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SUMMARY

In epithelial tissues, cells expressing oncogenic Ras
(hereafter RasV12 cells) are detected by normal
neighbors and as a result are often extruded from
the tissue [1–6]. RasV12 cells are eliminated apically,
suggesting that extrusion may be a tumor-suppres-
sive process. Extrusion depends on E-cadherin-
based cell-cell adhesions and signaling to the
actin-myosin cytoskeleton [2, 6]. However, the sig-
nals underlying detection of the RasV12 cell and trig-
gering extrusion are poorly understood. Here we
identify differential EphA2 signaling as the mecha-
nism by which RasV12 cells are detected in epithelial
cell sheets. Cell-cell interactions between normal
cells and RasV12 cells trigger ephrin-A-EphA2
signaling, which induces a cell repulsion response
in RasV12 cells. Concomitantly, RasV12 cell contrac-
tility increases in an EphA2-dependent manner.
Together, these responses drive the separation of
RasV12 cells from normal cells. In the absence of
ephrin-A-EphA2 signals, RasV12 cells integrate with
normal cells and adopt a pro-invasive morphology.
We also show thatDrosophila Eph (DEph) is detected
in segregating clones of RasV12 cells and is function-
ally required to drive segregation of RasV12 cells
in vivo, suggesting that our in vitro findings are
conserved in evolution. We propose that expression
of RasV12 in single or small clusters of cells within a
healthy epithelium creates ectopic EphA2 bound-
aries, which drive the segregation and elimination
of the transformed cell from the tissue. Thus, dereg-
ulation of Eph/ephrin would allow RasV12 cells to go
undetected and expand within an epithelium.

RESULTS AND DISCUSSION

Based on our previous findings [2], we hypothesized that extru-

sion of RasV12 cells is triggered by cell-cell signals at the

RasV12-normal interface. To identify these signals, we designed

the cell confrontation assay in order to amplify the interface
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between RasV12 and normal epithelial cells, and we used

Madin-Darby canine kidney (MDCK) epithelial cell culture sys-

tems, expressing GFP-tagged, constitutively active, oncogenic

Ras (RasV12) in a tetracycline/doxycycline-inducible manner [2].

Normal orGFP-RasV12cellswere seeded into oneof twocom-

partments of a cell culture insert separated by a fixed gap (Fig-

ureS1A), similar to as in [7]. After removing the culture insert, cells

migrated to close the gap; opposing cells collided and cell-cell

interaction occurred between marginal cells. Live-cell imaging

experiments revealed that, upon collision with normal cells, mar-

ginal GFP-RasV12 cells collapsed (Figure S1B) and were

repulsed backward, while normal cells continued to migrate for-

ward (Figures1Aand1B,R:NTetON;MovieS1). At 21–30hrpost-

collision, RasV12 cells had tightly packed and separated from

normal cells by a distinct and visible border (Figure 1A). These

phenomena only occurred when GFP-RasV12 was induced in

one population of cells (Figure 1B, R:N TetOFF). In contrast,

when two opposing sheets of GFP-RasV12 cells collided, both

populations stopped migrating (Figure 1B, R:R TetON; Movie

S2) and fused to form a monolayer (Figure 1A). In the absence

of cells in the second compartment,GFP-RasV12 cells continued

tomigrate forward into free space (Figure 1B, R:No cells). Single-

cell tracking analyses confirmed that, upon collision with normal

cells, RasV12 cells (either at themargin or further behind the lead-

ing edge) were repulsed backward with the same direction (Fig-

ure S1C; Movie S3). In contrast, when RasV12 cells collided

withRasV12cells,cellmigration lackeddirectionality (FigureS1C;

Movie S3). Thus, upon collision with normal cells, RasV12 cells

display cell repulsion, are triggered to migrate backward, and

avoid intermingling with normal cells.

Following collision with normal cells, RasV12 cells rapidly

adopted a contractile morphology. We measured changes in

RasV12 cell area as a readout for cell contractility, and we found

that the RasV12 cell area significantly decreased following colli-

sion with normal cells, but not with RasV12 cells (Figure 1C). This

decrease was observed in marginal RasV12 cells (row 1) and in

RasV12 cells positioned further behind the collision interface

(+11; Figure S1D). Hence, as leading RasV12 cells are repulsed,

RasV12 cells behind the margin become compressed. In

contrast, RasV12 cells colliding with RasV12 cells maintained a

constant cell area (Figure S1D).

Consistent with our previous findings [2], we observed that

F-actin accumulated specifically at cell-cell contacts between

RasV12 cells that had collided with normal cells (Figure 1D).
vier Ltd.
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Figure 1. Direct Cell-Cell Interaction between Epithelial Cell Sheets in a New Cell Confrontation Assay Demonstrates that Normal Cells

Trigger Repulsion of RasV12 Cells

(A) Images extracted from a representative time-lapse cell confrontation experiment showing sheets ofMDCK-pTR-GFP-RasV12 cells colliding with either normal

MDCK cells (left panels) or with MDCK-pTR-GFP-RasV12 cells (right panels). Elapsed time is indicated as hr:min. Red line indicates point of collision.

(legend continued on next page)
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Moreover, neighboring RasV12 cells, positioned behind the colli-

sion interface and not in direct contact with normal cells, also

accumulated F-actin at cell-cell contacts over time (Figures 1E,

S1E, S1F, and S1I). The inhibition of myosin-II or Src family ki-

nase (SFK) pathways reduced RasV12 contractility (Figure S1G).

The inhibition of SFK, but not myosin-II, significantly decreased

RasV12 cell repulsion (Figure S1H). Indeed, collision with normal

cells triggered RasV12 cells to actively migrate backward, inde-

pendent of myosin-II activity (Movie S4), similar to as in [8]. How-

ever, phosphorylated myosin light chain (pMLC) was detected at

higher levels specifically in RasV12 cells that had collided with

normal cells (Figure S1I). Although we cannot rule out that

migrating normal cells also compress RasV12 cells via pro-

cesses that are myosin-II independent, our findings indicate a

role for myosin-II activity in RasV12 cell repulsion.

Finally, cell repulsion did not occur when RasV12 cells collided

with E-cadherin-depleted cells (distance = 0 mm, n = 2). Here

RasV12 cell area was more comparable to that of RasV12

cells in a monolayer (Figure 1C). Moreover, RasV12 cells and

E-cadherin-depleted cells separated via an irregular interface

(Figure 1F). Thus, upon collision with normal cells, RasV12 cells

contract and separate via a process that is dependent on E-cad-

herin-based cell-cell adhesion. Crucially, these experiments

demonstrate that similar phenomena occur in RasV12 cells at

the single-cell [2] and multicellular levels following interactions

with normal cells and that a dependence on specific signaling

proteins is required in both contexts.

Eph-ephrin signaling regulates cell repulsion and cell segrega-

tion, processes that prevent cell mixing and drive boundary for-

mation during tissue development and maintenance [9]. Similar

to previous reports [10, 11], we found that RasV12 cells ex-

pressed EphA2 mRNA (Figure S2A) and protein (Figure S2B) at

elevated levels compared to normal cells. Expression of EphA2

protein was MEK-ERK dependent (Figure S2B). MEK-ERK

signaling also was required to drive RasV12 cell extrusion [2],

changes in cell area (Figure S1G), and cell repulsion (Figure S1H).

Therefore, we tested whether Eph-ephrins were necessary to

drive RasV12 cell repulsion.

We first performed cell confrontation assays in the presence

of soluble, recombinant ephrin-Fc ligands. We reasoned that
(B) Quantification of distance (mm) traveled by marginal RasV12 cells in cell confro

the end of the experiment (42 hr). Data indicate mean ± SD from three independent

show SD.

(C) Quantification of GFP-RasV12 cell area (mm2) in cell confrontation assays with

bar; n = 303 cells), or E-cadherin-depleted cells (R:E-cadherin shRNA, gray bar; n

(***p < 0.001). Error bars show SEM.

(D) Confocal images of confrontation assays. Upper panels: GFP-RasV12 cell she

sheets confront GFP-RasV12 cells (R:R). Cells were fixed 40 hr after the addition

Hoechst (blue). One population of RasV12 cells was prestained with cell tracker d

cells following collision. White line in (D) and (F) depicts border between two pop

(E) Confocal images of cell confrontation assays. Upper panels: GFP-RasV12 cell

cells confront GFP-RasV12 cells (R:R). Lower panels: normal GFP-labeled cells co

addition of doxycycline (�24–31 hr post-collision) and stained with phalloidin (re

(F) Confocal images of GFP-RasV12 cells confronting normal MDCK cells (left pan

48 hr after the addition of tetracycline (�22–24 hr post collision) and stained with

(G) Confocal images of cell confrontation assays of GFP-RasV12 cell sheets coll

sheets colliding with GFP-RasV12 cells (lower panels). Cells were fixed 30 hr after

(gray) and anti-phospho-EphA2 (pEphA2, Y594; cyan) antibodies.

Scale bar, 20 mm (A and D–G). See also Figure S1 and Movies S1, S2, S3, and S
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soluble ligands would interfere with endogenous Eph-ephrin

signaling, similar to as in [12–14]. Repulsion of RasV12 cells

from normal cells was significantly inhibited in the presence of

ephrin-A1-Fc and ephrin-A4-Fc (Figure S2C), whereas the addi-

tion of ephrin-B ligands had no effect (Figure S2C). The addition

of ephrin-A1/ephrin-A4 also significantly reduced RasV12 cell

contractility (Figure S2D), and it promoted cell intermingling at

RasV12-normal cell interfaces (Figure S2E). The inhibitory effects

of long-term treatment with ephrin-A ligands may be due to

EphA2 downregulation from the cell surface ([15]; data not

shown). Together, these results suggest a requirement of EphA

family members in RasV12 cell responses following interaction

with normal cells. Both normal and RasV12 cell lines also ex-

pressed EphA1, ephrin-A1, and ephrin-A4 at similar mRNA levels

(Figure S2A). Given that EphA2 is a transcriptional target of Ras-

MAPK signaling [10], we focused on the functional role of EphA2

in RasV12-normal cell-cell interaction.

In general, binding of ephrin ligand triggers Eph receptor clus-

tering and activation by phosphorylation on conserved tyrosine

residues [16, 17].We detected elevated levels of phosphorylated

EphA2 (Y594) in clusters of RasV12 cells surrounded by normal

cells (Figure S3A) and in RasV12 cells that had immediately

collided with, and been repulsed by, normal cells (Figure 1G).

The intensity of phosphorylated EphA2 was significantly higher

at the RasV12-normal interface (Figure S3B), demonstrating

that activation of EphA2 is specifically occurring upon cell-cell

interaction. Phosphorylated EphA2 also was detected at signifi-

cantly higher levels at cell-cell contacts between RasV12 cells

within a cluster (Figures S3B and S3F).

To test the functional role of EphA2, we established two

GFP-RasV12 cell lines that constitutively expressed indepen-

dent small hairpin RNA (shRNA) constructs targeting EphA2

(shRNA-1 or -2) as well as a scramble control (Figure S3C).

When cultured with normal cells at 1:100 ratios, EphA2-depleted

RasV12 cells no longer clustered but appeared flat and spread

(Figure 2A). As expected, we did not detect elevated levels of

phosphorylated EphA2 in EphA2-depleted cells (Figure 2A). To

quantify the change in cell morphology, we measured the

distance between the center of nuclei of neighboring cells in

direct contact (inter-nuclear distance [IND]; Figure 2B). When
ntation assays. Migration distances were scored following collision of cells until

experiments (***p < 0.001 for R:N TetON versus all other conditions). Error bars

normal cells (R:N, black bar; n = 182 cells), with GFP-RasV12 cells (R:R, white

= 232 cells). Data represent mean ± SEM from three independent experiments

ets confront normal MDCK monolayers (R:N). Lower panels: GFP-RasV12 cell

of doxycycline (�16–18 hr post-collision) and stained with phalloidin (red) and

ye (CMTPX, magenta) to identify the boundary between the two populations of

ulations of cells following collision.

sheets confront normal MDCKmonolayers (R:N). Middle panels: GFP-RasV12

nfront non-labeled normal MDCK cells (N:N). Cells were fixed 48–55 hr after the

d).

el) or MDCK cells expressing E-cadherin shRNA (right panel). Cells were fixed

Hoechst (blue).

iding with normal (non-labeled) monolayers (top panels) and GFP-RasV12 cell

the addition of doxycycline (�6–8 hr post collision) and stained with anti-EphA2

4.



Nuclei /
GFP-RasV12 EphA2 pEphA2

Sc
ra

m
b

 s
hR

N
A

Ep
hA

2
 s

hR
N

A
-1

A

D

Distance (μm)
0-200-250 -150 -100 -50

***
EphA2

shRNA-1

Scramb
shRNA

C

RScb:NR:N R:R REphA2
KD:N

IN
D

 ( μ
m

)

5

10

15

20 *** ***

EphA2
shRNA-1

Scramb
shRNA

C
el

l A
re

a 
( μ

m
2 )

***

200

300

400

500

600

100

E F

R:N R:R RScb:N REphA2
KD:N

C
oe

ffi
ci

en
t o

f s
m

oo
th

ne
ss

0.2

0.4

0.6

0.8

1.0 *** n.s. ***

H
F-actinEphA2

Nuclei /
GFP-RasV12 

Sc
ra

m
b

 s
hR

N
A

Ep
hA

2
 s

hR
N

A
-1

GFP-RasV12 Normal

GFP-RasV12 Normal

B DAPI

R:N

R:R

GFP-RasV12 EphA2 F-actin

Sc
ra

m
b

sh
R

N
A

sh
R

N
A

-1
Ep

hA
2

G I

%
 a

pi
ca

lly
 e

xt
ru

de
d

G
FP

-R
as

V1
2 

ce
lls

20

40

60
**

Scramb
shRNA

EphA2
shRNA-1

EphA2
shRNA-2

Figure 2. GFP-RasV12 Cells Cluster, Stably Separate, and Extrude from Normal Epithelia in an EphA2-Dependent Manner

(A) Confocal images of MDCK-pTR-GFP-RasV12 cells constitutively expressing either scramble shRNA (top panels) or EphA2 shRNA-1 (lower panels) mixed with

normal MDCK cells at 1:100 ratios. Cells were fixed 48 hr after the addition of doxycycline and stained with anti-EphA2 (gray) or anti-phospho-EphA2 (pEphA2,

Y594; cyan) antibodies and Hoechst (blue).

(B) Representative images illustrating quantification of inter-nuclear distance (IND) data using point-picker/Voronoi scripts. Nuclei were stained with Hoechst

(DAPI). Images were inverted to grayscale using Fiji to ease visualization. Upper panel: RasV12 cells in RasV12 cell monolayers (R:R) are shown. Lower panel:

RasV12 cells were mixed with normal cells at 1:100 ratios (R:N).

(C) Quantification of IND (mm) between neighboring GFP-RasV12 cells in single or 1:100 co-culture assays is shown. R:N, GFP-RasV12 cells mixed with normal

MDCK cells at 1:100 ratios (black bar, n = 148 measurements); R:R, GFP-RasV12 cells alone (white bar, n = 293 measurements); RScb:N, GFP-RasV12 cells

constitutively expressing scramble shRNA mixed with normal MDCK cells at 1:100 ratios (light gray bar, n = 192 measurements); REphA2 KD:N, GFP-RasV12

cells constitutively expressing EphA2 shRNA-1mixedwith normal MDCK cells at 1:100 ratios (dark gray bar, n = 230measurements). Data represent mean ± SEM

from three independent experiments (***p < 0.001). Error bars show SEM.

(D) Quantification of distance (mm) traveled by leading edge of GFP-RasV12 cells constitutively expressing either scramble shRNA (white bar) or EphA2 shRNA-1

(black bar) following collision with normal cells (not depicted) until the end of the experiment (42 hr). Data indicate mean ± SEM from three independent ex-

periments (***p < 0.001). Error bars show SEM.

(E) Quantification of GFP-RasV12 cell area (mm2) in cell confrontation assays with normal cells. White bar, MDCK-pTR-GFP-RasV12 cells constitutively ex-

pressing scramble shRNA (n = 457 cells); black bar, MDCK-pTR-GFP-RasV12 cells constitutively expressing EphA2 shRNA-1 (n = 296 cells). Data represent

mean ± SEM from three independent experiments (***p < 0.001). Error bars show SEM.

(F) Quantification of coefficient of boundary smoothness separating two populations of cells following collision in cell confrontations assays. R:N, GFP-RasV12

cells colliding with normal MDCK cells (black bar, n = 55 measurements); R:R, GFP-RasV12 cells colliding with GFP-RasV12 cells (white bar, n = 14 mea-

surements); RScb:N, GFP-RasV12 cells constitutively expressing scramble shRNA colliding with normal MDCK cells (dark gray bar, n = 9 measurements);

REphA2 KD:N, GFP-RasV12 cells constitutively expressing EphA2 shRNA-1mixed with normal MDCK cells (light gray bar, n = 10measurements). Data represent

mean ± SEM from at least three independent experiments (***p < 0.001 for R:N versus R:R or REphA2 KD:N; R:N versus RScb:N is not significant [n.s.]). Error bars

show SEM.

(G) Confocal images of MDCK-pTR-GFP-RasV12 cells constitutively expressing either scramble shRNA (upper panels) or EphA2 shRNA-1 (lower panels) mixed

with normal MDCK cells at 1:100 ratios. Cells were fixed 48 hr after the addition of doxycycline and stained with anti-EphA2 antibody (gray) or phalloidin (red).

(H) Confocal images of cell confrontation assays. MDCK-pTR-GFP-RasV12 cell sheets expressing either scramble shRNA (top panels) or EphA2 shRNA-1 (lower

panels) confront normal (non-labeled) MDCK monolayers. Cells were fixed 30 hr after the addition of doxycycline (�6–8 hr post-collision) and stained with anti-

EphA2 antibodies (gray), phalloidin (red), and Hoechst (blue). White line depicts border between two populations of cells following collision.

(legend continued on next page)
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surrounded by normal cells, RasV12 cells depleted of EphA2 had

a significantly higher IND compared to RasV12 cells expressing

scramble shRNA or parental RasV12 cells (Figure 2C), and this

was more comparable to the IND value of RasV12 cells in a

monolayer (Figure 2C).

In confrontation assays with normal cells, RasV12 cells

depleted of EphA2 were repulsed less efficiently (Figure 2D),

and they did not decrease in cell area (Figure 2E), independent

of their distance to the collision margin (Figure S1D). This dem-

onstrates that EphA2 is functionally required to induce the

contraction of RasV12 cells that are both in direct contact with

normal cells and further behind the collision interface. Moreover,

quantification of the linearity of the border between cells ([18];

Figure 2F) indicated that depletion of EphA2 in RasV12 cells

promotes local intermingling of RasV12 cells and normal cells

at the cell-cell interface. Interestingly, RasV12 cells depleted of

EphA2 formed large basal protrusions at the interface with

normal cells (Figures 2A, 2G, and 2H), indicative of a pro-invasive

morphology, also reported in [2]. F-actin did not accumulate at

cell-cell contacts between RasV12 cells depleted of EphA2,

either when present in normal monolayers at 1:100 ratios (Fig-

ure 2G) or following collision in confrontation assays (Figures

2H and S1E, bottom panels). Using established assays [1–5],

we found that RasV12 cells depleted of EphA2 were apically

extruded at a significantly lower frequency than controls (Fig-

ure 2I). Together, our data demonstrate that EphA2 expressed

on RasV12 cells is activated by direct cell-cell interaction with

normal cells, to induce repulsion and contraction of RasV12

cells, and it promotes the separation of RasV12 and normal

cells. Moreover, EphA2 is required to induce the contraction

and clustering of juxtaposed RasV12 cells that are not in direct

contact with normal cells.

As signaling via SFK andmyosin-II are required for RasV12 cell

contractility (Figure S1G) and extrusion [2], we asked whether

these signals act downstream of EphA2 in RasV12 cells. Phos-

phorylated (Y416) active Src was detected at elevated levels

specifically in RasV12 cells surrounded by normal cells, but it

was absent in RasV12 cells depleted of EphA2 (Figures S3D

and S3F). In confrontation assays with normal cells, the level of

pMLC was reduced in RasV12 cells depleted of EphA2 (Fig-

ure S3G). Together these data suggest that SFK and myosin-II

are activated downstream of EphA2 in RasV12 cells following

interaction with normal cells.

We next explored the requirement of ephrin-A ligands for

RasV12 cell repulsion. Since normal cells express ephrin-A1

and -A4 ([11]; Figure S2A), we focused on examining the role of

these specific ligands, first by using the cell confrontation assay.

We used preclustered ephrin-A1-Fc/-A4-Fc (or Fc alone) to coat

one compartment of the cell confrontation assay, andwe seeded

RasV12 or normal cells in the other compartment in a modified

stripe assay [19]. Preclustered recombinant ephrin-Fc proteins

can induce Eph receptor clustering and activate signaling [20].

We found that both RasV12 and normal cells migrated over Fc
(I) Quantification of apical extrusion of GFP-RasV12 cells constitutively expressin

(gray bar) mixed with normal cells at 1:100 ratios and seeded on collagen I gels. C

SEM from three independent experiments (**p < 0.01). Scale bar, 20 mm (A, B, G

See also Figures S1–S3.
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proteins (Figure 3A), but they failed to migrate over ephrin-A1-

Fc ligands (Figure 3A), indicating that both cell populations are

contact inhibited by ephrin-A1 ligands. RasV12 cells, and to a

lesser extent the normal cells, also were contact inhibited by

ephrin-A4 ligands (Figure 3A). These observations were consis-

tent with the fact that both normal and RasV12 cells express

EphA2 and EphA1 receptors, which specifically bind ephrin-A1

and/or -A4 ligands [21]. RasV12 cells depleted of EphA2

migrated (albeit weakly, most likely due to residual levels of

functional EphA2 expressed on these cells; see Figure S3C)

over stripes of ephrin-A1-Fc or -A4-Fc (Figure 3B), suggesting

that efficient contact inhibition requires EphA2.

We predicted that, upon interaction with ephrin-A ligands,

RasV12 cells also are triggered to cluster. To test this, we first

seededGFP-RasV12 cells sparsely (and in the presence of tetra-

cycline/doxycycline) in order to promote cell scattering ([22]; Fig-

ure 3D, top panels), before treating the cells with preclustered Fc

proteins. Stimulation with ephrin-A-Fc ligands induced RasV12

cells to decrease in cell area, tightly cluster, and increase

E-cadherin-based cell-cell adhesion between cells (Figure 3C).

Cells treated with Fc protein appeared similar to untreated cells

(compare Figures 3C and 3D). Consistently, RasV12 cells ex-

pressing EphA2 shRNA (and not scramble shRNA) did not alter

cell morphology or cell-cell adhesion following stimulation with

ephrin-A-Fc proteins (Figure 3D).

Next, we tested whether ephrin-A ligands endogenously ex-

pressed on normal cells activate EphA2 expressed on RasV12

cells. We first treated normal cells with the enzyme phosphatidy-

linositol-specific phospholipase C (PI-PLC) to remove GPI-

linked ephrin-A ligands [23], before mixing with RasV12 cells at

1:100 ratios. Treatment with PI-PLC significantly removed

endogenous ephrin-A1 from normal cells (>80%), which re-

mained depleted up to 24 hr after treatment (Figure 3E). The level

of phosphorylated EphA2 (Y594) was markedly reduced in

RasV12 cells when surrounded by PI-PLC-treated normal cells

compared to RasV12 cells surrounded by PBS-treated cells

(Figure 3F). RasV12 cells failed to tightly cluster in the presence

of PI-PLC-treated normal cells (Figure 3G). Notably, RasV12

cells in direct contact with PI-PLC-treated normal cells formed

large basal protrusions (Figure 3F), reminiscent of RasV12 cells

depleted of EphA2 (Figure 2A). Taken together, our data show

that ephrin-A ligands (artificially clustered or membrane bound)

activate the EphA2 receptor expressed on RasV12 cells and

this triggers RasV12 cells to contract and cluster with increased

intercellular adhesion.

Both RasV12 and normalMDCK cell lines express comparable

levels of ephrin-A ligand mRNA (Figure S2A), total protein (Fig-

ure S2F), and cell surface protein (Figure S2G). However, we

never observed cell repulsion between neighboring RasV12

cells. We speculated that a difference in EphA2 expression levels

between juxtaposed cells was sufficient to drive a repulsion/con-

tractile response in the overexpressing cell. Overexpression of

EphA2 in RasV12 cells could increase the cells responsiveness
g scramble shRNA (white bar), EphA2 shRNA-1 (black bar), or EphA2 shRNA-2

ells were fixed 24 hr after the addition of doxycycline. Data represent mean ±

, and H).
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to exogenous ephrin ligands, similar to as in [24, 25]. To test this,

we carried out both 1:100 co-culture and cell confrontation as-

says using GFP-RasV12 cells and GFP-RasV12 cell lines, either

expressing EphA2 shRNA (EphA2 knockdown [KD]) or scramble

shRNA. Since RasV12 EphA2 KD cells expressed low levels of

EphA2 protein similar to normal cells (Figure S3C), we predicted

that these cells would behave like normal cells in these experi-

ments. Using cell confrontation assays, we found that RasV12

cells separated from RasV12 EphA2 KD cells but intermingled

with RasV12 cells expressing scramble shRNA (Figure 4A).

RasV12 cell area significantly decreased following collision

with RasV12 EphA2 KD cells (Figure 4B), and RasV12 cells clus-

tered with a significantly lower IND when surrounded by RasV12

EphA2 KD cells (Figure 4C). Thus, a difference in EphA2 expres-

sion levels between juxtaposed cells is sufficient to induce cell

repulsion and prevent the intermingling of the opposing cells.

This in turn triggers contraction and clustering of the EphA2-

overexpressing cell.

Cells expressing RasV12 in wing imaginal discs of Drosophila

melanogaster also cluster [2], with increasedDE-cadherin at cell-

cell contacts, and they form uniform clones with smooth borders

[26], suggesting that similar processes also occur in vivo.

Indeed, cells co-expressing GFP and RasV12 formed round

clusters with smooth borders that segregated them from the

surrounding wild-type tissue (39.7%, n = 63; Figures 4D and

4E). In contrast, clones of cells expressing GFP were irregular

in shape and did not segregate (0%, n = 102; Figures 4D and

4E). InDrosophila, a single Eph receptor (DEph) and ephrin ligand

(Dephrin) have been identified, both of which play a role in the

developing nervous system [27, 28]. DEph receptor also is

required to maintain the straight shape of the anterior/posterior

boundary in Drosophila [29].

Using purified Dephrin-Fc to probe for DEph expression, we

observed a prominent increase in Fc staining within segregated

RasV12 clusters, but not within clones of GFP-expressing cells

(60% of segregated clones, n = 25; Figures 4D and 4E). To
Figure 3. Ephrin-A Ligands Are Necessary for the EphA2-Dependent P

(A) Confocal images of GFP-RasV12 cells (left panels) or non-labeled, normal cells

ephrin-A1-Fc (middle panels), or ephrin-A4-Fc (lower panels) proteins. GFP-RasV1

fixed at 96 hr. Normal cells were stained with phalloidin (green); both cell lines were

conjugated anti-goat antibodies (red). Dashed white line indicates edge of each

(B) Epifluorescence images of MDCK-pTR-GFP-RasV12 cells constitutively exp

confronting stripes of immobilized, pre-clustered Fc (top panels), ephrin-A1-Fc (m

following the addition of doxycycline. Fc protein stripeswere visualized using Alex

each Fc protein stripe.

(C) Confocal images of GFP-RasV12 cells seeded at low densities, incubated over

ephrin-A1-Fc protein (middle panels), or ephrin-A4-Fc (lower panels) (10 mg ml�1

(D) Confocal images of untreatedMDCK-pTR-GFP-RasV12 cells (top panel) andM

(middle panels) or EphA2 shRNA-1 (lower panels). All cells were seeded at low

preclustered Fc or ephrin-A1-Fc protein (10 mgml�1) for 24 hr. Cells were fixed and

(E) Immunoblot analysis comparing the expression levels of endogenous ephr

phosphoinositide-specific phospholipase C (+ PI-PLC) for 4 hr before being swit

from cells and examined by western blotting using the indicated antibodies.

(F) Confocal images of normal MDCK cells pretreated with PBS (+ PBS; top panels

mixing with GFP-RasV12 cells at 100:1 ratios. Cells were fixed 24 hr after the ad

EphA2 (pEphA2, Y594; cyan), and Hoechst (blue).

(G) Quantification of IND (mm) between neighboring GFP-RasV12 cells co-cultured

or normal cells pretreated with either PBS (+ PBS, gray bar; n = 88 measurement

mean ± SEM from three independent experiments (***p < 0.001; control versus +

Scale bar, 20 mm (A–D and F).
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understand the functional significance of this observation, we

expressed RNAi constructs to silenceDEph in RasV12 cells (Fig-

ures S4A and S4B). Depletion of DEph in RasV12 clones reduced

the formation of round, cyst-like clusters that stably separated

from the surrounding wild-type cells (14%, n = 176). Notably,

within this population of RasV12 cells that appeared round and

cyst-like,wedetected elevatedDephrin-Fc staining (Figure S4C),

suggesting incomplete KD ofDEph in these cells. RasV12 clones

expressingDEph-RNAi and displaying no detectable Dephrin-Fc

staining formed irregularly shaped, non-contractile clusters

(Figure 4F), and they were either aligned in the apico-basal

axis (45%; Figure 4G) or remained attached to the basal layer

(41%; Figure 4G) of the epithelium. In parallel, we induced

RasV12 clones co-expressing a dominant-negative DEph trans-

gene (DEph DN), which consists of an extracellular and trans-

membrane domain but lacks the intracellular domain, including

the kinase domain. Hence, DEph DN should bind ligand but

would be unable to signal [30]. Similar to the RNAi lines, we

observed a significant decrease in round, cyst-like clusters of

RasV12 cells co-expressing DEph DN (12%, n = 103). Instead,

the majority of RasV12 cells formed irregularly shaped, non-con-

tractile clusters (88%, n = 103) (Figure 4F), which aligned in the

apico-basal axis of the tissue (Figure 4G). Thus, elevated levels

of DEph are detected in segregating clones of RasV12 cells,

and DEph is functionally required to drive the segregation of

RasV12 cells from wild-type neighbors in vivo.

Epithelial cells expressing oncogenic v-Src also are extruded

from normal monolayers via cell-cell interactions [3, 4]. There-

fore, we asked whether EphA2 also is required for this process.

We transiently expressed v-Src (or RasV12) with EphA2 domi-

nant-negative (EphA2 DN), which lacks a functional intracellular

domain [31], and we scored apical extrusion events. Both

RasV12 and v-Src cells were extruded at significantly lower

levels when cells co-expressed EphA2 DN (Figure S4D), sug-

gesting that EphA2 signaling also is required to drive the elimina-

tion of v-Src-transformed cells from epithelial cell sheets.
henotypes in GFP-RasV12 Cells

(right panels) confronting stripes of immobilized, pre-clustered Fc (top panels),

2 cells were fixed 72 hr following the addition of tetracycline; normal cells were

stained with Hoechst (blue). Fc protein stripes were visualized using Alexa568-

Fc protein stripe.

ressing either scramble shRNA (left panels) or EphA2 shRNA-1 (right panels)

iddle panels), or ephrin-A4-Fc (lower panels) proteins. Cells were fixed 72 hr

a568-conjugated anti-goat antibodies (red). Dashedwhite line indicates edge of

night with doxycycline before being treatedwith preclustered Fc (upper panels),

) for 24 hr. Cells were fixed and stained with anti-E-cadherin antibodies (cyan).

DCK-pTR-GFP-RasV12 cells constitutively expressing either scramble shRNA

densities and incubated overnight with doxycycline before being treated with

stained with anti-EphA2 antibodies (gray), phalloidin (red), and Hoechst (blue).

in-A1 protein from normal MDCK cell lines pre-treated with PBS (+ PBS) or

ched back to standard media for a further 24 hr. Lysates were then harvested

) or phosphoinositide phospholipase C (+ PI-PLC; lower panels) for 4 hr before

dition of doxycycline and stained with anti-EphA2 (gray), anti-phosphorylated

with untreated normal MDCK cells (control, black bar; n = 109 measurements)

s) or PI-PLC (+ PI-PLC, dark gray bar; n = 107 measurements). Data represent

PBS is n.s.)
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Figure 4. Neighboring Cells Detect Differences in Eph Expression In Vitro and In Vivo, and this Triggers Segregation of the Eph-

Overexpressing Cell

(A) Confocal images of cell confrontation assays. MDCK-pTR-GFP-RasV12 cell sheets expressing either scramble shRNA (top panels) or EphA2 shRNA-1 (lower

panels) confront GFP-RasV12 monolayers. GFP-RasV12 cells were prestained with CellTracker orange CMRA dye (red). Cells were fixed 48 hr after the addition

of doxycycline (�22–24 hr post-collision) and stained with anti-EphA2 antibodies (gray) and Hoechst (blue). White line depicts border between two populations of

cells following collision.

(B) Quantification of RasV12 cell area (mm2) in cell confrontation assays with MDCK-pTR-GFP-RasV12 cells constitutively expressing scramble shRNA

(Ras:Scramble, white bar; n = 756 cells) or with MDCK-pTR-GFP-RasV12 cells constitutively expressing EphA2 shRNA-1 (Ras:EphA2 KD, black bar; n = 1012

cells). Data represent mean ± SEM from three independent experiments (***p < 0.001).

(C) Quantification of IND (mm) between neighboring RasV12 cells mixed with MDCK-pTR-GFP-RasV12 cells constitutively expressing scramble shRNA

(Ras:Scramble, white bar; n = 80 measurements) or with MDCK-pTR-GFP-RasV12 cells constitutively expressing EphA2 shRNA-1 (Ras:EphA2 KD, black bar;

n = 95 measurements) at 1:100 ratios. Data represent mean ± SEM from three independent experiments (***p < 0.001).

(D and E) Confocal images ofDrosophila melanogasterwing imaginal disc epithelia containing clones expressing GFP alone (left panels) or GFP and RasV12 (right

panels). Discs were incubated with soluble Dephrin-Fc protein before being fixed and stained with anti-Fc antibody (gray) and Hoescht (blue). (D) XY images

represent maximum projections of z stacks. (E) XZ images represent an orthogonal view of a z stack. White arrows indicate elevated ephrin-Fc staining at cell-cell

contacts at the RasV12:Normal interface. White arrowhead indicates enhanced ephrin-Fc staining at the center of the RasV12 cell cluster.

(F andG)Confocal imagesofDrosophilamelanogasterwing imaginal discepithelia containingclonescoexpressingGFPandRasV12andeither twoRNAi constructs

(GD2535 andKK101831) (left panels) or DEph dominant-negative (DEphDN) (right panels). Discswere incubatedwith soluble Dephrin-Fc protein before being fixed

andstainedwithanti-Fcantibody (gray) andHoescht (blue). (F)XY images representmaximumprojectionsof z stacks. (G)XZ images represent anorthogonal viewof

a z stack. White arrowheads indicate irregularly shaped clones of RasV12 cells. White arrows indicate punctate Dephrin-Fc staining. White asterisk indicates a

RasV12 clone in contact with the basal side of the epithelium. White brackets indicate RasV12 clones extending along the apico-basal axis of the epithelium.

Scale bar, 20 mm (A and D–G). See also Figures S2 and S4.
In summary, we have found that enhanced expression of

EphA2 in RasV12 cells promotes their detection by and separa-

tion from normal neighbors. Cell-cell interactions between juxta-

posed cells induce EphA2 forward signaling on RasV12 cells in

an ephrin-A ligand-dependent and E-cadherin-dependent

manner (Figure S4E, 1). This triggers repulsion and an increase
in cell contractility of RasV12 cells in direct contact with normal

cells (Figure S4E, 2). In turn, neighboring RasV12 cells that

are positioned behind marginal cells and not in direct contact

with normal cells are triggered to contract in an EphA2-

dependent manner (Figure S4E, 3). We cannot conclusively

determine whether this step is ligand dependent. It is possible
Current Biology 26, 3220–3229, December 5, 2016 3227



that EphA2 receptors, which are present at elevated levels on

RasV12 cell membranes, become mobile [32] to form higher-

order clusters in the absence of ligand, promoting autophos-

phorylation events [33].

Together with our previous studies, we propose that a combi-

nation of the initial repulsion signal and the concomitant contrac-

tility promotes the segregation and extrusion of RasV12 cells

from normal monolayers. Our findings demonstrate that epithe-

lial cells detect and respond to neighboring cells overexpressing

Eph both in vitro and in vivo, and it is the steep difference in Eph

expression levels between juxtaposed cells that is critical for

this initial response. Intriguingly, within monolayers, neighboring

RasV12 cells do not display cell repulsion. It is possible that

inhibitory interactions in cis with coexpressed ephrin-A ligands

[23, 25] occur on RasV12 cells, allowing a fraction of EphA2 re-

ceptors free to interact in trans with available ephrin-A ligands

presented on neighboring normal cells, similar to as in [24, 25].

Notably, transient expression of EphA2 alone drives apical extru-

sion of single epithelial cells from normal monolayers at low fre-

quencies and at protracted time points (11% extruded at 48 hr,

n = 247 cells), suggesting that additional signals may be required

for efficient extrusion. Based on our findings, we propose that

EphA2-mediated repulsion drives the segregation of RasV12

cells from normal cells, similar to mechanisms underlying cell

segregation at tissue boundaries during development [34, 35].

At ectoderm-mesoderm boundaries, local Eph-ephrin signals

generate local increases in myosin-II-dependent contractility,

which inhibits cadherin clustering at cell-cell interfaces [36].

Our findings are distinct from S1P-dependent mechanisms of

extrusion [37, 38].

Many Eph receptors are abnormally expressed during tumor-

igenesis, though the significance of this deregulation at the

single-cell level is poorly understood. In some cancer models,

ephrin-expressing normal cells compartmentalize and suppress

the expansion and invasiveness of Eph receptor-overexpressing

cancer cells [39, 40]. Compartmentalization of cancer cells and

RasV12 cells requires E-cadherin-based cell-cell adhesions

([39]; Figure 1F). It is possible that, under pathological conditions

where E-cadherin-based cell-cell adhesions are disrupted (e.g.,

inflammation and injury), EphA2-ephrin-A interactions between

RasV12 and normal neighbors would not occur, allowing trans-

formed cells to go undetected and spread within an epithelium.

Whether segregation of abnormal cells by the normal surround-

ing tissue is tumor promoting or tumor suppressive will require

further investigation, and the answer may provide key insights

into early tumorigenesis in epithelial tissues.
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