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SUMMARY

Epithelial cells require attachment to extra-
cellular matrix (ECM) to suppress an apoptotic
cell death program termed anoikis. Here we
describe a nonapoptotic cell death program in
matrix-detached cells that is initiated by a pre-
viously unrecognized and unusual process
involving the invasion of one cell into another,
leading to a transient state in which a live cell
is contained within a neighboring host cell.
Live internalized cells are either degraded by
lysosomal enzymes or released. We term this
cell internalization process entosis and present
evidence for entosis as a mechanism under-
lying the commonly observed ‘‘cell-in-cell’’
cytological feature in human cancers. Further
we propose that entosis is driven by compac-
tion force associated with adherens junction
formation in the absence of integrin engage-
ment and may represent an intrinsic tumor sup-
pression mechanism for cells that are detached
from ECM.

INTRODUCTION

In multicellular organisms, cell proliferation and cell death

are carefully coordinated to control the number and orga-

nization of cells in tissues and organs. In humans, an im-

balance in these processes can result in diseases such

as cancer that arises from the accumulation of cells due

to hyperproliferation and reduced cell death. Much atten-

tion has been focused on apoptosis as a critical cell death

mechanism due to its central role in cell clearance during

development and also in tumor suppression (Jacobson

et al., 1997). However, increasing evidence indicates

that nonapoptotic cell death processes are also
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important physiological modes of cell death (Lockshin

and Zakeri, 2004). Nonapoptotic death mechanisms can

occur concomitantly with apoptosis or can function as

alternative processes when apoptosis is impaired to medi-

ate such important developmental processes as interdigi-

tal cell death and hollowing of the mammary ducts during

puberty (Chautan et al., 1999; Debnath et al., 2005; Deg-

terev et al., 2005; Mailleux et al., 2007).

Within the mammary gland, an important regulator of

epithelial cell survival is attachment to a protein-rich base-

ment membrane or extracellular matrix (ECM). Cell death

induced by detachment from ECM functions as a luminal

clearing mechanism during development (Mailleux et al.,

2007) and also may function as a barrier to the develop-

ment of carcinomas, which display luminal filling as a

hallmark. One form of detachment-induced death is an

apoptotic program termed anoikis that has been charac-

terized in suspension cell cultures (Frisch and Francis,

1994; Meredith et al., 1993). Although anoikis likely acts

as a barrier to tumor formation or metastasis, its inhibition

is unlikely to be sufficient for long-term survival of tumor

cells away from ECM, as we have found that nonapoptotic

cell clearance mechanisms can compensate for apoptotic

defects in detached cell populations (Debnath et al., 2002;

Mailleux et al., 2007). Thus, tumors arising in glandular

epithelia, such as breast tumors, that display filling of lumi-

nal spaces as a hallmark must likely overcome both apo-

ptotic and nonapoptotic cell death programs for long-term

survival in the absence of attachment to the basement

membrane.

Here we describe a nonapoptotic cell death process

that occurs in human tumors and that is provoked by

loss of attachment to matrix. This cell death mechanism

is initiated by an unusual process involving the invasion

of one live cell into another, followed by the degradation

of internalized cells by lysosomal enzymes. We term this

cell internalization process entosis and provide evidence

for entosis in human tumors as a mechanism underlying

the ‘‘cell-in-cell’’ or ‘‘cannibalism’’ cytological feature.
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RESULTS

MCF10A Cells Internalize into Their Neighbors
following Detachment
In tracking the fate of human mammary epithelial MCF10A

cells in suspension cultures, we noted that some cells in

small aggregates appeared to be inside of large vacuoles,

suggesting that they were internalized within a neighboring

cell (Figure S1). To further investigate these structures,

cells were labeled with green or red fluorescent Cell-

Tracker dyes and mixed together in suspension. Internal-

ized cells highlighted by these dyes were observed as

early as 6 hr in suspension (Figure 1Aa). Analysis by con-

focal microscopy demonstrated the complete internaliza-

tion of one cell within another (Figure 1Ab and Movie S1A)

or, in some cases, one cell within a cell that was within

a third cell (Figures 1Ac and 1Ad). Cell internalization

was also analyzed by immunostaining cytospin prepara-

tions of suspended cultures for b-catenin to highlight the

plasma membrane. Internalizing cells were observed by

6 hr and comprised approximately 25% of the culture by

12 hr (Figure 1C). To further examine whether cells could

be completely internalized into their neighbors, sus-

pended cells were assayed for protection from surface

biotinylation. After 12 hr, 18.5% ± 2% of internalizing cells

(determined by b-catenin staining) were protected from

surface labeling with biotin, indicating their complete

internalization (Figure S2).

To examine this process in real time, MCF10A cells in

suspension were analyzed by time-lapse microscopy.

Cell internalization was initiated approximately 3–6 hr after

detachment and took several hours to complete (Figure 1B

and Movies S1B and S1C). In some cases, complex

structures resulting from several reiterative internalization

events were formed (Figure 1Bb), and some cells ap-

peared to reside in a large vacuole following internalization

(Figures 1B and S1). Internalizing cells appeared to be

viable and to bore into outer cells, suggesting that this

process might involve the active invasion of one cell into

another (see Movies S1B and S1C). Ultrastructural analy-

sis of engulfed cells from 6 hr suspension cultures did not

reveal evidence of apoptotic or necrotic features (Fig-

ure 1Ae), and internalizing cells appeared to retain mito-

chondrial membrane potential (Figure S3).

Cell Internalization Occurs Independent
of Apoptotic Processes
Recently it was reported that mouse mammary epithelial

cells have phagocytic activity toward apoptotic cells

(Monks et al., 2005). To examine whether internalization

of MCF10A cells following matrix detachment could be

a phagocytic response to an apoptotic program, we first

tested whether this process was associated with caspase

activation. Apoptosis and cell engulfment were quantified

by staining suspended cells for activated caspase-3 and

b-catenin. Whereas internalizing cells comprised �25%

of the culture by 12 hr, the percentage of cells with acti-

vated caspase-3 did not increase until after 24 hr in sus-
C

pension (Figure 1C). The overexpression of Bcl2 or treat-

ment of cells with the caspase inhibitor ZVAD-FMK also

had no effect on cell internalization even though either

could inhibit the activation of caspase-3 in suspension

or apoptosis following exposure of monolayer cells to

UV irradiation (Figures 1C and 1D).

Suspension cultures were further examined for phos-

phatydilserine (PS) exposure, an eat-me signal that acti-

vates phagocytosis of dying cells (Fadok et al., 1992,

2000), by labeling with a fluorescently tagged Annexin V

protein that binds to PS. A population of Annexin V-posi-

tive cells was detected at early time points in suspension,

i.e., 6 and 12 hr; however, the percentages of Annexin

positivity (5%–10%) remained much lower than those of

cell internalization at these times (15%–25%) (Figure 1E),

and there were no partially internalized cells that were

positive for Annexin staining (Figure 1E). The addition of

PS-liposomes, which can inhibit phagocytosis by over-

whelming the PSR (Fadok et al., 1992), also had no effect

on cell internalization although they inhibited the uptake of

apoptotic Jurkat cells by J774 mouse macrophages

(Figure 1F). We also did not observe any engulfment

when MCF10A monolayers were incubated with apoptotic

Jurkat cells, suggesting that MCF10A cells cannot readily

phagocytize apoptotic cells (data not shown). Taken to-

gether, these data demonstrate that cell engulfment of

MCF10A cells in suspension cultures is not regulated by

apoptotic processes and therefore is distinct from phago-

cytic clearance mechanisms of dying cells.

Cell Engulfment Requires Actin, Myosin II, Rho,
and ROCK Activity
To examine whether actin polymerization or myosin II con-

traction are required for cell engulfment, cells were treated

with latrunculin B (LatB), an inhibitor of actin polymeriza-

tion, or blebbistatin, a myosin II inhibitor. LatB- and bleb-

bistatin-treated cells aggregated into clumps in suspen-

sion but rarely internalized, demonstrating a role for

actin polymerization and myosin II in cell engulfment (Fig-

ure 2A). We next examined whether Rho signaling, which

is a critical regulator of actin and myosin II, also plays

a role in this process. Rho GTPases, and their down-

stream effectors ROCK1 and ROCK2, were inhibited by

treatment with Tat-C3, a cell-permeable Rho GTPase

inhibitor (Sauzeau et al., 2001; Sekine et al., 1989), and

Y-27632 and H-1152, two structurally distinct inhibitors

of ROCK proteins (Uehata et al., 1997). Inhibition of either

Rho or ROCK suppressed cell engulfment in suspended

cultures (Figure 2A). Similar to LatB-treated cells, Rho-

and ROCK-inhibited cells were able to aggregate but

rarely internalized (Figures 2A and 2B and Movies S2A

and S2B). These data implicate the Rho-ROCK-actin/

myosin pathway as an important regulator of engulfment

in suspension.

To determine whether cell internalization requires spe-

cific ROCK isoforms, ROCK1 and 2 expression were

downregulated with short-interfering RNAs (siRNAs) (Fig-

ure 2Ca). Downregulation of either ROCK1 or ROCK2
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Figure 1. Suspended MCF10A Cells Internalize into Their Neighbors

(A) Microscopic examination of engulfment. (a) Phase contrast (top panels) and CellTracker fluorescent (bottom panels) images of suspended cells at

0 and 6 hr. Arrows mark engulfed cells. (b) Three-dimensional (3D) reconstruction of confocal Z series at 12 hr demonstrating complete internalization.

Three-dimensional axes are labeled. (c and d) Confocal images of 12 hr CellTracker-labeled cells; scale bars are 10 mm. (e) Ultrastructure of 6 hr

internalized cell; scale bar is 2 mm.

(B) DIC images from time-lapse of suspension cells. Times are hours:minutes:seconds. Scale bars are 10 mm. (a) One cell internalizes into another. (b)

Two cells internalize into a third cell.

(C) Quantification of internalizing cells (left side of graph) and caspase-3 activation (right side of graph) in cytospins from ZVAD-FMK (ZVAD)-treated,

Bcl2-overexpressing, or control (vector) cells. Data are means ± standard deviation (SD). Confocal images of b-catenin and cleaved caspase-3 stains

of vector and ZVAD-treated Bcl2 cells 0, 12, and 72 hr after detachment are shown right of the graph. Arrows indicate internalized cells. The scale bar

is 10 mm.

(D) (a) Quantification of internalizing cells in 12 hr vector control, ZVAD-treated, or Bcl2-overexpressing cultures by analysis of CellTracker-labeled

cells. Data are means ± SD. (b) Confocal images of CellTracker-labeled cells at 12 hr; scale bar is 10 mm. (c) ZVAD and Bcl2 inhibit DNA fragmentation

induced by UV irradiation. Graph shows % sub-G1 of UV-treated monolayer cultures. Data are representative of two independent experiments.

(E) Engulfment is not associated with PS exposure. % Annexin, and PI positivity are graphed versus cell internalization (from Figure 1C) at 0, 6, and

12 hr. Twelve hour DIC images are shown with Annexin (green) and PI (red) fluorescence. Arrow indicates internalizing intermediate. Fluorescent

images are shown to the far right. The scale bar is 10 mm. Data are means ± SD.

(F) PS-liposomes do not inhibit cell internalization. Left side of graph depicts mean phagocytic index for engulfment of apoptotic Jurkat cells by J774

macrophages in the absence (�) or presence of 25 mM (25) or 100 mM (100) phosphatidylserine (PS) or phosphatidylcholine (PC) liposomes. Right side

of graph depicts % internalizing MCF10A cells after 12 hr in the absence (�) or presence of 100 mM PS (PS100) or PC (PC100). Data are means ± SD.

(a) Confocal image of CellTracker Green-labeled J774 cells that engulfed apoptotic CellTracker Red-labeled Jurkat cells (indicated by arrows). The

scale bar is 10 mm. (b) Confocal images of CellTracker-labeled MCF10A cells after 12 hr in suspension in the absence (control) or presence of 100 uM

PS (PS100) or 100 mM PC (PC100). The scale bar is 10 mm.
alone had only a minimal effect on the morphology of cells

in monolayer culture; however, downregulation of both

isoforms together reduced cell spreading and significantly
968 Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc.
altered cell morphology similarly to Y-27632 treatment

(Figure 2Ca and data not shown). Similarly, ROCK1 and

ROCK2 downregulation had an additive effect on cell



Figure 2. The Rho Pathway Is Required for Cell Internalization

(A) Inhibitors of engulfment. Graph depicts % internalizing cells for suspended MCF10A untreated (control) or treated with indicated inhibitors or

DMSO at 6 and 12 hr. Confocal images of 12 hr CellTracker-labeled cells are shown to the right. The scale bar is 10 mm. Data are means ± SD.

(B) DIC images from time-lapse analysis of LatB (a) and Y-27632 (b) treated cells in suspension for approximately 20 hr. Times are hours:minutes:

seconds. The scale bar is 10 mm.

(C) (a) Western blotting of control, ROCK1, or ROCK2 siRNA MCF10A lysates. Monolayer cultures are shown in the bottom images. The scale bar is 10

mm. (b) Internalization of control or ROCK1 and 2 siRNA transfected cells. Graph depicts % internalizing cells at 6 and 12 hr. Data are means ± SD.

Confocal images of CellTracker-labeled cells are shown in the lower panels. The scale bar is 10 mm. (c) Rho and ROCK are required in internalizing

cells. Percent of internalizing cells by color combination (CellTracker labels) is graphed at 6 hr of suspension. Green-labeled cells were untreated and

mixed 1:1 with red-labeled cells treated with Tat-C3 or untreated (control) or transfected with ROCK1 and 2 siRNA or control siRNA. Examples of

different color combinations of internalization are shown below the x axis. Data are means ± SD.
Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc. 969



internalization, as the knockdown of both isoforms to-

gether inhibited internalization by approximately 3-fold

compared to the less-than 2-fold effect of either isoform

alone (Figure 2Cb).

Rho and ROCK Are Required in Internalizing Cells
To further probe the role of the Rho pathway we examined

whether Rho or ROCK were required in internalizing cells

or outer cells. CellTracker Red-labeled cells were pre-

treated with either Tat-C3 or ROCK1 and 2 siRNAs, mixed

with untreated green-labeled control cells, and analyzed

by confocal microscopy after 6 hr in suspension. Whereas

engulfment was equally distributed between red- and

green-labeled cells in control cultures, Rho- or ROCK-

inhibited, red-labeled cells were rarely internalized into

control green cells yet were able to function as outer cells

to the same extent as controls (Figure 2Cc). Thus, the Rho

pathway is specifically required in internalizing cells and

not in outer cells. These data demonstrate that internaliz-

ing cells actively participate in this process in a Rho- and

ROCK-dependent manner.

Given these unique features that distinguish this cell

internalization process from phagocytic cell engulfment,

we refer to this cell internalization process as entosis, after

the Greek word entos, which means inside, into, or within.

MCF7 Cells Undergo Entosis
To determine if cells other than MCF10A undergo entosis,

a panel of human cell lines was tested in suspension cul-

ture (Table S1). Cell engulfment was observed in a variety

of nontumorigenic cell lines of various types and in four

of nine tumor cell lines examined (Table S1). Among the

tumor cell lines, MCF7 displayed the highest percentage

(30%), and like MCF10A, internalization of these cells

was dependent on ROCK and myosin II, and Rho was spe-

cifically required in internalizing cells and not in outer cells

(Figure S4).

Cadherins Are Required for Entosis
Because epithelial cells form adherens junctions when

cultured in suspension (Adams et al., 1998; Wrobel

et al., 2004), and cells in our time-lapse analysis appeared

to establish cell-cell junctions prior to internalizing (Fig-

ure 1B and Movies S1B and S1C), we examined whether

cadherin-mediated adhesion is required for entosis. Cad-

herin proteins require calcium for binding activity and thus

junctions can be blocked by chelating calcium from cul-

ture medium. The addition of either EGTA (chelates Ca2+)

or EDTA (chelates Ca2+ and Mg2+) to suspension cultures

strongly inhibited both aggregate formation and cell

internalization of MCF7 and MCF10A cells (Figures 3Aa–

3Ac), demonstrating a requirement for calcium-dependent

processes.

To examine a requirement for cadherins more directly,

cadherin-blocking antibodies were added to suspension

cultures. Entosis of MCF7 cells was inhibited by the addi-

tion of an E-cadherin blocking antibody to almost the

same extent as chelating calcium (Figure 3Aa), and like
970 Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc.
calcium chelation, blocking E-cadherin decreased cell ag-

gregation (Figure S5). For MCF10A cells, which unlike

MCF7 express high levels of both E- and P-cadherin (Fig-

ure S6), blocking E-cadherin alone had no effect, but a

combination of E- and P-cadherin blocking antibodies

inhibited cell internalization by approximately 2-fold (Fig-

ure 3Ab). These data demonstrate a requirement for adhe-

rens junctions to initiate entosis in suspension cultures.

Adherens Junctions Track Internalization
Suspension cultures were immunostained for E-cadherin

and b-catenin to visualize cell junctions during entosis.

By 6 hr after matrix detachment, many interacting cells

displayed characteristic adherens junctions, with in-

creased staining of E-cadherin and b-catenin at cell inter-

faces and dense plaques of these proteins at the points of

maximum width between cells (Figure 3Ba), similar to

what is described for epithelial cells undergoing compac-

tion in a monolayer (Adams et al., 1998). For cells that were

undergoing entosis, the extent of internalization was also

tracked by increased intensity of E-cadherin and b-cate-

nin staining and plaques at the terminal-most points of

interaction between the inner and outer cells (Figures

3Bb–3Bd). These staining patterns suggest that the mech-

anism of entosis is directly linked to cell-cell compaction.

TEM analysis showed that the closest contact between

paired cells of engulfment intermediates was at the

extreme end of finger-like projections of the receiving

cell (Figure 3Ca), and many such sites contained charac-

teristic adherens junctions (Figures 3Ca and 3Cb). Addi-

tionally, some projections of a receiving cell were inter-

locked with the inner cell (Figures 3Cb and 3Cc).

Entosis Results in Lysosomal Cell Death
To explore the fate of entotic cells we examined whether

internalized cells would target to lysosomal compart-

ments. Cells from suspension cultures were stained for

three lysosome markers: LAMP1, an integral protein of

the lysosome membrane; LysoTracker Red, which marks

acidified compartments; and a fluorescent substrate of

cathepsin B, a lysosomal protease. After 24 hr, approxi-

mately 10% of MCF7 cells were marked by prominent

cathepsin B substrate or LysoTracker staining (Figure 4A).

Immunostaining for LAMP1 together with b-catenin clearly

demonstrated that lysosome-enveloped cells were inter-

nalized within another cell (Figure 4A). Similar staining

patterns were also found for LAMP2 and LAMP3 (data

not shown). The inhibition of ROCK by treatment with

Y-27632 reduced the percentages of MCF7 nuclei that

were marked with cathepsin B or LysoTracker Red stain-

ing or encircled by LAMP1 by �10-fold, which correlates

their occurrence with entosis (Figure 4A). To address

whether internalized cells undergo cell death, suspended

MCF7 cells were analyzed for DNA fragmentation by

TUNEL, which labels DNA fragments generated during

apoptosis or necrosis (Grasl-Kraupp et al., 1995) or during

lysosomal digestion (McIlroy et al., 2000). Approximately

7% of cells were internalized and TUNEL positive, and



Figure 3. Adherens Junctions Are Required for Entosis

(A) Blocking cadherin function inhibits entosis. (a) Percent of internalizing cells in the presence of calcium chelators EDTA and EGTA, or E-cadherin

(aE-cad) and P-cadherin (aP-cad) blocking, or control (control IgG) antibodies in suspended MCF7 cultures (a) or MCF10A cultures (b) at 6 and 12 hr.

Data are means ± SD. Confocal images of CellTracker-labeled MCF7 cells are shown below the graph in (a). The scale bar is 10 mm. (c) DIC images

from time-lapse of suspended MCF10A cells treated with EDTA. Times are hours:minutes:seconds. The scale bar is 10 mm.

(B) E-cadherin (green) (left panels) and b-catenin (red) (middle panels) staining of internalizing MCF10A cells. Right panels: overlayed images with

nuclei (TO-PRO-3) (blue). The scale bar is 10 mm. (a) Suspended cells with adherens junction; plaques are marked by arrows. (b–d) Internalizing cells;

plaques are marked by arrows.

(C) Ultrastructure of MCF10A internalizing cells. (a) Left panel shows internalizing intermediate. The scale bar is 2 mm. 1 and 2 indicate higher

magnification shown in right panels. Arrows indicate adherens junctions. (b and c) Entosis intermediates showing interaction between inner and outer

cells. Black arrows indicate adherens junctions; white arrows indicate interlocked outer and inner cells. The scale bar is 500 nm.
Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc. 971



Figure 4. Internalized Cells Undergo Lysosome-Mediated Cell Death

(A) MCF7 cells in suspension stained for lysosome markers. Confocal images of H2B-GFP-expressing cells stained with cathepsin B substrate (left

panels) or LysoTracker Red (middle panels) after 24 hr of suspension. Right panels: confocal images of immunofluorescent stains for LAMP1 (green),

b-catenin (red), and nuclei (TO-PRO-3) (blue) on cytospin preparations at 24 hr of suspension. Arrows indicate LAMP1-encircled nuclei. The scale bars

are 10 mm. Graph depicts % nuclei encircled by lysosome markers in control or Y-27632-treated cultures. Data are means ± SD.

(B) DNA fragmentation of internalized MCF7 cells. Left panels show cytospins stained for TUNEL (green), b-catenin (red), and nuclei (TO-PRO-3) (blue)

after 48 hr of suspension. The scale bars are 10 mm. Graph shows % TUNEL-positive and internalized nuclei at 48 hr in control, Y-27632-, or EGTA-

treated cultures. Data are means ± SD. Right panels: ultrastructure of internalized MCF7 cells at 24 hr suspension that are degrading. Arrow shows

right top panel is enlarged area of left top panel. On the top left panel, % degrading cells is shown as mean ± SD of 200 cells in three serial sections

spaced 50 mm. Scale bars are 10 mm in upper left panel, 2 mm in right and bottom panels.
972 Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc.



this subset was inhibited by Y-27632 or the calcium che-

lator EGTA, correlating DNA fragmentation with entosis

(Figure 4B). Finally, by TEM, 12% of suspended MCF7

cells displayed massive cellular and nuclear degradation

that was devoid of apoptotic features, and all of these cells

were internalized (Figure 4B).

MCF10A cells in suspension were also stained for ca-

thepsin B activity and LAMP1 immunofluorescence. After

24 hr, 1%–2% of cells were marked by prominent cathep-

sin B substrate staining or encircled by LAMP1 in a ROCK-

dependent manner (Figure 4C). This percentage of lyso-

some-targeted cells persisted but did not increase at 48

and 72 hr (data not shown). A similar percentage of inter-

nalized MCF10A cells were TUNEL positive and showed

features of degradation by ultrastructure (Figure 4C and

data not shown). Taken together, these data demonstrate

that entosis in both MCF7 and MCF10A cells leads to lyso-

somal cell death.

Internalized Cells Can Be Released
To examine the fate of entotic cells in more detail, we fol-

lowed internalized H2B-GFP-labeled MCF10A and MCF7

cells by time-lapse microscopy of cultures plated on un-

treated glass coverslips, which exhibit some entosis due

to poor adherence. For both MCF10A and MCF7, the

most common fate for internalized cells was death (70%

for MCF7 and 49% for MCF10A), as evidenced by nuclear

degradation and the eventual disappearance of some

cells within the enveloping cell (Figure 5A and see Movie

S4A). Surprisingly, 18% of internalized MCF10A cells

and 12% of MCF7 were released from the outer cell

back into the culture (Figure 5A and Movie S4B). These

cells had a normal nuclear morphology and some under-

went cell division subsequent to their release. The release

of internalized cells was not unique to coverslip cultures as

this was also observed with suspended cells (data not

shown). Even more surprising is that a small percentage

of cells (9% for MCF7 and 0.8% for MCF10A) underwent

cell division while still internalized (Figure 5A and Movie

S4C). These data support the conclusion that entotic cells

are viable when they internalize. The remaining 32% of

internalized MCF10A and 9% of MCF7 cells did not un-

dergo any observable change over the 20 hr time course

(Figure 5A).

Internalized Cells Can Die by Alternative
Mechanisms
To examine the role of lysosome function in cell death,

internalized cells were followed by time-lapse in the pres-

ence of concanamycin A (ConA) (Figure S7), an inhibitor of

the vacuolar H+/ATPase. ConA treatment did not dramat-

ically alter the percentage of internalized cells that under-
C

went cell death (37% versus 46% of control cells) but

rather changed the nuclear morphology of dying cells

from nonapoptotic to apoptotic (Figure 5Ba). Treatment

of cells with the ionophore monensin (50 mM) yielded sim-

ilar results; however, this reagent was also generally more

toxic to MCF10A cells (data not shown). The majority

(85%) of control cells that underwent cell death displayed

nuclear disintegration without fragmentation (Figure 5Ba).

Similarly 89% ± 2.5% of TUNEL-positive, internalized cells

were negative for cleaved caspase-3 staining (Figure 5Bb),

and 86% ± 2.4 of TUNEL-positive, cleaved caspase-3-

negative nuclei showed evidence of disintegration without

fragmentation (Figure 5Bb). These data suggest that inter-

nalized cells predominantly die by a nonapoptotic mecha-

nism that is linked to lysosome function. Analysis of Lyso-

Tracker-stained cells by time-lapse also demonstrated

that acidification is coincident with nuclear degradation

(Figure S8 and Movie S5). In contrast, 100% of ConA-

treated cells that died underwent DNA fragmentation (Fig-

ures 5Ba and 5Bb and Movie S4D), and fragmented nuclei

in these cultures were positive for cleaved caspase-3

(Figure 5Bb). Moreover, these apoptotic cells were not

absorbed into the outer cell but rather were retained in a

large vacuole, presumably due to lysosome dysfunction

(Movie S4D).

To follow the fate of cells in which apoptosis was

inhibited, we performed time-lapse analysis of MCF10A

cells overexpressing Bcl2 in the absence or presence

of ConA. Death of internalized MCF10A-Bcl2 cells was

inhibited nearly 2-fold (26% compared to 46% for control

MCF10A), and of the detectable cell death events, 98%

occurred by disintegration in the absence of DNA frag-

mentation, suggesting that Bcl2 is a strong inhibitor of

apoptotic cell death of internalized cells and a partial

inhibitor of nonapoptotic cell death (Figures 5Ba and

5Bb). Strikingly, treatment of Bcl2-overexpressing cells

with ConA reduced the level of cell death to less than 1%.

This nearly complete inhibition of cell death was associ-

ated with an increase in the release of internalized cells

from 14%–15% (for Bcl2 and MCF10A controls) to 38%

(Figure 5Ba). Together, these data demonstrate that lyso-

somal degradation is the predominant mechanism for

elimination of internalized cells; however, an alternate

apoptotic program can compensate to execute cell death

when lysosomal function is disrupted.

Human Metastatic Breast Tumors Show Evidence
of Entosis
The internalized cells detected in suspended MCF10A and

MCF7 cultures closely resemble commonly observed

cytological features referred to as cell-in-cell or cell canni-

balism in clinical cancer specimens. Interestingly, these
(C) MCF10A cells in suspension for 24 hr stained for lysosome markers. Left panels: confocal images of H2B-GFP-expressing cells stained with ca-

thepsin B substrate (far left panels); immunofluorescent stains for LAMP1 (green), b-catenin (red), and nuclei (TO-PRO-3) (blue) (right panels). The

scale bars are 10 mm. Graph depicts % nuclei encircled by lysosome markers in control or Y-27632-treated cultures. Data are means ± SD. Right

panels: top left image is TUNEL (green), b-catenin (red), and nuclei (TO-PRO-3) (blue) stained cytospin at 24 hr. Top right and bottom panels: ultra-

structure of internalized cells with evidence of degradation. Scale bars are 10 mm in upper left panel, 2 mm in right and bottom panels.
ell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc. 973



Figure 5. Time-Lapse Analysis of Internalized Cells

(A) (a) Quantification of cell fates for internalized cells. Percent of internalized MCF10A (n = 134) and MCF7 cells (n = 128) followed by time-lapse for

approximately 20 hr is shown. (b–d) DIC (b and c) or phase contrast (d) and H2B-GFP fluorescence (green) (b–d) images of MCF10A cells. Times are

hours:minutes:seconds. (b) Internalized cell undergoes cell death. Inset in lower panels: internalized cell disappears into outer cell; arrow marks inner

cell. (c) Internalized cell is released. White arrow marks previously internalized cell; black arrow marks outer cell. (d) Internalized cell divides.

(B) Cell fates with lysosome and apoptosis inhibition. (a) Upper graph: quantification of cell fates for internalized ConA-treated MCF10A cells (n = 103)

or DMSO control (n = 134) or ConA-treated MCF10A-Bcl2 cells (n = 125) or DMSO control (n = 152). Lower graph: quantification of cell death mor-

phology in MCF10A cells treated with DMSO or ConA or DMSO-treated MCF10A-Bcl2 cells. Note nonapoptotic cells did not exhibit nuclear fragmen-

tation. (b) Confocal images of nonapoptotic or apoptotic cell death are shown below the graphs. Left panels: nonapoptotic death of internalized

MCF10A cells stained for cleaved caspase-3 and b-cat (upper image) or TUNEL (lower image). Middle panels: apoptotic death of internalized

MCF10A cells stained for cleaved caspase-3 and b-cat (upper image) or TUNEL (lower image). Nuclei were stained with DAPI. Right panels: cells

from time-lapse (expressing H2B-GFP [green]) stained for cleaved caspase-3 (red). Upper image: MCF10A cell treated with ConA. Lower image:

MCF10A-Bcl2 cell treated with DMSO. Arrow marks degrading nucleus that is negative for cleaved caspase-3. (c) Internalized ConA-treated

MCF10A cell undergoes apoptosis. Panels show DIC and H2B-GFP fluorescence (green) images from time-lapse. Times are hours:minutes:seconds.
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features are most frequently detected in metastatic tumor

cells that grow in a partial state of suspension in fluid ex-

udates, for example in the pleural space surrounding the

lungs (Gupta and Dey, 2003). To investigate the nature

of cell-in-cell structures in human metastatic tumors, we

immunostained breast tumor cells harvested from the

pleural fluid of patients. Cells were stained with antibodies

directed against b-catenin and MUC-1 to label the tumor

cell population. Seven of eight exudate samples that

were analyzed displayed some tumor cell internalization

with most showing 1% to 2%, and one (#2) displayed a

high level (20%) of cell-in-cell tumor structures (Figure 6A).

The majority of internalized cells in this sample were neg-

ative for cleaved caspase-3 (96% negative), and nearly

40% were encircled by LAMP1 staining (Figure 6C). Cell-

in-cell intermediates displayed increased intensity of

b-catenin at cell-cell interfaces, and some also displayed

plaques at the most distant points of contact between

the inner and outer cells (Figure 6C, arrows). Effusion sam-

ple #4 had a sufficient quantity of tumor cells to analyze

cell-in-cell by ultrastructure. By TEM, we could find fully

internalized cells that appeared to be viable (i.e., no evi-

dence of apoptosis or necrosis), as well as intermediates

that resembled the in vitro structures, with close contact

between two cells at the end of finger-like projections

where we observed adherens junctions (Figures 6D and

S9). Thus, the cell-in-cell structures associated with

human tumor cells display similar morphological features

as the suspended MCF10A and MCF7 cells. Therefore,

entosis in suspension cultures in vitro mimics distinguish-

ing features of the cell-in-cell phenomenon in human

tumor cells in fluid exudates.

Human Primary Breast Tumors Show Evidence
of Entosis
Recently the cell-in-cell cytological feature was described

in primary breast tumors in addition to metastatic tumor

exudates (Abodief et al., 2006). We investigated a panel

of 20 primary human breast carcinomas by H&E or immu-

nohistochemical staining and found that 11 of these

displayed features consistent with cell-in-cell (data not

shown). Sections from four tumors with the highest num-

ber of these structures were immunostained for b-catenin

and cleaved caspase-3 or fragmented DNA (TUNEL). All

four tumors exhibited evidence of live-cell internalization

consistent with entosis, at a frequency of �0.5%–2.5%

of the total tumor cell population (Figure 6E). Many internal-

ized cells had a normal nuclear morphology and a majority,

�75%–90%, were negative for cleaved caspase-3 stain-

ing (Figure 6E). We also detected structures containing a

cell within a cell that was inside of another cell, as observed

in suspended cultures (Figure 6E, first two panels). These

data demonstrate that cells with a normal nuclear morphol-

ogy and negative for either cleaved caspase-3 or TUNEL

staining are internalized by adjacent tumor cells in primary

human breast tumors, which is consistent with entosis.

To characterize a wider variety of human solid tumors

for entosis, tumor tissue arrays with sections representing
C

multiple tumor types were stained for b-catenin alone or

with cytokeratin 5, a basal epithelial marker, and samples

were analyzed for engulfment by microscopy. Similar to

the breast tumors, we observed cell internalization in a

wide variety of these tumor samples (Figure 6G), typically

in 0.3%–2% of the total tumor cell population in positive

samples. We conclude that entosis is a feature commonly

observed in both metastatic and primary human tumors of

many types.

DISCUSSION

In this report, we describe a cell death mechanism that is

provoked by loss of attachment to ECM and occurs inde-

pendent of apoptotic processes previously shown to be

associated with death of matrix-deprived cells (Gilmore,

2005). While this cell death process and apoptosis both

can result in the internalization of one cell inside of an-

other, the mechanisms responsible for cell internalization

are highly distinguishable. Unlike the phagocytic ingestion

of apoptotic cells, cell internalization in suspension is not

associated with caspase activation nor driven by phos-

phatidylserine exposure (Fadok et al., 1992) but rather is

dependent on adherens junctions and is driven by Rho

and ROCK activity in internalizing cells, which is consis-

tent with a cell invasion rather than an engulfment pro-

cess. Moreover, internalized cells can be released or

undergo cell division, which highlights a further distin-

guishing aspect between these two processes—unlike

dying cells that are cleared by phagocytosis, internalized

cells in suspension are alive. Taken together, these distin-

guishing features prompted us to assign this process the

name entosis, after the Greek word entos, which means

inside, into, or within.

While the detailed mechanisms mediating entosis re-

main to be elucidated, the data presented here provoke

consideration of a model to explain how a Rho-dependent

process involving actin polymerization and myosin II activ-

ity can mediate cell internalization. Figure 7 presents the

simplest working model for entosis based on our ex-

perimental findings. We propose that unbalanced myosin

II-dependent force associated with adherens junction

compaction drives one cell to push into another (Figure 7).

During adherens junction formation between attached

cells, compaction is associated with translocation of the

cell body toward the maturing junction by the myosin

clutch mechanism, in which myosin II-driven retrograde

flow pulls against actin cables that are anchored by cad-

herins, producing contractile force that translocates the

cell body (Adams and Nelson, 1998). Previously it has

been shown that force generated by actomyosin contrac-

tion downstream of integrin engagement can directly op-

pose cell-cell adhesion force (de Rooij et al., 2005; Ryan

et al., 2001). We found that the addition of reconstituted

basement membrane (Matrigel) to suspended cultures

inhibited cell internalization in a b1-integrin-dependent

manner (Figure S10). Thus it is possible that integrin

engagement acts as a counterbalancing force that
ell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc. 975



Figure 6. Entosis in Human Tumors

(A) Quantification of internalizing cells in fluid exudates from metastatic breast carcinomas cytospun directly from pleural fluid. Graph shows % in-

ternalizing of 200 tumor cells assayed by microscopic analysis of MUC-1 and b-cat immunofluorescent stains. Bottom left panel: Papanicolaou stain

of internalized cell from pleural effusion 2. Bottom right panel: confocal image of internalized tumor cell stained for MUC-1 (red), b-cat (green), and

nuclei (TO-PRO-3) (blue) from pleural effusion 2. The scale bar is 10 mm.

(B) Cleaved caspase-3 and LAMP1 staining of entosis from pleural effusion #2. Graph depicts % of fully internalized cells that were positive for cleaved

caspase-3 (n = 100) or encircled by LAMP1 staining (n = 30) (‘‘inside lysosome’’). Top and middle panels are immunofluorescent stains for b-cat

(green), cleaved caspase-3 (red), and nuclei (TO-PRO-3) (blue). Top panel: internalized cell is negative for cleaved caspase-3. Middle panel: internal-

ized cell is positive for cleaved caspase-3. Bottom panel: internalized cell stained for b-cat (red) and LAMP1 (green); note internalized cell is encircled

by ring of LAMP1 staining. The scale bar is 10 mm.

(C) MUC-1 and b-catenin stains of entosis intermediates from pleural effusions. Top panels show images from effusions #4 (left image) and #8 (right

image). Left image shows adherens junction between paired tumor cells; right image shows internalizing intermediate; arrows mark b-cat plaques.
976 Cell 131, 966–979, November 30, 2007 ª2007 Elsevier Inc.



prevents entosis during cell-cell compaction of adherent

cells. When cells that are detached from matrix interact

and undergo compaction, we propose that an imbalance

in contractile force between two cells could result in one

cell pushing into, and thus being wrapped around by,

the other.

We also note similarities between entosis and the inva-

sion of mammalian cells by a particular class of parasites,

Apicomplexa, which use an adhesion-based motility sys-

tem involving a moving junction and an actomyosin-based

‘‘glideosome’’ to invade host cells (Opitz and Soldati,

2002). Invasion is an active process that is mediated by

the parasite’s cytoskeleton, and the host cell does not

appear to play an active role in uptake. By ultrastructure,

the attachment points between inner and outer cells dur-

ing entosis (Figure 3C) are strikingly similar to the attach-

ments between Apicomplexa parasites and mammalian

cells during invasion (Aikawa et al., 1978). Also, in some

time-lapse videos of MCF7 cells undergoing entosis in

Figure 7. Model for Entosis in Matrix-Deprived Cells

Top panel: The force of adherens junction compaction (small red

arrows) is normally balanced by matrix attachment (large red arrows).

Bottom panel: In the absence of integrin engagement, differences in

Rho- and myosin II-dependent cell compaction force (red arrows)

can drive one cell to invade or push into another.
C

soft agar (see below), an attachment point between inner

and outer cells indeed appears to move as a ring along the

internalizing cell body, similar to the first descriptions of

moving junctions in Apicomplexa (Figure S11 and Movie

S6) (Aikawa et al., 1978). Thus, it is plausible that internal-

izing entotic cells ratchet a moveable junction similar to

Apicomplexa parasites. Finally, we note that while the

data presented here are consistent with the invasion of

one cell into another, they do not completely rule out other

scenarios, such as a more active role for outer cells or

a role for the Rho pathway in mediating a shape or adhe-

sive change in internalizing cells.

Our data demonstrate that entosis is one mechanism

that underlies the formation of cell-in-cell structures that

have been widely reported in human tumors for over

25 years, including breast carcinoma (Abodief et al., 2006;

Uei et al., 1980), lung carcinomas (Craig et al., 1983;

DeSimone et al., 1980), endometrial stromal carcinoma

(Hong, 1981), and many others that are too numerous to

list here. Elucidation of the mechanism underlying these

long-standing observations in human tumors should lay

the groundwork for investigating the consequences of

cell-in-cell or entosis on human tumor initiation and pro-

gression. It should be noted that we cannot rule out with

certainty that this process could occur in samples ex vivo

as a stress response associated with tumor removal.

Several possibilities are feasible for how entosis, or live

cell-in-cell invasion, could affect tumor growth. For exam-

ple, entosis could provide nutrients for the survival of

tumor cells lacking appropriate vascular access. We have

found that cells in suspension are metabolically impaired

(J. Debnath, Y. Irie, Z. Schafer, S. Gao, and J.S.B., unpub-

lished data). However, we were unable to detect any cor-

relation between entosis and autophagy in MCF10A or

MCF7 cells expressing LC3-GFP, a fluorescent label of

autophagic vacuoles. Moreover, entosis was reduced in

the absence of serum (data not shown), as was reported

for a similar process in cultured lung tumor cells (Brouwer

et al., 1984), suggesting that entosis is unlikely to function

as a starvation response mechanism to generate

increased metabolic substrate.

It is also possible that entosis could promote tumorigen-

esis by facilitating cell fusion and the development of

aneuploidy, as was suggested for a similar engulfment
Middle panels show entosis intermediates from effusions #8 (left image) and #2 (right image); arrows mark b-cat plaques. Bottom left panel: entosis

intermediate from effusion #7; arrow marks b-cat plaque. Bottom right panel: fully internalized cell from effusion #2; note intense b-cat staining sur-

rounding internalized cell. The scale bar is 10 mm.

(D) Ultrastructural analysis of internalizing tumor cells from pleural effusion #3. Left panel: fully internalized cell. Right panels: internalizing intermedi-

ate. Red and blue hatched boxes demarcate areas for red- and blue-labeled right panels. Black hatched boxes mark insets; arrows mark adherens

junctions.

(E) Human breast tumors stained for b-cat (green), cleaved caspase-3 (red), and nuclei (TO-PRO-3) (blue). Left three panels: internalized cells

are negative for cleaved caspase-3 staining. Far right panel: internalized cell is cleaved caspase-3 positive. Graph shows % internalized cells of

500 tumor cells assessed by b-cat staining for four primary human breast carcinomas.

(F) Human breast tumors stained for b-cat (red), TUNEL (green), and nuclei (TO-PRO-3) (blue). Left three panels: internalized cells are negative for

TUNEL staining. Far right panel: internalized cell is TUNEL positive. Graph shows % of internalized cells positive for cleaved caspase-3 staining

(gray bars) out of 50 or TUNEL staining (black bars) out of 30 internalized cells.

(G) Representative images of internalized cells in human solid tumors. Melanoma and stomach carcinoma panels: staining for b-cat (green), cytoker-

atin 5 (red), and nuclei (TO-PRO-3) (blue) staining. All other panels were stained for b-cat (green) and nuclei (TO-PRO-3) (blue).
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process in HEK293 cells induced by expression of myris-

toylated Akt2 (Jin and Woodgett, 2005). It is interesting to

note that HEK293 cells in this report were also partially

detached as a result of Akt2 activation, raising the possi-

bility that these cells were undergoing a similar process

to what we describe here, as a secondary consequence

of detachment. In our experiments with MCF10A and

MCF7 cells, we were unable to detect cell fusion in any

internalized cells followed by time-lapse microscopy. We

also examined cell fusion in suspension cultures by mixing

populations with different selectable markers and double-

selecting for fusion clones. While we were able to detect

some cell fusion events by this method (�0.01%), these

were not inhibited by Y-27632, a potent inhibitor of entosis

(Figure S12). Thus, to date we have no evidence that cells

can fuse as a result of entosis.

Finally, entosis could function as an intrinsic tumor sup-

pression mechanism to eliminate cells that are outside

their natural niches. The presence of a tumor-suppressive

cell engulfment process was previously postulated based

on observations of a similar process in lung tumor cells

(Brouwer et al., 1984). Within the solid tumors exhibiting

entosis in this study, we were unable to detect deposition

of the matrix proteins laminin, collagen IV, or fibronectin in

regions of tumor cells away from the basement membrane

(Figure S13), suggesting that loss of matrix attachment

could provoke this process in human tumors as it does

in cultured cells. To model the potential for entosis to limit

tumor growth, we assayed MCF7 cells in anchorage-inde-

pendent growth assays in soft agar. We noted the pres-

ence of cell-in-cell, or entotic structures in soft agar that

were inhibited by Y-27632 treatment (Figures S14A and

S7). Y-27632 treatment also increased colony formation

by �10-fold, and continual treatment increased colony

size by �1.5-fold (Figure S14C). In analysis of soft agar

cultures by time-lapse, we discovered that, following

mitosis, daughter cells internalize into each other (Fig-

ure S14A and Movie S7). Of 12 single cells that were fol-

lowed by time-lapse for �60 hr from the start of soft

agar growth, 8 underwent cell division followed by the

internalization of one daughter cell into the other. This

demonstrates that entosis could oppose proliferation to

inhibit the number and size of soft agar colonies. While

we cannot rule out the possibility that ROCK inhibits col-

ony formation by another mechanism, these data raise

the possibility that entosis could suppress tumor growth.

In summary, we have identified a nonapoptotic cell

death mechanism, entosis, that occurs in cell populations

deprived of matrix attachment. These data present a con-

text and model with which to define the cell-in-cell or can-

nibalism cytological feature of human tumors. Moreover,

the data presented here suggest that a fundamental epi-

thelial cell process, the formation of adherens junctions,

can be directly linked to a nonapoptotic cell death mech-

anism in the absence of a critical checkpoint, integrin en-

gagement. While our data are consistent with a tumor-

suppressive function, further studies are required to more

precisely define the effect of entosis on tumor growth.
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EXPERIMENTAL PROCEDURES

Cell Culture Antibodies and Reagents

All cell lines, antibodies, and reagents used in this study are supplied

as Supplemental Data. Additional experimental details for each sec-

tion are supplied as Supplemental Data.

Cell Internalization Assays

(1) Cytospin immunofluorescence assays. Single-cell suspen-

sions were plated on polyhema-coated plates, cytospun onto

glass slides at the indicated times, and analyzed by immunoflu-

orescence.

(2) CellTracker assays. Monolayer cultures were stained with Cell-

Tracker Red or Green (Invitrogen), treated with the indicated in-

hibitors, trypsinized, and plated as in (1). At the indicated times,

suspended cells were stained with Hoechst 33342 (5 mg/ml for

15 min at 37�C), embedded in 0.5% agar, and mounted onto

glass slides.

LysoTracker and Cathepsin B Substrate Staining

LysoTracker Red or cathepsin B substrate was added to suspension

cultures of H2B-GFP-expressing cells (Wang et al., 2007) for 10–30 min

at 37�C. Cells were fixed, embedded in agar, and mounted as

described for cell engulfment assays above.

Time-Lapse Microscopy

Time-lapse microscopy was performed as described (Shi and King,

2005). Cells were grown as monolayers on coverglass bottom dishes

(MatTek, Ashland, MA) or in suspension on polyhema-coated dishes

(Overholtzer et al., 2006). Images were obtained every 5, 10, or

12 min for the indicated time courses.

Human Tumors

Pleural effusions were centrifuged and washed in PBS. Red blood cells

were lysed with Hybri-Max red blood cell lysis buffer (Sigma #R7757),

and tumor cells were cytospun in a cytocentifuge 7620 (Wescor) and

processed for immunofluorescence. Human primary breast tumor

sections were deparraffinized in xylene and washed in ethanol. Sec-

tions were retrieved in Antigen Unmasking Solution (Vector #H-3300)

for b-cat and TUNEL and in 10 mM EDTA for cleaved caspase-3 stain-

ing. Human tumor tissue arrays were purchased from US Biomax.

For Experimental Procedures sections describing immunofluores-

cent staining, western blotting, siRNA, surface biotinylation, phagocy-

tosis assays and liposomes, TUNEL, Annexin staining, TEM, cell fusion

assay, and growth in soft agar, see Supplemental Experimental

Procedures.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,

fourteen figures, one table, and thirteen movies and can be found

with this article online at http://www.cell.com/cgi/content/full/131/5/

966/DC1/.
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