
w.sciencedirect.com

b i om e d i c a l j o u r n a l 4 0 ( 2 0 1 7 ) 1 3 3e1 4 0
Available online at ww
ScienceDirect

Biomedical Journal
journal homepage: www.elsevier .com/locate/b j
Review Article
Entosis: The emerging face of non-cell-
autonomous type IV programmed death
Isabelle Martins a,b,c,d, Syed Qasim Raza a,b,c,d, Laurent Voisin a,b,c,d,
Haithem Dakhli a,b,c,d, Fr�ed�eric Law a,b,c,d, Dorine De Jong a,b,c,d,
Awatef Allouch a,b,c,d, Maxime Thoreau a,b,c,d, Catherine Brenner e,
Eric Deutsch b,c,d, Jean-Luc Perfettini a,b,c,d,*

a Cell Death and Aging Team, Gustave Roussy Cancer Campus, Villejuif, France
b Laboratory of Molecular Radiotherapy, INSERM U1030, Gustave Roussy Cancer Campus, Villejuif, France
c Gustave Roussy Cancer Campus, Villejuif, France
d Paris-Saclay University, Villejuif, France
e Laboratory of Signalling and Cardiovascular Pathophysiology, INSERM UMR-S 1180, Paris-Sud University,

Chatenay-Malabry, France
a r t i c l e i n f o

Article history:

Received 6 February 2017

Accepted 17 May 2017

Available online 31 May 2017

Keywords:

Entosis

Cellular cannibalism

Non-cell-autonomous death
* Corresponding author. Cell death and Agi
Campus, Pavillon de Recherche 1, 114 rue Ed

E-mail address: perfettini@orange.fr (J.-L.

Peer review under responsibility of Chan
http://dx.doi.org/10.1016/j.bj.2017.05.001
2319-4170/© 2017 Chang Gung University. P
license (http://creativecommons.org/license
a b s t r a c t

The present review summarizes recent experimental evidences about the existence of the

non-cell-autonomous death entosis in physiological and pathophysiological contexts,

discusses some aspects of this form of cell death, including morphological, biochemical

and signaling pathways that distinguish non-cell-autonomous demises from other death

modalities and propose to define this new modality of death as type IV programmed cell

death.
Over past decades, there have been continuing researches underscore the requirement to better understand molecular
focusing on the appraisal of cell death under physiological

and pathological conditions and the underlying molecular

pathways. This scientific interest is justified by the emerging

therapeutic potential of cell death modulation. In particular,

the elucidation of how tumor cells escape from cell death

and how cell death processes can be immunogenic or not

have become the major challenges in oncology and
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mechanisms and cell biology involved in these lethal

processes.

The knowledge of cell death mechanisms has evolved over

the past decade and distinct cell deathmechanisms have been

described. Classically, cell death in mammalian cells was

classified into three types of cell death: Apoptosis (Type I cell

death), Autophagy-associated cell death (Type II cell death)
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and Necrosis (Type III cell death) [Fig. 1] [1]. However, this

morphological-based classification of cell death is often

questioned by the scientific community. It is now obvious that

there are sophisticated interconnections and overlaps be-

tween different types of cell death [2e5]. The respective

prevalence of each death mechanism may depend on various

factors, such as cell-dependent characteristics (including cell

cycle progression and cell type), specificity and intensity of the

death signals, and also micro-environmental conditions.

Apoptosis is a genetically controlled lethal process that

contributes to the elimination of undesired (infected,

damaged or mutated) cells frommulticellular organisms [6,7].

Historically defined as the first programmed cell death, this

cell-autonomous process requires catabolic activities of

several enzymes (including caspases and nucleases) and is

characterized by specific morphological and biochemical

features (such as membrane blebbing, cell shrinkage, nuclear

dismantling, chromatin condensation (also known as pyk-

nosis), DNA fragmentation, phosphatidylserine exposure on

the outer leaflet of the plasma membrane and changes in

mitochondrial membrane permeability). Although the com-

plete landscape of the underlying mechanisms has not been

fully understood, the execution of this type of cell death is

largely modulated by the members of BCL-2 protein family

including pro-apoptotic members (e.g. PUMA, BAX, BAK) and

anti-apoptotic members (e.g. BCL-2 and BCL-XL) [8e13].
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Fig. 1 New classification propose
Apoptosis is generally considered as a major process that

contributes to tissue and cellular homeostasis. Therefore, its

deregulation is also associated with numerous human dis-

eases (such as AIDS, neurodegenerative disorders and cancer)

[6,7,14].

Autophagy-associated cell death (ACD) is another form of

programmed cell death process that is triggered by self-

digestion of cellular contents through autophagy. Autophagy

was initially described as a homeostatic strategy to remove

protein aggregates and dysfunctional organelles (such as

mitochondria or endoplasmic reticulum) and, thus, to provide

an alternative source of energy when nutrients are scarce.

Autophagic processes are involved in a wide range of normal

physiological situations (such as mammalian development,

metabolism, immunity and aging) [15], but can also be stimu-

lated in response to cellular stresses (such as starvation),

enhanced or impaired to favor the establishment of infectious

diseases caused by Mycobacterium tuberculosis [16], Toxoplasma

gondii [17], Listeria monocytogenes [18] or Brucella abortus [19].

Autophagy can be elicited through distinct subtypes such as

macroautophagy, chaperone-mediated autophagy and

microautophagy [20]. Among these processes, the macro-

autophagy,which is believed to bemore important, is initiated

by the formation of autophagosome, a double-membrane

vesicle containing cytoplasmic materials. The outer mem-

brane of the autophagosome subsequently fuses with the
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membrane of lysosomes to form the acid single membrane

enclosed vacuoles, termed “autolysosomes” (also called auto-

phagolysosomes). The sequestered material is then hydro-

lyzed by the lysosomal enzymes (in particular by hydrolases),

and released in the cytoplasm following degradation of the

autolysosome membrane [21]. Autophagy activity is mainly

controlled by the phosphatidylinositol 3-kinase (PI3K)/AKT/

mammalian target of rapamycin (mTOR) signaling pathway,

which regulates cell growth and protein synthesis in response

to nutrient and growth factor availability [22]. Autophagy is

strongly regulated by a family of “autophagy-related” proteins

(also named ATG proteins) [23] and relies on a complex ma-

chinery which includes the ULK1eATG13eFIP200eATG101

protein kinase complex, the class III PI3K complex (containing

thecoreproteinsVPS34,VPS15andBECLIN-1), thePI3P-binding

WIPI/ATG18eATG2 complex, the trans-membrane protein

ATG9A and two ubiquitin-like (UBL) protein conjugation sys-

tems (the ubiquitin-like ATG5/ATG12 system and the

ubiquitin-like ATG8/LC3 conjugation system) [23].

Macroautophagy-associated proteins are also involved in

autophagy-associated cell death (ACD) [24]. Overactivated

autophagic flux may promote ACD, which is morphologically

defined by the appearance of autophagosomes in the cyto-

plasm without chromatin condensation [24]. The term ACD

described exclusively the cell death, induced by autophagy,

which is completely suppressed by inhibition of the autophagy

pathway. ACD has been described inmammalian cells treated

with chemotherapeutic agents or other toxicmolecules [24]. In

physiological conditions, this process is involved in animal

metamorphosis and development (which requires massive

cell elimination) and in homeostatic processes during adult-

hood [25]. Recently, autosis, a new form of non-apoptotic cell

death, was defined as a Naþ, Kþ-ATPase-regulated form of cell

death triggered by autophagy-inducing peptides, starvation,

and hypoxiaeischemia [25,26]. Autotic death is characterized

by focal plasma membrane rupture, nuclear membrane

convolution and shrinkage, focal swelling of the perinuclear

space and thedisappearance of endoplasmic reticulum [25,26].

Necrosis (Type III cell death) has been characterized as

accidental, uncontrolled, passive and energy-independent cell

death. This necrotic process has long been described as a

consequence of extreme physicochemical stress (like osmotic

shock, heat and high concentration of hydrogen peroxide).

The observed morphological changes comprise rapid cyto-

plasmic swelling with the organelle breakdown and the
Table 1 Characteristics of non-cell-autonomous deaths.

Name Cell types Death effectors of target c

Emperipolesis Live T cell Lysosome-mediated Bim indepen

cell death

Entosis Live cells Lysosome-mediated caspase-3

independent cell death

Cannibalism Dead or live cells Lytic enzymes mediated degrada

Emperitosis Live cytotoxic

cells (NK or T)

Granzyme-B induces apoptosis

Phagoptosis Live cells Lysosome-mediated degradation
rupture of the plasma membrane releasing damage-

associated molecular pattern molecules (DAMPs) that alert

the innate immune system within the stroma [27]. This pro-

cess can also be observed at late stages of autophagic or

apoptotic cell death, termed secondary necrosis, when dead

cells fail to be cleared by the immune system. Necrosis has

been commonly viewed as an unregulated event. However,

this is now challenged by a recently discovered programmed

necrosis, which occurs under caspase deficient conditions.

This programmed necrosis was called necroptosis [28]. The

necroptotic process involves activation of the multiprotein

complex necrosome, comprising the receptor-interacting

protein (RIP)1 and RIP3, and mixed-lineage kinase domain-

like protein (MLKL), and it can be specifically inhibited by

RIP1 inhibitor necrostatin-1 [28]. Necroptosis involves the loss

of membrane integrity and the release of DAMPs, and is

therefore associated with the development of inflammatory

or anticancer immune responses [29e32].

Lethal mechanisms that do not or partially reveal

morphological/biochemical characteristics of apoptosis,

autophagy or necrosis, define a growing subgroup of atypical

cell death forms [33], such as anoikis [34], cornification [35],

entosis [36], excitotoxicity [37], mitotic catastrophe [38], neto-

sis [39], paraptosis [40], parthanatos [41], pyronecrosis [42],

pyroptosis [43] and wallerian degeneration [44]. Further

morphological, molecular and functional characterizations of

these processes are required to identify precisely specific

signaling pathways and define their physiological and patho-

logical functions. Several atypical cell death processes are

initiated by the engulfment of live cells by neighboring live

cells, underling the existence of non-cell-autonomous deaths

(such as emperipolesis, cannibalism, emperitosis, phagoptosis

and entosis) among these processes [Table 1]. These processes

that can occur after the interaction between epithelial cells or

between epithelial cells and immune cells may be triggered by

cellular invasion or cannibalistic activities [45]. Herewe review

major highlights on entosis, which can be described as a non-

autonomous cell death elicited by cellular invasion.
Morphological and biochemical features of
entosis

It is well known that apoptotic cells are commonly engulfed by

professional phagocytes (such as macrophages) or by non-
ell Molecules participating in the
process
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professional neighboring cells. However, living cells may be

also engulfed by other cells, which induce an atypical cell

death process [36,46]. This lethal mechanism is termed ento-

sis (from the Greek word entos, which means inside, into, or

within). Entosis provides an interesting case of xenophagy

(intracellular destruction of foreign organisms) in cell biology

and was first discovered in human tumors [36]. Interactions

between cancer cells initiate the formation of adherent junc-

tions containing E-cadherins and b-catenins allowing a

cellular invasion which is characterized by “cell-in-cell”

cytological features. There are growing preclinical evidences

that adherent junctions play a fundamental role in the for-

mation of these cell-in-cell cytostructures [47]. The main

morphological change that defines entosis is the cell-in-cell

structure in which viable cells invaded other cells. These

structures have been also described as “bird's eye cells” or

signet ring cells. Once internalized, engulfed cells are elimi-

nated through lysosomal degradation by host cells. Some-

times, after escaping from death or dividing inside “host”

cells, target cells can be released and restart to proliferate [48].

However, most frequently, entotic tumor cells are destroyed,

which suggests a tumor suppressive role for entosis [36].

The characterization of entotic death is still in its infancy.

It was shown from data obtained in MCF10A cancer cells that

homotypic invasion of a cell within another cell was not

dependent on apoptotic pathway. Indeed, unlike the phago-

cytic ingestion of apoptotic cells, the death of target cells is not

inhibited by the anti-apoptotic protein BCL-2 or by the pan-

caspase inhibitor zVAD-fmk [36]. After loss of attachment to

the extracellular matrix, tumor cells that invaded neighboring

cells are completely internalized into the phagosome, whose

membrane is generated from invagination of the engulfing

cell plasma membrane. Then, the fusion of lysosomes to

vacuolar membranes depending on autophagy-related pro-

teins contributes to the death of internalized cells. Engulfed

cells are eliminated through lysosomal enzymes mediated

degradation, such as cathepsins [36]. However, the contribu-

tion of apoptotic pathway is not exclusive, and its role has not

been definitively resolved. Recent researches have shown that

apoptosis might be also involved in the destruction of inter-

nalized cells under certain conditions, such as heterotypic

cell-in-cell invasion. Engulfed cells could inversely induce

host cell death. Natural killer (NK) cells could be internalized

within tumor cells, leading to either tumor cell death or self-

destruction within target cells. In this case, apoptotic

pathway might be involved in the cell death mechanisms

since NK cell death after internalization could be partially

attenuated by caspase inhibition [49].

Although no specific biochemical markers for entosis have

yet been described, this process is a genetically controlled

form of cell death because it is repressed by the chromatin

factor Nuclear Protein 1 (NUPR1) [50]. In addition, the induc-

tion of entosis is also controlled bymultiple signaling proteins

including actin/myosin, cadherins and ezrin [36]. Actin poly-

merization and myosin II play critical roles during cell

engulfment. Ezrin, which is an actin binding protein of the

ezrin-radixin-moesin (ERM) family that can positively regulate

the Rho signaling pathways, is also required for the internal-

ization of NK cells into tumors [49]. In addition, the cell

permeable inhibitor Tat-C3 that is known to repress the
adhesion and the phagocytosis of zymosan particles, and the

binding of complement to macrophages reduces cell-in-cell

internalization, thus demonstrating that Rho GTPases favor

entosis [36]. In addition, ROCK1 and ROCK2 that are the

downstream effectors of Rho GTPase signaling pathways, also

contribute to entosis as revealed by inhibitory effects of

pharmacological inhibitors (Y27632 and H-1152) or the

knockdown of ROCK1 and ROCK2 expressions [36]. Adherent

junctions containing E-cadherin and b-catenin that are

formed between epithelial cells have been also involved in the

induction of cell invasion because blocking antibodies against

cadherins reduced cell-in-cell internalization [36]. Apart from

above mentioned mechanisms, entosis also shares some

features with classical phagocytosis including phagocytic

related genes such as CDC42, CXCL1 and CXCL6 were also

found upregulated during entosis of pancreatic adenocarci-

noma. In contrast to phagocytosis, target cell death is not

primodial. Indeed, Overholtzer and colleagues did not detect

signs of cell death during interactions between cells (as

revealed by the absence of the detection of caspase-3 (CASP3)

cleavage, nuclear condensation and fragmentation on inter-

acting cells) [36]. Moreover, internalized cellsmaintained their

mitochondrial membrane potential during 6 h after engulf-

ment, suggesting that engulfed cells are not dying when they

are internalized. Overexpression of anti-apoptotic BCL-2 fac-

tor, pan-caspase inhibitor (zVAD-fmk) and recombinant

Annexin-V did not reduce target cell internalization and

entosis, demonstrating that cell engulfment is independent of

phagocytic uptake of apoptotic bodies. In the case of breast

cancer cell entosis, cell death of internalized cells did not

required apoptotic signaling pathways. Majority (85%) of

target cells displayed nuclear disintegration without DNA

fragmentation and the activating cleavage of CASP3, the

downstream effector of apoptosis [36]. However, Wang et al.

demonstrated that most of the NK cells that are internalized

into tumor cells died through programmed cell death that

required CASP3. These studies suggest that the internalization

steps are independent of the death of target cells and the cell

death mechanism is context-dependent, saying once inter-

nalized, different cell death modalities could be engaged [49].

Entosis involves the invasion of a living cell into another

living cell. After cell-in-cell internalization, lysosomal cell

death of internalized cells was studied. The recruitment of

lysosomes to internalized cells was evaluated by using anti-

bodies against the lysosomal-associated membrane protein 1

(LAMP1) in fixed cells and a red-fluorescent LysoTracker dye

for labeling and tracking acidic organelles in live entotic cells,

demonstrating that internalized cell shows a clear circled

staining of lysosome markers inside the host cells. These re-

sults were further confirmed by electronic microscopy anal-

ysis. In addition, the activation of the lysosomal enzyme

cathepsin B was also detected on entotic cells and the deple-

tion of cathepsin B activity by pharmacological inhibition

reduced internalized cell degradation, indicating that

cathepsin B contributes to target cell degradation after entosis

[36]. Overholtzer et al. have identified the lipid kinase PIKfyve

as a critical regulator of vacuole maturation and nutrient re-

covery during engulfment in macropinocytosis, entosis, and

phagocytosis processes [51]. Recently, experimental evidences

have shown that autophagy machinery also contributes to the

http://dx.doi.org/10.1016/j.bj.2017.05.001
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cell death of internalized cells. Entotic vacuole membranes

surrounding internalized cells recruit LC3 through a mecha-

nism that depends on the autophagy machinery involving

ATG5, ATG7 and VPS34. LC3-targeted entotic vacuoles thus

recruit lysosomes and lead to the degradation of internalized

cells. Internalized cells require macroautophagy to survive

within entotic vacuoles. Indeed, internalized cells do exhibit

some features of autophagic cell death, as an accumulation of

autophagosomes and a high rate of autophagy flux. Destruc-

tion of internalized cells by macroautophagy is observed dur-

ing starvation. The inhibition of autophagy machinery in

internalized cells leads to the death of target cells by apoptosis.

The combined inhibition of apoptosis and autophagy ma-

chinery of internalized cells significantly increased the per-

centage of internalized cells that are released from their host

cells [52]. It has been also suggested that LC3 proteins are

recruited to ingested apoptotic bodies or single-membrane

vacuoles containing apoptotic cells to facilitate corpse degra-

dation [52]. Autophagy protein inhibitors significantly increase

the growth of transformed cells undergoing high rates of

entosis, suggesting that entosis suppresses transformed un-

controllable growth by inducing cell death that takes advan-

tage of the machinery of the autophagy pathway. Under some

circumstances, some internalized cells divide and are further

released from the host cells. Related signaling pathways

involved in this escaping process remain elusive [36].
Physiological and pathological relevances of
entosis

Cell-in-cell structures have been reported in human malig-

nancies for many years (see Ref. [45] for review). Different

processes have been reported to give rise to cell-in-cells,

including emperipolesis [53e55], heterotypic cell canni-

balism [49,56,57], homotypic cell-in-cells and/or entosis

[36,45,50,58e61] [Table 1]. Depending on the type of internal-

ized cells, entosis could be involved in both tumor suppressive

and pro-tumorigenesis mechanisms [36,50,62,63].

Physiological role of entosis during embryo implantation

During implantation of the mouse embryo, uterine luminal

epithelial cells that are in direct contact with the blastocyst

undergo entosis into trophoblast cells. This non-apoptotic

process occurs without CASP3 activation. The disappearance

of these cells allows trophoblast cells to contact the under-

neath stroma for successful implantation [64]. Li et al. showed

that implantation does not take place in mice where ROCK

activity is inhibited. Entosis was thus identified as an essential

mechanism for embryo implantation, conferring for the first

time an important physiological role to entosis [64].

Entosis triggers the killing of target cells

Cell-in-cell structures were observed in different types of

cancers. Recently, it has reported that this phenotype arised

frombreast cancer cells that invade each other in vitro leading

to entotic cell death [36]. Despite the fact that pathologists

have observed cases of pancreatic adenocarcinoma cells with
atypical morphology characterized by enlarged size that

contained other cells in the past decades [65], cell-in-cell

structures do not only arise from the invasion of one cell by

another cell. Interestingly, Cano et al. detected cell-in-cell

forms after homotypic cell cannibalism. In addition, pancre-

atic adenocarcinoma patients whose tumor displays cell-in-

cell features develop less metastasis than those without the

similar phenotype, suggesting a protective role for non-cell-

autonomous death in pancreatic adenocarcinoma [50].

In vitro, homotypic cell cannibalism was promoted by the

genetic inactivation of the NUPR1, leading to the death of

pancreatic adenocarcinoma. Additionally, Sun et al. recently

showed that the tumor suppressor epithelial cadherin (E-

cadherin) could increase entosis [47]. The role of entosis in

human cancers is highly context-dependent. Several studies

have suggested a tumor-promoting role for non-cell-

autonomous death (such as entosis). Among them, it was

convincingly reported that melanoma cells are able to canni-

balize immune cells and to feed on themselves, thereby

ensuring their survival upon starvation [57]. Similarly, it was

shown that the activated form of the Kras oncogene can

induce entosis [47] in a consequence to increase themechanic

deformability of the cell. Tanjoni et al. have used a syngenic

mouse model system and reported that FAK inhibition could

inhibit spontaneous breast to lung metastasis. Of interest,

they found that loss of integrin activation associated with

FAK-p130Cas-Rap1 inhibition triggered entosis within spher-

oids. As spheroids are usually associated with relative che-

moresistance, this highlights potential therapeutic

perspectives that FAK signaling could be involved in modu-

lation of the non-canonical survival pathway [66].

Entosis may contribute to the aneuploidy of host cell

Recently, Krajcovic et al. demonstrated that cell-in-cell inter-

nalization induces genomic instability of host cells through

the alteration of cytokinesis of the host cell and could there-

fore contribute to the formation of aneuploid cells. It has been

reported that an increase in the number of centrosomes

causes multipolar divisions and generates aneuploid cells,

which are characterized by an abnormal chromosome

numbers. In addition, cytokinesis failure, chromosome mis-

segregation and rearrangements also contribute to genomic

instability. During in vitro assays of breast cancer cell fate,

detected entotic cells are frequently multi-nucleated [62].

Time-lapse microscopy analysis of the entotic host cells

revealed that host cells frequently failed to undergo cell divi-

sion through incomplete formation of the contractile ring

[62,63]. Thus, internalized cells induce the disruption of

furrow formation. This concept has been further enforced by

the existence of strong correlation between the multi-

nucleation of host cell by target cell stress (in vitro) and the

existence of multinucleated host cells in different human tu-

mors suggested that non-cell-autonomous death (such as

entosis) might be also induced in numerous human tumors

[62]. Wang et al. have demonstrated that NK cells are inter-

nalized into the tumor cells without alterations of host entotic

cells but it may lead to host cell aneuploidy [49]. In conclusion,

entosis is one example of non-cell-autonomous mechanisms

that could contribute to generation of aneuploid cells, which is

http://dx.doi.org/10.1016/j.bj.2017.05.001
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frequently considered as a driver of human oncogenesis

through the promotion of tumor progression [63]. Gene dys-

regulation, endoreplication and cell fusion were previously

involved in cytokinesis failure. The contribution of these

biological processes to non-cell-autonomous genomic insta-

bility remains to be determined. To date, there are very scare

data regarding the role of non-cell-autonomous death and

entosis in pathology or in cancer treatment.

The entotic process contributes to cancer cell competition

Human carcinomas showed a strong heterogeneity in both

morphological and physiological features. Therefore, hetero-

geneous cells could competewith each other during the tumor

evolution [67]. Sun et al. showed that several culture cell lines

compete by entosis. They showed that mechanical deform-

ability controlled by RhoA and actomyosin dictate the identity

of engulfing (“winner”) and engulfed (“loser”) cells. Thus,

tumor cells with high deformability preferentially engulf

neighboring cells with low deformability in heterogeneous

populations. The consequence of this competition is that

entosis leads to the cell death of the “loser” cells and therefore

its elimination. Interestingly, it was observed that malignant

cells engulf systematically the non-transformed associated

cells, suggesting an association between oncogenic trans-

formation and the “winner” identity [67].
Conclusion

The Nomenclature Committee on Cell Death proposed a set of

recommendations for the definition of distinct cell death mor-

phologies without taking into account the non-autonomous

cell death. Regarding the seminal works on entosis, we

encourage researchers working on cell death mechanisms to

consider the complexity of cell death modalities by analyzing

simultaneously the cell-autonomous death subroutines and

non-cell-autonomous deaths (NCADs). This anti-dogmatic

strategy will with no doubt help to better decipher the molec-

ular basis and the biological consequences of NCADs in

numerous physiological and physiopathological situations and

ultimately lead to define NCADs as new type IV cell death

[Fig. 1]. The study of cell death processes should take into ac-

count all processes both autonomous and non-autonomous

cell death. Unfortunately, the current methods used do not

permit to analyze all these processes simultaneously and

entosis is not systematically studied. Although the cell-in-cell

structures resulting from entosis are frequently observed in

human cancers, their function and clinical relevance remain

largely unknown [52]. To date, no pharmacological agent has

been shown to induce entosis and it is still uncertain whether

this phenomenon could be used for therapeutics applications.

However, a better understanding of underlying molecular

mechanisms will bring novel perspectives for researchers,

leading ultimately benefit for clinical therapeutics.
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