desired patterns 
and exposed to deep UV through the mask for 4min. The illuminated coverslip 
surface was then incubated for 1hour at room temperature with 25μg/mL of 

fibronectin (Sigma F1141) solution in 100mM NaHCO3 pH 8.5 (Gibco 25080-060). 
Versene 1X (Gibco 15040-066) was used to dissociate cells before plating on 
coverslips to ensure fast re-spreading on patterns and cells were imaged within 
4hours. 

Wells 

40Pm diameter PDMS wells were adhered to a plasma treated glass bottomed dish 

and baked at 75qC for 1hour before being incubated in 0.1mg/ml PLL-PEG (SuSoS 
PLL(20)-g[3.5]- PEG(2)) overnight. Cells were added to the well immediately prior to 
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imaging. 

Cell fixation and immunostaining 

16% warmed PFA was added to cells in media to a final concentration of 4% and 
incubated at room temperature for 20min. Alternatively, 10% cold TCA was added 
and incubated at room temperature for 20min, or ice cold methanol was added and 

incubated at -20qC for 5 min. They were then washed 3 times and 0.2% Triton was 
added for 5min (only to PFA fixed cells, not TCA or methanol fixed). 5% bovine 
serum albumin/PBS was used to block for 30min at room temperature before primary 
antibodies were added. Activated Integrin E1 (Abcam Cat# ab30394, 
RRID:AB_775726), Paxillin (Abcam Cat# ab32084, RRID:AB_779033), Talin 
(Sigma-Aldrich Cat# T3287, RRID:AB_477572), Ect2 (Santa Cruz Biotechnology 
Cat# sc-1005, RRID:AB_2246263), Anillin (Gift from C. Field (Hu et al., 2008)), D-
Tubulin (Sigma-Aldrich Cat# T9026, RRID:AB_477593), p-Myosin LC2 Ser19 (Cell 
Signaling Technology Cat# 3671, RRID:AB_330248) and AuroraB (Abcam Cat# 
ab2254, RRID:AB_302923). Phalloidin Tritc (Sigma-Aldrich Cat# P1951, 
RRID:AB_2315148) and DAPI (Thermo Fisher Scientific Cat# D3571, 
RRID:AB_2307445) were added with secondary antibodies (Invitrogen 647 anti 
mouse or 448 anti rabbit). 

Fixed samples were imaged on a Leica TCS SPE 2 microscope except for the online 
fixation experiment. 

For online fixation RPE1 Zyxin-GFP CDK1 inhibited cells were imaged on a Nikon 
Eclipse Ti microscope with Andor Neo-Zyla camera. Using the pump system 
established by P. Almada (Almada, 2017), the media was exchanged at the 
microscope to remove inhibition and allow the cells to enter mitosis and imaging 
continued. 30min after media exchange when many cells were in metaphase, the 
PFA fixation protocol as above was triggered to fix and stain the cells at the 
microscope. The same cells were then imaged post fixation. 

Live cell imaging 

Widefield imaging was carried out on Nikon Ti inverted microscope or a Zeiss 
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Axiovert 200M microscope at 3 or 5 minute timepoints using a 20x or 40x objective. 

Live confocal imaging was carried out on a Nikon TiE inverted stand attached to a 
Yokogawa CSU-X1 spinning disc scan head, using the 40X objective and 3 minute 
timepoints. 

Western blot 

Treated cells were lysed using chilled RIPA buffer on ice. The protein concentration 
of the supernatant was determined using Bradford reagent and samples were run on 
4-12% Tris Bis gel (Invitrogen NW04122). Gels were then blotted and probed with 

Ect2 (Santa Cruz sc-1005) and D-tubulin (Sigma T9026) primary anitbodies, and 
anti-mouse and anti-rabbit HRP-conjugated secondary antibodies (Dako). 

Preparation of polyacrylamide gels 

Glass-bottom dishes were activated by using a 1:1:14 solution of acetic acid/bind-
silane (M6514, Sigma)/ethanol. The dishes were washed twice with ethanol and air-
dried for 5 min. For 5kPa/1.5kPa/0.5kPa gels, a 500µl stock solution containing PBS, 
93.3µl/62.5µl/50µl acrylamide 40% (A4058, SIGMA), 11µl/10µl/7.5µl bisacrylamide 
2% (BP1404-250, FisherScientific), 2.5µl 10% APS diluted in water (Sigma A7460), 
0.25µl TEMED (BioRad 161-0800) and 12µl of 200-nm-diameter red fluorescent 
carboxylate-modified beads (F8810, ThermoFisher) was prepared. A drop of 18 µl 
was added to the centre of the glass-bottom dishes and the solution was covered 
with 18-mm-diameter glass coverslip. After polymerization, the coverslip was 
removed and gels were functionalized using sulfo-sanpah (102568-43-4). Briefly, 
80µl drop of sulfo-sanpah was placed on the top of the polyacrylamide gel and 
activated by UV light for 3 min. Sulfo-sanpah was diluted in miliQ water to a final 
concentration of 2mg/ml from an initial dilution 50mg/ml kept at -80º. Then, gels were 
washed twice with miliQ water and once with PBS for 5min each. Afterwards, gels 
were incubated with 200µl of a fibronectin solution (0.01mg ml−1) overnight at 4ºC.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Traction microscopy 
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Traction forces were computed using Fourier transform based traction microscopy 
with a finite gel thickness. Gel displacements between any experimental time point 
and a reference image obtained after monolayer trypsinization were computed using 
home-made particle imaging velocimetry software (Trepat et al., 2009). The 
transmitted force was computed as the net traction force generated by each one of 
the daughter cells after anaphase (Labernadie et al., 2017).  

Statistical analysis 

Apart from the traction force microscopy data, all analysis was carried out manually 
in Fiji. Graphs were produced in Microscoft Excel and Graphpad Prism. Statistical 
tests were carried out in Graphpad Prism. Normal data sets comparing distribution of 
values were analysed using the unpaired t test, two tailed. Non-normal data sets 
were analysed using Mann-Whitney two-tailed test. Binary data sets were analysed 
using the Chi-square test. *p<0.01 **p<0.001 ***p<0.0001 ****p<0.00001. Details of 
the statistical tests used, exact value of n, definition error bars on graphs are all 
detailed for each figure in the legend. 

 

 

 

 

 

 



 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Activated Integrin E1 Abcam Abcam Cat# 

ab30394, 
RRID:AB_775726 

Paxillin Abcam Abcam Cat# 
ab32084, 
RRID:AB_779033 

Talin Sigma Sigma-Aldrich Cat# 
T3287, 
RRID:AB_477572 

Ect2 Santa Cruz Santa Cruz 
Biotechnology Cat# 
sc-1005, 
RRID:AB_2246263 

Anillin C. Field (Hu et al., 
2008) 

n/a 

D-Tubulin Sigma Sigma-Aldrich Cat# 
T9026, 
RRID:AB_477593 

p-Myosin LC2 Ser19 Cell signaling 
technology 

Cell Signaling 
Technology Cat# 
3671, 
RRID:AB_330248 

AuroraB Abcam Abcam Cat# ab2254, 
RRID:AB_302923 

Phalloidin TRITC Sigma Sigma-Aldrich Cat# 
P1951, 
RRID:AB_2315148 

Dapi Invitrogen Thermo Fisher 
Scientific Cat# 
D3571, 
RRID:AB_2307445 

Ect2 Santa Cruz Santa Cruz Cat#  sc-
1005, 
RRID:AB_2246263 

Bacterial and Virus Strains  
rLVUbi-LifeAct-TagRFP lentiviral vector Ibidi 60142 
Experimental Models: Cell Lines 
hTERT-RPE1 Clontech n/a 
RPE1 α-tubulin-EGFP D. Gerlich n/a 
MDA-MB-231 E. Sahai n/a 
RPMI 7951 American Type 

Culture Collection 
Number: HTB-66 

ATCC Number: HTB-
66 

HeLa Kyoto MitoCheck (Hutchins 
et al., 2010) 

n/a 

HeLa LifeAct Ruby Made in lab by M. 
Fedorova 

n/a 

MCF10A E. Sahai n/a 
  

Key Resource Table



 

Chemicals, Peptides, and Recombinant Proteins 
Y27632 Sigma Y0503 
CK-666 Sigma SML0006 
Ro-3306 Enzolife Sciences ALX-270-463 
STLC Sigma 164739 
PLL-g-PEG-633 SuSoS PLL(20)-g[3.5]- 

PEG(2)/Atto633 
Fibronectin Sigma F1141 
Versene 1X Gibco 15040-066 
Experimental Models: Cell Lines 
hTERT-RPE1 Clontech n/a 
RPE1 α-tubulin-EGFP D. Gerlich n/a 
MDA-MB-231 E. Sahai n/a 
RPMI 7951 American Type 

Culture Collection 
Number: HTB-66 

ATCC Number: HTB-
66 

HeLa Kyoto MitoCheck (Hutchins 
et al., 2010) 

n/a 

HeLa LifeAct Ruby Made in lab by M. 
Fedorova 

n/a 

MCF10A E. Sahai n/a 
Recombinant DNA 
pArek1-EGFP-Zyxin plasmid Welman et al., 2010 n/a 
Talin-GFP Franco et al., 2004 n/a 
pRK5-Rap1[Q63E] Dupuy et al., 2005  n/a 
DV-Integrin-GFP R. Horwitz Addgene plasmid # 

15238 
chicken Paxillin-GFP Laukaitis et al., 2001 n/a 
Software and Algorithms 
Particle imaging velocimetry software Trepat et al., 2009  
Other 
AllStars negative control siRNA Qiagen 1027280 
Hs_ECT2_6 Flexitube siRNA Qiagen SI03049249 
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Figure S5: Related to Figure 5
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Supplemental Figure legends 

Figure S1. Related to Figure 1: 

RPE1 cell stably expressing Zyxin-GFP imaged during rounding, then fixed in 

metaphase (as in 1G) and stained on the microscope to visualize DNA (cyan), actin 

(magenta) and integrin (yellow) using DAPI, phalloidin TRITC and active β1-Integrin 

antibody. Zyxin-GFP remains visible after fixation. 1 basal z-slice. Scale-bar 20μm. 

Zooms of boxed regions show thin retraction fibres and an adhesive tail. (B) Graph 

quantifying RPE1 cells migrating on 20Pm fibronectin lines. Each color represents an 

individual cell pre-mitosis and the two daughter cells post-mitosis. X-axis (position) 

and y-axis (time) set to 0 at metaphase. (B) Representative RPE1 Zyxin-GFP cell 

migrating on 20Pm fibronectin line. Top: Montage shows fluorescent images of a 

subset of the kymograph between the blue dotted lines. Scale-bar 20μm. Bottom: 

Kymograph shows persistent RPE1 cell migration along the line before mitosis and 

daughter cells migrating in opposing directions after mitosis.  

 

Figure S2: Related to Figure 2: 

(A) Images depict fixed HeLa cells in interphase and metaphase stained for active β1-

Integrin (magenta) and Paxillin (yellow). Merge also shows DAPI (blue). 1 basal z-

slice. Scale-bar 20 μm. (B) Montages show HeLa cells expressing H2B-mCherry and 

either Zyxin, Paxillin or Talin-GFP, entering mitosis and losing focal adhesion puncta. 

Scale-bar 20 μm (C) Images depict fixed HeLa cells in interphase and metaphase 

transfected with Rap1[Q63E], stained for active β1-Integrin (magenta) and Paxillin 

(yellow). Merge also shows DAPI (blue). 1 basal z-slice. Scale-bar 20 μm. (D) 

Montages show HeLa cells transfected with Rap1[Q63E], expressing H2B-mCherry 

and either Zyxin, Paxillin or Talin-GFP, entering mitosis and losing focal adhesion 
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puncta. Scale-bar 20 μm. (E) Graph showing the percent of HeLa cells which succeed 

or fail division with or without Rap1[Q63E]. N=2 experiments. Statistics used the Chi-

square test. 

 

Figure S3. Related to Figure 3: 

(A) Montage showing phase in RPE1 cells imaged on fibronectin patterns with a non-

adhesive hole in the centre. Time is shown relative to anaphase. Wide-field image. 

Merge shows the cell overlaid on the non-adhesive PLL-Peg signal, which is excluded 

from the fibronectin pattern. 11/11 cells from 3 experiments succeed division across a 

non-adhesive hole. Scale-bar 20Pm. (B) Montage shows a representative RPE1 cell 

expressing LifeAct-RFP undergoing mitotic exit and lifting its furrow (arrow) off the 

substrate. Time is shown relative to anaphase. 1 medial and 1 basal z-slice. Scale-

bar 20 μm. Representative of 45 cells from 3 experiments. (C) Montages depict RPE1 

cells progressing through mitosis on substrates of different stiffness. Scale-bar 20Pm. 

See 3D for quantification of division fail rate. 

 

Figure S4. Related to Figure 4: 

(A) Western blot showing the extent of Ect2 silencing in RPE1 cells. D-Tubulin 

antibody was used as a loading control. Representative of 2 experiments. (B) 

Images depict fixed Control siRNA and Ect2 siRNA RPE1 cells stained for D-Tubulin 

(magenta) and Ect2 (yellow). The merge also shows DAPI (cyan). 1 z-slice in the 

medial plane. Scale-bar 20Pm. (C) Images show Control siRNA and Ect2 siRNA 

treated RPE1 metaphase cells stably expressing LifeAct-RFP. 1 medial z-slice. 

Scale-bar 20Pm. Dotted line shows measurement taken for figure S4D. (D) Line-

graph showing the actin distribution in the medial plane of sample cells. Data have 
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been normalised to background. (E) Graph showing the ratio of actin intensity at the 

cortex compared to the cytoplasm in Control siRNA and Ect2 siRNA cells. For each 

cell, four square regions around the cortex were averaged and compared to the 

average of four square regions around the cytoplasm to create one data-point. N=2 

experiments. Mean r SD. Statistics used t test. (F) Graph showing metaphase width 

of Control siRNA and Ect2 siRNA RPE1 cells. N=3 experiments. Mean r SD. 

Statistics used Mann-Whitney. (G) Montage showing a representative RPE1 Zyxin-

GFP cell treated with Ect2 siRNA progressing through mitosis. Scale-bar 20Pm. 

Zoom of boxed regions at -12min and NEP shows loss of puncta. Scale-bar 2Pm. (H) 

Images show fixed Control siRNA and Ect2 siRNA cells stained with Paxillin antibody 

(magenta) and active Integrin-E1 antibody (yellow). Merge also shows Dapi. 1 basal 

z-slice. Scale-bar 20Pm. (I) Montages showing RPE1 cells treated with DMSO or 

50PM Y27632. Magenta line shows narrowing of the neck across 2 timepoints. Wide-

field image. Scale-bar 20Pm. (J) Graph showing the percent of cells which succeed 

or fail division in RPE1 cells treated with DMSO and 50PM Y27632. N=1 experiment. 

Statistics used Chi-square test. 

 
 
Figure S5. Related to Figure 5:  

(A) Graph showing the mean traction forces as cells enter and exit mitosis on a 1.5kPa 

substrate. Mean r SD. N= 43 cells from 4 experiments (B) Graph showing the mean 

length as cells enter and exit mitosis on a 1.5kPa substrate. Mean r SD. N= 43 cells 

from 4 experiments. (C) Graph showing the mean area as cells enter and exit mitosis 

on a 1.5kPa substrate. Mean r SD. N= 43 cells from 4 experiments. (D) Graph 

comparing the perpendicular and parallel traction forces (relative to the long axis of 
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the cell) as cells enter and exit mitosis on a 1.5kPa substrate. Mean r SD. N= 43 cells 

from 4 experiments. (E) Image shows how cells were gated to generate data for S5F. 

Scale-bar 20Pm. (F) Graph comparing the traction forces at the centre and poles as 

cells enter and exit mitosis on a 1.5kPa substrate. Mean r SD. N= 43 cells from 4 

experiments (G) Images show a cell on a 1.5kPa substrate progressing through 

mitosis and division. Arrows depict traction forces according to the heat scale on the 

right. Scale-bar 20Pm.  (H) Graph showing the transmitted force between daughter 

cells in 6 sample cells as they exit mitosis on a 1.5kPa substrate. Cell5 (green line), is 

the cell portrayed in (G), black dots represent the stills from (G). (I) Graph showing the 

mean transmitted force between daughter cells as they exit mitosis on a 1.5kPa 

substrate, in the 6 cells from (H), and in the general population. Mean r SD. N= 42 

cells from 4 experiments. (J) Graph showing the mean transmitted force between 

daughter cells as they exit mitosis on a 1.5kPa substrate in Control siRNA (data as in 

(I)) and Ect2 siRNA cells. Mean r SD. Ect2 siRNA: N= 28 cells from 4 experiments. 

(K) Graph showing the percent of HeLa cells which succeed or fail division with or 

without Ect2 siRNA in combination with Rap1[Q63E]. N=3 experiments. Statistics used 

Chi-square test. 

 


