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Reduction of endocytic activity accelerates cell elimination during
tissue remodeling of the Drosophila epidermal epithelium
Shinichiro Hoshika, Xiaofei Sun, Erina Kuranaga* and Daiki Umetsu*

ABSTRACT
Epithelial tissues undergo cell turnover both during development and
for homeostatic maintenance. Cells that are no longer needed are
quickly removedwithout compromising thebarrier functionof the tissue.
Duringmetamorphosis, insects undergo developmentally programmed
tissue remodeling. However, the mechanisms that regulate this rapid
tissue remodeling are not precisely understood. Here, we show that
the temporal dynamics of endocytosis modulate physiological cell
properties to prime larval epidermal cells for cell elimination. Endocytic
activity gradually reduces as tissue remodeling progresses. This
reduced endocytic activity accelerates cell elimination through the
regulation ofMyosin II subcellular reorganization, junctional E-cadherin
levels, and caspase activation. Whereas the increased Myosin II
dynamics accelerates cell elimination, E-cadherin plays a protective
role against cell elimination. Reduced E-cadherin is involved in the
amplification of caspase activation by forming a positive-feedback
loop with caspase. These findings reveal the role of endocytosis in
preventing cell elimination and in the cell-property switching initiated by
the temporal dynamics of endocytic activity to achieve rapid cell
elimination during tissue remodeling.
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INTRODUCTION
Tissues and organs operate under the tight control of cell turnover in
order to maintain tissue integrity and homeostasis throughout life.
Multiple tissues in mammals, such as skin, the intestine and the
mammary gland, are in a continuous renewal or regenerative state
(Clevers et al., 2014) – old cells are constantly removed and newly
differentiated cells take their place. Similar cell turnover has been
also observed in cell competition, wherein cells with higher fitness
replace less-fit cells (De La Cova et al., 2004; Moreno and Basler,
2004; Maruyama and Fujita, 2017; Ohsawa et al., 2018). These
processes benefit organisms by allowing them not only to maintain
tissue homeostasis but also to quickly respond to tissue injury or the
emergence of unwanted cells via spontaneous mutation (Merino
et al., 2016; Wells andWatt, 2018). Cell turnover also occurs during
development. One conspicuous instance is that of metamorphosis in
insects. In contrast to homeostatic cell turnover, the replacement of

cells during metamorphosis takes place only once, and the cells in
the entire tissue undergo massive cell death. Despite its fundamental
role in development, the precise mechanism that regulates this rapid
cell elimination remains elusive.

Proper control of cell extrusion is crucial for tissue remodeling
because the misregulation of this process can lead to tumorigenesis,
due to loss of contact inhibition, and to bacterial infection caused by
defects in the first-line barrier (Gudipaty and Rosenblatt, 2017;
Ohsawa et al., 2018). The development of the Drosophila abdomen
epidermis serves as a good model system for understanding the
molecular and cellular dynamics involved in tissue remodeling
(Ninov et al., 2007; Nakajima et al., 2011). The adult epidermis is
derived from discrete cell populations called histoblast nests, which
consist of imaginal cells and are embedded in the larval epidermal
tissue (Fig. 1A). Larval epidermal cells (LECs) are squamous large
polyploid cells (up to 70 μm in diameter) that cover the epidermis of
the larval abdomen (Madhavan and Madhavan, 1980; Bischoff,
2012). The tissue remodeling process completes within 20 h, and the
LECs that originally cover the whole tissue are completely replaced
by histoblasts (Fig. 1A). Histoblasts remain mitotically quiescent
from the embryo stage to the onset of the pupal stage (Roseland and
Schneiderman, 1979). Then, histoblasts undergo massive cell
proliferation during the pupal stage at the expense of the LECs
(Madhavan and Madhavan, 1980). Despite such a drastic and rapid
remodeling of the tissue, the coordination between the elimination of
LECs and the expansion of histoblasts typically proceeds without
compromising the tissue integrity or barrier function of the tissue
(Gudipaty and Rosenblatt, 2017). The way that cells are removed
from the tissue helps to protect the tissue integrity (Lubkov and Bar-
Sagi, 2014). The elimination of cells is executed by means of apical
constriction, whereby actomyosin cables formed at the cell cortex
drive dramatic reduction of apical area (Ninov et al., 2007; Teng et al.,
2017). During apical constriction-driven cell elimination, caspase
activation regulates Myosin II accumulation and also contributes to
junction remodeling (Teng et al., 2017). Activation of caspase before
cell extrusion has been also shown in the context of cell competition
(Levayer et al., 2016). However, it is still unclear how the temporal
dynamics of cell elimination are controlled in developmentally
programmed tissue remodeling.

Endocytosis regulates various cellular activities, such as cell
proliferation, differentiation and metabolism (Sigismund et al.,
2012). Endocytosis initiates membrane trafficking, which then leads
to the incorporation of ligands and signaling receptors together with
membrane materials into vesicles to sort them to other intracellular
compartments, such as recycling endosomes or lysosomes for
protein degradation, which leads to shutting off of signaling. Some
signaling pathways are activated by endocytosis whereas others are
downregulated (Seto et al., 2002; Fischer et al., 2006). Endocytic
defects in the signal transduction pathway regulation typically result
in the inhibition of programmed cell death, suggesting a tumor-
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(Moreno and Basler, 2004; Vaccari and Bilder, 2009; Twomey
et al., 2015). Furthermore, endocytosis also acts at another
hierarchical layer, having a more direct physical role in cell shape

change. During Xenopus gastrulation, for example, cells in the
dorsal marginal zone undergo apical constriction, and this process is
endocytosis dependent (Lee and Harland, 2010). Turnover of

Fig. 1. Cell elimination rate accelerates as tissue remodeling progresses. (A) Schematic to illustrate tissue remodeling. Proliferating histoblasts (magenta)
replace larval epidermal cells (LECs, green) during tissue remodeling. (B) Schematic to illustrate the pnr-GAL4 driver expression domains. Arrowheads indicate
segment boundaries, and the pnr-GAL4 driver expression domains are shown in green. (C) Time course of the elimination of LECs that are labeled by
nuclear-localized CFP::Venus under the control of the pnr-GAL4 driver at 25°C. Images were taken from a single time-lapse imaging movie. Anterior is up.
Scale bar: 50 μm. (D) Time course analysis of the number of remaining LECs normalized to the number at the first frame of the live imaging in thewild-type animal.
n=2 segments of 3 pupae. Error bars are s.e.m. (E) Histogram of the number of eliminated cells at each time point. Bin size is 0.5 h. n=2 segments of 3 pupae, 263
cells. Dashed line indicates the median value. (F) The rate of LEC migration (average trajectory length within an hour) at each time point. n=2 segments of 3
pupae. Error bars are s.e.m. (G) Timeline of the high elimination phase with respect to the migration pattern of the LECs at 25°C. Color code represents
different developmental time windows from early to late stages based on the locomotion activity and orientation of migration. Times (hours after puparium
formation) of transition are indicated at the top. Orange arrows indicate the orientation of the LEC migration at each time window. The time periods of high
locomotion activity and high elimination rate are indicated below and above, respectively. (H,I) Area change of individual LECs (colors are for individual cell IDs) in
a pupa at the late stage (H, 140 cells) and the late stage (I, 127 cells). (J,K) Images of area reduction for extruding LECs at the early (J) and late (K) stages labeled
with an Nrg-GFP protein trap line. Scale bars: 10 μm. (L) Mean area over time for extruding LECs during the early (red) and the late (blue) stages. Normalized cell
areas are plotted against the time after each cell reaches 75% of its initial cell area. Shaded area represents s.d. (M) Duration of area reduction for extruding LECs
during the early and late stages. Mann–Whitney U-test, ***P<0.001. n=10 cells, early stage; n=21 cells, late stage.
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adherens junction components are also dependent on endocytotic
activity in epithelial tissues (Georgiou et al., 2008; Levayer et al.,
2011; Jewett et al., 2017; Iyer et al., 2019). It is not known how
endocytosis regulates cell elimination during tissue remodeling or
whether endocytosis promotes apical constriction in this process.
In this study, we investigated the role of endocytosis in cell

elimination during tissue remodeling in the Drosophila abdominal
epidermis. We found that the tissue remodeling progresses in two
phases: the early stage where LEC eliminations are sparse and the
late stage where LEC eliminations are frequent. This transition is
regulated by the gradual reduction of endocytic activity in the LECs.
The reduction of endocytosis induces dynamic Myosin II
accumulation and caspase activation. The caspase activation
involves an amplification mechanism through positive feedback
with junctional E-cadherin (Shotgun in Drosophila). Our data
suggest that the temporal dynamics of endocytosis regulate Myosin
II and E-cadherin to prime LECs for cell elimination.

RESULTS
Elimination of LECs during tissue remodeling proceeds in
two phases
Developmental programs operate under tight temporal controls. The
LECs in the pupal abdomen are quickly replaced by proliferating
imaginal cells, the histoblasts, during metamorphosis (Fig. 1A)
(Roseland and Schneiderman, 1979; Madhavan and Madhavan,
1980; Ninov et al., 2007). Previous work has identified that the
LECs switch their character from stationary to migratory during
tissue remodeling in the epidermis of the abdomen (Bischoff, 2012;
Arata et al., 2017). To examine whether this transition parallels the
temporal pattern of LEC elimination, we quantitatively analyzed the
dynamics of cell elimination over the course of tissue remodeling
via live imaging. We visualized the nuclei of LECs by expressing a
fluorescent protein, Venus, under the control of the GAL4/UAS
system using an LEC-specific driver, pnr-GAL4. pnr-GAL4 is
strongly expressed in the middle of each segment, including both
anterior and posterior compartment cells (Arata et al., 2017)
(Fig. 1B). Individual nuclei were tracked, and the number of nuclei
was counted at each time point. This approach allowed us to analyze
both the length and orientation of individual cells’ trajectories as
well as the frequency of cell elimination in a systematic manner. We
observed the nuclei from 20 h after puparium formation (APF),
when the histoblasts start spreading, to 35 h APF, when the LECs
are completely eliminated from the tissue (Fig. 1C, Movie 1)
(Bischoff, 2012). We found that the rate of LEC elimination is not
constant throughout the remodeling process. Rather, it began slowly
and sped up at the later stages (Fig. 1D,E). The transition took place
after the LECs reoriented their migration (27-28 h APF at 25°C)
(Fig. 1F,G). In order to identify the cellular activity that regulates the
transition of cell character over the course of the tissue remodeling,
we decided to focus on the behavior of the LECs at the late stage
(about 30 h APF at 25°C) compared with the early stage (about 20 h
APF at 25°C), when the LECs have not yet started to migrate. By
tracking the cell shape of LECs from the entire tissue, we found that
the majority of LECs do not reduce their area in the early phase, but
they showed an overall tendency to reduce the cell area during the
late phase time window (Fig. 1H,I). In addition, the rate of cell area
reduction was faster for the LECs eliminated during the early phase
than the late phase, suggesting that the increased cell elimination
rate at the late stage is not due to an increased area constriction speed
of individual cells (Fig. 1J-M). In summary, these observations
suggest that the LECs change property between the early and late
stages.

Endocytic activity in LECs is attenuated in the late stage, and
the reduced endocytosis promotes cell elimination
In order to identify the cellular activity that triggers this transition
from low to high cell elimination rate, we focused on the endocytic
activity. Endocytosis plays diverse roles in epithelial development,
including the control of cell death, apical constriction, and
remodeling of adherens junctions (Classen et al., 2005; Georgiou
et al., 2008; Igaki et al., 2009; Lee and Harland, 2010; Levayer et al.,
2011; Saitoh et al., 2017; Iyer et al., 2019). Endocytosis regulates
these processes either by regulating signal transduction pathways or
through physical turnover of cell-cell junction components. To
investigate whether endocytosis actively regulates LEC elimination,
which involves those physical processes, we analyzed the long-term
temporal evolution of endocytic activity by monitoring the clathrin
light chain protein tagged with GFP (Clc-GFP) expressed under the
control of pnr-GAL4. At the early stage, numerous Clc-GFP
punctate structures were visible (Fig. 2A,C), but the number of
puncta decreased at the late stage (Fig. 2B,C, Movie 2). To
corroborate this result, we performed a dextran uptake assay that
monitors fluid phase incorporation into intracellular vesicles. We
found that the dextran uptake activity was also reduced over the
course of the tissue remodeling process (Fig. S1D-E″). These results
reveal an intriguing correlation between the reduction of endocytic
activity and the increase in cell elimination rate, which is
counterintuitive given the well-established roles of endocytosis in
promoting cell death, apical constriction and junctional remodeling,
all of which are involved in LEC elimination.

In order to test the possibility that the reduced endocytic activity
promotes cell elimination of LECs, we genetically manipulated the
Dynamin GTPase encoded by shibire (shi), which is required for
pinching off clathrin-coated endocytic vesicles (Herskovits et al.,
1993; Van der Bliek et al., 1993). Using a temperature-sensitive,
dominant-negative form ofDynamin (shits) (Grigliatti et al., 1973), we
established a temperature shift regime during this tissue remodeling.
Overexpression of shits in LECs using pnr-GAL4 dramatically
reduced puncta of Clc-GFP as well as Dextran uptake under the
restrictive temperature (Fig. S1A-B′,F-G), confirming that shits

efficiently blocks endocytosis in the LECs in a temperature-
dependent manner. We next tested whether our temperature-shift
regime affects the normal behavior of LECs by carefully examining
normal tissue remodeling. As a reference, we used the LEC migration
described previously (Bischoff, 2012; Arata et al., 2017). We found
that the overall process was delayed, but LEC elimination still
coordinated well with the temporal migration pattern observed at 25°C
where LECs migrate initially posteriorly, then toward themidline, and
finally anteriorly before all LECs were eliminated (Fig. 1D-G, Fig.
S2A,B). The period of the high elimination rate occurred during
midline-oriented migration, both at 25°C and under the temperature
shift regime (compare Fig. 1G with Fig. S2D). Having established the
minimal effect of the temperature shift on tissue remodeling, we refer
to control experiments performed under restrictive temperature (RT)
as RT control and examined the effect of endocytosis on LECs.
Expression of shits caused LECs at the early stage to slow down the
rate of area constriction to a similar extent to that observed at the late
stage in RT control animals, suggesting that reduction in endocytic
activity is the cause of the switch in LEC property (Fig. 2D,E). More
importantly, the LECs expressing shits underwent frequent elimination
even at the early stage, and the rate of cell elimination peaked earlier
than in RT controls (Fig. 2F,G,I-K, Movie 3). The same effect was
observed using another LEC-specific GAL4 driver, Eip71CD-GAL4,
confirming the cell autonomous effect of blocking endocytic activity
(Sekyrova et al., 2010; Teng et al., 2017) (Fig. S1H-J). These results
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support the hypothesis that the reduction in endocytic activity
promotes cell elimination of the LECs.
To assess the effect of reduced endocytic activity on cell elimination

further, we took a second genetic approach by manipulating another
endocytosis related gene, Rab5, which is required for early endosome
formation (Bucci et al., 1992; Langemeyer et al., 2018). We found that
knockdown of Rab5 in the LECs produced qualitatively similar results
to that of shits (Fig. 2G-I,L, Fig. S1C, Movie 4). These results confirm
that reduced endocytic activity stimulates cell elimination of the LECs.

Interestingly, we also found that the inhibition of endocytosis by
both shits and Rab5 RNAi blocked migration of LECs (Fig. 2M-P,
Fig. S2C, Movies 3 and 4), suggesting that endocytosis is required in
the migration of LECs.

Myosin II levels increase in the late stage and accelerate cell
elimination
Having established that the reduction of endocytosis promotes the
elimination of LECs, we set out to investigate the antagonistic

Fig. 2. See next page for legend.
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activity of endocytosis against cell elimination in greater detail. We
began by examining Myosin II, a principal regulator of the apical
constriction that drives LEC extrusion (Ninov et al., 2007; Teng
et al., 2017). In order to analyze the dynamics of Myosin II
subcellular localization, we generated a transgenic fly with Myosin
II tagged with the fluorescent protein Venus using CRISPR/CAS9-
mediated genome editing. The apically constricting LECs in the
early stage displayed a strong ring-like accumulation of Myosin II,
which remained constant at the apical level throughout the entire
process, as previously reported (Fig. S3A) (Teng et al., 2017).
Myosin II in the static LECs stably localized at the cell cortex
apically (Fig. 3A,A′). In contrast, at the late stage, Myosin II
exhibited discontinuous accumulation at the cell cortex more
basally with higher intensity than at the early stage (Fig. 3B,B′).
Moreover, Myosin II labeling showed the contour of LEC apical
regions to be separated from their neighbors, leaving gaps between
cells at the late stage, which suggests that cell morphology also
dynamically changes (Fig. 3E). This observation is consistent with
the idea that the LECs change their properties gradually towards the
late stage as their endocytic activity diminishes.
In order to analyze the function of Myosin II in the LECs, we next

sought to inhibit Myosin II activity by overexpressing a constitutively
active form of the Myosin II phosphatase MBS, which inactivates the
Myosin II regulatory light chain by dephosphorylation (Fukata et al.,
1998; Lee and Treisman, 2004). Whereas the effect of expression of
constitutively active MBS on Myosin II localization in the early LECs
was relatively weak, it was severely reduced at the late stage, indicating
that the dynamic Myosin II activity observed at the late stage is more
sensitive to this genetic treatment (Fig. S3B-D). This result allowed us
to test the effect of Myosin II inhibition especially at the late stage.
Interestingly, the rate of cell elimination was comparable to the control
at the early stage and lower than control at the late stage resulting in a
monotonic temporal cell elimination pattern throughout the tissue
remodeling process whereby Myosin II is inhibited by the MBS

expression (Fig. 3F-H, Movie 5). These data show that the increased
levels and dynamic activity of Myosin II at the late stage contribute to
the acceleration of LEC elimination. As the time course of Myosin II
localization parallels with the change in the endocytic activity, it is
possible that Myosin II levels are regulated by endocytosis.

Reduced endocytosis activity stimulates the accumulation
of Myosin II
The results presented so far indicate that the mechanism of cell
elimination at the late stage may be distinct from that of the early stage.
Therefore, we next tested whether the distinct localization ofMyosin II
is the consequence of reduced endocytic activity, which is observed at
the late stage of normal development. Inhibition of endocytosis by
expressing either shits or Rab5 RNAi recapitulated the increased
junctional Myosin II accumulation (Fig. S4A-E). Moreover,
discontinuous accumulation at the cell junction was observed at a
more basal level, which is characteristic of the late LECs (Fig. 3C-D′,
Movies 6-9), indicating that lowering endocytic activity is sufficient to
induce the late-stage-type LEC. In addition, area constriction was not
accelerated, but rather was slowed down by the reduction of
endocytosis (Fig. 2D,E). The speed of LEC area constriction at the
late stage uponMyosin II inhibition was also comparable to controls at
the late stage (Fig. 3I-L), suggesting that Myosin II does not provide a
major driving force for cell extrusion and instead acts to promote cell
elimination at a more upstream level at the late stage, unlike at the early
stage (Teng et al., 2017). From these results, we conclude that reduced
endocytosis regulates Myosin II levels as well as cell elimination
without accelerating area constriction. We propose that the increased
Myosin II levels triggered by reduced endocytic activity at the late
stage contribute to the priming of LECs for elimination from the tissue,
thereby accelerating tissue remodeling. Consistent with this idea,
inhibition of Myosin II alleviated the hastened cell elimination caused
by blocking endocytosis (Fig. 3M-O).

Reduced endocytic activity induces the reduction of
E-cadherin levels
Myosin II exerts a contractile force on cell-cell junctions through the
formation of the cortical actomyosin network that both directly and
indirectly interacts with adherens junction components, including
E-cadherin (Yamada et al., 2005; Desai et al., 2013; Takeichi, 2014;
Röper, 2015; Vasquez and Martin, 2016). E-cadherin levels at
the adherens junctions of the LECs were reduced as they transitioned
to the late stage, despite the increase in Myosin II levels at this stage
(Fig. 4A-B, Fig. S3D) (Bischoff, 2012). Consistent with this
observation, inhibition of endocytosis by the expression of shits and
Rab5 RNAi reduced junctional E-cadherin levels in the LECs,
indicating that E-cadherin at the adherens junctions is positively
regulated by endocytosis (Fig. 4C-F). These results suggest that
lowering endocytic activity induces the reduction of E-cadherin levels
rather than increasing them. This relationship between endocytosis and
E-cadherin levels on cell junctions is incompatible with the well-
established role of endocytosis in promoting internalization/turnover of
E-cadherin in the embryonic epidermis, the notum and the wing
epithelium during the pupal development in Drosophila (Georgiou
et al., 2008; Levayer et al., 2011; Jewett et al., 2017; Iyer et al., 2019).
Our data implies that the reduced endocytic activity does not result in
junctional E-cadherin accumulation but instead lowers junctional
E-cadherin via an unknown mechanism in the LECs during tissue
remodeling. Interestingly, fluorescence recovery after photobleaching
(FRAP) assays revealed that blocking endocytosis reduces both the
mobile fraction and the turnover rate of E-cadherin, suggesting that
endocytosis promotes internalization of E-cadherin as observed in

Fig. 2. Reduction of endocytic activity causes elimination of LECs. (A,B)
Endocytic activity monitored by clathrin light chain tagged with GFP (Clc::GFP)
at the early stage (20 h APF, A) and the late stage (30 h APF, B) from control
pupae. Adherens junctions are labeled with endogenous E-cadherin tagged
with tdTomato (red) (Huang et al., 2009). Note that fewer Clc::GFP puncta are
observed at the late stage. Anterior is up. Scale bars: 10 μm. (C) Quantification
of Clc::GFP puncta per cell over time. n=3 pupae, 12 cells. Mann–Whitney
U-test, ***P<0.001. (D) Mean area over time for extruding LECs for RT control
(red) and shits (blue) during the early stage. Normalized cell areas are plotted
against the time after each cell reaches 75% of its initial cell area. Shaded area
represents s.d. (E) Duration of area reduction for extruding LECs during the
early and the late stages. Mann–Whitney U-test, **P<0.01. n=7 cells, control;
n=6 cells, shits. (F-H) Time course of LEC elimination from pupae under the
restrictive temperature (raised at 18°C then shifted to 29°C at 6 h before
imaging) for RT control (F), shits-expressing (G) and Rab5 RNAi (H) pupae.
Note that the GFP marker signal intensity in the LECs was strongly reduced
upon Rab5 RNAi and therefore the gain level for signal detection was
enhanced to the level that low GFP expression in the histoblasts became
visible at late stages. Anterior is up. Scale bars: 50 μm. (I) Time course analysis
of the fraction of remaining LECs for RT control (red), shits-expressing (blue)
andRab5RNAi (green) pupae. n=2 segments of 3 pupae. Error bars are s.e.m.
Kolmogorov–Smirnov test, ***P<0.001. (J-L) Histograms of the number of
eliminated cells for RT control (J, 265 cells), shits-expressing (K, 296 cells) and
Rab5 RNAi (L, 245 cells) pupae under the restrictive temperature at each time
point. Bin size is 0.5 h. n=2 segments of 3 pupae for all experiments. Dashed
lines indicate the median value for RT control (red), shits and Rab5 RNAi
(black) LECs. (M) The rate of LEC migration at each time point for RT control
(red), shits-expressing (blue) and Rab5 RNAi (green) pupae. n=2 segments of
3 pupae. Error bars are s.e.m. (N-P) Migration trajectories of LECs for RT
control (N), shits-expressing (O) andRab5RNAi (P) pupae under the restrictive
temperature. Scale bar: 60 µm.
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other tissues (Fig. S5A). We therefore hypothesized that there is an
additional mode beyond the internalization of E-cadherin that regulates
junctional E-cadherin downstream of endocytosis.

Cell elimination induced by reduced endocytic activity
absolutely requires caspase activation
Cell elimination during epidermal remodeling has been shown to be
dependent on caspase activation (Ninov et al., 2007). To monitor

caspase activation directly, we used a fluorescence resonance energy
transfer (FRET)-based active caspase indicator, nucleus-localized
SCAT3, to visualize the effector caspase protease activity live
(Takemoto et al., 2003; Koto et al., 2009). We observed caspase
activation up to 5 min before cell elimination as judged by nuclear
fragmentation in both RT control and shits experiments (Fig. 5A,B,
Fig. S6A, Movies 10 and 11). The time course of the FRET ratio
revealed similar temporal patterns to that of cell elimination in both

Fig. 3. See next page for legend.
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RT control and endocytosis inhibition by shits conditions, suggesting
that LECs with defective endocytic activity undergo apoptotic cell
death just like normal cells (Fig. 5C,D, Fig. S6A). Given that the
inhibition of endocytic activity affects the E-cadherin level rather
uniformly in the entire region, it is possible that caspase activation
may occur at a weaker level that is non-apoptotic in a tissue-wide
manner to prime cells for elimination. Using a more sensitive
reporter, Apoliner (Bardet et al., 2008; Levayer et al., 2016), we
revealed that caspase activity was uniformly upregulated during the
late stage (Fig. 5E, 40 h APF). Moreover, caspase activity was
upregulated already at an earlier stage in shits, suggesting that the
reduction in endocytic activity stimulates a weak level of caspase
activation (Fig. 5F, 34 h APF). We next asked whether the cell
elimination induced by the inhibition of endocytosis is dependent on
caspase activation. Overexpression of the caspase inhibitor Diap1 in
the LECs suppressed cell elimination (Fig. 5G,I). The migration of
LECs was not blocked by DIAP1 overexpression, suggesting that
cell migration is not a mere consequence of massive cell elimination
(Fig. S6B-E). Strikingly, the expression ofDiap1 completely blocked
cell elimination induced by the inhibition of endocytosis (Fig. 5H,I,
Movie 12). These results suggest that reduced endocytic activity
signals the caspase activation pathway initially to a non-apoptotic
level, then eventually to the level that triggers cell elimination, and
that cell elimination induced by the reduced endocytosis absolutely
requires caspase activation.

E-cadherin exhibits antagonistic mutual repression with
caspase activation, but Myosin II upregulation is
independent of caspase activation
So far, our results indicate that reduced endocytic activity in the LECs
induces upregulation of Myosin II dynamics, downregulation of E-
cadherin levels, and activation of caspases. Next, we investigated how
the changes in Myosin II and E-cadherin levels are related to caspase
activation in the LECs. Active caspases have been shown to
proteolytically degrade the adherens junction components E-

cadherin in mammalian cells and β-catenin in both mammalian
cells and Drosophila embryos (Brancolini et al., 1997; Bannerman
et al., 1998; Steinhusen et al., 2001; Chandraratna et al., 2007;
Kessler and Müller, 2009). Accordingly, we found that
overexpression of Diap1 increased E-cadherin on cell junctions of
the LECs at the late stage (Fig. 6A-B′). In contrast, we observed no
increase of E-cadherin upon overexpression of Diap1 at the early
stage, suggesting that overexpression of Diap1 does not increase the
basal level of junctional E-cadherin but instead suppresses the effect
of the developmentally controlled reduction of the E-cadherin levels
(Fig. 6A-B′). Similarly, the reduced E-cadherin levels induced by the
endocytosis inhibition were recovered when caspase was
simultaneously inhibited, suggesting that caspase activation is
required for lowering E-cadherin levels induced by the reduction of
endocytosis (Fig. 6C-E). Reduction of E-cadherin levels by RNAi
promoted the elimination of LECs (Fig. 6F,H,I, Fig. S7A,Movie 13).
Interestingly, the acceleration of cell elimination induced by the
reduction of E-cadherin was alleviated by Diap1 overexpression
(Fig. 6G,H, Movie 14). This result suggests that the elimination of
LECs caused by reducing the E-cadherin levels also requires caspase
activity despite the fact that the E-cadherin level was regulated by
caspase activation when endocytosis was blocked. Altogether, our
results provide genetic evidence that the mutual suppression between

Fig. 3. Myosin II reorganizes and is required for the acceleration of LEC
elimination. (A-D′) Subcellular localization of myosin II tagged with Venus
(MyoII::Venus) in RT control (A-B′) and shits-expressing (C-D′) pupae at the
early (A,A′,C,C′) and late stage (B,B′,D,D′) in apical (A-D) and basal (2-3 μm
below the apical section) cross-sections (A′-D′). White and yellow arrows
indicate thick cortical accumulation and gaps between cells, respectively.
Images were taken from live pupae. Anterior is up. Scale bars: 10 μm.
(E) Schematic of the Myosin II distribution for RT control and shits LECs at the
early and late stages. (F) Time course of LEC elimination in pupa expressing
the Myosin phosphatase catalytic domain MbsN300 at 25°C. Anterior is up.
Scale bar: 50 μm. (G) Time course analysis of the fraction of remaining LECs
for control (red) andMbsN300-expressing (green) pupae. Error bars are s.e.m.
n=3 pupae. Kolmogorov–Smirnov test, ***P<0.001. (H) Histogram of the
number of eliminated cells for MbsN300i-expressing pupae. Bin size is 0.5 h.
n=2 segments of 3 pupae, 261 cells. Dashed lines indicate the median value
for control (red) and MbsN300-expressing (black) LECs. (I,J) Images of area
reduction for extruding LECs for control (I) andMbsN300-expressing (J) pupae
labeled with an Nrg-GFP protein trap line. Scale bars: 10 μm. (K) Mean
area over time for extruding LECs for control (red) and MbsN300-expressing
(blue) pupae during the late stage. Normalized cell areas are plotted against
the time after each cell reaches 75% of its initial cell area. Shaded area
represents s.d. (L) Duration of area reduction for extruding control and
MbsN300-expressing LECs during the late stages. Mann–Whitney U-test.
N.S., not significant. n=21 cells, control; n=10 cells, MbsN300 overexpression.
(M,N) Time course of LEC elimination in pupa expressing MbsN300 and shits

at 29°C (M), in comparison with LECs expressing shits alone (N). Anterior is up.
Scale bars: 50 μm. (O) Time course analysis of the fraction of remaining LECs
expressing MbsN300 and shits, versus those expressing shits alone (yellow)
pupae. Error bars are s.e.m. n=3 pupae. Kolmogorov–Smirnov test,
***P<0.001.

Fig. 4. Reduced endocytic activity reduces E-cadherin levels. (A,B) E-
cadherin localization visualized by E-cadherin::GFP at the early (20 h APF at
25°C) and late (30 h APF at 25°C) stages for control pupa. Images were
generated by maximum intensity projection. Scale bars: 10 μm. (C-E) E-
cadherin localization at the early stage for RT control (C), shits-expressing (D)
and Rab5 RNAi (E) pupae. Images were generated by maximum intensity
projection. Anterior is up. Scale bars: 10 μm. (F) Quantification of signal
intensity of junctional E-cadherin::GFP in RT control, shits-expressing and
Rab5 RNAi LECs relative to the control region in each pupa. One-way ANOVA
followed by post-hoc Tukey test, **P<0.01, ***P<0.001. n=2 pupae, >18 cells
each.
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caspases and junctional E-cadherin forms a positive-feedback loop
that enables rapid caspase activation at the late stage when the cell
elimination process is initiated by the reduction of endocytic activity.
Concordantly, increased cell elimination rate induced by the reduced
endocytic activity was moderately suppressed at the late stage by
supplying additional E-cadherin (Fig. 6J-L, Movie 15). In contrast to
E-cadherin, Myosin II levels were upregulated at the early stage when
endocytosis is blocked, as well as at the late stage of the normal pupal
development (Fig. 3A-D). This upregulation caused by the inhibition
of endocytosis was not suppressed by the Diap1 overexpression,
suggesting that the increase in Myosin II is independent of caspase
activity, unlike that of E-cadherin (Fig. S7B). Therefore, Myosin II
acts upstream of or in parallel with the caspase activation. Together,

our data indicate that reduced endocytosis causes E-cadherin
downregulation and Myosin II upregulation in a caspase activation-
dependent and -independent manner, respectively, and that both
pathways contribute to the acceleration of LEC elimination in the late
stage of tissue remodeling.

Endosomal trafficking to lysosomes is required for
preventing hastened cell elimination
Lastly, we addressed whether cell elimination caused by reduced
endocytosis is regulated by the degradation pathway. Trafficking of
endosomal vesicles to the lysosomal degradation pathway requires
the small GTPase Rab7 (Vanlandingham and Ceresa, 2009;
Langemeyer et al., 2018). Knockdown of Rab7 by RNAi

Fig. 5. Cell elimination caused by reduced endocytic activity is dependent on caspase activation. (A,B) Time course of the FRET ratio of the nuclear-
localized SCAT3 caspase activation indicator (ECFP/Venus) for RT control (A) and shits-expressing (B) LECs. The higher FRET ratio indicates higher caspase
activity. Yellow arrows indicate high FRET ratio LECs. Anterior is up. Scale bars: 50 μm. (C,D) Histogram of the number of the SCAT3 FRET-positive cells
for RT control (C) and shits-expressing (D) LECs. Bin size is 0.5 h. n=2 segments of 3 pupae, 295 cells for RT control and 242 cells for shits expressing LECs.
Dashed lines indicate themedian value for RT control and shits-expressing LECs. (E,F) Caspase activation probed by the Apoliner reporter at different time points
for control (E) and shits-expressing (F) LECs. Cells with high caspase activity are labeled with nuclear localized GFP signal (white arrows). Cells with low caspase
activity are labeled with yellow arrows. Representative data from n=3 pupae at each time point. Anterior is up. Scale bars: 40 μm. (G,H) Time course of LEC
elimination from pupae under the restrictive temperature for Diap1-expressing (G) and Diap1- and shits-expressing (H) pupae. Anterior is up. Scale bars: 50 μm.
(I) Time course analysis of the fraction of remaining LECs for shits-expressing (blue), Diap1-expressing (red), and Diap1- and shits-expressing (orange) pupae.
Error bars are s.e.m. n=3 pupae for each experiment. Kolmogorov–Smirnov test, ***P<0.001.
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promoted the elimination of LECs, similar to shits and Rab5 RNAi
(Fig. 7A-C, Fig. S8A,B, Movie 16). Similarly, E-cadherin levels
were reduced and the upregulation of Myosin II levels was observed
upon RNAi of Rab7 (Fig. 7D-I). Knockdown of Rab7 essentially
recapitulated all the features that were observed in the reduction of

endocytic activity. Therefore, we conclude that endosomal
trafficking to lysosomes is crucial for preventing the LEC
elimination that is induced by the reduction of endocytosis. We
cannot rule out the possibility that the recycling pathway may also
be at work in parallel, which would antagonize the acceleration of

Fig. 6. Junctional E-cadherin is downregulated by the reduction of endocytic activity in a caspase activation-dependent manner. (A-D′) E-cadherin
localization at the early stage (A-D) and the late stage (A′-D′) at 25°C for control (A,A′) and under the restrictive temperature for Diap1-expressing (B,B′),
shits-expressing (C,C′), and Diap1- and shits-expressing (D,D′) pupae. Anterior is up. Scale bar: 10 μm. (E) Quantification of signal intensity of junctional
E-cadherin::GFP in RT control, Diap1-expressing, shits-expressing, and Diap1- and shits-expressing LECs relative to the control region in each pupa at the
early stage. One-way ANOVA followed by post-hoc Tukey test, *P<0.05, **P<0.01. n.s., not significant. n=3 pupae, 27 cells each. (F,G) Time course of LEC
elimination for E-cadherin RNAi (F) and E-cadherin RNAi and Diap1-overexpressing (G) LECs at 25°C. Anterior is up. Scale bar: 50 μm. (H) Time course
analysis of the fraction of remaining LECs for E-cadherin RNAi, and E-cadherin RNAi and Diap1-overexpressing pupae at 25°C. Error bars are s.e.m.
Kolmogorov–Smirnov test, ***P<0.001. n=3 pupae each. (I) Histogram of the number of eliminated cells for E-cadherin RNAi pupae. Bin size is 0.5 h. n=2
segments of 3 pupae, 198 cells. Dashed lines indicate the median value for control (red) and E-cadherinRNAi (black) LECs. (J,K) Time course of LEC elimination
under the restrictive temperature for shits-expressing (J) and shits- and E-cadherin-overexpressing (K) LECs. Anterior is up. Scale bar: 50 μm. (L) Time course
analysis of the fraction of remaining LECs for shits-expressing, and shits-expressing andE-cadherin-overexpressing LECs under the restrictive temperature. Error
bars are s.e.m. Kolmogorov–Smirnov test, ***P<0.001. n=3 pupae each.
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cell elimination in the late stage through the stabilization of
junctional E-cadherin. Altogether, our results suggest that the
endocytic pathway, including trafficking to lysosomes, is required
for preventing hastened cell elimination and for the
developmentally programmed reduction of endocytosis that
primes the LECs to undergo rapid cell elimination in the late
stage of tissue remodeling.

DISCUSSION
We investigated the developmental control mechanism that
accelerates massive cell elimination during the remodeling of
epidermal tissue in the pupal Drosophila abdomen. During tissue
remodeling, large LECs are replaced by rapidly proliferating
histoblasts, with the entire process completing within a mere 20 h.
Until now, the mechanism that regulates rapid cell elimination
during this process has been unknown. Here, we found that the
endocytic activity of the LECs attenuates as tissue remodeling
progresses. The reduction of endocytic activity correlates with
increased cell elimination frequency and is sufficient to trigger the
acceleration of cell elimination by changing cellular physiological
properties. The acceleration of cell elimination requires an increase
in Myosin II activity and caspase activation. Moreover, caspase
activation involves a positive-feedback loop with the reduction of
E-cadherin levels resulting from their mutual suppression. This
positive feedback would help raise a non-apoptotic level of caspase
activation to an apoptotic level. We propose that the change in
endocytic activity serves as a switch to trigger the transition of the
physiological properties of the LECs, which facilitates tissue
remodeling by accelerating the cell elimination rate.

Change in endocytic activity switches physiological cell
properties
Our study identified the previously unknown mechanisms involved
in the developmental transition of endocytic activity that regulates
cell elimination. Endocytosis plays a role in the regulation of
numerous cellular activities, including cell proliferation,
differentiation and metabolism through endosomal trafficking of
transmembrane proteins (Sigismund et al., 2012). In animal
development, endocytosis functions in the formation of
morphogen gradients and modulation of the activity of receptor
proteins in some signal transduction pathways (Seto et al., 2002;
Fischer et al., 2006). We used live imaging to show that the
endocytic activity of the LECs gradually attenuates over the course
of tissue remodeling. The reduction of endocytic activity was
accompanied by reduced migration activity and increased cell
elimination together with the upregulation of Myosin II and the
downregulation of E-cadherin. Our genetics experiments suggest
that those physiological changes are caused by the reduction of the
endocytic activity. There are several reports that indicate that
Myosin II is regulated by signal transduction pathways that are
positively or negatively regulated by the endocytosis. Myosin II
activity is, for example, regulated by several signaling receptors,
including G-protein coupled receptors (GPCRs), tumor necrosis
factor α (TNFα) and epidermal growth factor receptor (EGFR)
(Goetzl and An, 1998; Malliri et al., 1998; Kjøller and Hall, 1999;
Puls et al., 1999; Rossman et al., 2005). It is plausible that
endocytosis regulates Myosin II subcellular localization patterns
and dynamics by trafficking some signaling receptors during LEC
elimination. Endocytosis is known to regulate cell migration
through the internalization and trafficking of the adhesion
molecule integrins (Palecek et al., 1996; Kamiguchi and
Lemmon, 2000). Moreover, blocking endocytosis leads to the

activation of the death receptors TRAIL-R1 and TRAIL-R2 in
cancer cell lines (Austin et al., 2006; Zhang and Zhang, 2008).
Although it is known that the Drosophila TNF pathway is
upregulated by endocytosis (Igaki et al., 2009), no endocytosis-
inactivated death receptor has been identified inDrosophila thus far.
Recent work showed that the Drosophila caspase-3, DrICE, shows
spatial subcellular localization to confer non-apoptotic functions
(Amcheslavsky et al., 2018; McSharry and Beitel, 2019). DrICE is
associated with endosomes and regulates trafficking of proteins in
tracheal development (McSharry and Beitel, 2019). Our results
suggest another aspect of the link between trafficking and caspase
activation. It will be interesting to determine the dynamics of
subcellular localization of caspases during the tissue remodeling
process to understand the mechanism regulating caspase activity.

Myosin II plays multiple roles in LEC elimination
Previous work has found that cortical Myosin II localization is
regulated by caspase activation in LECs (Teng et al., 2017). We
found that cortical localization of Myosin II becomes independent
in the late stage of development. In the early stage, Myosin II
dynamically accumulates in a ring-like structure at the cortex only in
apically constricting cells. The formation of this constricting ring
requires caspase activity (Teng et al., 2017). Whereas the early
LECs form the dense cortical ring in a caspase activity-dependent
manner, the late Myosin II dynamics and their discontinuous
cortical accumulation do not depend on caspase activity. Notably,
both the regulating molecular mechanisms and the physiological
roles of the distinctMyosin II dynamics differ bymode: the caspase-
dependent Myosin II accumulation acts only transiently when the
LECs undergo apical constriction-driven cell elimination whereas
the Myosin II reorganization induced by decreased endocytosis, by
contrast, is observed all over the tissue.

Importantly, at both stages Myosin II promotes cell elimination,
but how it acts may differ. We propose that Myosin II in early and
late LECs operates at different hierarchical layers. Whereas the early
stage Myosin II mainly contributes to the execution of apical
constriction-driven cell elimination by exerting contractile forces on
the cell junctions, the late stage Myosin II does not contribute to the
area reduction but rather contributes to increasing the potential of
cell death. One of the possible molecular targets that the increased
Myosin II activity potentiates would be caspases. Myosin II may act
upstream of caspase activation because the increase in Myosin II
activity is not altered upon caspase inhibition. In support of this
idea, it is reported that programmed cell death and caspase
activation are dependent on Rho-associated protein kinase
(ROCK) activity, which activates Myosin II, in several cell types
(Petrache et al., 2001, 2003; Minambres, 2006; Okumura et al.,
2016). Therefore, it is tempting to speculate that Myosin II
potentiates caspase activity in the LECs, either directly or
indirectly. The effect of Myosin II on caspase activation may
involve a biochemical interaction between molecules, but it is also
possible that the contractility generated by enhanced Myosin II
activity is responsible for regulating caspase activity. The cells
adjacent to a faster growing cell population are compressed and
often eventually eliminated by apoptosis (Levayer et al., 2016; Brás-
Pereira and Moreno, 2018). A recent report showed that this process
involves mechanical sensing of cells whereby the compressed cells
downregulate EGFR signaling, which is required for cell survival by
suppressing caspase activation (Moreno et al., 2019). Whether or
not the same mechanoresponsive system operates in tissue
remodeling and other systems would be an interesting topic for
future investigation.
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The positive-feedback loop formed between activated
caspases and reduced E-cadherin levels amplifies
caspase activation
It is well established that endocytosis upregulates E-cadherin
turnover by promoting its internalization (Georgiou et al., 2008;
Levayer et al., 2011; Iyer et al., 2019). It was initially puzzling that
E-cadherin levels decreased with reduced endocytic activity in the

LECs. However, this outcome could be explained by the existence
of a parallel pathway that independently regulates E-cadherin levels
inversely to the way they are controlled for by endocytosis.
Concordant with this hypothesis, E-cadherin levels, which were
reduced by blocking endocytosis, recovered when caspase activity
was inhibited. This effect was tissue wide and is therefore consistent
with the finding that caspase activity was elevated to a non-

Fig. 7. Reduced Rab7 phenocopies the accelerated LEC elimination upon blocking endocytosis. (A) Time course of the LEC elimination for Rab7
RNAi LECs at 25°C. Anterior is up. Scale bar: 50 μm. (B) Time course analysis of the fraction of remaining LECs for Rab7 RNAi pupae at 25°C. Error
bars are s.e.m. Kolmogorov–Smirnov test, ***P<0.001. n=3 pupae each. (C) Histogram of the number of eliminated cells for Rab7 RNAi pupae. Bin size is 0.5 h.
n=2 segments of 3 pupae, 393 cells. Dashed lines indicate the median value for control (red) and Rab7 RNAi (black) LECs. (D,E) E-cadherin localization at the
early stage at 25°C for control (D) andRab7RNAi (E) pupae. Anterior is up. Scale bars: 10 μm. (F) Quantification of signal intensity of junctional E-cadherin::GFP
in control and Rab7 RNAi LECs relative to the control region in each pupa. Student’s t-test, ***P<0.001. n=3 pupae, 27 cells each. (G-H″) Subcellular localization
of MyoII::Venus in control (G-G″) and Rab5 RNAi (H-H″) LECs. Marker expression (mCD8::cherry) indicates the region of GAL4 expression (G′,G″,H′,H″).
Anterior is up. Scale bars: 10 μm. (I) Quantification of signal intensity of MyoII::Venus in the control and Rab7 RNAi LECs relative to the control region in
each pupa for junctional localization. Student’s t-test, *P<0.05. n=3 pupae, >27 cells each. (J) Scheme for endocytic activity (green) and cell elimination potential
(red) in the LEC during tissue remodeling. LECs at the early stage have high endocytic activity, which represses caspase activity. Low caspase potential is
maintained at a stable level by the presence of junctional E-cadherin. At the late stage, developmentally programmed reduction of endocytic activity increases
caspase activity. This activation leads to the reduction of E-cadherin, which then further increases the caspase activation potential. (K) Proposed interactions from
endocytosis to cell elimination.
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apoptotic level across the entire tissue in the endocytosis-defective
tissue at an early stage. Therefore, endocytosis can regulate the size
of the E-cadherin pool available at adherens junctions through the
regulation of caspase activity. Cell elimination induced by reducing
E-cadherin levels was also dependent on caspase activation, which
suggests the presence of a mutually repressive relationship between
E-cadherin and caspase activation. At the early stage, E-cadherin
levels are kept high, and therefore caspase activation potential is
kept low (Fig. 7J). Conversely, at the late stage, E-cadherin levels
are reduced through the caspase activation, which is induced by the
attenuation of endocytic activity of the LECs (Fig. 7J). The caspase
activation would be initially moderate and not apoptotic. However,
owing to the lack of caspase inhibition by repressive E-cadherin,
more and more caspases would be activated. This positive-feedback
loop amplifies the caspase activation so that it reaches the threshold
for apoptosis. It should be noted that it is also possible that a reduced
E-cadherin level lowers the threshold of caspase activation. In any
case, this positive-feedback system, possibly in parallel or in tandem
with the Myosin II pathway, would contribute to the acceleration of
cell elimination (Fig. 7K). The existence of this positive-feedback
system would explain why the gradual change in endocytic activity
can trigger a rapid phase switch in the cell elimination rate. Looking
ahead, it will be interesting to understand what determines the order
in which different cells die. We assume that there is another factor
that triggers cell elimination at the late stage, but it is entirely
possible that that elimination could be a consequence of
stochastically introduced biochemical or mechanical imbalance
between neighbors through the fluctuating cell-cell interactions
(Saw et al., 2017).
We found that the interactive network of Myosin II, E-cadherin

and caspase activation modulates as tissue remodeling progresses.
However, these intricate interactions seem to be regulated in a self-
organized manner initiated by the simple, gradual transition of
endocytic activity. Given the possibility that the activation of
caspase is dependent on sequestration or degradation, the potential
cargo of endocytic vesicles would likely be a death receptor, which
would induce programmed cell death unless degraded. Identifying
the molecular target of endosomal trafficking to lysosomes in this
system could provide insights into the rapid turnover of the cells
during tissue remodeling. In summary, our work developed a new
approach for elucidating the mechanisms potentially common to
tissue remodeling in other animal species.

MATERIALS AND METHODS
Fly stocks
The following fly strains were used: sqh::Venus (this work), UAS-nls::
SCAT3 (UAS-nls::ECFP::Venus) (Kanuka et al., 2005), lexAop-nls::SCAT3
(lexAop-nls::ECFP::Venus) (Nakajima et al., 2011), pnr-Gal4 (Calleja
et al., 1996), UAS-shits (Kitamoto, 2001), E-cadherin::GFP (Huang et al.,
2009), UAS-MbsN300 (Lee and Treisman, 2004), Yrab7 (Dunst et al.,
2015), tubP-LexA::GAD (Lai and Lee, 2006), UAS-shg RNAi (NIG-FLY
Stock Center 3722R-1), UAS-Clc::GFP (Bloomington Stock Center 7109),
UAS-Rab5 RNAi (Bloomington Stock Center 34832), UAS-Rab7 RNAi
(Bloomington Stock Center 27051), UAS-mCD8::cherry (Bloomington
Stock Center 27392), UAS-myc::DIAP1 (Hay et al., 1995).

Generation of transgenic fly by CRISPR/Cas9-based
genome editing
To construct a guide RNA (gRNA) vector for generating knock-in forMyosin
II::Venus, spaghetti squash (sqh)-specific oligonucleotides (5′-CTTCGTT-
ACTGCTCATCCTTGTCCT-3′ and 5′-AAACAGGACAAGGATGAGCA-
GTAAC-3′) were annealed and introduced into U6-gRNA to generate the
U6- sqh-gRNAvector (Kondo and Ueda, 2013). To generate the homologous

arms for the Myosin II::Venus knock-in construct, the following primers (5′-
GCTTGATATCGAATTCATCAGGCGCAGATTGCC-3′ and 5′-AGTTG-
GGGGCGTAGGCTGCTCATCCTTGTCCTTGGC-3′ for 5′ flanking arm,
and 5′-TAGTATAGGAACTTCATCGCCAGCAGTCGATTCACTAGC-3′
and 5′-CGGGCTGCAGGAATTCCCGAAATCTCTTTCAATTTCCCGC-
C-3′ for 3′ flanking arm) were used to amplify the 0.51 kb and 0.55 kb
genomic DNA regions flanking the stop codon of the sqh gene, respectively.
The knock-in cassette containing the Venus-coding sequence was excised
from pPVxRF3 (a gift from Dr Shu Kondo, National Institute of Genetics,
Japan). The obtained PCR products and the knock-in cassette were cloned
into pBluescriptII SK+ using the In-Fusion HD cloning kit (Takara Bio). The
obtained knock-in construct was co-injected with the gRNA into the embryos
of Cas9-expressing flies (NIG-FLY Stock Center CAS-0001) following a
standard protocol for generating transgenic flies. Integration into the sqh locus
was confirmed by sequencing.

Live imaging
Staged pupae were washed in distilled water, and the pupal case covering
about two-thirds of abdominal segments was removed. Pupae were mounted
on coverslips with adhesive tape. Live imaging was carried out on a TCS
SP5 confocal microscope (Leica), TCS SP5 inverted confocal microscope
(Leica) or TCS SP8 inverted confocal microscope (Leica). Live imaging at
the restrictive temperature was performed as follows. Pupae were raised at
18°C until 24 h APF, and then transferred to 29°C after removing pupal
cases. Live imaging was performed at 29°C on a thermo plate (Tokai Hit
Co., Shizuoka, Japan) from 30 h APF. Otherwise, pupae were raised at
25°C, and live imaging was performed at room temperature from 20 h APF.

Image analysis
Images were processed with ImageJ software (NIH). z-projected images
were used for analysis unless otherwise mentioned. Cell tracking was
performed using the ‘TrackMate’ plugin in ImageJ (Tinevez et al., 2017).
Cells in the second and third segments of the abdomen were tracked
(Fig. 1B). Fluorescence intensity in pnr-expressing regions was normalized
to mean intensity of non-pnr-expressing regions. Intensities were acquired
from cells in the second segment of pnr-expressing regions and cells in the
second segment of non-pnr-expressing regions. Pseudocolor images were
acquired with MetaMorph software (Molecular Devices). For the
quantification of vesicles of Clc::GFP, a planar section that contains the
most abundant puncta was analyzed for each cell. Signals for the puncta
were thresholded to distinguish them from weak signals. Particles larger
than 100 nm2 were counted using the ‘Analyze Particles’ function for each
cell. For FRET analysis, ECFP and Venus channel backgrounds were
removed with MetaMorph software, and the FRET ratio (Venus/ECFP) was
measured with ImageJ. Caspase activation was detected as follows: the
FRET ratio of living cells in the second segment of non-pnr-expressing
region was measured; then the FRET ratio of fragmented cells derived from
the second segment of non-pnr-expressing region was measured, and the
numeric value between FRET ratios of living cells and of fragmented cells
was set as the threshold of caspase activation. The FRET ratio of cells in the
second and third segments of pnr-expressing region was measured, and once
the numeric value exceeded the threshold, it was recorded as caspase
activation.

Area quantification
Live imaging data in which cells were labeled with Nrg-GFP were used for
automated segmentation, cell tracking, and output of cellular parameters
using the Tissue Analyzer plugin in Fiji software (https://fiji.sc/) (Aigouy
et al., 2016). The segmentation images were hand-corrected for better
representation of cell outlines. For the graphs comparing the area reduction
of extruding cells, the area of quantified cells at each time point was
normalized by their initial area. All the data were aligned at the time point
when the area reached 75% of the initial area.

Dextran uptake assay
To monitor fluid phase incorporation activity for LECs, properly staged
pupal epidermal tissues were dissected and cultured in Schneider S2 cell
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medium (Gibco) in the presence of 0.5 mg/ml dextran (10,000 MW)
conjugated with Alexa555 (Thermo Fisher Scientific) for 10 min, followed
by 30 min of incubation at 29°C without dextran in order to unambiguously
distinguish signals from non-specific cuticular staining on the tissue surface
and internalized vesicles. Samples were fixed with 4% paraformaldehyde
and mounted in 50% glycerol.

Image analysis for dextran uptake assay
For the quantification of vesicles having incorporated dextran-Alexa555, a
planar section containing the most abundant puncta was analyzed for each
cell. Image processing was performed in Fiji. Signals for the puncta were
thresholded to distinguish them from weak signals, which most likely
accumulated in lysosomes and background staining outside of the cells.
Background signal was further removed using the ‘Open’ function in the
binary operation. Particles larger than 100 nm2 were counted using the
‘Analyze Particles’ function for each cell.

Statistics
All statistics and graphs were performed in R version 3.5.1 (The R
Foundation for Statistical Computing). The analyses for duration of area
reduction for extruding LECs were compared with a Mann–Whitney U test.
The quantification of Clc::GFP puncta was compared using a Mann–
Whitney U test. The time course analyses of the fraction of remaining LECs
were compared with a Kolmogorov–Smirnov test. The intensity of E-
cadherin signal was compared with a Tukey test. The intensity of Myosin II
signal was compared with a Games–Howell test.
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Figure	 S1.	 Endocytic	 activity	 reduces	 as	 tissue	 remodeling	 progresses	 during		

metamorphosis			

(A-C)	 Clc::GFP	 puncta	 as	 a	 marker	 for	 endocytic	 activity	 in	 RT	 control	 (A),	 shits		

expressing	(B),	and	Rab5	RNAi	(C)	LECs.	Anterior	is	up.	Scale	bar:	10	μm.	Note	that	the		

number	 of	 puncta	 was	 dramatically	 reduced	 for	 shits	 expressing	 cells,	 and	 numerous		

smaller	 puncta	 accumulated	 for	 Rab5	 RNAi,	 which	 is	 consistent	 with	 the	 reported		

phenotype	for	Rab5	inhibition	(Bucci	et	al.,	1992).					
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(D-F)	Dextran	uptake	for	RT	control	at	the	early	stage	(D),	the	late	stage	(E),	and	shits	at		

the	early	stage	(F).	Clc::GFP	(white)	and	dextran	(red)	are	shown.			

(G)	Quantification	of	the	number	of	dextran	labeled	vesicles	per	cell	(control	early:	N	=		

13	cells,	control	late:	N	=	14,	shits:	N	=13		Mann–Whitney	U	test,	***p	<	0.001.		

(H-I)	Time	course	of	the	LEC	elimination	for	RT	control	(H)	and	shits	expressing	(I)	LECs		

under	the	control	of	an	Eip71CD-GAL4	driver	under	the	restrictive	temperature	at		

different	time	points	indicated	above.	Anterior	is	up.	Scale	bar:	50	μm.		

(J)	Quantification	of	the	area	of	GFP	expression	domain	at	the	time	point	42	hours	APF		

relative	to	30	hours	APF.	Student's	t	test.	*p	<	0.05.		N	=	4	pupae	for	each	experiment.	 		
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Figure	S2.	Reduction	of	endocytic	activity	affects	migration	of	LECs	

(A)	Time	course	analysis	of	LEC	migration	orientation	for	control	at	25˚C	.		

(B-C)	 Time	 course	 analysis	 of	 LEC	 migration	 orientation	 for	 RT	 control	 (B)	 and	

shits	expressing	(C)	LECs	under	the	restriction	temperature	regime.		

(D)	Timeline	of	the	high	elimination	phase	with	respect	to	the	migration	pattern	of	

the	LECs	 under	 the	 restriction	 temperature	 regime.	 Color	 code	 (blue,	 yellow,	 orange	

and	green)	represents	different	developmental	time	windows	from	early	to	late	stages	

based	on	 the	 locomotion	 activity	 and	 orientation	 of	 migration.	 Times	 (after	

puparium	
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formation)	 of	 transition	 are	 indicated	 on	 top.	 Note	 that	 the	 developmental	 time	

windows	in	the	restriction	temperature	regime	roughly	correspond	to	that	of	a	standard	

condition	(25˚C,	Figure	1G).	Orange	arrows	indicate	orientation	of	the	LEC	migration	at	

each	 time	window.	 The	 time	 periods	 of	 high	 locomotion	 activity	 and	 high	 elimination	

rate	are	indicated	below	and	above,	respectively.	
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	 Figure	 S3.	 Reduction	 of	 cortical	 Myosin	 II	 in	 the	 late	 stage	 caused	 by	 the	 over- 	

expression	of	MbsN300	

(A)	 Still	 images	 for	 subcellular	 localization	 of	 myosin	 II	 tagged	 with	 Venus	

(MyoII::Venus)	during	apical	constriction-driven	cell	elimination	in	RT	control.	Anterior	

is	up.	Scale	bar:	10	μm.	

(B-C)	 Subcellular	 localization	of	MyoII::Venus	 for	 control	 (B)	 and	MbsN300	

expressing	(C)	LECs	at	 the	early	 (B,	C)	and	 late	 (B',	C')	stage.	Note	 that	 the	cortical	

localization	of	Myosin	II	is	still	visible	at	the	early	stage	(C)	but	severely	reduced	at	

the	late	stage	(C')	upon	over-expression	of	MbsN300.	

(D)	Signal	intensity	for	MyoII::Venus	at	cell	junctions	normalized	to	that	of	cytoplasmic	

region	for	individual	cells.	Student's	t-test,	**p	<	0.01.			

Development: doi:10.1242/dev.179648: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



	

Figure	S4.	Myosin	II	levels	are	elevated	in	LECs	with	reduced	endocytic	activity	

(A-C)	Subcellular	localization	of	MyoII::Venus	in	RT	control	(A),	shits	expressing	(B)	and	

Rab5	 RNAi	 (C)	 LECs.	Marker	 expression	 (mCD8::cherry)	 indicates	 the	 region	 of	 GAL4	

expression	(A',	A''	B',	B''	C',	C'').	Anterior	is	up.	Scale	bar:	10	μm.	

(D-E)	Quantification	of	signal	intensity	of	MyoII::Venus	in	the	RT	control,	shits	expressing	

and	Rab5	RNAi	LECs	relative	to	control	region	(i.e.	non-GAL4	expression	region)	in	each	

pupa	 for	medial	 (D)	 and	 junctional	 (E)	 localization.	One-way	ANOVA	 followed	by	post	

hoc	Games-Howell	test.	*p	<	0.05,	***p	<	0.001.	N	=	3	pupae,	27	cells	each.	
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Figure S5. Turn-over of E-cadherin in control and shits LECs 

(A)	Mobility	 of	 E-cadherin	was	 analyzed	 by	 fluorescent	 recovery	 after	 photobleaching	

(FRAP)	 for	 RT	 control	 (red)	 and	 shits	 expressing	 LECs	 (blue).	 A	 double	 exponential	

formula	was	used	 to	 fit	 the	model	 to	 experimental	 results	 (black	 lines)	 to	 estimate	 the	

mobile	 fraction	 and	 the	 halftime	 of	 recovery	Thalf.	 E-cadherin::GFP	was	 used	 for	 FRAP	

experiments.	 Staged	 control	 and	 shits	 pupae	 were	 imaged	 by	 TCS	 SP8	 confocal	

microscope	 (Leica)	with	63×	oil	 objective	 lens	with	2.0x	 zoom,	under	10-20%	488nm	

laser.	30-32h	APF	pupae	were	used	 for	 the	 early	 stage,	 and	 late	 stage	pupae	were	40- 

42h	APF.	An	about	5	×	2	μm	region	was	selected	for	photobleaching	with	100%	intensity	

488	 nm	 laser	 for	 0.653	 seconds.	 Manually	 selected	 non-fluorescence	 area	 and	 total	

fluorescence	area	were	used	for	normalization	for	each	cell.	Images	were	acquired	with	

0.5	seconds	time	intervals.	Obtained	dataset	were	averaged	and	then	analyzed	by	fitting	

a	double	exponential	formula:	

𝐼  𝑡   = 𝐼! − 𝛼 ∙ 𝑒!!∙! − 𝛾 ∙ 𝑒!!∙!	

𝑀𝑜𝑏𝑖𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐼!, 𝑇!!"# = 
𝑙𝑛  2
𝛽

The	mobile	fraction	and	the	Thalf	are	indicated	in	the	table.	Control:	N	=	10,	shits:	N=	9.	

Development: doi:10.1242/dev.179648: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Figure S6. Caspase activation-associated LEC elimination and cell elimination	

independent migration of endocytic defective LECs 

(A)	Fraction	of	FRET	signal	positive	cells	among	all	dying	cells	for	RT	control	and	shits	

expressing	LECs.	

(B-E)	 Migration	 trajectories	 of	 LECs	 for	 RT	 control	 (B),	 DIAP	 over-expressing	 (C),	 shits	

expressing	 (D),	 and	 shits	 and	 DIAP	 over-expressing	 (E)	 pupae	 under	 the	 restrictive	

temperature.	
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Figure	S7.	E-cadherin	RNAi	effectively	reduces	E-cadherin	 levels	and	Myosin	II	

is	not	regulated	by	caspase	activation	

(A)	E-cadherin::GFP	in	the	LECs	upon	E-cadherin	RNAi.	Junctional	E-cadherin	signals	are	

strongly	reduced.	Anterior	is	up.	Scale	bar:	10	μm.	

(B)	MyoII::Venus	reorganization	at	the	late	stage	is	unaffected	by	the	over-expression	of	

DIAP1.		Yellow	arrows	indicate	thick	cortical	accumulation	of	MyoII::Venus.	Anterior	is	

up.	Scale	bar:	10	μm.	
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Figure	S8.	Reduction	of	Rab7	protein	by	Rab7	RNAi	

(A-B)	Rab7::YFP	knock-in	(Dunst,	Kazimiers,	Eaton,	et	al.,	2015)	for	control	(A)	and	Rab7	

RNAi	(B)	pupae.	Anterior	is	up.	Scale	bar:	50	μm.	
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Movie	 1.	 The	 elimination	 of	 LECs	 accelerates	 in	 the	 late	 stage	 of	 the	 tissue	

remodeling	process	

Live	imaging	of	the	elimination	of	the	LECs,	labeled	by	the	nuclear	localized	CFP::Venus	

under	the	control	of	pnr-GAL4	driver	at	25˚C.	Dorsal	view.	Anterior	is	up.	Scale	bar:	50	

μm.	Time	interval:	10	min.	

Movie	2.	The	number	of	Clc::GFP	puncta	reduces	as	tissue	remodeling	progresses	

Live	imaging	of	endocytic	activity	in	the	LECs	using	Clc::GFP	as	a	marker.	Although	GFP	

signal	 is	 uniformly	 distributed	 in	 the	 cytoplasm,	 the	 number	 of	 GFP	 puncta	 gradually	

decreases	over	time.	Note	that	eliminated	cells	also	have	much	stronger	accumulation	of	

GFP	puncta,	which	is	the	post-process	of	cell	elimination	and	therefore	irrelevant	to	the	

analysis	of	this	study.	Dorsal	view.	Anterior	is	up.	Scale	bar:	10	μm.	Time	interval:	5	min.	
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Movie	3.	Expression	of	shits	in	the	LECs	promotes	cell	elimination	

Live	 imaging	 of	 the	 LEC	 elimination	 from	 pupae	 under	 the	 restrictive	 temperature	

(raised	at	18˚C,	then	shifted	to	29˚C	at	6	hours	before	imaging)	for	RT	control	(left)	and	

shits	expressing	(right)	LECs.	Dorsal	view.	Anterior	is	up.	Scale	bar:	50	μm.	Time	interval:	

10	min.	

Movie	4.	Induction	of	Rab5	RNAi	in	the	LECs	promotes	cell	elimination	

Live	 imaging	 of	 the	 LEC	 elimination	 from	 pupae	 under	 the	 restrictive	 temperature	

(raised	at	18˚C,	then	shifted	to	29˚C	at	6	hours	before	imaging)	for	RT	control	(left)	and	

Rab5	RNAi	(right)	LECs.	Dorsal	view.	Anterior	is	up.	Scale	bar:	50	μm.	Time	interval:	10	

min.	

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	 5.	 Over-expression	 of	 the	 Myosin	 II	 phosphatase	 MbsN300	 in	 the	 LECs	

diminishes	the	acceleration	of	cell	elimination	in	the	late	stage	

Live	 imaging	of	LEC	elimination	 in	pupa	 for	 control	 (left)	 and	 cells	 expressing	Myosin	

phosphatase	 catalytic	 domain,	MbsN300	 (right)	 at	 25˚C.	 Dorsal	 view.	 Anterior	 is	 up.	

Scale	bar:	50	μm.	Time	interval:	10	min.	

Movie	6.	LECs	in	the	early	stage	display	Myosin	II	localization	at	the	apical	region			

Z-slice	 stack	 of	MyoII::Venus	 in	 the	 LECs	 at	 the	 early	 stage	 for	 RT	 control	 (30h	 APF).	

Scale	bar:	10	μm.		Z-slice	interval:	0.75	μm.			

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	7.	LECs	in	the	late	stage	display	strong	Myosin	II	localization		

Z-slice	 stack	 of	MyoII::Venus	 in	 the	 LECs	 at	 the	 early	 stage	 for	 RT	 control	 (40h	 APF).	

Scale	bar:	10	μm.		Z-slice	interval:	0.75	μm.			

Movie	 8.	 shits	 expressing	 LECs	 in	 the	 early	 stage	 display	 strong	 Myosin	 II	

localization		

Z-slice	stack	of	MyoII::Venus	in	the	LECs	at	the	early	stage	for	shits	(30h	APF).	Scale	bar:	

10	μm.		Z-slice	interval:	0.75	μm.			

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	 9.	 shits	 expressing	 LECs	 in	 the	 late	 stage	 display	 strong	 Myosin	 II	

localization		

Z-slice	stack	of	MyoII::Venus	in	the	LECs	at	the	early	stage	for	shits	(40h	APF).	Scale	bar:	

10	μm.		Z-slice	interval:	0.75	μm.			

Movie	 10.	 Caspase	 activation	 is	 observed	 before	 fragmentation	 of	 LECs	 in	 RT	

control	and	shits	expressing	LECs	

Live	 imaging	 of	 the	 FRET	 ratio	 of	 the	 nuclear	 localized	 SCAT3	 caspase	 activation	

indicator	 (ECFP/Venus)	 for	 RT	 control	 LECs	 under	 the	 restrictive	 temperature.	 The	

higher	FRET	ratio	indicates	the	higher	caspase	activity.	Dorsal	view.	Anterior	is	up.	Scale	

bar:	50	μm.	Time	interval:	100	sec.	

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	 11.	 Caspase	 activation	 is	 observed	 before	 fragmentation	 of	 LECs	 in	 shits	

expressing	LECs	

Live	 imaging	 of	 the	 FRET	 ratio	 of	 the	 nuclear	 localized	 SCAT3	 caspase	 activation	

indicator	(ECFP/Venus)	for	shits	expressing	LECs	under	the	restrictive	temperature.	The	

higher	 FRET	 ratio	 indicates	 higher	 caspase	 activity.	 Dorsal	 view.	 Anterior	 is	 up.	 Scale	

bar:	50	μm.	Time	interval:	100	sec.	

Movie	 12.	 Over-expression	 of	 DIAP1	 suppresses	 cell	 elimination	 caused	 by	

expressing	shits	in	the	LECs	

Live	 imaging	of	LEC	elimination	from	pupae	under	the	restrictive	temperature	for	shits	

expressing	(left)	and	DIAP1	and	shits	expressing	(right)	pupae.	Dorsal	view.	Anterior	 is	

up.	Scale	bar:	50	μm.	Time	interval:	10	min.	

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	13.	Induction	of	E-cadherin	RNAi	in	the	LECs	promotes	cell	elimination	

Live	 imaging	of	 LEC	 elimination	 for	 control	 (left)	 and	E-cadherin	 RNAi	 (right)	 LECs	 at	

25˚C.	Dorsal	view.	Anterior	is	up.	Scale	bar:	50	μm.	Time	interval:	10	min.	

Movie	 14.	 Over-expression	 of	 DIAP1	 suppresses	 cell	 elimination	 caused	 by	 the	

reduction	of	E-cadherin	in	the	LECs	

Live	 imaging	 of	 the	 LEC	 elimination	 for	 control	 (left)	 and	DIAP1	 and	E-cadherin	 RNAi	

(right)	LECs	at	25˚C.	Dorsal	view.	Anterior	is	up.	Scale	bar:	50	μm.	Time	interval:	10	min.	

Development: doi:10.1242/dev.179648: Supplementary information
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Movie	 15.	 Over-expression	 of	 E-cadherin	 moderates	 increased	 cell	 elimination	

caused	by	expressing	shits	in	the	LECs	

Live	 imaging	 of	 LEC	 elimination	under	 the	 restrictive	 temperature	 for	 shits	 expressing	

(left)	and	shits	and	E-cadherin	over-expressing	(right)	LECs.	Dorsal	view.	Anterior	is	up.	

Scale	bar:	50	μm.	Time	interval:	10	min.	

Movie	16.	Induction	of	Rab7	RNAi	in	the	LECs	promotes	cell	elimination	

Live	 imaging	of	LEC	elimination	 for	 control	 (left)	 and	Rab7	RNAi	 (right)	LECs	at	25˚C.	

Dorsal	view.	Anterior	is	up.	Scale	bar:	50	μm.	Time	interval:	10	min.	

Development: doi:10.1242/dev.179648: Supplementary information
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