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SUMMARY

For the maintenance of epithelial homeostasis, various aberrant or dysfunctional
cells are actively eliminated from epithelial layers. This cell extrusion process
mainly falls into two modes: cell competition-mediated extrusion and apoptotic
extrusion. However, it is not clearly understood whether and how these processes
are governed by common molecular mechanisms. In this study, we demonstrate
that the ROS level is elevated within a wide range of epithelial layers around
extruding transformed or apoptotic cells. The down-regulation of ROS
suppresses the extrusion process. Furthermore, ATP is extracellularly secreted
from extruding cells, which promotes the ROS level and cell extrusion.
Moreover, the extracellular ATP and ROS pathways positively regulate the
polarized movements of surrounding cells toward extruding cells in both cell
competition-mediated and apoptotic extrusion. Hence, extracellular ATP acts as
an ‘extrude me’ signal and plays a prevalent role in cell extrusion, thereby
sustaining epithelial homeostasis and preventing pathological conditions or

disorders.
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INTRODUCTION

To preserve its barrier function and structural integrity, the epithelium possesses
several homeostatic mechanisms. Among them, cell extrusion is one of the most
crucial processes by which aberrant or dysfunctional cells are actively eliminated
from epithelial layers to maintain a healthy, homogenous cellular society.!” There are
two major types of cell extrusion: cell competition-mediated extrusion and apoptotic
extrusion; both phenomena are evolutionarily conserved, at least partly, from flies to
mammals. Cell competition is a process through which cells with different properties
compete with each other for survival and space; aberrant or dysfunctional cells often
become loser cells and are eventually eliminated from tissues, whereas the
surrounding normal cells become winner cells that proliferate and fill the vacant
spaces.®13 It has been demonstrated that normal epithelial cells can recognize and
actively eliminate the neighboring oncogenically transformed cells via cell
competition, implying that normal epithelia have an anti-tumor activity that does not
involve immune cells. This tumor suppressive phenomenon within epithelia is termed
epithelial defense against cancer (EDAC).!%!” In EDAC, transformed cells are
eliminated in either cell death-independent or -dependent manner. For instance, in
vertebrates, when oncoprotein Ras-, Src-, or ErbB2-transformed cells are surrounded
by normal cells, transformed cells are extruded into the apical lumen of the epithelial
layer in a cell-death independent fashion.!®* In contrast, tumor suppressor protein
Scribble- or Lgl (lethal giant larvae)-deficient cells undergo apoptosis when
surrounded by normal epithelial cells and are eventually eliminated from epithelia in
Drosophila and mammals.?!** In addition to these cell competition-mediated cell
extrusions, when apoptosis is induced independently of cell competition (e.g. UV

irradiation or caspase activation), the apoptotic cells are extruded from the epithelial
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layer.?>-2® These different types of cell extrusion are currently regarded as distinct
cellular processes, and it remains elusive whether and how common molecular
mechanisms are involved in these homeostatic phenomena.

When cells receive physical or chemical insults including hypoxia, injury,
inflammation, and apoptosis, ATP is often secreted from stressed cells into the
extracellular spaces.?>** Extracellular ATP can then act as a signaling molecule that
binds to membrane receptors P2X or P2Y, thereby affecting multiple cellular
processes such as the production of reactive oxygen species (ROS), leading to the
maintenance of tissue homeostasis.*!** The excess production of ROS can damage
cells, whereas the moderate level of ROS can regulate various physiological
phenomena such as cell proliferation, metabolism, and motility.>*>® In this study, we
demonstrate that the extracellular ATP and ROS pathways play a prevalent role in cell

extrusion.
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RESULTS

The interaction between normal and RasV12- or Src-transformed cells promotes
the level of ROS within an epithelial layer

A previous study using the imaginal disc epithelia of Drosophila demonstrated that
ROS play a role in cell competition.>” To examine the involvement of ROS in cell
competition in mammals, we used CellROX® Orange Reagent, a fluorogenic probe
which exhibits bright orange fluorescence upon oxidation by ROS, and Madin-Darby
canine kidney (MDCK) epithelial cells stably expressing GFP-RasV12 in a
tetracycline-inducible manner.!” It was previously reported that under the co-culture
condition of normal MDCK and RasV12-expressing MDCK cells, at 18-24 h after
tetracycline addition, RasV12 cells are apically extruded from a monolayer of normal
cells in a cell death-independent manner via cell competition.!” When normal or
RasV12-transformed cells were cultured alone, the level of intracellular ROS
remained low (Figures 1A and 1B). In contrast, when normal and RasV12 cells were
co-cultured, the ROS level was substantially elevated in both normal and RasV12
cells (Figures 1A and 1B). The increased ROS level was observed at 10-16 h after
tetracycline addition (Figures 1B and S1A) and under various mix-ratio conditions of
normal and RasV12 cells from 1:1 to 2,000:1 (Figure S1B). The increase of the ROS
level in the surrounding normal cells was observed further than 160 pum (10-13 cell-
length) around most of RasV12 cells (Figure S1C, left), and around some of RasV12
cells the ROS level was gradually decreased but retained within 160 um (Figure S1C,
right), demonstrating the increased ROS level over the wide range of surrounding
normal cells. When normal and GFP-expressing cells were co-cultured, the up-

regulation of ROS did not occur (Figures S1D and S1E). Addition of the ROS
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scavenger Trolox profoundly diminished the ROS level in both normal and RasV12
cells (Figures 1C and 1D). In addition, the Trolox treatment significantly suppressed
apical extrusion of RasV12-transformed cells from the epithelial monolayer (Figures
1E and 1F). The ROS level was also elevated in the co-culture of normal and Src-
transformed cells (Figures S1F and S1G), and the Trolox treatment suppressed apical
extrusion of Src cells (Figure S1H). Collectively, these data suggest that ROS play a

crucial role in cell competition-mediated extrusion of transformed cells.

NOX2-mediated ROS production in normal cells facilitates apical extrusion of
RasV12-transformed cells

To explore an upstream regulator of ROS, we examined the effect of various chemical
inhibitors on the ROS level and apical extrusion under the co-culture condition of
normal and RasV12-transformed cells (Table S1). Among the tested inhibitors, the
NADPH oxidase inhibitor VAS2870 significantly suppressed both the ROS level and
apical extrusion (Figures 2A and 2B; Table S1). In mammals, there are seven
NADPH oxidases that are membrane-bound ROS-generating enzymes: NOX1-5 and
DUOX1-2. By quantitative real-time PCR analysis, the NOX2 expression in normal
and RasV12 cells and the NOX4 expression in RasV12 cells were detected, whereas
the expression of the other NADPH oxidases was at an undetectable or very low level
(Figure S2A). To examine the functional role of NOX2 or NOX4, we established
MDCK cells stably expressing NOX2-shRNA (Figure S2B) or RasV12-transformed
MDCK cells stably expressing NOX2- or NOX4-shRNA (Figure S2E). NOX2-
knockdown in normal cells significantly suppressed the ROS level in both normal and

neighboring RasV12 cells (Figures 2C, 2D, and S2C) and diminished the frequency of
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apical extrusion (Figures 2E and S2D). In contrast, knockdown of NOX2 or NOX4 in
RasV12 cells did not affect the ROS level (Figure S2F).

In a previous study, we have shown that when RasV12 cells are surrounded by
normal cells, the expression of pyruvate dehydrogenase kinase 4 (PDK4) is non-cell-
autonomously elevated in RasV12 cells.*® The increased PDK4 then phosphorylates
and inactivates pyruvate dehydrogenase, thereby diminishing the mitochondrial
membrane potential, which positively regulates apical extrusion of RasV12 cells.*8
We showed that NOX2-knockdown in normal cells suppressed the PDK4 expression
in the co-cultured RasV12 cells (Figure S3A). TMRM (tetramethylrhodamine methyl
ester) is a positively charged red fluorescent dye that is incorporated into active
mitochondria according to the negative membrane potential gradient across their inner
membranes. Using TMRM, we also demonstrated that Trolox treatment or NOX2-
knockdown in normal cells profoundly restored the mitochondrial membrane potential
in RasV12 cells (Figures S3B-S3E). Collectively, these data indicate that NOX2-
induced ROS production in normal cells promotes the expression of PDK4 and
decreases mitochondrial activity in the neighboring RasV12 cells, thereby facilitating

their apical extrusion.

Extracellular ATP signaling is an upstream regulator of ROS

Previous studies have demonstrated that extracellular ATP signaling can activate
NADPH oxidase and promote ROS production.***° Indeed, the addition of apyrase, an
ecto-ATPase (ATP-diphosphohydrolase) that degrades extracellular ATP into AMP,
significantly decreased the ROS level in normal and RasV12-transformed cells under
the mix culture condition (Figure 3A and Table S1). In addition, the apyrase treatment

suppressed apical extrusion of RasV12 cells (Figure 3B). Extracellular ATP binds and
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activates purinergic P2X and P2Y receptors.*'*? The addition of suramin, an
antagonist to purinergic P2X and P2Y receptors, suppressed the ROS level and apical
extrusion (Figures 3A and 3B; Table S1). To further examine extracellular ATP, we
used CellTiter-Glo 2.0, a luminescent indicator for ATP. The amount of extracellular
ATP in conditioned media from mono-cultured RasV12 cells was much higher than
that from mono-cultured normal cells (Figure 3C). ATP can be released from the
cytosol to extracellular space through multiple ATP-permeable channels: volume-
regulated anion channels (VRACSs), maxi-anion channels (MACs), connexin, and
pannexin hemichannels.*** The addition of Gd** (MACs inhibitor) or 5-Nitro-2-(3-
phenylpropylamino) benzoic acid (NPPB) (inhibitor for both VRACs and MACs)
reduced the extracellular ATP level in a conditioned medium from RasV12 cells
(Figure S4A). In contrast, carbenoxolone (CBX) (inhibitor for both connexins and
pannexins) did not affect the extracellular ATP level (Figure S4A). In addition, either
Gd** or NPPB treatment significantly suppressed the ROS level and apical extrusion
under the co-culture condition (Figures S4B-S4D). We next examined the effect of
exogenously added ATP in a conditioned medium. The exogenous ATP treatment
increased the ROS level in normal cells, but not that in NOX2-knockdown normal
cells or in RasV12 cells (Figure S4E). In addition, the ATP treatment enhanced apical
extrusion of RasV12 cells (Figure S4F). In contrast, exogenous ATP did not induce
apical extrusion of GFP cells (Figure S4F), suggesting that the activation of the
extracellular ATP pathway alone is not sufficient to cause apical extrusion.
Collectively, these results suggest that extracellular ATP released from RasV12 cells
through MAC:s stimulates the production of ROS in normal cells via NOX2, which

facilitates apical extrusion.
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We then analyzed the expression level of purinergic P2X and P2Y receptors in
normal or RasV12 cells by quantitative real-time PCR. The expression level of most
of the P2 purinergic receptors was lower in RasV12 cells than in normal cells (Figure
S4@G), which may cause RasV12 cells being insensitive to extracellular ATP (Figure
S4E). Among the P2Y and P2X receptors detected in this analysis, P2Y 1 and P2Y?2
promote the activation of NOX2.**#7 To investigate the functional role of P2Y1 and
P2Y2, we established MDCK cells stably expressing P2Y 1- or P2Y2-shRNA (Figure
S4H). Knockdown of either P2Y1 or P2Y2 in normal cells suppressed the ROS level
in both normal and RasV12-transformed cells under the mix culture condition and
attenuated the frequency of apical extrusion of RasV12 cells (Figures 3D, 3E, S4I,
and S4J). Conversely, knockdown of NOX2 did not significantly affect the expression
level of P2Y1 or P2Y2 (Figure S4G). These data suggest that extracellular ATP
promotes ROS production and apical extrusion by activating P2Y1 and P2Y?2

receptors in the surrounding normal cells.

Extracellular ATP and ROS pathways positively regulate apical extrusion of
RasV12-transformed cells in mouse intestinal epithelia

To examine the functional role of the extracellular ATP and ROS pathways in cell
extrusion ex vivo and in vivo, we used cell competition model mouse systems.*® We
crossed a villin-CrefR™2 mouse with an LSL-eGFP or LSL-Ras"!>-IRES-eGFP mouse
and then administrated a low dose of tamoxifen, which induced recombination events
less frequently, resulting in the expression of GFP or RasV12-GFP in a mosaic
manner within the intestinal epithelia. Using this system, we analyzed the fate of
newly emerging RasV12-transformed cells that are surrounded by normal epithelial

cells ex vivo and in vivo. First, we examined the ROS level in intestinal organoids
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harboring GFP- or RasV12-expressing cells. The ROS level was profoundly elevated
in both RasV12 and surrounding normal cells within the epithelial layer in organoids
harboring RasV12-expressing cells but not in organoids harboring GFP-expressing
cells (Figures 4A and 4B). In addition, antioxidant Trolox treatment significantly
suppressed apical extrusion of RasV12-transformed cells from intestinal epithelia ex
vivo (Figures 4C-4E). Furthermore, we examined the functional involvement of ROS
in the apical elimination of RasV12-transformed cells in vivo. 4-Hydroxinonenal (4-
HNE) is a product of lipid peroxidization, which is used as an oxidative stress marker.
The level of 4-HNE was increased in the RasV12-expressing intestinal epithelium
compared with the GFP-expressing intestine (Figure S5A). Administration of Trolox
markedly suppressed the 4-HNE level and apical extrusion of RasV12 cells (Figures
S5B-S5D). We further examined the functional role of extracellular ATP ex vivo.
Apyrase treatment profoundly decreased the ROS level in intestinal organoids
harboring RasV12-expressing cells (Figures 4F and 4G). In addition, apyrase
significantly suppressed apical extrusion of RasV12 cells (Figures 4H and 4I).
Collectively, these results indicate that extracellular ATP and ROS play a positive
role in apical extrusion of RasV12-transformed cells in mouse intestinal epithelia as

well.

Extracellular ATP promotes cell competition-mediated extrusion of Scribble-
knockdown cells

We next examined whether the extracellular ATP and ROS pathways also play a role
in another type of cell competition-mediated cell extrusion. When tumor suppressor
protein Scribble-mutant/knockdown cells are surrounded by normal cells, cell

competition occurs between these cells, and consequently Scribble-
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mutant/knockdown cells undergo apoptosis and are extruded from the monolayer of
normal epithelial cells.?!*>* When Scribble-knockdown MDCK cells were co-
cultured with normal MDCK cells, the ROS level was significantly increased in both
normal and Scribble-knockdown cells (Figures SA and 5B), and Trolox treatment
reduced the ROS levels (Figures 5C and 5D). In the co-culture of normal and RasV12
cells, knockdown of NOX2 in normal cells suppressed the ROS level (Figures 2C and
2D). In contrast, in the co-culture of normal and Scribble-knockdown cells, the ROS
level was not significantly affected by knockdown of NOX2 in normal cells (Figure
S6A), suggesting that under the co-culture of normal and Scribble-knockdown cells,
the increase of the ROS level was induced in a NOX2-independent manner. Trolox
treatment significantly suppressed the extrusion of Scribble-knockdown cells (Figure
5E), suggesting that ROS promote cell competition-mediated extrusion of Scribble-
knockdown cells. Next, we further investigated the involvement of extracellular ATP.
The amount of extracellular ATP in conditioned media from mono-cultured Scribble-
knockdown cells was higher than that from mono-cultured normal cells (Figure 5F).
Similarly to RasV12 cells, the addition of Gd** or NPPB, but not CBX, reduced the
extracellular ATP level in a conditioned medium from Scribble-knockdown cells
(Figure S6B). Moreover, knockdown of P2Y1 or P2Y2 receptor in normal cells
suppressed the ROS level and extrusion of Scribble-knockdown cells under the co-
culture condition (Figures 5G and 5H). Collectively, these results suggest that the
extracellular ATP and ROS pathways regulate both cell death-independent and -

dependent extrusion of transformed cells through cell competition.

The extracellular ATP and ROS pathways play a prevalent role in cell extrusion
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Previous studies have demonstrated that cells undergoing apoptosis are apically
extruded from the epithelial layer in vertebrates.>> To explore the involvement of the
extracellular ATP and ROS pathways in apoptotic cell extrusion, we established
MDCK cells stably expressing GFP-tagged caspase-8 in a tetracycline-inducible
manner (Figure 6A). In the co-culture of normal and caspase-8-expressing cells,
around 6 h after tetracycline addition, caspase-8-expressing cells underwent apoptosis
and were apically extruded from the epithelial monolayer (Figure 6B). At 3 h of
tetracycline treatment, membrane impermeable SYTOX-dye was not incorporated
into caspase-8-expressing cells (Figure S6C), implying that membrane integrity is still
maintained at this earlier time point. Under this condition, the extracellular ATP level
in conditioned media from caspase-8-expressing cells was higher than that from
normal cells (Figure 6C) which was diminished by treatment with apyrase or pan-
caspase inhibitor Z-VAD-FMK (Figure S6D), suggesting that ATP is released from
caspase-8-expressing cells at the early stage of apoptosis. We found that at 3 h of
tetracycline treatment, the ROS level was significantly increased in both normal and
caspase-8-expressing cells in the co-culture condition (Figures 6D and 6E). In
addition, apyrase treatment significantly suppressed the ROS level (Figures 6F and
6G). Furthermore, the ROS level was also decreased by the addition of Trolox or Z-
VAD-FMK (Figures 6H and 6I). Moreover, apyrase or Trolox treatment significantly
prolonged the extrusion time after induction of caspase-8 expression (Figure 6J).
Collectively, these data suggest that extracellular ATP and ROS also promote
apoptosis-mediated cell extrusion from the epithelial layer.

Caspase-8-expressing cells surrounded by normal cells were often fragmented
during cell extrusion, whereas single-cultured caspase-8-expressing cells were

apically extruded without fragmentation (Figures S6E and S6F; Video S1). Addition
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of apyrase or Trolox significantly attenuated the frequency of fragmentation of
caspase-8-expressing cells (Figures S6E and S6F; Videos S2 and S3). Addition of
apyrase did not substantially affect the timing or intensity of the activation of
downstream effector caspase-3 in the extruding cells (Figures S6G and S6H). These
data imply that extracellular ATP induces the fragmentation phenotype of extruding

apoptotic cells.

The extracellular ATP and ROS pathways induce directional movement of
surrounding normal cells toward extruding cells

Next, we explored the functional significance of the extracellular ATP and ROS
pathways in cell extrusion. During cell extrusion, the surrounding cells move toward
extruding cells and fill the vacant spaces within epithelial layers, but the underlying
molecular mechanism of this process remains elusive. We then analyzed the
movement of surrounding cells during apical extrusion (Figure 7A); in the following
experiments, we focused on the movement of the surrounding cells at the third row
from extruding RasV12-transformed cells or caspase-8-expressing cells. When
normal cells were co-cultured with RasV12 cells, the surrounding normal cells moved
further distances than normal cells cultured alone (Figure 7B; Video S4). Trolox
treatment or NOX2-knockdown in normal cells significantly suppressed the increased
cell motility (Figure 7B; Videos S5 and S6). In addition, in the mix culture condition,
surrounding normal cells showed polarized movement toward extruding RasV12
cells, which was suppressed by Trolox treatment or NOX2 knockdown (Figure 7C;
Videos S4-S6). We further investigated the involvement of extracellular ATP in the
polarized cell movement of surrounding cells. Apyrase treatment significantly

suppressed the motility and directional movement of surrounding cells toward
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extruding RasV12 cells (Figures 7D and 7E). Moreover, the knockdown of P2Y1 or
P2Y?2 receptor in normal cells also decreased the polarized movement of surrounding
cells (Figures 7D and 7E). Increased cell motility and directional movement of
surrounding normal cells were also observed during the extrusion of caspase-8-
expressing cells (Figures 7F and 7G). Apyrase or Trolox treatment profoundly
suppressed the directional movement of normal cells toward caspase-8-expressing
cells (Figures 7F and 7G). Collectively, these results suggest that the extracellular
ATP and ROS pathways regulate the polarized movement of the surrounding cells

within the epithelial layer during cell competition-mediated and apoptotic extrusion.
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DISCUSSION

Previous studies have revealed multiple factors that are involved in the extrusion of
aberrant or dysfunctional cells from epithelia. For cell competition-mediated cell
extrusion in Drosophila or mammals, several groups have identified membrane
proteins or soluble proteins that play a key role in the interaction between loser and
winner cells, including Flower, Toll-related receptors, SAS/PTP10D, EphA2,
SPARC, and FGF21.4-%* For apoptotic cell extrusion, sphingosine-1-phosphate (S1P)
from apoptotic cells or surrounding environments positively regulates the
delamination of apoptotic cells from the epithelial layer.?”>> However, most of these
molecules are involved in the extrusion of only certain types of cells, thus it remains
elusive whether there are common regulators that harness various types of cell
extrusion. In this study, using cell culture and mouse ex vivo model systems, we
demonstrate that extracellular ATP plays a prevalent role in cell extrusion in
mammals. The blockage of the extracellular ATP signaling pathway suppresses both
cell competition-mediated extrusion and apoptotic extrusion. ATP is actively secreted
from extruding cells, which profoundly influences the surrounding cells, thereby
facilitating cell extrusion. Hence, extracellular ATP from extruding cells transmits the
‘extrude me’ signal that promotes their extrusion from epithelial layers (Figure 7H).
Previous studies have demonstrated that injured or infected cells secrete ATP which
serves as a danger signal to recruit immune cells against tissue damage or infection.*®
58 Similarly, during the extrusion of aberrant cells from epithelial layers, extracellular
ATP might act as an alerting signal to inform the neighboring cells of the presence of
extruding cells to facilitate the extrusion process for the maintenance of epithelial

barrier functions.
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Our results suggest that Maxi-anion channel (MAC) is involved in the ATP
secretion from RasV12- or Scribble-transformed cells, thereby inducing cell
competition phenotypes, though we cannot exclude the possibility that ATP may be
also secreted through MAC from the surrounding normal cells. The molecular identity
of MAC still remains poorly understood. A recent study reported that solute carrier
organic anion transporter family member 2al (SLCO2A1) is a key component of
MAC,* though the expression of SLCO2A1 is not detected in MDCK cells (data not
shown). The function of MAC is silent at a steady status, but can be activated by
physiological or pathological stimuli such as osmotic, hypoxic, or metabolic
stresses; "% in particular, the relationship between MAC activity and swelling-
induced stress is well-documented ®'*%3. Thus, it is plausible that the membrane
stretching of extruding cells may trigger the ATP release. Indeed, morphological
changes of transformed cells accompanying membrane stretching are observed at the
early step of apical extrusion.!” The regulatory mechanisms for extracellular ATP
secretion in cell extrusion need to be further elucidated in future studies.

In this study, we have presented data indicating that ROS function downstream of
the extracellular ATP signal in the extrusion of both transformed and apoptotic cells.
First, treatment with apyrase or suramin, an inhibitor for extracellular ATP signaling,
profoundly suppresses the ROS level within an epithelial layer. Second, knockdown
of P2Y'1 or P2Y2, a receptor for extracellular ATP, also decreases the ROS level.
Third, exogenously added ATP increases intracellular ROS. Furthermore, we have
also revealed molecular mechanism of how ROS positively regulate cell extrusion.
Inhibition of the ROS pathway significantly suppresses the motility of surrounding
cells, suggesting that the increased ROS induce the directional movement of

surrounding cells toward extruding cells and promote cell extrusion by generating
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compressive forces onto extruding cells, consistent with previous studies that ROS
positively regulate polarized cell motility.>**% Moreover, knockdown of NOX2 in
the surrounding cells also affects the mitochondrial activity in extruding transformed
cells. Collectively, these data indicate that the increased ROS within the epithelial
layer profoundly influence the behavior of both extruding cells and the surrounding
cells, thereby regulating cell extrusion in an orchestrated manner. It is plausible,
however, that other downstream regulator(s) of extracellular ATP than ROS may also
play a certain role in cell extrusion.

Currently, there remain several questions to be answered. First, how do ROS
propagate across a wide range of the epithelial layer around extruding cells? Around
most of extruding cells, the CellROX fluorescence intensity is comparable between
the proximal and distant surrounding cells. Thus, diffusion of extracellular ATP alone
may not be sufficient to cause the rather homogenous ROS elevation across the
epithelial layer. In addition, an inhibitor for Gap junction or Aquaporin, which
potentially blocks intercellular diffusion of ROS, does not affect the ROS level,
suggesting that the propagation of ROS within the epithelial layer is not mediated
solely by simple diffusion of ROS. Furthermore, exosome inhibitor does not affect the
ROS level, either (Table S1). Thus, it remains unknown how ROS are propagated in
the extracellular or intercellular spaces. Second, does the increased ROS in extruding
cells play a certain role in cell extrusion? Knockdown of NOX2 in the surrounding
cells diminishes the ROS level in RasV12 cells, but knockdown of NOX2 or NOX4 in
RasV12 cells does not, suggesting that the increased ROS in RasV12 cells are derived
from the neighboring cells. To understand the significance of elevated ROS in
RasV12 cells, we have tried to establish RasV12 cell lines stably expressing a key

anti-oxidant regulator Nrf2, but failed, possibly due to the cytotoxic effect of Nrf2



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

18

overexpression. Third, is there any functional link between the extracellular ATP and
ROS pathways and other regulators for cell extrusion? Calcium wave and actomyosin
ring formation play a vital role in the execution of cell extrusion.?>% At the final step
of cell extrusion, calcium wave propagates from extruding cells across the
surrounding cells, which induces the formation of actomyosin rings around extruding
cells, thereby generating physical forces required for cell extrusion.?® As the increased
ROS within the epithelial layer are observed at the earlier time point (Figure S6l), it is
possible that the extracellular ATP and ROS pathways act upstream of calcium wave
or that extracellular ATP regulates both ROS and calcium wave in parallel. In
addition to calcium wave, ERK activity waves are also generated around RasV12-
expressing cells, which promote the extrusion process.’” The MEK inhibitor U0126
does not affect the ROS level under the mix-culture condition (Table S1), indicating
that ERK waves do not act upstream of ROS, but there remains a possibility that
secreted extracellular ATP from transformed cells may trigger ERK waves. These
issues need to be clarified in future studies.

Various types of aberrant cells can be extruded from epithelial layers, including
damaged, dysfunctional, transformed, infected, aged, and dead cells.!***%¢° Previous
studies have demonstrated that the extrusion/removal of aberrant cells is required for
proper embryonic development and also prevents ageing and tissue degeneration in
the adult.®®’%7? Thus, the dysregulation of cell extrusion processes would potentially
cause a variety of pathological conditions or disorders by accumulating abnormal or
harmful cells within epithelial tissues. Hence, the further elucidation of molecular
mechanisms for cell extrusion could lead to clinical applications for the maintenance

of tissue homeostasis and improvement of human health.
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FIGURE LEGENDS

Figure 1. Up-regulated ROS by the interaction of normal and RasV12-
transformed cells promote apical extrusion

(A and B) The intracellular ROS level in the single- or co-culture of normal and
RasV12-transformed cells. Normal MDCK cells and MDCK-pTR GFP-RasV12 cells
were cultured alone or co-cultured at a ratio of 50:1, and the intracellular ROS level
was examined by CellROX. (A) CellROX fluorescent images. (B) Quantification of
fluorescent intensity of CellROX. Values are expressed as a ratio relative to single-
cultured MDCK cells. Data are mean = SD from four independent experiments. *p <
0.05, **p < 0.01, and NS: not significant (one-way ANOVA with Tukey’s test); n =
373, 364, 234, and 585 cells.

(C and D) Effect of antioxidant Trolox on the intracellular ROS level. MDCK-pTR
GFP-RasV12 cells were co-cultured with normal MDCK cells at a ratio of 1:50 in the
absence or presence of Trolox. (C) CellROX fluorescent images. (D) Quantification
of fluorescent intensity of CellROX. Values are expressed as a ratio relative to single-
cultured MDCK cells. Data are mean + SD from three independent experiments. *p <
0.05 (one-way ANOVA with Dunnett’s test); n = 235, 260, 166, 403, 154, and 313
cells.

(E and F) Effect of antioxidant Trolox on apical extrusion of RasV12-transformed
cells. (E) The xz-immunofluorescent images of MDCK-pTR GFP-RasV12 cells
surrounded by normal MDCK cells in the absence or presence of Trolox. (F)

Quantification of apical extrusion of RasV12-transformed cells surrounded by normal
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cells. Data are mean + SD from four independent experiments. *p < 0.05 (paired two-
tailed Student’s t-test); n = 523 and 524 cells.
(A, C, and E) Scale bars, 20 pm.

See also Figure S1.

Figure 2. NOX2 in surrounding normal cells positively regulates ROS
production, thereby promoting apical extrusion of RasV12-transformed cells

(A and B) Effect of the NADPH oxidase inhibitor VAS2870 on the intracellular ROS
level in normal or RasV12-transformed cells (A) and apical extrusion of RasV12 cells
(B). (A) Quantification of fluorescent intensity of CellROX. Normal MDCK cells and
MDCK-pTR GFP-RasV12 cells were cultured alone or co-cultured at a ratio of 50:1
in the absence or presence of VAS2870, followed by CellROX analysis. Values are
expressed as a ratio relative to single-cultured MDCK cells. Data are mean + SD from
four independent experiments. *p < 0.05 (one-way ANOVA with Dunnett’s test); n =
175, 155, 156, 345, 130, and 272 cells. (B) Quantification of apical extrusion of
RasV12-transformed cells. Data are mean + SD from three independent experiments.
*p < 0.05 (paired two-tailed Student’s t-test); n = 377 and 416 cells.

(C and D) Effect of NOX2-knockdown in surrounding normal cells on the
intracellular ROS level. MDCK-pTR GFP-RasV12 cells were co-cultured with
normal MDCK cells or MDCK NOX2-shRNAT1 cells at a ratio of 1:50, followed by
CellROX analysis. (C) CellROX fluorescent images. Scale bar, 20 um. (D)
Quantification of fluorescent intensity of CellROX. Values are expressed as a ratio
relative to single-cultured MDCK cells. Data are mean + SD from five independent
experiments. *p < 0.05 (one-way ANOVA with Tukey’s test); n = 300, 302, 300, 279,

789, 236, and 547 cells.
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(E) Effect of NOX2-knockdown in surrounding normal cells on apical extrusion of
RasV12-transformed cells. Data are mean = SD from three independent experiments.
*p < 0.05 (paired two-tailed Student’s t-test); n = 324 and 299 cells.

See also Figures S2 and S3.

Figure 3. Extracellular ATP positively regulates the intracellular ROS level and
apical extrusion

(A and B) Effect of apyrase or suramin on the intracellular ROS level (A) and apical
extrusion (B). (A) Quantification of fluorescent intensity of CellROX. Normal MDCK
cells and MDCK-pTR GFP-RasV12 cells were cultured alone or co-cultured at a ratio
of 50:1 in the absence or presence of apyrase or suramin, followed by CellROX
analysis. Values are expressed as a ratio relative to single-cultured MDCK cells. Data
are mean = SD from four (right two) or five (left six) independent experiments. *p <
0.05 and **p < 0.01 (one-way ANOVA with Dunnett’s test); n = 300, 300, 328, 880,
228, 638, 206, and 556 cells. (B) Quantification of apical extrusion of RasV12-
transformed cells. Data are mean + SD from three independent experiments. *p < 0.05
(one-way ANOVA with Dunnett’s test); n = 327, 407, and 446 cells.

(C) Measurement of the extracellular ATP level in conditioned media. The
extracellular ATP level in conditioned media from normal MDCK or MDCK-pTR
GFP-RasV12 cells cultured alone was measured using CellTite-Glo 2.0 reagent. Data
are mean = SD from five independent experiments. *p < 0.05 (paired two-tailed
Student’s t-test).

(D and E) Effect of P2Y 1- or P2Y2-knockdown in surrounding normal cells on the
intracellular ROS level (D) and apical extrusion (E). (D) Quantification of fluorescent

intensity of CellROX. Normal MDCK, MDCK P2Y1-shRNA1, or MDCK P2Y2-
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shRNAT1 cells were cultured alone or co-cultured with MDCK-pTR GFP-RasV12
cells at a ratio of 50:1, followed by CellROX analysis. Values are expressed as a ratio
relative to single-cultured MDCK cells. Data are mean + SD from three independent
experiments. *p < 0.05, **p <0.01, and ***p < 0.001 (one-way ANOVA with
Dunnett’s test); n = 160, 159, 149, 162, 203, 449, 140, 288, 110, and 239 cells. (E)
Quantification of apical extrusion of RasV12-transformed cells surrounded by normal,
P2Y 1-knockdown, or P2Y2-knockdown cells. Data are mean = SD from three
independent experiments. *p < 0.05 and **p <0.01 (one-way ANOVA with Dunnett’s
test); n =332, 361, and 335 cells.

See also Figure S4.

Figure 4. Extracellular ATP and ROS promote apical elimination of RasV12-
transformed cells in mouse intestinal organoids

(A and B) The intracellular ROS level in mouse intestinal organoids harboring
RasV12-expressing cells. Intestinal organoids from villin-CrefR"2.LSL-eGFP or -LSL-
Ras"!2-1IRES-eGFP mice were treated with 100 nM tamoxifen for 24 h, followed by
CellROX analysis. (A) Fluorescent images of intestinal organoids stained with
CellROX. (B) Quantification of fluorescent intensity of CellROX. Values are
expressed as a ratio relative to control (tamoxifen non-treated organoids). Data are
mean + SD from three independent experiments. ***p < 0.001 and NS: not significant
(one-way ANOVA with Dunnett’s test); n= 122, 101, 132, 115, 90, and 136 cells.
(C-E) Effect of Trolox on apical extrusion of RasV12-expressing cells in intestinal
organoids. Intestinal organoids from villin-CreERT2.LSL-Ras"2-IRES-eGFP mice were
incubated with 100 nM tamoxifen in the absence or presence of Trolox for 24 h. (C)

Immunofluorescent images of intestinal organoids harboring RasV12-expressing
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cells. The arrowhead or arrows indicate apically extruded or extruding RasV12-
expressing cells, respectively. Ap or Ba stands for the apical or basal side of the
epithelium, respectively. (D) Classification of the phenotypes of RasV12-expressing
cells. ‘apically extruded’: completely detached from the basement membrane and
translocated into the apical side. ‘apically extruding’: with their nucleus apically
shifted, but still attached to the basement membrane. ‘not extruded’: remaining within
the epithelium. (E) Quantification of the phenotypes of RasV12-expressing cells in
intestinal organoids treated with Trolox. Data are mean + SD from three independent
experiments. *p < 0.05, **p <0.01, and ***p <0.001 (unpaired two-tailed Student’s
t-test); n = 156 (DMSO-treated organoids) or 134 (Trolox-treated organoids) cells.

(F and G) Effect of apyrase on the intracellular ROS level in intestinal organoids
harboring RasV12-expressing cells. Intestinal organoids from villin-CrefRT2-LSL -
Ras"!2-IRES-eGFP mice were incubated with 100 nM tamoxifen in the absence or
presence of apyrase for 24 h, followed by CellROX analysis. (F) Fluorescent images
of intestinal organoids stained with CellROX after apyrase treatment. (G)
Quantification of fluorescent intensity of CellROX. Values are expressed as a ratio
relative to control (non-treated with tamoxifen or apyrase). Data are mean + SD from
three independent experiments. ***p < (.01 (unpaired two-tailed Student’s t-test); n =
140, 102, 163, 73, and 123 cells.

(H and I) Effect of apyrase on apical extrusion of RasV12-transformed cells in
intestinal organoids. Intestinal organoids from villin-CrefR™2-LSL-Ras"'?-IRES-eGFP
mice were incubated with 100 nM tamoxifen in the absence or presence of apyrase for
24 h. (H) Immunofluorescent images of intestinal organoids treated with apyrase. The
arrowhead or arrows indicate apically extruded or extruding RasV12-expressing cells,

respectively. (I) Quantification of the phenotypes of RasV12-expressing cells in
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intestinal organoids treated with apyrase. Data are mean + SD from three independent
experiments. *p < 0.05 and **p <0.01 (unpaired two-tailed Student’s t-test); n= 190
(water-treated) and 171 (apyrase-treated) cells.

(A, C, F, and H) Scale bars, 20 um.

(C, F, and H) Stars in the images indicate mucin-rich autofluorescent materials in the
apical lumen.

See also Figure S5.

Figure S. Extracellular ATP and ROS promote extrusion of Scribble-knockdown
cells surrounded by normal cells

(A and B) The intracellular ROS level in single- or co-cultured normal and Scribble-
knockdown cells. Normal MDCK cells or MDCK-pTR Scribble-shRNAT1 cells were
cultured alone or co-cultured at a ratio of 10:1, followed by CellROX analysis. (A)
CellROX fluorescent images. (B) Quantification of fluorescent intensity of CellROX.
Values are expressed as a ratio relative to single-cultured MDCK cells. Data are mean
+ SD from six independent experiments. *p < 0.05 and NS: not significant (one-way
ANOVA with Tukey's test); n = 355, 350, 349, and 891 cells.

(C-E) Effect of Trolox on the intracellular ROS level (C and D) and extrusion of
Scribble-knockdown cells surrounded by normal cells (E). (C) CellROX fluorescent
images. MDCK-pTR Scribble-shRNA1 cells were co-cultured with normal MDCK
cells at a ratio of 1:10 in the absence or presence of Trolox, followed by CellROX
analysis. (D) Quantification of fluorescent intensity of CellROX. Values are
expressed as a ratio relative to single-cultured MDCK cells. Data are mean + SD from
four independent experiments. **p < 0.01 (one-way ANOVA with Dunnett’s test); n

=235, 235, 238, 556, 209, and 458 cells. (E) Quantification of the extrusion of
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Scribble-knockdown cells surrounded by normal cells after Trolox treatment. Data are
mean + SD from three independent experiments. *p < 0.05 (paired two-tailed
Student’s t-test); n =372 and 516 cells.

(F) Measurement of the extracellular ATP level in conditioned media. The
extracellular ATP level in conditioned media from normal MDCK or MDCK-pTR
Scribble-shRNAT cells cultured alone was measured using CellTite-Glo 2.0 reagent.
Data are mean = SD from four independent experiments. *p < 0.05 (paired two-tailed
Student’s t-test).

(G and H) Effect of P2Y 1- or P2Y2-knockdown in surrounding normal cells on the
intracellular ROS level (G) and the extrusion of Scribble-knockdown cells (H). (G)
Quantification of fluorescent intensity of CellROX. MDCK-pTR Scribble-shRNA1
cells were co-cultured with normal MDCK, MDCK P2Y 1-shRNA1, or MDCK P2Y2-
shRNAT cells at a ratio of 1:10, followed by CellROX analysis. Values are expressed
as a ratio relative to single-cultured MDCK cells. Data are mean + SD from six
independent experiments. **p <0.01 (one-way ANOVA with Dunnett's test); n = 360,
346, 350, 345, 433, 935, 391, 719, 352, and 754 cells. (H) Quantification of the
extrusion of Scribble-knockdown cells surrounded by normal, P2Y 1-knockdown, or
P2Y2-knockdown cells. Data are mean = SD from four independent experiments. *p
<0.05 and **p < 0.01 (one-way ANOVA with Dunnett's test); n = 502, 723, and 716
cells.

(A and C) Scale bars, 20 um.

See also Figure S6.

Figure 6. Extracellular ATP promotes apoptotic extrusion of caspase-8-

expressing cells
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(A) Establishment of a tetracycline-inducible caspase-8-expressing MDCK cell line.
Tetracycline-induced expression of GFP-caspase-8 protein and the effect on the
activation of downstream caspase-3 were analyzed by western blotting with the
indicated antibodies.

(B) Representative image of apically extruded caspase-8-expressing cells from an
epithelial layer of normal cells. MDCK-pTR GFP-caspase-8 cells were co-cultured
with normal MDCK cells at a ratio of 1:50, followed by tetracycline treatment for 6 h.
(C) Measurement of the extracellular ATP level in conditioned media. The
extracellular ATP level in conditioned media from normal MDCK or MDCK-pTR
GFP-caspase-8 cells cultured alone was measured using CellTiter-Glo 2.0 reagent.
Data are mean + SD from four independent experiments. *p < 0.05 (paired two-tailed
Student’s t-test).

(D and E) The intracellular ROS level in single- or co-cultured normal and caspase-8-
expressing cells. Normal MDCK cells and MDCK-pTR GFP-caspase-8 cells were
cultured alone or co-cultured at a ratio of 50:1, followed by CellROX analysis. (D)
CellROX fluorescent images. (E) Quantification of fluorescent intensity of CellROX.
Values are expressed as a ratio relative to single-cultured MDCK cells. Data are mean
+ SD from four independent experiments. *p < 0.05, **p < 0.01, and NS: not
significant (one-way ANOVA with Tukey's test); n = 240, 230, 157, and 456 cells.
(F-I) Effect of apyrase, Trolox, or Z-VAD-FMK on the intracellular ROS level in co-
cultured normal and caspase-8-expressing cells. Normal MDCK cells and MDCK-
pTR GFP-caspase-8 cells were cultured alone or co-cultured at a ratio of 50:1 in the
absence or presence of apyrase (F and G), Trolox, or Z-VAD-FMK (H and 1),
followed by CellROX analysis. (F and H) CellROX fluorescent images. (G and I)

Quantification of fluorescent intensity of CellROX. Values are expressed as a ratio
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relative to single-cultured MDCK cells. Data are mean + SD from four independent
experiments. *p < 0.05 and **p <0.01 (one-way ANOVA with Dunnett's test); (G) n
=240, 230, 151, 401, 155, and 385 cells. (I) n =230, 220, 149, 394, 161, 347, 169,
and 368 cells.

(J) Effect of apyrase or Trolox on extrusion time of caspase-8-expressing cells.
MDCK-pTR GFP-caspase-8 cells were co-cultured with normal MDCK cells at a
ratio of 1:50 in the absence or presence of apyrase or Trolox. Red bars indicate
median values. ***p <0.001 (Mann-Whitney test); n= 87, 89, 72, and 87 cells from
two independent experiments.

(B, D, F, and H) Scale bars, 20 um.

See also Figure S6.

Figure 7. Extracellular ATP and ROS promote directional movement of
surrounding normal cells toward extruding cells

(A) Analysis of distance and direction of cell migration. The schematic diagram for
the directional movement of surrounding cells toward extruding cells. The yellow
arrow denotes the movement of a surrounding cell. Angle (8) is measured between
two lines: a solid line linking the centroids of a surrounding cell at the start and end of
the observation (t0 and t1) and a dashed line linking the centroid of a surrounding and
extruding cell at t0. Arrow length and angle indicate the distance and direction of the
cell movement, respectively.

(B and C) Effect of Trolox or NOX2-knockdown on the migration of normal cells
surrounding RasV12-transformed cell. Normal MDCK cells or MDCK NOX2-
shRNAT cells were cultured alone or co-cultured with MDCK-pTR GFP-RasV12

cells at a ratio of 50:1 in the absence or presence of Trolox. (B) Total distance of
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migration of normal cells or NOX2-knockdown cells for 6 h. Data are mean + SD
from three independent experiments. *p < 0.05 (one-way ANOVA with Dunnett’s
test); n = 90 cells for all conditions. (C) Analysis of directional movement of normal
cells or NOX2-knockdown cells toward RasV12-transformed cells. Data are mean +
SD from three independent experiments. *p < 0.05 (one-way ANOVA with Dunnett’s
test); n = 90 cells for all conditions.

(D and E) Effect of inhibition of extracellular ATP signaling on the migration of
normal cells toward RasV12-transformed cell. Normal MDCK, MDCK P2Y1-
shRNA1, or MDCK P2Y2-shRNAI cells were cultured alone or co-cultured with
MDCK-pTR GFP-RasV12 cells at a ratio of 50:1 in the absence or presence of
apyrase. (D) The total distance of cell migration of normal cells, P2Y 1-knockdown, or
P2Y2-knockdown cells for 6 h. Data are mean + SD from three independent
experiments. ***p <0.001 (one-way ANOVA with Dunnett’s test); n = 90 cells for
all conditions. (E) Analysis of directional movement of normal cells, P2Y1-
knockdown, or P2Y2-knockdown cells toward RasV12-transformed cells. Data are
mean + SD from three independent experiments. *p < 0.05 (one-way ANOVA with
Dunnett’s test); n = 90 cells for all conditions.

(F and G) Effect of inhibition of the extracellular ATP and ROS pathways on the
migration of normal cells toward caspase-8-expressing cells. Normal MDCK cells
were cultured alone or co-cultured with MDCK-pTR GFP-caspase-8 cells at a ratio of
50:1 in the absence or presence of apyrase or Trolox. (F) Total distance of migration
of normal cells for 2 h. Data are mean + SD from three independent experiments. *p <
0.05 (one-way ANOVA with Tukey’s test); n = 90 cells for all conditions. (G)
Analysis of directional movement of normal cells toward caspase-8-expressing cells

in the absence or presence of apyrase or Trolox. Data are mean + SD from three
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independent experiments. *p < 0.05 and ***p < (0.001 (unpaired two-tailed Student’s
t-test); n = 90 cells for all conditions.
(H) A schematic model of cell extrusion induced by extracellular ATP and ROS

pathways.
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STAR METHODS

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and

will be fulfilled by the lead contact, Yasuyuki Fujita (fujita@monc.med.kyoto-

u.ac.jp).

Materials availability
Plasmids or cell lines generated in this study will be made available on request, but
we may require payment and/or a completed Materials Transfer Agreement if there is

potential for commercial application.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request.
This paper does not report the original code.
Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line
MDCK (Madin-Darby canine kidney) cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Sigma-
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Aldrich), 1% penicillin/streptomycin (Life Technologies), and 1% GlutaMax (Life
Technologies) in a humidified 5% CO2 incubator at 37°C. The parental MDCK cells
were a gift from W. Birchmeier (MDC, Berlin). Mycoplasma contamination was

regularly tested for all cell lines using MycoAlert Mycoplasma Detection kit (Lonza).

Animal model

All animal experiments were conducted under the guidelines of the Animal Care
Committee of Kyoto University. The animal protocols were reviewed and approved
by the Animal Research Committee of Graduate School of Medicine, Kyoto
University (MedKy021059). 6-12-week old villin/Cre®RT; LoxP-STOP-LoxP
(LSL)/HRas"'?-IRES-eGFP (a C57BL/6 genetic background) and villin/CrefRT;
LSL/eGFP mice (a C57BL/6 genetic background) of either sex were used in this
study. All mice were bred and/or maintained under a 14 h light /10 h dark cycle with
food and water available at all times at the Institute of Laboratory Animals, Graduate

School of Medicine, Kyoto University.

METHOD DETAILS

Antibodies and materials

Rabbit anti-Cleaved Caspase-3 (Aspl75) (#9661) antibody was purchased from Cell
Signaling Technology. Mouse anti-B-actin (MAB1501R clone C4) and mouse anti-
GFP (#11814460001) (used for western blotting) antibodies were from Merck
Millipore. Chicken anti-GFP (ab13970) (used for immunohistochemistry) and rabbit
anti-4-hydroxynonenal (ab46545) antibodies were from Abcam. Rat anti-E-cadherin

(131900) antibody was from Life Technologies. Horseradish peroxidase-conjugated
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AffiniPure anti-mouse and anti-rabbit IgG were from Jackson ImmunoResearch.
Alexa-Fluor-568-conjugated phalloidin (Life Technologies) was used at 1.0 unit/mL.
Alexa-Fluor-488-, -568-, and -647-conjugated secondary antibodies were from Life
Technologies. Hoechst 33342 (Life Technologies) was used at a dilution of 1:5,000.
The inhibitors Z-VAD-FMK (100 uM), CK666 (100 uM), (S)-(-)-blebbistatin

(30 uM), LY294002 (10 uM), Y27632 (20 uM), and SMIFH2 (25 uM) were from
Calbiochem. CCCP (5 uM), ibuprofen (10 uM), a-Glycyrrhetinic acid (a-GA; 50
uM), silver nitrate (50 uM), apyrase (1 unit/mL), carbenoxolone disodium salt (50
uM), VAS2870 (1 uM), BAPTA-AM (25 uM), 5-Nitro-2-(3-
phenylpropylamino)benzoic acid (NPPB; 50 uM), Gadolinium (III) chloride
hexahydrate (10 uM), GW4869 (20 uM), and nocodazole (200 pg/mL) were from
Sigma-Aldrich. Trolox (1 mM) and H-89 dihydrochloride (20 uM) were from
Cayman Chemical. BAY 117082 (1 uM), suramin sodium (10 uM), and ML141 (20
uM) were from Santa Cruz Biotechnology. U0126 (10 uM) was from Promega.
GsMTx (10 uM) was from PEPTIDE INSTITUTE. ATP disodium salt hydrate (1
mM) was from Sigma-Aldrich. Type I collagen (Cellmatrix® Type I-A and
Cellmatrix® Type I-P) was obtained from Nitta Gelatin and was neutralized on ice
according to the manufacturer’s instructions. The SiR-actin Kit (far-red silicon
rhodamine (SiR)-actin fluorescence probe) was obtained from SPIROCHROME to

stain F-actin and was used according to the manufacturer’s instructions.

Establishment of cell lines and cell culture
MDCK cells stably expressing GFP (MDCK-pTR GFP), GFP-RasV12 (MDCK-pTR

GFP-RasV12), GFP-cSrcY527F (MDCK-pTR GFP-SrcY527F), or Scribble-short
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hairpin RNA (shRNA) (MDCK-pTR Scribble-shRNA1) in a tetracycline-inducible
manner were established and cultured as previously described.!*?!"*> To establish
MDCK-pTR GFP-caspase-8 cells, MDCK-pTR cells were transfected with
pcDNA4/TO/eGFP-human-caspase-8 by nucleofection using Nucleofector 2b
(Lonza), followed by selection in the medium containing 5 pg/mL of blasticidin
(Invitrogen) and 400 pg/mL of zeocin (Invitrogen). To establish MDCK cells stably
expressing NOX2-shRNA, P2Y 1-shRNA, P2Y2-shRNA, or luciferase-shRNA as well
as MDCK-pTR GFP-RasV12 cells stably expressing NOX2-shRNA or NOX4-
shRNA, each shRNA oligonucleotide was cloned into Bglll/Xhol sites of
pSUPER.neo (Oligoengine). Sequences of shRNA oligonucleotides are shown in
Table S2. MDCK cells were transfected with pPSUPER.neo-NOX2-shRNA, -P2Y1-
shRNA, -P2Y2-shRNA, or -luciferase-shRNA by nucleofection, followed by
selection in the medium containing 800 png/mL of Geneticin (G418; Gibco). MDCK-
pTR GFP-RasV12 cells were transfected with pPSUPER.neo-NOX2-shRNA or -
NOX4-shRNA by nucleofection, followed by selection in the medium containing 5
ng/mL of blasticidin, 400 pug/mL of zeocin, and 800 png/mL of G418. For tetracycline-
inducible MDCK cell lines, 2 pg/mL of tetracycline (Sigma-Aldrich) was used to

induce the expression of proteins or shRNAs.

Immunofluorescence and western blotting

For immunofluorescence analysis, MDCK, MDCK NOX2-shRNA, MDCK P2Y1-
shRNA, MDCK P2Y2-shRNA, or MDCK luciferase-shRNA cells were mixed with
MDCK-pTR GFP-RasV12, MDCK-pTR GFP-cSrcY527F, or MDCK-pTR GFP-
caspase-8 cells at a ratio of 50:1 and plated onto collagen-coated coverslips as

previously described.!” The mixture of cells was incubated for 8-12 h, followed by
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tetracycline treatment for 24 h, except for the analysis of extrusion of SrcY527F-
transformed cells or caspase-8-expressing cells, in which cells were examined at 18 h
or 6 h after tetracycline treatment, respectively. The indicated inhibitor was added
together with tetracycline. After incubation with tetracycline, cells were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and permeabilized
as previously described.'® For immunofluorescence using intestinal organoids, cells
grown in matrigels were incubated with Cell Recovery Solution (Corning) for 8 min
before fixation with 4% PFA. After fixation, cells were permeabilized in 0.5% Triton
X-100/PBS for 1 h and incubated with 1% bovine serum albumin (BSA)/PBS for 1 h.
For immunohistochemical analysis of the small intestine, mice were perfused with 1%
PFA. The isolated tissues were fixed with 1% PFA in PBS for 24 h and embedded in
FSC 22 Clear Frozen Section Compound (Leica Biosystems). 10-mm-thick frozen
sections were cut using Leica CM3050S cryostat (Leica Biosystems). The sections
were incubated with 1 x Block-Ace (DS Pharma Biomedical) and 0.1% Triton X-100
in PBS for 1 h, followed by incubation with primary or secondary antibody diluted in
PBS containing 0.1 x Block-Ace and 0.1% TritonX-100 for 2 h or 1 h respectively at
room temperature. All primary antibodies were used at 1:100 except for mouse
intestinal tissues: anti-GFP (1:1,000), anti-E-cadherin (1:2,000), and anti-4-
hydroxynonenal (1:100) antibodies. All secondary antibodies were used at 1:200 for
cultured cells and 1:1,000 for mouse intestinal tissues, respectively.
Immunofluorescence images were analyzed with Olympus FV1000 or FV1200 using
the Olympus FV10-ASW software. Images were quantified with the MetaMorph
software (Molecular Devices) and the Image J software. To monitor the intracellular
ROS level in cultured cells, MDCK-pTR GFP, MDCK-pTR GFP-RasV12, MDCK-

pTR GFP-cSrcY527F, MDCK-pTR Scribble-shRNA1, or MDCK-pTR GFP-caspase-
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8 cells were mixed with non-transformed MDCK cells and plated on collagen-coated
35-mm glass-bottom dishes and cultured for 8-12 h, followed by addition of
tetracycline. Inhibitors were added together with tetracycline. For the inhibition of
apoptosis, cells were treated with Z-VAD-FMK for 2 h before tetracycline addition.
At 3 h (for caspase-8 cells), 12 h (for SrcY527F cells), 16 h (for RasV12 cells and
GFP cells), or 36 h (for Scribble-knockdown cells) after tetracycline addition, cells
were incubated with 5 uM CellROX (Invitrogen) for 30 min according to the
manufacturer’s instructions. After labeling, images of twelve randomly selected fields
(2,048 x 2,048 pixels) were captured using a phase-contrast microscope. To monitor
the mitochondrial membrane potential, cells were loaded with 50 nM TMRM
(Thermo Fisher Scientific) for 30 min and observed as previously described.*® For
Figure S6C, to monitor the membrane integrity of cultured cells, 1.0 x 105 MDCK
cells or MDCK-pTR GFP-caspase-8 cells were seeded on collagen-coated 35-mm
glass-bottom dishes and cultured for 8-12 h, followed by the treatment of tetracycline
for 3 or 6 h. Cells were then incubated with 0.5 uM SYTOX Orange Nucleic Acid
Stain (Thermo Fisher Scientific) for 10 min, and images were captured as described
above. Western blotting was performed as previously described.”* Primary and
secondary antibodies were used at 1:1,000. Western blotting data were analyzed using

ImageQuant™ LAS4010 (GE healthcare).

Time-lapse observation of cultured cells

For live-cell imaging, cells were incubated in the Leibovitz’s L-15 medium (Gibco)
containing 10% FBS. Time-lapse images were captured and analyzed by Nikon
confocal microscopy (A1 HD25) with the NIS-Elements software (Nikon). Acquired

data were analyzed by the Image J software. For the analysis of the cell movement
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around RasV12 cells, 5.0 x 10° MDCK, MDCK NOX2-shRNA1, MDCK P2Y-
shRNAT1, or MDCK P2Y2-shRNAI1 cells were co-cultured with MDCK-pTR GFP-
RasV12 cells at a ratio of 50:1 on the collagen-coated 35-mm glass-bottom dishes for
6 h. Cells were then cultured in the medium containing the far-red silicon rhodamine
(SiR)-actin fluorescence probes for 24 h until time-lapse observation started.
Tetracycline was added to the medium 8 h before the start of time-lapse imaging.
Time-lapse imaging was performed for 6 h to examine the cell movement. For the
analysis of the effect of Trolox or apyrase on the cell movement, the inhibitor was
added together with tetracycline. Cell movement was measured by tracking the
centroids of surrounding cells every hour, and the cumulative distance for 6 h was
shown as total distance of cell migration. The angle of directional movement of
surrounding cells was calculated based on centroids of RasV12-transformed cells and
surrounding cells as demonstrated in Figure 7A. For the analysis of apoptotic cell
extrusion, 8.0 x 10* MDCK cells were co-cultured with MDCK-pTR GFP-caspase-8
cells at a ratio of 50:1 on the collagen-coated 8-well glass-bottom plates (Thermo
Fisher Scientific) for 8-16 h. The indicated inhibitor and tetracycline were then added
together to the medium. After 2 h of the inhibitor and tetracycline addition, apoptotic
cell extrusion was analyzed by time-lapse imaging for 24 h. For analyses of the
extrusion time of caspase-8-expressing cells, the time zero was defined as the time
when the GFP intensity exceeded 1.1 times as the background fluorescence intensity.
Fragmentation of caspase-8-expressing cells upon extrusion was determined using
bright-field images of time-lapse observation. For the analysis of the cell movement
around caspase-8-expressing cells, surrounding cells were analyzed for 2 h until
membrane blebbing was observed in caspase-8-expressing cells. For the analysis of

extrusion of Scribble-knockdown cells, 4.0 x 10° MDCK, MDCK P2Y1-shRNA1, or
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MDCK P2Y2-shRNAI1 cells were co-cultured with MDCK-pTR Scribble-shRNA1
cells at a ratio of 10:1 on the collagen-coated 35-mm glass-bottom dishes for 8 h.
Cells were then treated with tetracycline for 36 h. After 36 h of tetracycline treatment,
time-lapse analysis was performed for 24 h. For the analysis of the effect of Trolox on
the extrusion of Scribble-knockdown cells, Trolox was added into culture media after
24 h of tetracycline treatment. Extrusion of Scribble-knockdown cells was determined
by the obvious morphological change using bright-field images. To monitor the
activity of caspase-3 in cultured cells in live imaging, MDCK cells were co-cultured
with MDCK-pTR GFP-caspase-8 cells at a ratio of 50:1 on the collagen-coated 8-well
glass-bottom dishes for 8-16 h. Nucview 530 Caspase-3 substrate (2 uM) (Biotium)
was then added together with tetracycline and apyrase. After 2 h of the treatment, the

activity of caspase-3 was analyzed by time-lapse imaging for 24 h.

Quantitative real-time PCR

For quantitative real-time PCR, the indicated cells were seeded at a density of 1x10°
cells on a 6-well plate (Corning). After incubation with tetracycline for 16 h, total
RNA was extracted using TRIzol (Thermo Fisher Scientific) and reverse transcribed
using QuantiTect Reverse Transcription (Qiagen). qPCR reactions were performed
with GeneAce SYBR qPCR Mix (NIPPON GENE) using the StepOne system
(Thermo Fisher Scientific). For the analysis of the PDK4 expression in RasV12-
transformed cells, 2 x10” MDCK or MDCK NOX2-shRNA1 cells were mixed with
MDCK-pTR GFP-RasV12 cells at a ratio of 10:1 and seeded on collagen-coated 15-
cm dishes (Greiner-Bio-One) as previously described.*® After incubation with
tetracycline for 16 h, GFP-positive RasV12 cells and GFP-negative MDCK cells were

separated using an analytical flow cytometer (SH800S, SONY). Relative
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quantification analysis was performed with the comparative CT method (2"24¢T) using

/-actin as a reference gene to normalize data. The primer sequences are shown in

Table S2.

Measurement of the extracellular ATP level

For the measurement of the extracellular ATP level in conditioned media of cultured
cells, 1.0 x 10° MDCK cells, MDCK-pTR GFP-RasV12 cells, or MDCK-pTR GFP-
caspase-8 cells were seeded on collagen-coated 35-mm dish (Greiner) and incubated
for 12 h. Culture media were then changed to FBS-free DMEM containing
tetracycline and the indicated inhibitor, followed by the measurement after 3 h (for
MDCK-pTR GFP-caspase-8) or 16 h (for MDCK-pTR GFP-RasV12). For Scribble-
knockdown cells, 4.0 x 10> MDCK-pTR Scribble-shRNA1 cells were seeded and
treated as described above except that following 12 h incubation after seeding, cells
were treated with tetracycline for 24 h, and culture media were changed to FBS-free
DMEM containing tetracycline and the indicated inhibitor, followed by the
measurement after 12 h. For the effect of Z-VAD-FMK, caspase-8-expressing cells
were pretreated with Z-VAD-FMK for 2 h prior to tetracycline addition. Collected
conditioned media were centrifuged at 111 x g for 5 min at 4°C, and 100 pL of
supernatant were transferred into a white opaque 96-well plate (Thermo Fisher
Scientific). After 100 uL of CellTiter-Glo 2.0 reagent (Promega) was added into the
96-well plate, the plate was horizontally shaken for 2 min and incubated for 10 min at
room temperature. After the incubation, the luminescence was measured using
Varioskan Flash (Thermo Fisher Scientific). The calibration of luminescence to ATP

concentration was performed using ATP standard solutions of known concentration.
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Mice

Villin-Cre®R™ mice were crossed with CAG-loxP-STOP-loxP (LSL)-eGFP mice or
DNMT1-CAG-LSL-HRas"!2-IRES-eGFP mice to generate Villin-CreERT2-LSL-eGFP
(villin-GFP) mice or -LSL-HRas"'?>-IRES-eGFP (villin-RasV12-GFP) mice,
respectively.®® 6-12-week old C57BL/6 mice of either sex were used. For PCR
genotyping of mice, primer sequences were as follow; Villin-CreERT2: 5°-
CAAGCCTGGCTCGACGGCC-3’ and 5’-CGCGAACATCTTCAGGTTCT-3,
DNMT1-CAG-loxP-STOP-loxP-HRasV12-IRES-eGFP: 5°-
CACTGTGGAATCTCGGCAGG-3’ and 5’-GCAATATGGTGGAAAATAAC-3’,
and CAG-loxP-STOP-loxP-eGFP: 5’-CAGTCAGTTGCTCAATGTACC-3’ and 5°-
ACTGGTGAAACTCACCCA-3". Villin-RasV12-GFP or villin-GFP mice were given
a single intraperitoneal injection of 1 or 0.5 mg of tamoxifen, respectively, in corn oil
(Sigma) per 20 g of body weight, and mice were then sacrificed at 3 days after Cre
activation. To examine the effect of Trolox on oxidative stress in intestinal epithelia,
villin-RasV12-GFP mice were first administrated with 50 mg/kg of Trolox (Sigma-
Aldrich) in corn oil by intraperitoneal injection at days 0 and 2. Subsequently, the
mice were injected intraperitoneally with 1.0 mg of tamoxifen at day 3. After 24 h of
tamoxifen injection, the mice were intraperitoneally administrated with 50 mg/kg of
Trolox at days 4 and 5 and then sacrificed at day 6. To culture intestinal organoids,
isolated crypts from the mouse small intestine were entrapped in matrigel (Corning)
and plated in a non-coated 35-mm glass-bottom dish as previously described.® The
crypts embedded in matrigel were covered with cultured media (Advanced
DMEM/F12, Gibco) supplemented with N2 (Invitrogen), B27 (Invitrogen), 50 ng/mL
EGF (PeproTech), 100 ng/mL Noggin (PeproTech), 1.25 mM N-acetylcysteine

(NAC) (Sigma-Aldrich), and the R-spondin conditioned medium collected from
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293T-HA-Rspol-Fc cells provided by Dr. Calvin Kuo (Stanford University). After
96 h culture, organoids were incubated in the culture media without B27 and NAC
and treated with 100 nM tamoxifen (Sigma) for 24 h to induce transgenes.
Subsequently, tamoxifen was washed out, and organoids were incubated with
CellROX for 1 h or fixed with 4% PFA. To examine the effect of Trolox or Apyrase
ex Vivo, organoids were incubated in the culture medium without B27 and NAC and

were treated with 100 nM tamoxifen in the absence or presence of Trolox or apyrase

for 24 h.

QUANTIFICATION AND STATICAL ANALYSIS

Statistics analysis

To compare the difference between two groups, unpaired or paired two-tailed
Student’s t-tests were conducted. For multiple comparisons, one-way ANOVA with
Dunnett's test or Tukey’s test was performed. Mann-Whitney test was conducted in
Figures 6J and S6H. P-values less than 0.05 were considered to be significant. No

statistical method was used to predetermine sample size.
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Video S1. Apoptotic cell extrusion of caspase-8-expressing cells surrounded by
normal cells, related to Figure 6

Figure S6H (left) shows a cropped image from this movie. Normal MDCK cells were
co-cultured with MDCK-pTR GFP-caspase-8 cells at a ratio of 50:1. Images were

captured at 5S-min intervals. Scale bar, 20 pm.

Video S2. Effect of apyrase on apoptotic extrusion of caspase-8-expressing cells
surrounded by normal cells, related to Figure 6

Figure S6H (right) shows a cropped image from this movie. Normal MDCK cells
were co-cultured with MDCK-pTR GFP-caspase-8 cells at a ratio of 50:1 in the

presence of apyrase. Images were captured at 5-min intervals. Scale bar, 20 pm.

Video S3. Effect of Trolox on apoptotic cell extrusion of caspase-8-expressing
cells surrounded by normal cells, related to Figure 6

Normal MDCK cells were co-cultured with MDCK-pTR GFP-caspase-8 cells at a
ratio of 50:1 in the presence of Trolox. Images were captured at 5-min intervals. Scale

bar, 20 pum.

Video S4. Directional movement of surrounding cells toward RasV12-
transformed cells, related to Figure 7

Normal MDCK cells were co-cultured with MDCK-pTR GFP-RasV12 cells at a ratio
of 50:1, followed by the treatment with tetracycline for 8 h, and then cell movement
of surrounding cells was observed by time-lapse imaging for 6 h. The trajectories of
the centroid of surrounding cells are shown as colored lines. Images were captured at

15-min intervals. Scale bar, 20 um.
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Video SS. Effect of Trolox on the directional movement of surrounding cells
toward RasV12-transformed cells, related to Figure 7

Normal MDCK cells were co-cultured with MDCK-pTR GFP-RasV12 cells at a ratio
of 50:1, followed by the treatment with tetracycline and Trolox for 8 h, and then cell
movement of surrounding cells was observed by time-lapse imaging for 6 h. The
trajectories of the centroid of surrounding cells are shown as colored lines. Images

were captured at 15-min intervals. Scale bar, 20 um.

Video S6. Effect of NOX2-knockdown on the directional movement of
surrounding cells toward RasV12-transformed cells, related to Figure 7

MDCK NOX2-shRNAT cells were co-cultured with MDCK-pTR GFP-RasV12 cells
at a ratio of 50:1, followed by tetracycline treatment for 8 h, and then cell movement
of surrounding cells was observed by time-lapse imaging for 6 h. The trajectories of
the centroid of surrounding cells are shown as colored lines. Images were captured at

15-min intervals. Scale bar, 20 um.
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Figure S1. ROS promote apical extrusion of SrcY527F-transformed cells from the
epithelial layer, related to Figure 1

(A) The intracellular ROS level in the single- or co-cultured normal and RasV12-
transformed cells. Normal MDCK cells and MDCK-pTR GFP-RasV12 cells were
cultured alone or co-cultured at a ratio of 50:1, followed by the treatment with
tetracycline for 8, 10, 12, or 24 h, and the intracellular ROS level was examined by
CellROX. Values are expressed as a ratio relative to single-cultured MDCK cells at
each time point. Data are mean + SD from three independent experiments. *p < 0.05
and NS: not significant (paired two-tailed Student’s t-test); n = 180, 180, 117, 293, 180,
180, 180, 310, 180, 180, 156, 352, 180, 180, 121, and 341 cells.

(B) Intracellular ROS level in the single- or co-cultured normal and RasV12-
transformed cells at various mixing ratios. Normal MDCK cells and MDCK-pTR GFP-
RasV12 cells were cultured alone or co-cultured at a ratio of 1:1, 10:1, 50:1, 100:1, or
2,000:1, followed by the treatment with tetracycline for 16 h, and the intracellular ROS
level was examined by CellROX.

(C) Quantification of fluorescent intensity of CellROX in the surrounding normal cells
within 160 pm from RasV12-transformed cells. MDCK cells were cultured alone or co-
cultured with MDCK-pTR GFP-RasV12 cells at a ratio of 2,000:1, followed by
CellROX analysis. For MDCK cells cultured alone, CellROX fluorescent intensity was
measured within 160 pm from randomly selected cells. Values are expressed as a ratio
relative to MDCK cells alone at 0 um. Three representative results are shown for cells
that show evenly distributed (left) or gradually decreased CellROX intensity around

RasV12 cells (right).



(D and E) The intracellular ROS level in single- or co-cultured normal and GFP-
expressing cells. Normal MDCK and MDCK-pTR GFP cells were cultured alone or co-
cultured at a ratio of 50:1, followed by CellROX analysis. (D) CellROX fluorescent
images. (E) Quantification of fluorescent intensity of CellROX. Values are expressed as
a ratio relative to single-cultured MDCK cells. Data are mean + SD from three
independent experiments. NS: not significant (one-way ANOVA with Tukey's test); n =
166, 166, 162, and 126 cells.

(F and G) The intracellular ROS level in single- or co-cultured normal and SrcY527F-
transformed cells. Normal MDCK cells and MDCK-pTR GFP-SrcY527F cells were
cultured alone or co-cultured at a ratio of 50:1, followed by CellROX analysis. (F)
CellROX fluorescent images. (G) Quantification of fluorescent intensity of CellROX.
Values are expressed as a ratio relative to single-cultured MDCK cells. Data are mean +
SD from four independent experiments. *p < 0.05, ** p<0.01, and NS: not significant
(one-way ANOVA with Tukey's test); n = 240, 240, 130, and 360 cells.

(H) Effect of Trolox on apical extrusion of SrcY527F-transformed cells surrounded by
normal cells. Data are mean = SD from three independent experiments. *p < 0.05
(paired two-tailed Student’s t-test); n = 292 and 293 cells.

(B, D, and F) Scale bars, 20 um.
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Figure S2. NOX2 in surrounding normal cells promotes apical extrusion of
RasV12-transformed cells, related to Figure 2

(A) Quantitative real-time PCR analysis of NADPH oxidases in normal cells or
RasV12-transformed cells cultured alone. Values are expressed as a ratio relative to
NOX2 expression in MDCK cells. Data are mean + SD from four independent
experiments. ND: not detected.

(B) Effect of NOX2-shRNA expression on the NOX2 mRNA level in MDCK cells.
Values are expressed as a ratio relative to parental MDCK cells. Data are mean + SD
from three independent experiments.

(C and D) Effect of NOX2-knockdown in surrounding cells on the intracellular ROS
level (C) and apical extrusion (D). (C) Quantification of fluorescent intensity of
CellROX. MDCK-pTR GFP-RasV12 cells were cultured alone or co-cultured with
normal MDCK or MDCK NOX2-shRNA2 cells at a ratio of 1:50, followed by
CellROX analysis. Values are expressed as a ratio relative to single-cultured MDCK
cells. Data are mean + SD from four independent experiments. *p < 0.05 and **p < 0.01
(one-way ANOVA with Dunnett's test); n = 240, 240, 240, 266, 638, 190, and 448 cells.
(D) Effect of NOX2-knockdown in surrounding cells on apical extrusion of RasV12-
transformed cells. Data are mean + SD from three independent experiments. **p < 0.01
and NS: not significant (one-way ANOVA with Dunnett's test); n = 362, 324, and 409
cells.

(E) Effect of NOX2-shRNA or NOX4-shRNA expression on the NOX2 or NOX4
mRNA level in MDCK-pTR GFP-RasV12 cells respectively. Data are mean + SD from
three (for NOX4) or four (for NOX2) independent experiments. *p < 0.05 (paired two-

tailed Student's t-test).



(F) Effect of NOX2-knockdown or NOX4-knockdown in RasV12-transformed cells on
the intracellular ROS level. MDCK-pTR GFP-RasV12, MDCK-pTR GFP-RasV12
NOX2-shRNAT1, or MDCK-pTR GFP-RasV12 NOX4-shRNAT cells were cultured
alone or co-cultured with normal MDCK cells at a ratio of 1:50, followed by CellROX
analysis. Values are expressed as a ratio relative to single-cultured MDCK cells. Data
are mean = SD from two independent experiments; n = 120, 120, 120, 120, 94, 262, 94,

199, 70, and 100 cells.
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Figure S3. ROS induce the decreased mitochondrial membrane potential in
RasV12-transformed cells surrounded by normal cells, related to Figure 2

(A) Effect of NOX2-knockdown in surrounding cells on the PDK4 mRNA level in
RasV12-transformed cells. MDCK-pTR GFP-RasV12 cells were cultured alone or co-
cultured with normal MDCK or MDCK NOX2-shRNA cells at a ratio of 1:10. GFP-
positive RasV12 cells were selectively collected by FACS sorting and subjected to
qPCR analysis. Values are expressed as a ratio relative to RasV12 cells cultured alone.
Data are mean + SD from three independent experiments. *p < 0.05 and NS: not
significant (one-way ANOVA with Dunnett’s test).

(B and C) Effect of Trolox on the TMRM incorporation in RasV12-transformed cells
surrounded by normal cells. MDCK-pTR GFP-RasV12 cells were cultured alone or co-
cultured with normal MDCK cells at a ratio of 1:50 in the absence or presence of
Trolox, followed by loading with TMRM. (B) TMRM fluorescent images. Arrowheads
indicate RasV12 cells surrounded by normal cells. (C) Quantification of fluorescent
intensity of TMRM. Values are expressed as a ratio relative to single-cultured MDCK
cells. Data are mean + SD from three independent experiments. *p < 0.05 (one-way
ANOVA with Dunnett’s test); n = 240, 240, 240, 285, and 210 cells.

(D and E) Effect of NOX2-knockdown in surrounding cells on the TMRM
incorporation in RasV12-transformed cells. MDCK-pTR GFP-RasV12 cells were co-
cultured with normal MDCK or MDCK NOX2-shRNA1 cells at a ratio of 1:50,
followed by loading with TMRM. (D) TMRM fluorescent images. Arrowheads indicate
RasV12 cells. (E) Quantification of fluorescent intensity of TMRM. Values are

expressed as a ratio relative to single-cultured MDCK cells. Data are mean + SD from



three independent experiments. *p < 0.05 (one-way ANOV A with Dunnett’s test); n =
180, 180, 199, and 353 cells.

(B and D) Scale bars, 20 pum.
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Figure S4. Extracellular ATP signal via P2Y1 or P2Y2 receptor in surrounding
cells promotes apical extrusion of RasV12-transformed cells, related to Figure 3
(A) Effect of an inhibitor for ATP release channel on the extracellular ATP level of
RasV12-transformed cells. MDCK-pTR GFP-Rasv12 cells were treated with Gd**,
apyrase, CBX, or NPPB, and the extracellular ATP level in conditioned media was
measured using CellTiter-Glo 2.0 reagent. Data are mean + SD from four (right two) or
five (left four) independent experiments. *p<0.05 and NS: not significant (paired two-
tailed Student’s t-test (right two) or one-way ANOV A with Dunnett’s test (left four)).
(B-D) Effect of Gd** or NPPB treatment on the intracellular ROS level (B and C) or
apical extrusion (D). (B and C) Quantification of fluorescent intensity of CellROX.
Normal MDCK and MDCK-pTR GFP-RasV12 cells were cultured alone or co-cultured
in the absence or presence of Gd** (B) or NPPB (C), followed by CellROX analysis.
Values are expressed as a ratio relative to single-cultured MDCK cells. Data are mean +
SD from five (B) or three (C) independent experiments. *p < 0.05 and ***p < 0.001
(one-way ANOVA with Dunnett’s test); n =299, 300, 266, 657, 217, and 473 cells (B)
or 179, 185, 139, 312, 86, and 274 cells (C). (D) Effect of Gd*" or NPPB treatment on
apical extrusion of RasV12-transformed cells. Data are mean + SD from three (Water-
or Gd**-treated cells) or four (DMSO- or NPPB-treated cells) independent experiments.
*p < 0.05 (paired two-tailed Student’s t-test); n = 355, 400, 499, and 346 cells.

(E and F) Effect of exogenous ATP treatment on the intracellular ROS level (E) or
apical extrusion (F). (E) Quantification of fluorescent intensity of CellROX. Normal
MDCK, MDCK NOX2-shRNA1, or MDCK-pTR GFP-RasV12 cells were cultured
alone in the absence or presence of exogenous ATP for 30 min, followed by CellROX

analysis. Values are expressed as a ratio relative to water-treated MDCK cells. Data are



mean + SD from three independent experiments. *p < 0.05 and NS: not significant
(paired two-tailed Student’s t-test); n = 180 cells for all conditions. (F) Quantification of
apical extrusion of RasV12 cells. MDCK-pTR GFP or MDCK-pTR GFP-RasV12 cells
were co-cultured with normal MDCK cells at a ratio of 1:50 in the absence or presence
of exogenous ATP for 24 h. Data are mean + SD from four independent experiments. *p
< 0.05 and NS: not significant (paired two-tailed Student’s t-test); n = 358, 402, 400,
and 356 cells.

(G) Quantitative real-time PCR analysis of the P2Y or P2X receptors in normal MDCK,
MDCK NOX2-shRNAT1, or MDCK-pTR GFP-RasV12 cells. Values are expressed as a
ratio relative to MDCK cells. Data are mean + SD from three independent experiments.
Note that the expression of P2Y4, P2Y6, P2Y12, P2X1, P2X3, or P2X6 was not detected
in this qPCR analysis.

(H) Effect of P2Y 1-shRNA or P2Y2-shRNA expression on the P2Y/ or P2Y2 mRNA
level in MDCK cells. Data are mean + SD from three independent experiments. *p <
0.05 (one-way ANOVA with Dunnett’s test).

(I and J) Effect of P2Y 1- or P2Y2-knockdown in surrounding cells on the intracellular
ROS level (I) or apical extrusion (J). (I) Quantification of fluorescent intensity of
CellROX. MDCK-pTR GFP-RasV12 cells were cultured alone or co-cultured with
normal MDCK, MDCK P2Y 1-shRNA2, or MDCK P2Y2-shRNA2 cells, followed by
CellROX analysis. Values are expressed as a ratio relative to single-cultured MDCK
cells. Data are mean + SD from five independent experiments. *p < 0.05 (one-way
ANOVA with Dunnett’s test); n = 300, 300, 300, 300, 217, 427, 234, 460, 180, and 325
cells. (J) Effect of P2Y 1- or P2Y2-knockdown in surrounding cells on apical extrusion

of RasV12-transformed cells. Data are mean + SD from four independent experiments.



*p < 0.05 and NS: not significant (one-way ANOVA with Dunnett’s test); n = 424, 525,

528, and 550 cells.
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Figure S5. Oxidative stress promotes apical extrusion of RasV12-transformed cells
from mouse intestinal epithelia, related to Figure 4

(A and B) Immunofluorescent analysis for 4-HNE in intestinal epithelia from villin-
CrefRT2-LSL-eGFP or -LSL-Ras"">-IRES-eGFP mice at 3 days after tamoxifen
administration with or without Trolox treatment. The arrows indicate apically extruded
or extruding RasV12-expressing cells.

(C) Classification of the phenotypes of RasV12-expressing cells in intestinal epithelia
of villin-CrefR2-LSL-Ras"?-IRES-eGFP mice. ‘apically extruded’: completely
detached from the basement membrane and translocated into the apical lumen. ‘apically
extruding’: with their nucleus apically shifted, but still attached to the basement
membrane. ‘not extruded’: remaining within the epithelium. ‘Basally extruded’: basally
delaminated from the epithelial layer.

(D) Quantification of the phenotypes of RasV12-expressing cells in intestinal epithelia
at 3 days after tamoxifen administration with or without Trolox treatment. Data are
mean + SD from three independent experiments. ***p < 0.001 and NS: not significant
(unpaired two-tailed Student’s t-test); n = 1,258 or 855 cells from five (Control) or three
(Trolox) mice, respectively.

Scale bars, 40 um (A and B) or 20 um (C).
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Figure S6. Extracellular ATP and ROS pathways affect the behavior and fate of
caspase-8-expressing cells surrounded by normal cells, related to Figures 5 and 6
(A) Effect of NOX2-knockdown in surrounding cells on the intracellular ROS level.
MDCK-pTR Scribble-shRNAT cells were cultured alone or co-cultured with normal
MDCK or MDCK NOX2-shRNAI cells at a ratio of 1:10, followed by CellROX
analysis. Values are expressed as a ratio relative to single-cultured MDCK cells. Data
are mean + SD from three independent experiments. NS: not significant (one-way
ANOVA with Dunnett’s test); n =180, 175, 180, 208, 400, 194, and 364 cells.

(B) Effect of an inhibitor for ATP release channel on the extracellular ATP level of
Scribble-knockdown cells. MDCK-pTR Scribble-shRNA1 cells were treated with
apyrase, Gd**, CBX, or NPPB, and the extracellular ATP level in conditioned media
was measured using CellTiter-Glo 2.0 reagent. Data are mean + SD from four
independent experiments. *p < 0.05 and NS: not significant (one-way ANOVA with
Dunnett’s test (left four) or paired two-tailed Student’s t-test (right two)).

(C) Effect of caspase-8 expression on the membrane integrity. Normal MDCK cells or
MDCK-pTR GFP-caspase-8 cells were cultured alone, followed by the treatment with
tetracycline for 3 or 6 h. Cells were then stained with SYTOX-dye to analyze the
membrane integrity.

(D) Effect of apyrase or Z-VAD-FMK on the extracellular ATP level of caspase-8-
expressing cells. MDCK-pTR GFP-caspase-8 cells were treated with apyrase or Z-
VAD-FMK, and the extracellular ATP level in conditioned media was measured using
CellTiter-Glo 2.0 reagent. Data are mean + SD from five (Water- or apyrase-treated) or
four (DMSO- or Z-VAD-FMK-treated) independent experiments. *p < 0.05 (paired

two-tailed Student’s t-test).



(E and F) Effect of apyrase or Trolox on the fragmentation of caspase-8-expressing cells
within an epithelial monolayer. (E) Representative images of caspase-8-expressing cells
treated with apyrase. MDCK-pTR GFP-caspase-8 cells were co-cultured with normal
MDCK cells in the absence or presence of apyrase. Images were extracted from a
representative time-lapse analysis (Videos S1 and S2). The arrows or arrowheads
indicate fragmented or intact caspase-8-expressing cells, respectively. (F)
Quantification of the fragmentation of caspase-8-expressing cells surrounded by normal
cells in the absence or presence of apyrase or Trolox. Data are mean = SD from three
independent experiments. *p < 0.05 (paired two-tailed Student’s t-test); n =94, 177,
158, 130, and 170 cells.

(G and H) Effect of apyrase on caspase-3 activation in caspase-8-expressing cells
surrounded by normal cells. (G) Representative images for the caspase-3 activity
indicator Nucview. Normal MDCK and MDCK-pTR GFP-caspase-8 cells were co-
cultured at a ratio of 50:1 in the absence or presence of apyrase, followed by the time-
lapse observation. The activity of caspase-3 was monitored using Nucview. Arrowheads
indicate caspase-8-expressing cells upon extrusion just prior to fragmentation. (H) The
timing of initiation of caspase-3 activation in caspase-8-expressing cells extruded with
the fragmentation phenotype in the absence or presence of apyrase. Red bars indicate
median values. NS: not significant (Mann-Whitney test); n= 85 and 45 cells from three
independent experiments.

(I) A schematic of the time scale of the extrusion process of RasV12-transformed or
caspase-8-expressing cells from the epithelial layer.

(C, E, and G) Scale bars, 20 pum.



Inhibitors Targets ROS level Apical extrusion
a-GA gap junction No effect 1*
GsMTx | Meghanosensitive | No effect R
Ibuprofen cyclooxygenase No effect T*
Trolox ROS 1* 1*
Y27632 Rho kinase No effect 1*
Blebbistatin Myosin-I| No effect 1*
BAY117082 NF-kB No effect ND
VAS2870 NADPH oxidase * I*
cccp oxidatwiet%%rznosr;)%g?'illation No effect ND
Nocotazole microtubule No effect 3
CK666 Arp2/3 complex No effect 1*
SMIFTH2 formin No effect 3
ML141 Cdc42 No effect ND
H89 PKA No effect ND
U0126 MEK No effect 1*
LY294002 PI3K No effect I*
Apyrase extracellular ATP 1* 1*
Suramin P2Y, P2X receptor 1* 1*
AgNO, Aquaporin No effect ND
GW4869 exosome biogenesis/ No effect ND

release




Table S1. Effects of various inhibitors on the ROS level and apical extrusion,
related to Figures 1-3

Normal MDCK cells were co-cultured with MDCK-pTR GFP-RasV12 cells at a ratio of
50:1 in the presence of the indicated inhibitor. *Statistically significant (paired two-
tailed Student’s t-test or one-way ANOVA with Dunnet’s test); ND: not done; gray box:

the indicated data are based on our published observations.



Table S2

Oligonucleotides

Sequence

NOX2-shRNA1 forward

GATCCCCCTGGTTCTATGGGGTTTATTTCAAGAGAATAAACCCCATAGAACCAGTTTTTC

NOX2-shRNAT1 reverse

TCGAGAAAAACTGGTTCTATGGGGTTTAT TCTCTTGAAATAAACCCCATAGAACCAGGGG

NOX2-shRNA?2 forward

GATCCCCCACCAGAATAGGAGTTTTTTTCAAGAGAAAAAACTCCTATTCTGGTGTTTTTC

NOX2-shRNA?2 reverse

TCGAGAAAAACACCAGAATAGGAGTTTTTTCTCTTGAAAAAAACTCCTATTCTGGTGGGG

NOX4-shRNAT1 forward

GATCCCCTAGGAAAAACTAATATTTATTCAAGAGATAAATATTAGTTTTTCCTATTTTTC

NOX4-shRNAT1 reverse

TCGAGAAAAATAGGAAAAACTAATATTTATCTCTTGAATAAATATTAGTTTTTCCTAGGG

P2Y 1-shRNA1 forward

GATCCCCCACGTTACATCCATTGTTTTTCAAGAGAAAACAATGGATGTAACGTGTTTTTC

P2Y 1-shRNA1 reverse

TCGAGAAAAACACGTTACATCCATTGTTTTCTCTTGAAAAACAATGGATGTAACGTGGGG

P2Y 1-shRNA?2 forward

GATCCCCCGCTCATCTTCTACTACTTTTCAAGAGAAAGTAGTAGAAGATGAGCGTTTTTC

P2Y 1-shRNA2 reverse

TCGAGAAAAACGCTCATCTTCTACTACTT TCTCTTGAAAAGTAGTAGAAGATGAGCGGGG

P2Y2-shRNA1 forward

GATCCCCGCCAATGAATGGGCAACTTTTCAAGAGAAAGTTGCCCATTCATTGGCTTTTTC

P2Y2-shRNA1 reverse

TCGAGAAAAAGCCAATGAATGGGCAACTTTCTCTTGAAAAGTTGCCCATTCATTGGCGGG

P2Y2-shRNA2 forward

GATCCCCGGCTACAAGTGCCGTTTCATTCAAGAGATGAAACGGCACTTGTAGCCTTTTTC

P2Y2-shRNA2 reverse

TCGAGAAAAAGGCTACAAGTGCCGTTTCATCTCTTGAATGAAACGGCACTTGTAGCCGGG

Luciferase-shRNA forward

GATCCCCTGAAACGATATGGGCTGAATTCAAGAGATTCAGCCCATATCGTTTCATTTTTC

Luciferase-shRNA reverse

TCGAGAAAAATGAAACGATATGGGCTGAATCTCTTGAATTCAGCCCATATCGTTTCAGGG

Primer, NOX1 forward

CTGGGTAGTTAACCACTGGTTCTC

Primer, NOX1 reverse

GCTTTCTCATATGACAGGAAGGC

Primer, NOX2 forward

GCAATAACGCCACTAACCTGAG

Primer, NOX2 reverse

AGCAAGTCCGCAAACCACTC

Primer, NOX3 forward

CTCAAATTCCACAAACTGGTCG

Primer, NOX3 reverse

TGACTGGCTCCAGTGGTAACG

Primer, NOX4 forward

GAAACTTCTGTTTGATGAAATAGC

Primer, NOX4 reverse

GTGAAGAGTCTTAGAAATTGAATTGG

Primer, NOXS5 forward

GCGACTACTTGTACCTGAACATCC

Primer, NOXS5 reverse

CATCTGGCTACACATCCGGTC

Primer, DUOX1 forward

TGACCCACCACCTCTACATCC

Primer, DUOX1 reverse GATTAGTGCCGGGACCAGG
Primer, DUOX2 forward ACGGCTTCCTCTCCAAGGAT
Primer, DUOX2 reverse CCTTGTCCTGGAAGCCTGAC
Primer, PDK4 forward CCTTTGGCTGGTTTTGGTTA
Primer, PDK4 reverse TTGCCAGATTCTTTGGTTCC
Primer, P2Y1 forward TGCTCATCCTGGGCTGCTAC
Primer, P2Y'1 reverse GGGATGTAGGACACGGCGAA
Primer, P2Y2 forward AGTGCCGTTTCAATGAGGAC
Primer, P2Y2 reverse TGCTGCAGTAAAGGTTGGTG
Primer, P2Y11 forward TGAGTTCCTGGTGGCTGTGG
Primer, P2Y11 reverse AGCAGCGTCAGGGCATAGAG
Primer, P2Y 13 forward CTTGGTGGCCGACCTGGTAA
Primer, P2Y13 reverse AGCCGAGAAACGACACACGA
Primer, P2Y 14 forward AATCCCCTACACGCAGAGCC
Primer, P2Y 14 reverse GCATACGTTTGCAGCCGACA
Primer, P2X2 forward AAGGACGGCTACCTGAAACA
Primer, P2X2 reverse GTCCAGGTCACAGTCCCAGT
Primer, P2X4 forward GCAACAGGAAAATGCGTGCT
Primer, P2X4 reverse AGAGTGAAGTTTTCTGCAGCCT
Primer, P2X5 forward GAACAAGAAGGTGGGCCTGC
Primer, P2X5 reverse CTGCAGGGAGGTGTCAGTGT
Primer, P2X7 forward CCTGCTGCAGCTGTAACGAT
Primer, P2X7 reverse GTTGGTACCGCTTGTCACTGA
Primer, B-actin forward GGCACCCAGCACAATGAAG
Primer, B-actin reverse ACAGTGAGGCCAGGATGGAG
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