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SUMMARY

At the initial stage of carcinogenesis, cell competition often occurs between
newly emerging transformed cells and the neighboring normal cells, leading to
the elimination of transformed cells from the epithelial layer. For instance,
when RasV12-transformed cells are surrounded by normal cells, RasV12 cells
are apically extruded from the epithelium. However, the underlying mechanisms
of this tumor-suppressive process still remain enigmatic. We first show by elec-
tron microscopic analysis that characteristic finger-like membrane protrusions
are projected from both normal and RasV12 cells at their interface. In addition,
FBP17, a member of the F-BAR proteins, accumulates in RasV12 cells, as well as
surrounding normal cells, which plays a positive role in the formation of finger-
like protrusions and apical elimination of RasV12 cells. Furthermore, cdc42 acts
upstream of these processes. These results suggest that the cdc42/FBP17
pathway is a crucial trigger of cell competition, inducing "“protrusion to protru-
sion response’” between normal and RasV12-transformed cells.

INTRODUCTION

Throughout the lifespan of multicellular organisms, oncogenic mutations sporadically occur in single cells
within their tissues. Newly emerging transformed cells and the surrounding normal cells often compete
with each other for survival and space; loser cells in the competition are eliminated from the cellular society,
whereas winner cells proliferate and fill the vacant spaces (Amoyel and Bach, 2014; Baker, 2011; Bowling
et al., 2019; Claveria and Torres, 2016; Johnston, 2009; Levayer, 2020; Merino et al., 2016; Morata and Call-
eja, 2020; Ohsawa et al., 2018; Vincent et al., 2013; Wagstaff et al., 2013). This process is termed cell compe-
tition, which was originally identified in Drosophila (Morata and Ripoll, 1975), but recent studies have shown
that cell competition can also occur in mammals (Maruyama and Fuijita, 2017). For example, when onco-
genic Ras mutation (e.g. RasV12) occurs within the monolayer of epithelial tissues, RasV12-transformed
cells are often apically extruded in a cell death-independent manner via competitive interaction with the
surrounding normal cells (Hogan et al., 2009; Kon et al., 2017, Sasaki et al., 2018; Wu et al., 2014). During
this apical extrusion process, various non-cell-autonomous changes are observed in both normal and trans-
formed cells at their boundaries. In transformed cells surrounded by normal cells, the activity of cdc42 and
myosin-Il is elevated, which positively regulate the apical elimination of transformed cells (Hogan et al.,
2009). In addition, in normal cells contacting transformed cells, cytoskeletal protein Filamin is accumulated
at the interface with transformed cells, which generates physical forces that are required for apical extru-
sion (Kajita et al., 2014). These results imply a new concept that normal epithelia have intrinsic anti-tumor
activity which does not involve immune systems. This homeostatic, tumor-suppressive machinery is named
epithelial defense against cancer (EDAC) (Kajita et al., 2014). The underlying molecular mechanisms of
EDAC are not fully understood yet, although several lines of evidence suggest that direct interaction be-
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Figure 1. The formation of characteristic membrane protrusions is promoted in RasV12-transformed cells and the neighboring normal cells

(A) EM images showing the alone cultures or mix culture of normal and RasV12-transformed MDCK cells. Cells were fixed at 16 hr after the induction of
RasV12 and sectioned along the X-Y axis. The areas in the white boxes are shown as insets at higher magnification, demonstrating intercellular regions. Scale
bars, 5 um; 1 um (insets).
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Figure 1. Continued

(B) Tracings of cell membranes at cell-cell contacts in alone or mix culture. Scale bar, 0.5 pm.

(C) An example for analyses of waviness of cell membranes and frequency of protrusions. A protrusive plasma membrane of which length is longer than the
width is defined as “protrusion”.

(D and E) Waviness of cell membranes (D) or frequency of protrusions (E) at each cell-cell contact in alone or mix culture. As for MDCK-RasV12 boundary, the
data on the underlined side is shown. Data are median £SD. *p < 0.05; **p < 0.01 (unpaired two-tailed Student’s t-tests).

(Heuser and Reese, 1973), an effector cytotoxic T cell and a target cell (Zagury et al., 1975), and macrophage
and pathogen (Niedergang et al., 2003). To our knowledge, cell-cell adhesion sites between winner and
loser cells in cell competition have not been studied in depth at the ultrastructural level.

The surface of plasma membranes encompasses various deformed structures including protrusions and
invaginations. F-BAR and |-BAR, subfamilies of the BAR domain proteins, are crucial regulators for
convex or concave membrane deformations such as lamellipodia, filopodia, clathrin-coated pit and cav-
eolae (Frost et al., 2009; Saarikangas et al., 2009; Suetsugu et al., 2014). At the inner surface of plasma
membranes, the BAR domain proteins bind to lipids or membrane proteins, and the crescent shape of
BAR proteins leads to the deformation of the membrane by assembling actin cytoskeleton (Suetsugu
et al., 2014; Takenawa and Suetsugu, 2007). FBP17 is a prototype F-BAR protein, which is involved in
the formation of membrane invagination and also known as one of the downstream targets of cdc42,
a member of the Rho family small GTPase (Frost et al., 2009; Itoh et al., 2005). During the induction of
membrane deformation, FBP17 molecules first bind to membrane lipids and bend the cell membranes
to negative curvature (Frost et al., 2009; Shimada et al., 2007). Then, FBP17 at the plasma membrane en-
hances cdc42-, WASP/N-WASP-, and Arp2/3-dependent actin nucleation and polymerization (Padrick
et al., 2008; Takano et al., 2008), which generate forces and further extend the membrane deformation
(Takenawa and Suetsugu, 2007).

In this study, we have performed the EM analyses on the intercellular regions between normal and RasV12-
transformed epithelial cells. The results reveal that the cdc42/FBP17 pathway induces characteristic protru-
sive structures at the interface between normal and RasV12 cells, which would play a positive role in the
apical extrusion of RasV12 cells from epithelia.

RESULTS

The formation of characteristic membrane protrusions is promoted between normal and
RasV12-transformed epithelial cells, as well as between RasV12 cells

To gain structural insights into cell competition, we examined the ultrastructure of intercellular adhesion
sites between normal and RasV12-transformed Madin-Darby canine kidney (MDCK) epithelial cells by
transmission electron microscopy. For RasV12-transformed cells, we used MDCK-pTR GFP-RasV12 cells
in which expression of GFP-RasV12 can be induced by tetracycline treatment. First, we cultured cells under
three different conditions: (1) normal cells alone, (2) RasV12 cells alone, (3) mix culture of normal and RasV12
cells. Cells were cultured on a collagen matrix in the absence of tetracycline until a monolayer was formed.
Subsequently, GFP-RasV12 expression was induced with tetracycline. In previous studies, we have reported
that under the mix culture condition, around 16 hr of tetracycline addition, various non-cell-autonomous
changes occur in both normal and RasV12 cells, and at 16-24 hr RasV12 cells are apically extruded from
the monolayer of normal cells (Hogan et al., 2009; Kajita et al., 2014). To identify GFP-RasV12-expressing
cells in the mix culture during the EM analyses, we used correlative light and electron microscopy in which
differential interference contrast (DIC), fluorescence, and EM images were overlaid (Kon et al., 2017). In
normal cells alone culture, cell-cell adhesions were rather flat and smooth with intermittent short protru-
sions (Figures 1A and 1B). In contrast, in RasV12 cells alone culture, numerous longer protrusions were
interdigitated along cell-cell contacts (Figures 1A and 1B). To clarify the differences in the intercellular
membrane structures, two parameters were quantified: waviness of cell membranes and frequency of pro-
trusions (Figure 1C). We showed that both membrane waviness and protrusion formation were significantly
elevated by RasV12 expression (Figures 1D and 1E). In addition, under the mix culture condition, at inter-
cellular junctions between RasV12 cells surrounded by normal cells the formation of interdigitated protru-
sions was further promoted (Figures 1A, 1B, 1D, and 1E). Moreover, at the interface between normal and
RasV12 cells, the membrane waviness and protrusion formation were elevated in normal cells compared
with those in alone culture (Figures 1A, 1B, 1D, and 1E). X-Z image analyses showed that protrusions
were formed at the whole cell-cell adhesions except apicalmost tight junction regions (Figure ST1A).
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Collectively, these data indicate that the formation of finger-like protrusions is regulated between normal
and RasV12 cells, as well as between RasV12 cells.

Accumulated FBP17 in RasV12 cells positively regulates the formation of finger-like
protrusions

The formation of finger-like membrane protrusions can be regulated by F-BAR proteins such as FBP17 (Itoh
et al., 2005; Tsujita et al., 2015). We thus examined whether the localization of FBP17 was controlled by
RasV12 expression. We established MDCK-pTR GFP-RasV12 cells stably expressing mCherry-FBP17 (Fig-
ure S1B). In the absence of tetracycline where RasV12 expression was not induced, mCherry-FBP17 was
diffusely localized within the cells (Figure 2A). Upon tetracycline treatment, FBP17 was substantially accu-
mulated at the cell-cell contacts between RasV12-expressing cells (Figures 2A and S1C). The immuno-EM
analysis showed that FBP17 was localized along and at the base of the intercellular protrusions (Figure S1D).
The expression level of FBP17 proteins was not affected by tetracycline (Figure 2B), implying that RasV12
expression influences the localization, but not expression of FBP17. In addition, the stronger accumulation
of FBP17 was observed at cell-cell adhesions between RasV12 cells under the mix culture condition (Figures
2A, arrowheads, and S1C).

To elucidate the functional role of FBP17, we established two FBP17-knockdown RasV12 cell lines (Fig-
ure S2A). We have obtained comparable results with these two cell lines, thus the data using shRNA1-ex-
pressing cells are mainly shown below. Knockdown of FBP17 did not influence the localization of adherens
junction protein E-cadherin or tight junction protein ZO-1 (Figure S2B). The EM analysis revealed that in
FBP17-knockdown RasV12 cells, the formation of protrusions was strongly suppressed at cell-cell contact
sites, which were utterly flattened with much lesser membrane waviness (Figures 3A, 3B, S2C, and S2D).
Accordingly, the intercellular spaces were diminished (Figures 3A, 3C, S2C, and S2E). Similarly, the inter-
digitated protrusions disappeared between RasV12 cells surrounded by normal cells (Figure 3D). Knock-
down of FBP17 also decreased waviness of cell membranes or intercellular spaces in normal cells, but
the effect was milder than that in FBP17-knockdown RasV12 cells (Figures S3A-S3D). In addition, at the
interface between normal and FBP17-knockdown RasV12 cells, protrusion formation was diminished at
the normal side as well as the FBP17-knockdown RasV12 side (Figures 3E and 3F). Collectively, these
data indicate that accumulated FBP17 in RasV12 cells regulates the formation of finger-like protrusions
cell-autonomously (in RasV12 cells) and non-cell-autonomously (in the neighboring normal cells).

FBP17 in RasV12-transformed cells plays a positive role in apical extrusion

Next, we examined the effect of FBP17 knockdown on the behavior and fate of the mix-cultured normal and
RasV12 cells. We found that when FBP17-knockdown RasV12 cells were surrounded by normal cells, apical
extrusion was profoundly suppressed (Figures 4A and 4B). We then analyzed how FBP17 knockdown influ-
ences the intercellular communication between normal and RasV12 cells. Previous studies have shown that
when RasV12-transformed cells are surrounded by normal cells, various non-cell-autonomous changes
occur in both normal and RasV12 cells. For instance, cytoskeletal protein Filamin accumulates in normal
cells at the boundary with RasV12 cells, generating physical forces for apical extrusion of RasV12 cells (Kajita
et al., 2014). In addition, myosin-Il is activated in RasV12 cells, which also plays a positive role in their
extrusion (Hogan et al., 2009). Around FBP17-knockdown RasV12 cells, accumulation of Filamin, a crucial
regulator of EDAC, was substantially suppressed (Figures 4C and 4D). Furthermore, in FBP17-knockdown
RasV12 cells surrounded by normal cells, non-cell-autonomous elevation of myosin-Il activity was signifi-
cantly diminished (Figures 4E and 4F). Collectively, these data suggest that the increased membrane local-
ization of FBP17 in RasV12-transformed cells induces non-cell-autonomous changes in both normal and
RasV12 cells, thereby promoting apical extrusion.

Accumulated FBP17 in the surrounding normal cells also plays a positive role in apical
extrusion

As shown in Figures 1A and 1B, at the interface between normal and RasV12 cells, finger-like protrusion
formation was promoted from normal cells as well (also shown in Figure 5A: white box 1). We realized
that the protrusion formation was also enhanced between the first and second rows of normal cells around
RasV12 cells (Figure 5A: white box 2). The membrane protrusions were observed between the second and
third rows of normal cells to a lesser extent and diminished in further distant normal cells. To examine the
functional involvement of FBP17 in normal cells, we analyzed MDCK cells stably expressing mCherry-FBP17
or FBP17-shRNA (Figures S3A and S3E). First, mCherry-FBP17-expressing MDCK cells were mix-cultured
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Figure 2. FBP17 accumulates at cell-cell contacts between RasV12-transformed cells

(A) MDCK-pTR GFP-RasV12 cells stably expressing mCherry-FBP17 were cultured alone (upper and middle panels) or mixed
with normal cells (lower panels) in the absence (upper panels) or presence (middle and lower panels) of tetracycline for 16 hr.
Arrowheads indicate accumulated FBP17 between RasV12 cells in the mix culture (lower panels). Scale bar, 10 um.

(B) Western blotting analysis of MDCK-pTR GFP-RasV12 mCherry-FBP17 cells cultured without or with tetracycline for
16 hr

with MDCK-pTR GFP-RasV12 cells, and the effect of RasV12 expression on the localization of FBP17 in the
surrounding cells was examined. In the absence of tetracycline where RasV12 expression was not induced,
mCherry-FBP17 was diffusely localized within the surrounding normal cells (Figures 5B and S3F). Upon
tetracycline treatment, FBP17 was accumulated at the intercellular regions between the surrounding cells

iScience 24, 102994, September 24, 2021 5
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Figure 3. FBP17 in RasV12-transformed cells positively regulates the waviness of cell membranes at cell-cell contacts

(A) EM images of RasV12-transformed cells or RasV12 cells stably expressing FBP17-shRNA1. Cells were fixed at 24 hr after the induction of RasV12. The areas
in the white boxes are shown as insets at higher magnification, demonstrating intercellular regions.

(B and C) Quantification of waviness of cell membranes (B) and intercellular spaces (C) in RasV12-transformed cells or RasV12 FBP17-shRNAT1 cells.

(D) Interdigitation of cell membranes between RasV12 cells in mix culture is diminished by FBP17 knockdown. Cells were fixed at 24 hr after the induction of
RasV12. Brackets represent the position of cell-cell contacts.

(E) EM images and tracings of cell membranes showing the interface between normal cells and RasV12 cells (upper panels) or FBP17-knockdown RasV12 cells
(lower panels). Cell membranes of normal and RasV12 or RasV12 FBP17-shRNAT1 cells are colored in blue and red, respectively. The brackets and arrowheads
indicate the position of cell-cell contacts and finger-like protrusions, respectively. (A, D, E) Scale bars, 1 um; 0.2 um (inset).

(F) Waviness of cell membranes at each cell-cell contact. The data on the underlined side is shown. (B, C, F) Data are median +SD. **p < 0.01 (unpaired two-
tailed Student'’s t-tests).

(Figures 5B and S3F), indicating that the expression of RasV12 induces membrane accumulation of FBP17 in
the surrounding normal cells in a non-cell-autonomous fashion. In addition, FBP17-knockdown in normal
cells surrounding RasV12 cells profoundly suppressed the formation of finger-like protrusions (Figure 5A:
white boxes 3 and 4). Furthermore, when RasV12 cell were surrounded by FBP17-knockdown cells, apical
extrusion was significantly suppressed (Figures 5C and 5D), accompanied by diminished Filamin accumu-
lation at the interface with RasV12 cells (Figures 5E and 5F). Thus, membrane accumulation of FBP17 in the
surrounding normal cells also facilitates the formation of membrane protrusions and apical extrusion.

Cdc42 functions upstream of FBP17-mediated protrusion formation

Previous studies have demonstrated that the elevated activity of cdc42 promotes membrane localization
and membrane-deforming activity of FBP17 (Chan Wah Hak et al., 2018; Itoh et al., 2005; Tsujita et al.,
2015; Watson et al., 2016). To examine the cdc42 activity, we performed indirect-immunofluorescence anal-
ysis using a recombinant protein for the Cdc42-binding domain (CRIB) of WASP (Hogan et al., 2009). When
normal cells or RasV12 cells were cultured alone, the cdc4?2 activity remained at a low level (Figures 6A and
6B). In contrast, when RasV12 cells were surrounded by normal cells, the cdc42 activity was significantly
elevated in both RasV12 cells and the surrounding normal cells (Figures 6A, 6B, and S4A). Knockdown of
FBP17 in RasV12 cells did not affect the activity of cdc42 (Figure 6B). We then examined the effect of
cdc42 inhibitor ML141, which suppressed the elevated cdc4?2 activity in RasV12 cells and the surrounding
normal cells under the mix culture condition (Figure S4B). The treatment with ML141 diminished the accu-
mulation of FBP17 between RasV12 cells or between surrounding normal cells under the mix culture con-
dition (Figures 6C, 6D, S4C, and S4D), resulting in the decreased membrane waviness and intercellular
spaces (Figures 6E and 6F). These data indicate that cdc4?2 acts as a crucial upstream regulator for intercel-
lular structures upon cell competition between normal and transformed cells.

DISCUSSION

This is the first report, to our knowledge, that demonstrates the ultrastructures on the boundary between
winner and loser cells in cell competition. Our EM analyses have revealed various alterations at plasma
membranes such as enhanced membrane waviness, characteristic finger-like protrusion formation and
increased intercellular spaces, which have not been identified by conventional light microscopy analyses.
We first demonstrate that RasV12 expression enhances the formation of finger-like protrusions. In addition,
at the interface between normal and RasV12-transformed cells, the formation of finger-like protrusions is
also substantially promoted from normal cells in a non-cell-autonomous manner. Knockdown of FBP17
in RasV12 cells profoundly diminished the number of finger-like protrusions in both RasV12 cells and the
surrounding normal cells. These data imply the presence of “protrusion to protrusion response” between
normal and transformed cells; the protrusions from transformed cells are sensed by the neighboring
normal cells, which in turn stick back protrusions toward transformed cells (Figure S5A). Thus, the visuali-
zation of ultrastructures by a series of EM analyses has revealed that the FBP17-mediated protrusion for-
mation is implicated in the intercellular recognition and the following response between loser and winner
cells in cell competition.

The finger-like membrane protrusions have specific morphological and structural features. In various cell
types including fibroblasts, macrophages, nerve growth cones, and epithelial cells, filopodia are straight,
0.1-0.3 pm in a diameter and ~10 um in length (Mattila and Lappalainen, 2008; Vasioukhin et al., 2000;
Welch and Mullins, 2002) that are filled with tight parallel bundles of filamentous actin. Very short filopodia
(0.1-0.3 pmin a diameter and 0.5-1 um in length) that are almost completely embedded in the cell cortex or
leading edge are thought to be precursors of filopodia, often termed microspikes (Mattila and
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Figure 4. FBP17 in RasV12-transformed cells plays a positive role in apical extrusion

(A) X-Z fluorescence images of RasV12 or FBP17-knockdown RasV12 cells surrounded by normal cells.

(B) Effect of FBP17 knockdown in RasV12-transformed cells on apical extrusion in mix cultures.

(C) Immunofluorescence images of Filamin in mix cultures of RasV12 or RasV12 FBP17-shRNAT1 cells surrounded by normal cells.

(D) Effect of FBP17 knockdown in RasV12 cells on Filamin accumulation in the neighboring normal cells.

(E) X-Z immunofluorescence images of di-phosphorylated myosin (2P-myosin) in RasV12 or RasV12 FBP17-shRNA1 cells surrounded by normal cells. (A, C, E)
Scale bars, 10 um.

(F) Effect of FBP17 knockdown in RasV12 cells surrounded by normal cells on 2P-myosin accumulation. (B, D, F) Data are mean + SD. **p < 0.01 (unpaired
two-tailed Student's t-tests).
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Figure 5. FBP17 accumulating in the surrounding normal cells plays a positive role in apical extrusion

(A) EM images of MDCK-pTR GFP-RasV12 cells surrounded by normal MDCK or MDCK FBP17-shRNA1 cells. The intercellular regions in the white boxes 1-4
are shown below at higher magnification: (1) between normal and RasV12 cells, (2) between the first and second row of normal cells, (3) between a RasV12 cell
and the first row of an FBP17-knockdown cell, (4) between the first and second row of FBP17-knockdown cells. Scale bars, 5 pm; 0.5 um (lower panels).
(B) Fluorescence images of mix cultures of MDCK-pTR GFP-RasV12 and MDCK mCherry-FBP17 cells in the absence or presence of tetracycline. X-Y images
show z stack.

(C) X-Z fluorescence images of RasV12-transformed cells surrounded by normal or FBP17-knockdown cells.

(D) Effect of FBP17 knockdown in normal cells on apical extrusion.

(E) Immunofluorescence images of Filamin in mix cultures of RasV12 cells and normal or FBP17-knockdown cells. (B, C, E) Scale bars, 10 um.

(F) Effect of FBP17 knockdown in the surrounding normal cells on Filamin accumulation. (D, F) Data are mean + SD. *p < 0.05, **p < 0.01 (unpaired two-tailed
Student’s t-tests).

Lappalainen, 2008; Svitkina et al., 2003). Unlike filopodia or microspikes, finger-like protrusions observed in
this study represent irregular shapes, often bent or curved, and are thinner (40-50 nm in diameter), and
often extended just ~0.4 um. In addition, no obvious actin bundles are observed inside the finger-like pro-
trusions (e.g. Figure 3A, inset). The treatment with cdc42 inhibitor suppresses the formation of finger-like
protrusions in both RasV12 and the neighboring normal cells under the mix culture condition (Figures 46E
and 6F), indicating that cdc42 is a crucial upstream regulator of the membrane protrusions. The cdc42 ac-
tivity is elevated in both RasV12 and the neighboring normal cells under the mix culture condition but not in
RasV12 cells cultured alone, suggesting that cdc42-independent mechanism might be also involved in
finger-like protrusions under the latter condition. Previous studies have shown that active cdc42 is involved
in the stabilization of E-cadherin-based cell-cell adhesions (Braga, 2000; Fukata et al., 2002), but our data
imply that cdc42 regulates intercellular adhesions between normal and RasV12 cells in a distinct manner.
Around RasV12 cells, not only in directly contacting normal cells but also in normal cells at the second or
third row, membrane localization of FBP17 and cdc42 activity as well as protrusion formation are promoted.
These results suggest that certain types of signaling pathways are propagated across the surrounding
normal cells. Recently, we have found that the production of reactive oxygen species (ROS) is increased
in a wide range of normal cells surrounding transformed cells (Unpublished data). Indeed, addition of
the antioxidant Trolox significantly suppresses the cdc42 activity in both RasV12 and the surrounding
normal cells (Figure S4E). Hence, the link between ROS and cdc42 as well as the functional involvement
of other upstream regulators of cdc42/FBP17 should be further elucidated. Under the mix culture condi-
tion, knockdown of FBP17 in either RasV12 cells or the surrounding normal cells diminishes the accumula-
tion of Filamin and frequency of apical extrusion, indicating that FBP17-mediated protrusions from both
cells play a key role in these processes. However, it remains unknown whether and how the membrane pro-
trusions act as signaling hub (Figure S5B). Signaling molecules might be enriched on the finger-like protru-
sions, or physical stimuli (poking or pushing) by protrusions could be recognized by mechanosensors on
the opposite cells. In addition, the diffuse activation of cdc42 in the large areas of surrounding normal cells
might suggest the involvement of certain soluble factors (Figure S5B). Moreover, we need to consider a
possibility that cdc42/FBP17 might affect apical extrusion of RasV12 cells by regulating additional cellular
processes, independently of finger-like protrusions. The functional modes of cdc42/FBP17 and the finger-
like protrusions need to be clarified in future studies.

Limitations of the study

In this study, we present several lines of evidence suggesting the intercellular recognition between normal
and RasV12-transformed cells via cdc42/FBP17-mediated finger-like membrane protrusions. We demon-
strate using cdc4? activity assay that antioxidant Trolox treatment suppresses the cdc4?2 activity in both
RasV12 and the surrounding normal cells. In future studies, we should further elucidate the link between
ROS and cdc4?2 as well as the functional involvement of other upstream regulators of cdc42/FBP17.

Cdc42 can affect a variety of cellular processes including endocytosis and cell-cell adhesions in addition to
FBP17-mediated membrane protrusions. Thus, a possibility cannot be ruled out that cdc42 also regulates
cell competition by affecting the other cellular processes than the formation of finger-like protrusion. We
should clarify functional modes of cdc42/FBP17 to further validate the proposed “protrusion to protrusion
response” model.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. Cdc42 functions upstream of FBP17 not only in RasV12-transformed cells but also in the neighboring
normal cells

(A) Cdc42 activity assay in single or mix cultures of MDCK and MDCK-pTR GFP-RasV12 cells. At 16 hr after the induction of
RasV12, cells were treated with GST-WASP-CRIB proteins and then stained with anti-GST antibody. RasV12 cells stably
expressing Luciferase (Luc)-shRNA were used as control for RasV12 FBP17-shRNAT cells.

(B) Quantification of the cdc42 activity. Values of pixel intensity in the cytoplasm were measured and expressed as a ratio
relative to RasV12 Luc-shRNA. Differences of pixel intensity between GST-WASP-CRIB and GST were calculated in each
condition. Data are mean + SD. **p < 0.01 (unpaired two-tailed Student’s t-tests).

(Cand D) Fluorescence images of RasV12-transformed (C) or normal (D) cells expressing mCherry-FBP17 in the mix culture
without or with the cdc42 inhibitor ML141. (D) z stack images are shown. The asterisks indicate RasV12 cells. (A, C, D) Scale
bars, 20 pm.
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Figure 6. Continued

(E) EM images of the interface between normal and RasV12 cells (upper panels) or between RasV12 cells (lower panels) in
the mix culture without or with ML141. Tracings of cell membranes were shown in blue or red. The brackets indicate the
position of cell-cell contacts. Scale bar, 1 pm.

(F) Waviness of cell membranes at each cell-cell contact in mix culture without or with ML141. As for MDCK-RasV12
boundary, the data on the underlined side is shown. Data are median +SD. **p < 0.01 (unpaired two-tailed Student'’s t-
tests).
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rabbit anti-GST antibody

rabbit anti-DsRed antibody

rabbit anti-RFP antibody

mouse anti-GAPDH antibody

rat anti-E-cadherin antibody

rabbit anti-ZO-1 antibody

mouse anti-Filamin antibody

rabbit anti-phospho-Myosin light chain 2 (Thr18/Ser19) antibody
Alexa Fluor-568-conjugated phalloidin

Alexa Fluor-647-conjugated phalloidin

Alexa Fluor-568 donkey anti-mouse IgG (H+L)
Alexa Fluor-568 donkey anti-rat IgG (H+L)
Alexa Fluor-647 donkey anti-rabbit IgG (H+L)
20-nm gold goat anti-rabbit IgG (H+L)

Itoh et al. (2005)

Santa Cruz Biotechnology
Clontech

MBL

Millipore

Life Technologies
Thermo Fisher Scientific
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Cell Signaling Technology
Invitrogen
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Life Technologies

Life Technologies

Life Technologies

British BioCell International

Cat#sc-459; RRID: AB_631586
Cat#632496; RRID: AB_10013483
Cat#PMO005; RRID: AB_591279
Cat#MAB374; RRID: AB_2107445
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ML141
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osmium tetroxide

Tocris Bioscience

Cayman Chemical

Invivogen
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Sigma-Aldrich

Sigma-Aldrich

Electron Microscopy Sciences
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Cat#4266
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Cat#ant-bl-1
Cat#fant-zn-1
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Critical commercial assays

MycoAlert Lonza Cat#L.T07-118
Hoechst 33342 Life Technologies Cat#H3570
Type | collagen Nitta Gelatin N/A
Nucleofector 2b Kit L Lonza Cat#VACA-1005
Avraldite502/Embed812 kit Electron Microscopy Sciences Cat#13940
LR-white resin (medium) Nisshin EM Cat#3962
Experimental models: Cell lines

MDCK Dr. W. Birchmeier N/A
Oligonucleotides

canine FBP17-shRNA1 forward: 5-GATCCCCGGATCGGAGAAT This paper N/A
CAATGAATTCAAGAGATTCATTGATTCTCCGATCCTTTTTC-3

canine FBP17-shRNA1 reverse: 5-TCGAGAAAAAGGATCGGAG This paper N/A

AATCAATGAATCTCTTGAATTCATTGATTCTCCGATCCGGG-3'
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REAGENT or RESOURCE SOURCE IDENTIFIER
canine FBP17-shRNA2 forward: 5-GATCCCCGGGAAATGCTTG This paper N/A
GATGAAATTCAAGAGATTTCATCCAAGCATTTCCCTTTTTC-3

canine FBP17-shRNA2 reverse: 5'-TCGAGAAAAAGGGAAATGC This paper N/A

TTGGATGAAATCTCTTGAATTTCATCCAAGCATTTCCCGGG-3'

Software and algorithms

ImageJ NIH Image https://imagej.nih.gov/ij/download.html
3DMOD Kremer et al. (1996) https://bio3d.colorado.edu/imod/
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

This study did not generate new unique reagents.

Data and code availability

® This paper does not report original code

@ All data associated with the paper is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MDCK cells were used in this study. The parental MDCK cells were a gift from Dr. Walter Birchmeier.
Mycoplasma contamination is regularly tested for all cell lines using a commercially available kit
(MycoAlert, Lonza).

METHOD DETAILS

Antibodies and materials

Rabbit anti-FBP17 antibody was generated in a previous study (Itoh et al., 2005). Rabbit anti-GST antibody
(sc-459) was purchased from Santa Cruz Biotechnology. Rabbit anti-DsRed antibody (632496) from Clon-
tech and Rabbit anti-RFP antibody (PM0O05) from MBL were used for western blotting and immuno-EM,
respectively. Mouse anti-GAPDH antibody (6C5, MAB374) was from Millipore. Rat anti-E-cadherin antibody
(ECCD-2, 13-1900) and rabbit anti-ZO-1 antibody (61-7300) were from Thermo Fisher Scientific. Mouse anti-
Filamin antibody (F6682) was from Sigma. Rabbit anti-phospho-Myosin light chain 2 (Thr18/Ser19) antibody
(E2J8F, 95777) was from Cell Signaling Technology. Alexa Fluor-568- or -647-conjugated phalloidin (Invitro-
gen) was used at 1.0 U/ml. Alexa Fluor-568- and -647-conjugated secondary antibodies were from Life
Technologies. Hoechst 33342 (Life Technologies) was used at a dilution of 1:5,000. For immunofluores-
cence, primary antibodies were used at 1:100, except for GST antibody that was used at 1:50, and all
secondary antibodies were used at 1:200. For western blotting, peroxidase-conjugated anti-rabbit and
anti-mouse secondary antibodies were from GE Healthcare and Jackson ImmunoReseach, respectively.
The selective Cdc42 inhibitor ML141 (20 pM) and the antioxidant Trolox (1 mM) were from Tocris Bioscience
and Cayman Chemical, respectively.

Cell culture

MDCK cells were cultured as previously described (Hogan et al., 2009). MDCK-pTR GFP-RasV12 cells were
cultured in the medium containing 10% FBS, 1% GlutaMAX (Gibco), 5 ng/ml of blasticidin (Invivogen) and
400 pg/ml of zeocin (Invivogen) (Hogan et al., 2009). To establish MDCK or MDCK-pTR GFP-RasV12 cells
stably expressing mCherry-FBP17, MDCK or MDCK-pTR GFP-RasV12 cells were transfected with
pPB-EF1-MCS-IRES-Neo-mCherry-canine FBP17 by nucleofection (Nucleofector 2b Kit L, Lonza), followed
by selection in the medium containing 800 pg/ml of G418 (Geneticin, Gibco). MDCK or MDCK-pTR GFP-
RasV12 cells stably expressing canine FBP17-shRNA were established as follows; canine FBP17-shRNA
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oligonucleotides (canine FBP17-shRNA1: 5-GATCCCCGGATCGGAGAATCAATGAATTCAAGAGATTC
ATTGATTCTCCGATCCTTTTTC-3" and 5-TCGAGAAAAAGGATCGGAGAATCAATGAATCTCTTGAATT
CATTGATTCTCCGATCCGGG-3 or canine FBP17-shRNA2: 5-GATCCCCGGGAAATGCTTGGATGAAA
TTCAAGAGATTTCATCCAAGCATTTCCCTTTTTC-3' and 5-TCGAGAAAAAGGGAAATGCTTGGATGAA
ATCTCTTGAATTTCATCCAAGCATTTCCCGGG-3') were cloned into the Bglll and Xhol sites of
pSUPER.neo + gfp (Oligoengine). MDCK or MDCK-pTR GFP-RasV12 cells were transfected with
pSUPER.neo + gfp canine FBP17-shRNA by nucleofection, followed by selection in the medium containing
800 ng/ml of G418. ML141 or Trolox was added together with tetracycline.

Immunofluorescence and western blotting

For immunofluorescence, RasV12-transformed cells were mixed with non-transformed cells at a ratio of
1:50. The mixture of cells were cultured on coverslips (Matsunami) coated with the collagen matrix as
previously described (Hogan et al., 2009). Cells were incubated for 8-12 h until a monolayer was formed.
The expression of GFP-RasV12 was then induced by 2 pg/ml of tetracycline (Sigma-Aldrich) for 16 h for
analyses of non-cell-autonomous changes occurring prior to apical extrusion or for 24 h for analyses of
apical extrusions. Cells were fixed with 4% paraformaldehyde (PFA) in PBS and permeabilized as previ-
ously described (Hogan et al., 2009), except for Filamin staining, for which cells were fixed in methanol
for 2.5 min at -20°C, followed by blocking in 10% BSA/PBS for 1 h. Immunofluorescence images were
analyzed at 0.5-um X-Z-intervals by the FV1000 or FV1200 system (Olympus) equipped with a 60X oil-im-
mersion objective lens (1.35 NA). Image acquisition was performed by the Olympus FV10-ASW software.
Fluorescent images were quantified by ImageJ. For Figures S1C, S3F, S4C, and S4D, to quantify the ratio
of mCherry-FBP17 fluorescence (cell-cell contact site/cytosol), the pixel intensity was quantified within
three regions (0.76 um-square each) at cell-cell boundary or cytosol. The average values were used for
calculations of the fluorescence ratio. For quantification of apical extrusion of RasV12-transformed cells,
1-5 transformed cells that were surrounded by normal cells were analyzed. More than 50 colonies of
transformed cells were analyzed for each condition, and then the ratio of apically extrusion of trans-
formed cells was quantified. To determine the level of active GTP-bound Cdc42 in cells, Cdc42 activity
assay using a GST fusion protein containing the Cdc42-interacting domain of WASP (WASP-CRIB) was
performed as previously described (Hogan et al., 2009). Briefly, after fixation by PFA, permeabilization
and blocking, cells were incubated with 25 pg/ml of GST or GST-WASP-CRIB protein in blocking buffer
at 4°C for overnight. After washings with blocking buffer, cells were stained with anti-GST antibody,
Alexa-647-conjugated secondary antibody, and Hoechst. Western blotting was performed as previously
described (Hogan et al., 2004). Primary antibodies were used at 1:500 except anti-GAPDH antibody at
1:2,000. Western blotting data were analyzed using ImageQuant LAS4010 (GE Healthcare) or Lumino-
Graph WSE-6100 (ATTO).

Electron microscopy

EM analyses were carried out as previously described (Kon et al., 2017). Briefly, cells were cultured in
collagen-gel-coated, grid-imprinted plastic dishes (u-Dish 35 mm Grid-500, Ibidi). Cells were fixed
by 2% glutaraldehyde (GA) (Electron Microscopy Sciences) in HEPES buffer (pH 7.4; 30 mM
HEPES, 0.1 M NaCl and 2 mM CaCl,). Fluorescence and DIC images of GFP-RasV12 cells and the sur-
rounding cells were captured together with the underlying, numbered grid information. Cells were
then post-fixed in 2% osmium tetroxide in 0.1 M imidazole (pH 7.4), and en bloc staining was
performed by 1% uranyl acetate (UA). Samples were embedded in Araldite502/Embed812 resin
(Electron Microscopy Sciences). During these procedures, GFP fluorescence was lost, but the grid
was imprinted onto the resin. Ultrathin sections (~70 nm) were made by EM-UC7 (Leica) and
mounted on formvar-coated copper grids (SP3 slit mesh, Nisshin EM). Sections were stained with 4%
UA and 0.4% lead citrate, and cells were imaged with a transmission electron microscope (TEM,
JEM-1400; JEOL) operating at 80 kV. TEM images were analyzed with the 3DMOD program (Kremer
et al., 1996).

Forimmunoelectron microscopic analyses, MDCK-pTR GFP-RasV12 mCherry-FBP17 cells were cultured on
sapphire glasses (Naruse Koueki) and fixed by 4% PFA containing 0.2% GA in PBS. Samples were
embedded in LR-white resin (Nisshin EM). Sections (~80 nm) were mounted on formvar-coated nickel grids
(SP2 slit mesh, Nisshin EM). After blocking with 4% BSA/PBS, the sections were treated with anti-RFP anti-
body (1:300, MBL) and 20-nm gold-labeled secondary antibody (1:50, British BioCell International), fol-
lowed by fixation in 1% GA and staining with 4% UA.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For statistics analyses, unpaired two-tailed Student’s t-tests were used to determine p values. p values less
than 0.05 were considered to be significant. No statistical method was used to predetermine sample size.

The numbers of the analyzed samples in each figure are as follows. For Figures 1D and 1E, 20, 13, 26, 26, 14
boundaries for waviness of cell membranes (D; left to right in the graph) and 20, 10, 12, 12, 12 boundaries for
frequency of protrusions (E; left to right in the graph) were analyzed from two (MDCK-MDCK) or three (the
others) independent experiments. For Figures 3B, 3C, and 3F, 10 (RasV12) or 30 (RasV12 FBP17-shRNA1)
boundaries (B) or 7 (RasV12) or 15 (RasV12 FBP17-shRNA1) boundaries (C) or 10 (MDCK in the mix culture
of MDCK and RasV12 FBP17-shRNAT1 cells) or 10 (RasV12 FBP17-shRNAT1 in the mix culture of MDCK and
RasV12 FBP17-shRNAT1 cells) boundaries (F) from three independent experiments. For Figure 4B, 155, 137,
140 cells for RasV12, 177, 160, 145 cells for RasV12 FBP17-shRNA1, and 116, 131, 147 cells for RasV12 FBP17-
shRNA2 were analyzed from three independent experiments. For Figure 4D, 132, 140, 158 cells for RasV12,
and 134, 127 cells for RasV12 FBP17-shRNA1 were analyzed from three or two independent experiments,
respectively. For Figure 4F, 34, 32, 36 cells for RasV12 Luc-shRNA, and 30, 36, 38 cells for RasV12 FBP17-
shRNA1 were analyzed from three independent experiments. For Figure 5D, 155, 137, 140 cells for
MDCK, 145, 164, 151 cells for MDCK FBP17-shRNA1, and 133, 122, 168, 179 cells for MDCK FBP17-shRNA2
were analyzed from three (MDCK and MDCK FBP17-shRNA1) or four (MDCK FBP17-shRNA2) independent
experiments. For Figure 5F, 136, 134, 138 cells for MDCK and 149, 152, 148 cells for MDCK FBP17-shRNA1
were analyzed from three independent experiments. For Figure 6B, 45, 45, 45, 57, 48, 57, 59 cells for GST
(left to right in the graph) and 63, 63, 63, 68, 66, 66, 63 cells for GST-WASP-CRIB (left to right in the graph)
were analyzed from three independent experiments. For Figure 6F, 13, 13, 16 boundaries for waviness of
cell membranes (ML141; left to right in the graph) were analyzed from two independent experiments.
For Figure S1C, 47, 47, 29 boundaries (left to right in the graph) from three independent experiments.
For Figures S2D and S2E, 10 (RasV12) or 24 (RasV12 FBP17-shRNA2) boundaries (D) or 7 (RasV12) or 12
(RasV12 FBP17-shRNA2) boundaries (E) from three independent experiments. For Figures S3C and S3D,
20 (MDCK) or 28 (MDCK FBP17-shRNA1) boundaries (C) or 10 (MDCK) or 14 (MDCK FBP17-shRNA1) bound-
aries (D) from three independent experiments. For Figure S3F, 48 (Tet (-)) or 48 (Tet (+)) boundaries from
three independent experiments. For Figure S4B, 60, 51, 51, 41 cells for GST (left to right in the graph)
and 60, 50, 65, 48 cells for GST-WASP-CRIB (left to right in the graph) from three independent experiments.
For Figures S4C and S4D, 37 (DMSO) or 25 (ML141) boundaries (C) or 31 (DMSO) or 23 (ML141) boundaries
(D) from three independent experiments. For Figure S4E, 57, 47, 66, 47 cells for GST (left to right in the
graph) and 54, 49, 60, 53 cells for GST-WASP-CRIB (left to right in the graph) from three independent
experiments.
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