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Remodeling of adhesion and modulation of mechanical tensile forces during apoptosis in Drosophila epithelium

Apoptosis is a mechanism of eliminating damaged or unnecessary cells during development and tissue homeostasis. During apoptosis within a tissue, the adhesions between dying and neighboring non-dying cells need to be remodeled so that the apoptotic cell is expelled. In parallel, the contraction of actomyosin cables formed in apoptotic and neighboring cells drive cell extrusion. To date, the coordination between the dynamics of cell adhesion and the progressive changes in tissue tension around an apoptotic cell is not fully understood. Live imaging of histoblast expansion, which is a coordinated tissue replacement process during Drosophila metamorphosis, shows remodeling of adherens junctions (AJs) between apoptotic and non-dying cells, with a reduction in the levels of AJ components, including E-cadherin. Concurrently, surrounding tissue tension is transiently released. Contraction of a supra-cellular actomyosin cable, which forms in neighboring cells, brings neighboring cells together and further reshapes tissue tension toward the completion of extrusion. We propose a model according which modulation of tissue tension represents a mechanism of apoptotic cell extrusion, and would further influence biochemical signals of neighboring non-apoptotic cells.

Introduction

Throughout development and adult life, epithelia undergo constant growth and turnover.

As a cell population changes, epithelial architecture needs to be maintained and this is done through the tight intercellular adhesions supported by adherens junctions (AJs) [START_REF] Harris | Adherens junctions: from molecules to morphogenesis[END_REF][START_REF] Takeichi | Dynamic contacts: rearranging adherens junctions to drive epithelial remodelling[END_REF][START_REF] Lecuit | E-cadherin junctions as active mechanical integrators in tissue dynamics[END_REF]. Apoptosis, or programmed cell death, is the most common mechanism of eliminating damaged or unnecessary cells during embryonic development, and tissue homeostasis [START_REF] Jacobson | Programmed cell death in animal development[END_REF]. When cells within a tissue undergo apoptosis, the adhesions between the dying and neighboring non-dying cells need to be remodeled. This ensures the apoptotic cell can be expelled from a tissue without compromising tissue cohesion. The loss of adhesions in the apoptotic process has been studied, with a focus on the disruption of cell-cell junctions associated with caspase activation. Members of the caspase family serve as the key executors of apoptosis [START_REF] Riedl | Molecular mechanisms of caspase regulation during apoptosis[END_REF]Shi, 2004, Miura, 2012). For instance, AJ components, such as E-cadherin (E-cad) and -catenin ( -cat) are known substrates of caspase-3 in mammalian cells [START_REF] Bannerman | Bacterial Lipopolysaccharide Disrupts Endothelial Monolayer Integrity and Survival Signaling Events through Caspase Cleavage of Adherens Junction Proteins[END_REF][START_REF] Brancolini | Dismantling Cell-Cell Contacts during Apoptosis Is Coupled to a Caspase-dependent Proteolytic Cleavage of β-Catenin[END_REF]. In Drosophila the reduction in the levels of E-cad from AJs is associated with the cleavage of the -cat homolog Armadillo by the Drosophila effector caspase DrICE [START_REF] Kessler | Cleavage of Armadillo/beta-catenin by the caspase DrICE in Drosophila apoptotic epithelial cells[END_REF].

Along with AJ remodeling, the process of cell extrusion is also crucial in the expulsion of dying cells from a tissue. In tissue culture, apoptotic cells autonomously develop an actomyosin cable, and the neighboring non-apoptotic cells also form a supra-cellular actomyosin purse-string [START_REF] Rosenblatt | An epithelial cell destined for apoptosis signals its neighbors to extrude it by an actin-and myosin-dependent mechanism[END_REF][START_REF] Kuipers | Epithelial repair is a two-stage process driven first by dying cells and then by their neighbours[END_REF].

Development LEC extrusion (Fig. 1c), and the degree of elongation decayed as a function of the distance from the extruding cell (Fig. S1a). These observations indicated that the mechanical impact of apoptotic cell extrusion was not restricted to the nearest-neighbor histoblast, but propagated to the next-to-nearest-neighbor cells. The elongated histoblasts (Fig. 1b) underwent either cell division or cell-cell junction remodeling after cell extrusion had completed, and did not maintain their elongated shape (Fig. S2).

These rearrangements, however, had no impact on tissue expansion, with the edge of the histoblasts remaining in place after cell extrusion was complete (Fig. S2). This suggests that the mechanical impact of boundary LEC apoptosis on tissue expansion is preserved even after the completion of LEC extrusion. Compared to the control boundaries, the initial recoil velocity after ablation (Materials and Methods), which is the first good approximation of the junctional tension right before ablation, decreased immediately after E-cad levels reduced. (Fig. 8e). Moreover, the recoil velocity increased to an even higher level at the later stages of apoptosis, compared to that of the control boundaries (Fig. 8e). The cell boundaries of neighboring LECs showed the same trend (Fig. S16). Altogether, our results show that tissue tension is transiently released upon the reduction of E-Cad and is re-shaped during the late stages of cell extrusion.

To further examine the kinematics of extruding
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We report here, the temporal sequence of events during apoptotic cell extrusion, with a focus on the remodeling of AJs, the cytoskeleton, and mechanical tension. After caspase-3 starts to be activated in LECs, those undergoing apoptosis initiate apical constriction (Fig. 2). We reasoned that the initiation of this constriction could be due to a combination of actomyosin cable formation in the dying cell (Fig. 4) 
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Cell shape anisotropy analysis

To measure the anisotropy of individual histoblast cell (Fig. 1c and Fig. S1), the zprojected E-cad::GFP time-lapse images were first segmented by Packing Analyzer V2.0 (Aigouy et al., 2010). The cell boundary data were subsequently analyzed with Matlab software (MathWorks, MA, USA). Segmented cell shapes were fitted by ellipse, which was optimized by maximizing the area overlap between a segmented cell shape and an ellipse. Anisotropy of the cell was defined as the ratio of minor and major axes of the fitting ellipse.

Caspase-3 activity analysis

To monitor caspase-3 activity (Fig. 2a and Movie 5), fly with FRET base caspase-3 sensor, SCAT3 (Nakajima et al., 2011, Takemoto et al., 2003) was used. A 405nm laser was used to excite ECFP and two fluorescence images (ECFP and Venus) were simultaneously captured. FRET ratio was calculated by taking the intensity ratio between the sum-intensity z-projected ECFP and Venus images. FRET ratio of an apoptotic LEC (Fig. 2c) was measured by averaging the FRET ratio within an apoptotic cell. The shape of an apoptotic cell was manually segmented from the sumintensity z-projected Venus images over time by using ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF].

Determination of the transition time

To measure the time delay between the beginning of apical constriction and caspase-3 activation (Fig. 2c), we first normalized the cell area and caspase-3 activity data to the value measured at time = 0 sec (Fig. S3a). The area data was shifted in time to minimize the difference between area and caspase-3 data (Fig. S3b). The shift was defined as ∆tshift.

To determine when the cell started to constrict with higher speed (τarea) and when the cell started to activate its Cas-3 activity (τCas3) without comparing the two graphs, we referred to the maximum derivative of each graphs. We defined τarea as the time when the derivative of the graph reached to 25% of the maximum slope (Fig. S3c). Similarly, we defined τCas3. The time delay between the initiation of apical constriction and caspase-3 activation measured by 25% of maximum slope, ∆t25% = |τarea -τCas3|, was consistent to ∆tshift (Fig. S3d). With the other values, e.g., numbers between 10% and 40%, |τarea -τCas3| was not as close to ∆tshift as 25%.

Same setting (25% of the maximum slope) was used to define the transition time not only for τarea and τCas3, but also for all the other data, for instance τEcadKI, τouter_MyoII and τinner_MyoII.

MyoII intensity analysis

To quantify the progression of MyoII accumulation in apoptotic LECs or neighboring cells, the average fluorescent intensity of MyoII::GFP signal either from histoblast that originally attached to apoptotic LEC (Fig. 4a') or solely originated from the cell periphery of apoptotic LECs (Fig. 4c') were measured. Images of sumintensity z-projection (around AJ) of MyoII::GFP were analyzed over time. ROIs (see main text for more detail) to calculate the intensity were manually defined by the free-hand line tools of ImageJ. The total intensity along the line with thickness of 4 pixels (0.24 µm/pixel) was measured and divided by the length of the line.
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Cell boundary linearity measurement Linearity of the histoblast cell boundaries was calculated as a ratio of the two ends of boundary (measured by using ImageJ Straight Line tool) to the actual length of the histoblast cell boundary (measured by using ImageJ Segmented Line tool). A linearity value 1 represents a straight line.

Calculation of initial recoil velocity after ablation

The length of ablated cell boundary was measured overtime by using ImageJ Straight Line tool. Data points before the cut were fit with linear line. An exponential was used to fit the data after the cut. The effective time of the cut was found as the intersection of the linear line with the exponential. The initial recoil velocity was found from the deliberative of the exponential at effective time of the cut. The velocity was calculated in Matlab. More detail can be found in (Hara et al., 2016).

Quantitative analyses of the deformation in the shape of extruding LECs

To quantify the local/isotropic deformation of extruding LEC, as shown in Fig. 1e (before τarea) and 1e' (after τarea), we first measured the differences in cell shapes at two different time points (Fig. S4a). Before τarea, the differences in cell shapes at [τarea-25] min and τarea min was shown as gray area in Fig. S4a (left). The centoid of this gray area (residual area) and the cell area at τarea (white area) were shown as a red and black cross, respectively. We then defined the black cross as the origin of the new coordinate system. We further rotated the coordinate so that y-axis represented the direction toward histoblast. After τarea, the differences in cell shapes at τarea min and [τarea+25] min was shown as gray area in Fig. S4a (right). The centoid of this gray area (residual area) and the cell area at [τarea+25] (white area) were shown as a blue and black cross, respectively. Finally, we analyzed 6 cells before and after τarea, and summarized all data in a same graph (Fig. S4b).

Statistics

All the p values are calculated using a student t-test: p < 0.05, significantly different; p > 0.05, not significantly different.
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  dynamics and the cytoskeleton, and in turn, progressive changes in tissue tension around the apoptotic cell. The mechanisms resulting from this interplay remain to be fully understood. We elected to study tissue replacement during histoblast expansion in Drosophila. At the onset of pupal development, the quiescent abdominal histoblasts (precursors of the adult epidermal cells) are grouped in nests embedded amongst larval epidermal cells (LECs) (Fig. 1a, Movie 1). As metamorphosis progresses, histoblasts exhibit rapid proliferation and active migration, leading to the growth and expansion of the nests (Ninov et al., 2007, Ninov et al., 2010). Concurrently, pre-existing LECs undergo caspase-3 mediated apoptosis (Nakajima et al., 2011). The majority of the apoptotic cells in Drosophila, including LECs, extrude basally. This is observed in, 2012). This is intriguingly contrary to apical cell extrusion in most vertebrates (Rosenblatt et al., 2001, Eisenhoffer et al., 2012, Yamaguchi et al., 2011). Around 80% Development • Advance article of LECs undergo apoptosis in proximity to histoblast nests (hereafter referred to as 'boundary' LECs) and ~20% of LECs die away from the nests (hereafter referred to as 'non-boundary' LECs) (Ninov et al., 2007, Bischoff and Cseresnyes, 2009, Nakajima et al., 2011). Although the proliferation of histoblasts is known to contribute to histoblast expansion (Ninov et al., 2007, Ninov et al., 2010), it was not clear whether the mechanics of LEC apoptosis also contributes to the expansion (Ninov et al., 2007, Bischoff and Cseresnyes, 2009). In this study, we reveal that during the extrusion of apoptotic LECs, AJs between apoptotic and neighboring cells become remodeled, and this is associated with a reduction in the levels of AJ components. Furthermore, this correlates with a transient release of tissue tension. Towards the end of the extrusion process, neighboring cells are brought together by the formation and contraction of a supra-cellular actomyosin cables within the neighboring cells. This further restores tissue tension. We conclude that adhesion remodeling and changes in tissue tension are mechanically coordinated, and this represents a mechanism of apoptotic cell extrusion. Furthermore, we reveal that the extrusion process of death-committed LECs is able to mechanically drive histoblast expansion. Results Apoptotic cell extrusion coincides with neighboring cell deformation To explore the effects of extrusion of apoptotic LECs on histoblast expansion, we Development • Advance article collected confocal images of the surface of wild-type pupae expressing a DE-cad:dotted line in Fig. 1b). The next-to-nearest-neighbor histoblasts also elongated (white and magenta dotted lines in Fig. 1b). With time, the space originally occupied by the apoptotic LECs was covered by neighboring cells. To quantify histoblast deformation upon boundary LEC extrusion, we monitored cell elongation by measuring the anisotropy of cell shape (Materials and Methods, Fig. 1c, Movie 4). Analyzing the anisotropy revealed that histoblast elongation correlated with

  Fig.1e). We speculate that the local deformation, before area , was due to compressive
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Fig. S4 .

 S4 Fig. S4. Quantitative analyses of the deformation in the shape of extruding LECs. (a) Two contour plots showing the cell shape of different time points (25 min apart) for before (left) and after (right) τarea. Black cross denotes the centroid of the cell area at later time point (white in the figure). Red and blue crosses denote the centroid of residual area (difrence between two contour plots, gray in the figure) at before and after τarea, respectively. (b) Summary of 6 data. Open circles and error bars represent the average values and the STDEV, respectively. ***: p<0.001.

Fig. S6 .

 S6 Fig. S6. Mechanical impact of non-boundary LEC apoptosis. (a) Confocal fluorescence images of wild type pupa expressing DE-cad::GFP. Non-boundary LEC (i.e., one LEC away from histoblast) is highlighted by filled circles. Scale bars, 50 μm. (b) Color-enhanced reproduction of the confocal images from (a). Colors demote the anisotropy of the cell shape: The darker color represent more elongated histoblast cells (same as Fig. 1c). The color of the histoblasts did not change as much as the case of boundary LEC. Scale bar, 20 μm.

Fig. S7 .

 S7 Fig. S7. Actin distribution around the periphery of apoptotic LEC shows two actin cable-like structures. Confocal fluorescence images of wild type pupa expressing Moesin::GFP. Apoptotic LECs are highlighted by filled circles. Arrow and arrowhead show the actin accumulation in the apoptotic LEC and the neighboring non-apoptotic LECs, respectively. Scale bar, 20 μm.

Fig. S8 .

 S8 Fig. S8. Formation of de novo AJs between the non-apoptotic neighboring cells. Confocal fluorescence images of wild type pupae expressing DE-cad::GFP and MyoII::mCherry. Two pairs of neighboring cells (filled and open circles) form de novo AJs before the completion of apoptotic cell extrusion (arrows and doublearrows). Scale bar, 10 μm.

Fig. S9 .

 S9 Fig. S9. Reduction of the level of AJ components during apoptosis. (a) Time delays of the reduction of AJ components (τEcad_red, τ α-cat_red , τ β-cat_red , and τEcadα-cat_red ) using area transition τarea as a reference (*: P < 0.05, n.s.: Not significant). n=13, 9, 12, and 7 for τEcad_red, τ α-cat_red , τ β-cat_red , and τEcadα-cat_red , respectively. Average values are shown as thick horizontal lines. (b and c) Confocal fluorescence images of wild type pupa expressing Dβ-cat::YFP and MyoII::mCherry (b, Movie 7) or pupa expressing αcat::RFP only in LECs and MyoII::GFP ubiquitously (c, Movie 8). (d) Confocal fluorescence images of pupa expressing GFP tagged fusion protein that the C-terminal domain of E-cad was replaced by an α-cat protein lacking the N-terminal domain (DEcad-α-cat::GFP). Apoptotic LECs are highlighted by filled circles. Arrowheads shows the dissociation of fluorescence signal. Arrows and double arrows denote the myosin in the apoptotic LEC and the neighboring cells, respectively. Scale bars, 20 μm. Development • Supplementary information

Fig. S10 .

 S10 Fig. S10. AJ disengagement upon apoptosis. Confocal fluorescence images of wild type pupa expressing the plasma membrane markers PH::GFP in LECs, and MyoII::mCherry ubiquitously, highlighting the plasma membranes of apoptotic (arrow) and neighboring (double arrows) cells detach once the separation of the two myosin cables become apparent. Same data as shown in Fig. 3g. Scale bar, 20 μm.

Fig. S11 .

 S11 Fig. S11. AJ non-disengagement upon apoptosis. (a-c) Confocal fluorescence images of wild type pupa expressing the plasma membrane markers PH::GFP only in the histoblasts, and MyoII::mCherry ubiquitously. (d) High magnification of the dotted region depicted in (c), highlighting the myosin cable in the apoptotic cell (arrow) and the edge of the histoblast membrane are closely juxtaposed each other. Moreover, the myosin cable in the neighboring cells (double arrowheads) is away from the membrane. Scale bar, 20 μm.

Fig. S16 .

 S16 Fig. S16. Tissue tension release and reshape after reduction of E-cad levels in LECs. (a-c) Confocal fluorescence images of wild-type pupa expressing DE-cad::GFP KI and MyoII::mCherry ubiquitously highlighting the LEC boundaries connected to the apoptotic LEC before ablation. (a'-c') Kymographs generated from the white boxed regions in a-c, showing the dynamics of the cell boundaries after ablation. The ablations were performed in three different stages of apoptotic cell extrusion: before reduction of E-cad levels (a and a'); right after reduction (b and b'); and during neighboring actomyosin cable (double-arrow in c) contraction (c and c'). Scale bar, 10 μm. Statistical comparison of the recoil velocities (d) and the length of cell boundary at laser ablation (e) at each stage of cell extrusion shown in a-c. n=16, 11 and 13 for control, after reduction, and, during cable contraction, respectively. Error bars indicate SEM. *: P < 0.05, ***: P < 0.001, n.s.: no significance.

Fig. S17 .

 S17 Fig. S17. A model of the progressive remodeling of AJ and tissue tension during apoptosis. Cartoons show the progression of apoptotic events with the top view at the AJ. Cell size and shape are not scale. (a) Caspase activation (set this time as t=0min). (b) Beginning of apical constriction and MyoII accumulation (orange dotted line) in the apoptotic cell (t=20min). The contraction of the actomyosin cable pulls the neighboring cells through the AJ (black arrows). (c) AJ disengagement (black dotted lines) and tension release (t=50min). (d) MyoII accumulation in neighboring nonapoptotic cells (red dotted lines). Contraction of supra-cellular actomyosin cables reshape the tissue tension (black arrows) (t=50-70min). (e) End of apical constriction. The propagation of mechanical force promotes tissue dynamics (black arrows) (t=70min).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Movie 2. Time-lapse images of wild-type pupa expressing ubi-DE-cad::GFP. Scale bar, 20
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Supplemental Experimental Procedures

Drosophila stocks and Genetics

Otherwise stated, fly stocks were obtained from the Bloomington Stock Center. The following lines were used: ubi-E-cad::GFP (H. Oda), Nrg::GFP (Kyoto Stock Center), moe::GFP (D. Kiehart), ubi-E-cad::GFP; sqh-Sqh-mCherry (A.C. Martin), Armadillo::YFP , and Knock-in alleles of DE-cad::GFP and DE-cad::mTomato (Huang et al., 2009). The following UAS and GAL4 were used to ectopically express the gene of interest: UASsqh::GFP (M. Affolter), UAS-α-catenin::RFP (K. Sugimura), UAS-sqh-RNAi (VDRC), UAS-SCAT3 (M. Miura), UAS-p35, Esg-GAL4, Eip71CD-GAL4, and tsh-GAL4. Live imaging of E-cad and caspase-3 sensor SCAT3 was carried out by crossing tsh-GAL4, UAS-SCAT3/CyO (M. Miura) with DE-cad::mTomato (Huang et al., 2009). sqh-RNAi MARCM clones that were positively marked by the double copy of histone-RFP expression were recovered from neoFRT19A, tubP-Gal80, hsFLP; UAS-sqh-RNAi (male), and neoFRT19A, ubi-mRFP.nls; ubi-E-cad::GFP, Eip71CD-GAL4 (female). Mitotic clones were induced using the FLP-FRT technique by using the hs-FLP with heat shock for 50 min at 37°C in early embryos. The genotypes of three cells analyzed in Fig. 7b are, neoFRT19A, tubP-Gal80, hsFLP/neoFRT19A, ubi-mRFP.nls; UAS-sqh-RNAi/ DE-cad::GFP-KI, Eip71CD-GAL4; +/+ (LECWT/WT), neoFRT19A, tubP-Gal80, hsFLP/neoFRT19A, tubP-Gal80, hsFLP; UAS-sqh-RNAi/ DE-cad::GFP-KI, Eip71CD-GAL4; +/+ (LECWT/RNAi), and neoFRT19A, ubi-mRFP.nls/neoFRT19A, ubi-mRFP.nls; UAS-sqh-RNAi/ DE-cad::GFP-KI, Eip71CD-GAL4; +/+ (LECRNAi).

Sample preparation and Live Imaging

Staged pupae were collected, dissected, mounted and imaged as previously described (Ninov and Martin-Blanco, 2007). Z-stack images were captured every 1.6 µm along the apical-basal axis of the tissue at 5-minute intervals (except Fig. 3d 

Immunohistochemistry

Pupae were staged as described in (Ninov and Martin-Blanco, 2007), dissected and fixed following protocols described in [START_REF] Wang | Drosophila pupal abdomen immunohistochemistry[END_REF]. DNA was stained with 4',6-diamidino-2-phenylindole (DAPI). Primary antibody anti-pMLC (Cell Signaling, #3671) was used with concentration 1/50. Secondary antibody conjugated with Alexa 546 (Life Technologies) was used.

Laser ablation

Laser ablation at histoblast was performed using a Leica TCS SP5 multi-photon confocal microscope with a 63×/1.4-0.6 HCX PL Apo objective. Ablation was carried out at the AJ plane with a multi-photon laser (Mai-Tai HP from Spectra Physics, CA, USA) set to 800 nm, with a laser power of 40% out of 2.8 Watt maximum output. Laser ablation of LECs was performed using a femtosecond laser (FP1030 from fianium, UK) interfaced to the Nikon A1R MP confocal microscope. A laser power was set to 140 mW at back aperture of the objective. More detail can be found in (Hara et al., 2016). 
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Supplemental Movies
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