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Summary

The control of tissue growth, which is a key to maintain the protective barrier function of the 

epithelium, depends on the balance between cell division and cell extrusion rates [1, 2]. Cells 

within confluent epithelial layers undergo cell extrusion, which relies on cell-cell interactions [3] 

and actomyosin contractility [4, 5]. Although it has been reported that cell extrusion is also 

dependent on cell density [6, 7], the contribution of tissue mechanics, which is tightly regulated by 

cell density [8–12], to cell extrusion is still poorly understood. By measuring the multi-cellular 

dynamics and traction forces, we show that changes in epithelial packing density lead to the 

emergence of distinct modes of cell extrusion. In confluent epithelia with low cell density, cell 

extrusion is mainly driven by the lamellipodia-based crawling mechanism in the neighbor non-

dying cells in connection with large-scale collective movements. As cell density increases, cell 

motion is shown to slow down and the role of a supra-cellular actomyosin cable formation and its 

contraction in the neighboring cells becomes the preponderant mechanism to locally promote cell 
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extrusion. We propose that these two distinct mechanisms complement each other to ensure proper 

cell extrusion depending on the cellular environment. Our study provides a quantitative and robust 

framework to explain how cell density can influence tissue mechanics and in turn, regulate cell 

extrusion mechanism.

Results and Discussion

Preserving the integrity of epithelial barriers during cell extrusion requires rearrangements 

of neighboring cells around the extruding cell [3]. The progression of cell extrusion in 

epithelial sheets, particularly apoptotic cell extrusion, has been largely associated with local 

movements of neighboring cells driven by the formation and contraction of actomyosin rings 

[3–5, 13, 14], so called purse-string mechanism. However, the interdependence of cell 

extrusion events and the overall remodeling of tissues has not been explored to date. The 

sealing of epithelial gaps observed during wound healing or morphogenetic events [15–18] 

largely depends on mechanical factors [14, 19, 20]. Such factors would promote either the 

assembly of actomyosin cables or cell crawling to efficiently seal epithelial gaps [14, 19]. In 

addition, as cell density increases within epithelial tissues, large scale coordinated 

movements are reduced to local dynamics, impacting cell-substrate and cell-cell interactions 

[8, 10]. Even though the impact of mechanics has been evidenced for gap closure during 

wound healing or morphogenesis, the contributions of tissue mechanics and dynamics 

remain to be determined in the context of epithelial gap sealing during cell extrusion.

To control the growth and the cell density of epithelial monolayers, we used micro-patterned 

adherent substrates [21–23]. We first followed cell extrusion over time as a function of cell 

density by culturing Madin-Darby canine kidney (MDCK) cells on circular patterns with 

typical radius, r of 250 μm (Figure 1A, Movie S1-left). The average number of cells 

increased over time, with a higher growth rate at low cell density, i.e. ~0.8·(100 μm)-2·hr-1 at 

a density of ≤33 cells per (100 μm)2 (phase 1) than at higher cell density, i.e. ~0.5·(100 

μm)-2·hr-1 at a density of ≥37 cells per (100 μm)2 (phase 2), suggesting two different phases 

in tissue growth (Figure 1B). Even though cells remain adherent to the substrate under these 

different culture conditions, cell-substrate adhesion is also affected between these two 

phases as shown by the size of focal adhesions (Figure 1C). We found that most of the cell 

extrusions in both phases were associated with the characteristics of apoptosis (caspase-3 

activation, and nuclear condensation and/or fragmentation), indicating that these events were 

apoptotic cell extrusions (Figure 1D, Movie S2). The cumulative number of cell extrusion 

events increased with time (Figure 1E), and the rate of cell extrusion increased five-fold 

between phase 1 and 2 (Figure 1F). The minor spatial bias in cell density (a slightly higher 

density at the tissue edge in phase 1) did not incur any significant non-uniformity in the 

spatial distribution of cell division and extrusion (Figures S1A-C), allowing us to analyze the 

monolayer as a whole. Moreover, we verified that the rate of cell extrusions did not alter 

with high cell seeding densities, i.e. similar to phase 2, or without spatial constraint, i.e. 

similar to a non-constraint tissue expanding into the void (Figure S1D).

To investigate the relationship between cell extrusion and tissue dynamics, we analyzed the 

velocity field by using Particle Image Velocimetry (PIV) [24, 25] (movie S1-right). The 
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average speed over the entire tissue showed two distinct regimes (Figure 1G): a slow 

decrease during the first ~10 hours (phase 1) followed by a large reduction of the speed 

during phase 2. This was consistent with previous findings that tightly packed tissue could 

lead to a globally breathless state [26]. The global fluctuations of cell velocities, which were 

previously described [10], also showed changes with respect to density (Figure 1H). In 

particular, we observed the emergence of radial oscillations as shown by alternate bands of 

positive and negative values of average radial velocity that gradually decreased as cell 

density rises. The large-scale displacements (with average velocity -8 μm/hr to +8 μm/hr) 

that spanned over the whole tissue during phase 1 changed signs every few hours. These 

oscillations gradually subsided in magnitude as density increased, which corresponded to 

phase 2 (Figure 1H). These results may explain the observed differences in cell extrusion as 

cell density increases. At low global cell density, large-scale movements of the tissue could 

lead to transient increases in density in certain parts of the tissue that favor cell extrusion in 

those areas, whereas at high global density, the environment is packed everywhere in the 

tissue and extrusions can thus occur at any location and time, increasing significantly the 

total extrusion rate in phase 2 compared to phase 1 (Figure 1F). In particular, during phase 1, 

extrusions mainly occurred when the global average radial velocity was pointing towards the 

center (positive global <Vr>) of the tissue (Figure S1E), which resulted in the total extrusion 

rate becoming significantly lower when the tissue globally moved away from the tissue 

center (Figure S1F).

In addition to tissue dynamics, we measured the evolution of the global traction forces 

exerted by MDCK cells over time using micropillar substrates [27, 28]. The analysis of the 

overall forces showed that both the average traction force magnitude, <|T(ρ)|> (Figure 1I), 

and the average traction force magnitude restricted to the edge of the circular patterns, <|

T(ρ)|edge> (Figure 1J), where the largest forces were usually observed [27, 29], decreased 

with the increase of cell density. The average traction force, <T(ρ)> changed direction, from 

forces pointing globally inwards to the tissue (positive) to outward (negative) at higher 

densities, suggesting that the tissue changed from a global contractile state to a more 

compressive state reaching higher internal pressure (Figure 1K). Altogether, these results 

show that the differences observed in the number and rate of extrusions between phase 1 and 

2 are correlated with global changes in the physical properties of epithelial cells.

We next investigated the epithelial tissue remodeling induced by cell extrusion in the two 

phases. Previous studies have shown that cell extrusion was associated with the deformation 

of surrounding neighbor cells [4]. We thus analyzed the dynamics of cells around the 

extrusion site using PIV measurements as a function of the distance from the extruding cell 

up to a radius of ~150 μm. Typical examples of color-coded velocity map of the radial 

component of PIV around extrusion sites (Figure 2A) for phases 1 and 2 are shown in 

Figures 2B-C, respectively (t=0 min denotes the initiation of extrusion, Supplemental 

Experimental Procedures). At lower density (phase 1), there was a gradual buildup of net 

movement of surrounding cells towards the extrusion site before the extrusion (t=-50 min in 

Figure 2B). Right after the extrusion (t=+10 min), the net velocity towards the extrusion 

became more prominent, radially uniform, and extended up to many cell rows away from the 

extrusion site. As time progressed, cells started to lose their movement in the direction of 

extrusion, starting from the innermost cells (t=+90 min), and progressing to the outer cells 
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(t=+150 min). At higher density (phase 2), we also observed a local directed motion 

associated with extrusion but over a shorter distance and time, and with smaller velocity 

magnitude in comparison to phase 1 (Figure 2C).

To quantify the tissue dynamics associated with the extrusion, we plotted the kymograph of 

average radial velocity, <Vr> as a function of distance from the extrusion site (Figures 2D-

E), and statistically compared them to similar plots for areas not associated with cell 

extrusion (Figures S1G-J, Supplemental Experimental Procedures). The dynamics 

associated with the extrusion and statistically distinguished from background dynamics (the 

region delineated in Figure 2E) show that the neighboring tissue moved toward the 

extrusion, with distinct characteristic propagation lengths, lv in phase 1 and 2 (Figures 2E-F, 

Supplemental Experimental Procedures). In phase 1 upon extrusion (t=0 min), lv shows that 

cells within a ~125 μm radius around the extrusion (~6 cells) exhibited a high and positive 

radial velocity (red-orange-yellow region, Figure 2E), starting from the cells closest to the 

extrusion. The progressive mobilization of more distant cells (denoted by the slant of the 

delineated region in Figure 2E) is reminiscent of collective cell movements reported for 

epithelial monolayer expansion into multicellular-sized voids, and attributed to mechanical 

sensing and propagation of mechanical information [30]. We further analyzed the local cell 

density around the extrusion (within a radius of 20-30 μm) and found that the cell density 

started to increase before the cell extrusion (Figure 2G). We speculate that the transient flow 

toward the extrusion site prior to the extrusion (arrow in Figure 2E) led to a transient and 

local density increase, which could favor cell extrusion. Similarly, in phase 2, we observed 

an increase in the average positive radial velocity, which correlated with the extrusion time 

(Figure 2D), but the cells with high positive velocity were significantly reduced and more 

spatially restricted to the vicinity of the extrusion site (delineated region in Figure 2E, lv ~60 

μm, Figure 2F) and less cells were involved (~4 cells) compared to phase 1. This is in line 

with our observations that cells further away from the extrusion moved less towards the 

extrusion (Figure 2C). The duration of inward movements was shorter in phase 2 (<1 hr) 

than in phase 1. At high density, extrusions were not linked to significant local density 

changes (Figure 2G). Altogether, these analyses show that distinct multicellular dynamics 

with respect to global cell density are at play during cell extrusion. At low density, the 

extrusion process is associated with long-range tissue flow that modifies the local cell 

density and favors cell extrusion. At high density, cell movements are restricted to the cell 

extrusion site.

As cell migration and actomyosin contraction have been shown to mutually interact in other 

epithelial gap closure mechanisms than extrusion such as wound healing [17–19], we then 

investigate the roles of cell crawling [14, 31], actomyosin contractility [4, 5, 13] and cell-cell 

junctions [3, 32] in the context of cell extrusion. To this end, we used α-catenin knock-down 

(KD) cells [33–35] that are unable to form proper cell-cell junctions, as well as wild-type 

cells treated with blebbistatin (50 μM) and NSC23766 (200 μM) in order to inhibit Myosin 

II and Rac1, respectively. We first measured the propagation length, lv (Figure 3A) from the 

kymographs of average radial velocity, <Vr> for each condition (Figures S2A-B). In phase 

2, only blebbistatin treatment significantly reduced lv compared to control condition, 

suggesting a mechanism largely driven by actomyosin based contractility as previously 

described [3–5, 13]. In contrast, in phase 1, lv was significantly reduced in all conditions to 
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roughly half of its length as compared to control case (Figure 3A). Notably, the inhibition of 

Rac1 significantly reduced lv in phase 1 but not in phase 2 compared to each controls. This 

suggests that the mechanisms giving rise to the long-range extrusion-directed motion in 

phase 1 (and not phase 2) is Rac1-based cell migration, while the shorter-range tissue 

movement in phase 2 is mostly driven by actomyosin contraction.

To further clarify the contribution of lamellipodia-based crawling mechanism and purse-

string contractile mechanism during cell extrusion, we used UV laser to induce apoptotic 

extrusion [5, 36] (Supplemental Experimental Procedures), and followed the evolution of the 

extrusion at high spatio-temporal resolution using confocal microscopy. We co-cultured 

MDCK cells that expressed GFP-labelled F-actin (or myosin light chain) and non-labeled 

control cells, and induced apoptosis to a non-GFP cell surrounded by GFP positive cells 

(Figures 3B, S3A and S3B) to unambiguously follow how the extruding cell changes its area 

over time. We compared these control results with (S)-nitro-blebbistatin (SBB)- and 

NSC23766-treated cells. The effect of the drug treatments to the cell extrusion was 

measured by tracking the apical area of extruding cell over time (Figures S3C-D), and 

quantified with Kaplan-Meier survival plots (Figure 3C, Supplemental Experimental 

Procedures). In phase 1, only NSC23766 treatment significantly delayed the area shrinkage 

with respect to non-drugged condition (Figure 3C). NSC23766-treated cells typically did not 

complete even after 300 - 600 min, while the extrusion process of control cells usually 

completed within 100 - 150 min (Figure S3C). In contrast, in phase 2, the extrusion process 

largely slowed down under SBB treatment (Figure 3C). This analysis thus strengthened the 

idea that lamellipodia-based crawling mechanism is the main driving force of gap closure 

during extrusion in phase 1, and this process switches to a more purse-string-based 

contractile mechanism at higher density.

To test this hypothesis, we examined the cytoskeletal and molecular changes in the 

immediate neighbors of an extruding cell. To this end, we monitored GFP-tagged F-actin 

(actin-GFP), YFP-tagged p21-binding domain (PBD–YFP) probe of activated Rac1 and 

Cdc42 [37], and GFP-tagged myosin light chain (myosin-GFP) in the neighboring cells. At 

low density (phase 1), upon caspase-3 activation (t=0 min in Figures 4A-C), the nearest-

neighbor cells formed lamellipodia, and extended these protrusions into the area originally 

occupied by the apoptotic cell within ~1.5 hrs (arrowheads in Figures 4B-C, Movie S3-top). 

This lamellipodia extension was associated with the detachment of apoptotic cell from the 

substrate, characterized by the retraction of stress fibers in the apoptotic cell (Figure S4c and 

Movie S5). This observation was consistent with a previous report showing that caspase-3 

can compromise cell adhesion by cleaving adhesion components [38], and strongly 

suggested that lamellipodia-based crawling helps to directly push the apoptotic cell out of 

the monolayer. In addition, we observed that actin accumulation at the apical side of the cell 

started only after the lamellipodia filled the space below the dying cell (arrows in Figures 4A 

and 4C, apical), suggesting a secondary role for the purse-string mechanism. At high cell 

density (phase 2), as previously described [3–5, 13], there was accumulation of actin at the 

apical side of the neighboring cell (arrow in Figure 4D, t=15 min) that later moved toward 

the basal side of the cell (arrow in Figure 4E, t=25 min) upon caspase-3 activation (Figure 

4F, Movie S4) suggesting a mechanism driven by purse-string. Moreover, little or no 

lamellipodia were observed in phase 2.
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These two distinct mechanisms were further confirmed by monitoring PBD-YFP and 

myosin-GFP. In particular, the PBD-YFP signal at the basal section of neighbor-extruding 

cell interface was clearly activated upon the initiation of extrusion (Figure 4G, t=0 min) in 

phase 1, but not in phase 2 (arrows in Figure 4G and arrowheads in Figure 4H), suggesting a 

lamellipodia-based mechanism in phase 1. In contrast, there was accumulation of myosin-

GFP along the neighbor-extruding cell interface in phase 2 (arrows in Figure S3F), but 

myosin-GFP accumulated only at a small segment of the neighbor-extruding cell interface 

throughout most of the extrusion process in phase 1 (arrows in Figure S3G).

Lamellipodia-based protrusions and purse-string mechanism have been reported to lead to 

different signatures of traction force distribution [19, 39]. We thus measured the traction 

forces exerted by epithelial cells during cell extrusion, and computed radial traction forces as 

a function of distance around the extrusion site (Figure 4I, Supplemental Experimental 

Procedures). At low density (phase 1), we first observed traction forces underneath the 

apoptotic cell predominantly pointed radially toward the extruding cell, likely corresponding 

to the forces exerted by the contraction of stress fibers (Figure S3E, Movie S3-bottom) 

within 20 μm and ~1 hr before the extrusion (green vectors in Figure 4J, t=-50 min). Upon 

extrusion, these traction forces decreased, probably due to de-adhesion of the apoptotic cell 

through caspase activation (Figure S3E, Movie S3-bottom). Shortly after the onset of 

extrusion, the traction forces predominantly pointed radially away from the extruding cell 

(red vectors in Figure 4J, t=30 min) at the interface between extruding and neighboring cells, 

which is in good agreement with a lamellipodia-based mechanism as previously observed 

[39]. The average radial traction force kymograph quantifying the spatio-temporal patterns 

of the traction forces around extrusions (Figure 4L) was statistically compared with that of 

areas not associated with cell extrusion (Figure S3H), and further supported our observations 

(Figure 4J). The traction forces associated with cell extrusion (colored regions in Figure 4L, 

Supplemental Experimental Procedures) at the vicinity of extruding cell (r < 10 µm) showed 

strong negative values after extrusion (arrow in Figure 4L), and gradually decreased 

thereafter. In addition, regular patches of negative (i.e. away from the extrusion and into the 

tissue) forces propagated over time to reach larger radii (arrowheads in Figure 4L). This is in 

agreement with collective and progressive mobilization of multiple cells towards the 

extrusion site (Figures 2B and 2E) through a lamellipodia-based mechanism. At high density 

(phase 2), the magnitude of traction forces was largely reduced and there were no clearly 

discernible traction patterns (colored regions in Figure 4M). Notably, the average radial 

traction force kymograph did not show negative forces after extrusion at the vicinity of 

extruding cell (r<10 μm), in contrast to the post-extrusion patterns in phase 1 (Figure 4L). 

Moreover, there was only a weak and transient negative force patch after extrusion (r≥20 

μm) that did not propagate, consistent with the vectors observed in Figure 4K (t=20 min). 

These data showed that the signature of traction forces associated with the cell extrusion 

strongly depends on the cell packing density. As cell density increases, there is a 

corresponding decrease in overall dynamics and coordinated movements over multiple cells 

towards the extrusion site, which correlates with two distinct modes of cell extrusion we 

found in this study.
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Conclusions

We showed that tissue dynamics that depend on cell packing density lead either to large-

scale coordinated movements through cell crawling at low density, or to a local actomyosin 

contractile process of immediate neighbors to drive extrusion at high density to extrude 

apoptotic cells (Figure 4N). The mechanisms by which cells are extruded from epithelial 

sheets reported in this study are qualitatively distinct from any previous observations [3–7, 

13]. Our study reveals that the emergence of various modes of cell extrusion is governed by 

mechanical environmental factors, which could be important for ensuring the removal of 

unnecessary cells (e.g., apoptotic cells) in different circumstances. Our findings provide a 

quantitative and robust framework to explain how internal mechanics within epithelial 

tissues regulates cell extrusion mechanisms.

Supplemental Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dynamics and mechanical state of epithelia depend on cell packing density
(A) Phase contrast image of confined tissue on circular pattern, at low density (phase 1) and 

high density (phase 2), scale bar = 100 µm. (B) Average global cell density as function of 

time. (C) Talin-GFP (green) transfected cells at phase 1 and 2, with TRITC-phalloidin 

staining of F-actin (red), Hoeschst staining of nucleus (blue), scale bar = 20 μm. (D) 

Characteristics of apoptotic extrusion, before and after the extrusion (t= 0 min): cell 

rounding (bright-field image), caspase-3 positive staining (arrowhead), and nuclear 

fragmentation (Hoechst staining), scale bar = 20 µm. (E) Average cumulative extrusion 

numbers as function of time. (F) Average extrusion rate (extrusion numbers per hour), for 

phase 1 and 2, t-test **: p< 0.01. (G) Global average speed of tissue as function of time. (H) 

Kymograph of average radial velocity, <Vr> from the center to the edge of tissue. The dotted 

line separates phase 1 (below) and phase 2 by density. (I-K) Average traction magnitude, <|

T(ρ)|> (I), average traction magnitude at edge of tissue, <|T(ρ)|edge> (J), average traction, 

<T(ρ)> at edge of tissue (K), as a function of cell density. Values were averaged over 8 
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different samples for (B, D, E, F). All error bars represent standard error of mean (s.e.m.). 

See also Figures S1A-F.
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Figure 2. Distinct tissue kinematics around cell extrusion with respect to cell packing density
(A) Schematic illustrating sign convention for tissue radial velocity with respect to the center 

of extrusion. (B, C) Time evolution of phase contrast images of the cell extrusion event for 

phase 1 and 2, with velocity field vectors overlaid. Extrusion (yellow circle) occurs at t= 0 

hr, in the center of the image. Length of vector is proportional to velocity magnitude, color 

code shows value of radial component with respect to extrusion as the center of radius. (D) 

Radial velocity as function of time around extrusion (t= 0 hr) averaged over all points at 

radius, r= 20, 60, 100, 125 µm respectively from extrusion, and averaged over all extrusion 

Kocgozlu et al. Page 12

Curr Biol. Author manuscript; available in PMC 2017 May 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



events. (E) Kymograph for radial velocity data in (D). Bounded area shows approximate 

region with values significantly different from control (no extrusion) kymographs in Figure 

S1I and S1J, see Supplemental Experimental Procedures. The typical number of cells 

spanning the boxed area is calculated based on the typical length of the cells in each phase 

i.e. lcell ~2/√(π ρ), where ρ is the mean cell density in each phase. (F) The propagation 

length of the average radial velocity, lv i.e. length of bounded area in (E), t-test ***: p< 

0.001. (G) Time evolution of local cell density within radius, r≤ 20 µm of extrusion, 

averaged over all extrusions. Paired t-test comparison for extrusion event and time points 

within one hour around it, t-test *: p< 0.05. Phase 1: 8 samples, 39 events, Phase 2: 8 

samples, 269 events. All error bars represent s.e.m. See also Figures S1G-J.
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Figure 3. Distinct extrusion mechanisms in different cell packing density
(A) Comparison of propagation length of the average radial velocity, lv measured from the 

corresponding kymographs in Figure S2a and S2b, for untreated WT cells (ND-WT), α-

Catenin KD (αcatKD) cells, and WT cells treated with 50 µM blebbistatin (BB), or 200 µM 

NSC23766, during phase 1 and 2. All error bars represent s.e.m. A one-way-ANOVA was 

used to compare all conditions and phases, with p≤ 10-21. Then a least significant difference 

post-hoc test was performed, at p= 0.01. (B) Top panel: Confocal images of a confluent 

monolayer with mixture of WT and actin-GFP cells with the central WT cell laser-induced 

for apoptotic extrusion. Extrusion at t= 0 min with the gradual shrinkage of the extruding 

cell (yellow asterisk) area with time. Bottom panel: Caspase-3 activation, scale bar = 20 μm. 

(C) Kaplan-Meier survival plots of the extruding cell area for untreated (ND - 6 extrusions 

each in phase 1 and 2), blebbistatin (SNitro-BB - 6 extrusions in phase 1, 5 extrusions in 

phase 2) and NSC23766 treated cells (6 extrusions each in phase 1 and 2). P values 

determined from log-rank test. See also Figures S2 and S3A-D.
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Figure 4. Lamellipodia-based crawling or purse-string mechanism depending on cell packing 
density
(A, B) Confocal images of an apoptotic extrusion during phase 1 with laser induction. 

Confluent layer of MDCK cells consist of WT (no GFP) and actin-GFP cells with nuclear 

staining (blue). t= 0 min indicates caspase-3 activation. Apical view (A) and basal view (B) 

highlight purse-string (arrows) and lamellipodia protrusion (arrowheads), respectively. (C-

top panel) Kymograph of the basal and apical view of actin and caspase-3 generated from 

the dotted line in panels A and B. Note the lamellipodia protrusion (arrowhead) extended 

upon caspase-3 activation (t= 0 min) in the basal kymograph, and discontinuous actin cables 

Kocgozlu et al. Page 15

Curr Biol. Author manuscript; available in PMC 2017 May 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



occurred (left, right arrows show two different timings) late in the extrusion. Yellow dotted 

line indicates basal region closed before apical region. (C-bottom panel) Side view of the 

extrusion process, arrowheads point to lamellipodia protrusion. (D-F) Corresponding 

confocal images of an apoptotic extrusion during phase 2. Apical view (D) and basal view 

(E) highlight purse-string (arrows). (F-top panel) Kymograph of the basal and apical view of 

actin and caspase-3 generated from the white dotted line in panels D and E. Yellow dotted 

line indicates basal region closed simultaneously with apical region closure. (F-bottom 

panel) Side view of the extrusion process, arrows point to actin accumulation and purse-

string formation. Scale bars in panels B and E= 20 µm. Vertical and horizontal scale bars in 

C and F top panels denote 30 min and 5 µm, respectively. Scale bars in C and F bottom 

panels denote 10 μm. (G, H) Confocal images of a natural apoptotic extrusion in a confluent 

monolayer during phase 1 and 2, with PBD-YFP (top) and DIC (bottom) images. t= 0 min is 

time of extrusion, and arrows highlight the activation of PBD-YFP at the interface between 

neighbor and extruding cell in phase 1, while arrowheads point to location of extrusion, 

without clear PBD-YFP activation in the immediate neighbors. Scale bar = 20 μm (J) 

Schematic illustrating sign convention of traction force with respect to the center of 

extrusion. (J, K) Time evolution of actin fluorescence images of cell extrusion for phase 1 

and 2, with traction field vectors overlaid. Extrusion (yellow circle) occurs at t= 0 hr, in the 

center of the image. Length of vector is proportional to traction magnitude, color code shows 

value of radial component with respect to extrusion as the center of radius. Scale bar = 10 

µm. (L, M) Kymograph of average radial traction around extrusion (r= 0 µm, t= 0 hr), and 

averaged over all extrusion events. The same sign convention was used as in (J, K). The 

colored regions are regions with values significantly different when compared with the 

corresponding control (no extrusion) kymographs in Figure S3H, Supplemental 

Experimental Procedures. 5 different samples, 20 events for phase 1 and 39 events for phase 

2. (N) Schematic representation describing the large-scale coordinated movements through 

cell crawling to extrude apoptotic cells at low density and switching to a local actomyosin 

contractile process of the immediate neighbors to drive extrusion at high density. The length 

of black arrows denotes the relative magnitude of traction forces, with smaller traction 

forces in phase 2. See also Figures S3E-H.
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