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Cellular senescence limits proliferation of potentially detrimental cells, preventing tumorigenesis and restricting
tissue damage. However, the function of senescence in nonpathological conditions is unknown. We found that the
human placental syncytiotrophoblast exhibited the phenotype and expressed molecular markers of cellular
senescence. During embryonic development, ERVWE1-mediated cell fusion results in formation of the syncy-
tiotrophoblast, which serves as the maternal/fetal interface at the placenta. Expression of ERVWE1 caused cell
fusion in normal and cancer cells, leading to formation of hyperploid syncytia exhibiting features of cellular
senescence. Infection by the measles virus, which leads to cell fusion, also induced cellular senescence in normal
and cancer cells. The fused cells activated the main molecular pathways of senescence, the p53- and p16–pRb-
dependent pathways; the senescence-associated secretory phenotype; and immune surveillance-related proteins.
Thus, fusion-induced senescence might be needed for proper syncytiotrophoblast function during embryonic
development, and reuse of this senescence program later in life protects against pathological expression of
endogenous fusogens and fusogenic viral infections.
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Cellular senescence is a robust mechanism that perma-
nently arrests cell cycle progression of potentially harm-
ful cells (Kuilman et al. 2010; Campisi 2011). It thus
prevents tumorigenesis and limits short-term tissue dam-
age but also contributes to aging of the tissues (Serrano
et al. 1997; Krizhanovsky et al. 2008; Baker et al. 2011).
Senescence can be induced by a variety of triggers, in-
cluding telomere shortening, DNA damage, expression of
activated oncogenes, and other forms of cellular stress
(Allsopp and Harley 1995; Serrano et al. 1997; Knudsen
et al. 2000; te Poele et al. 2002). These triggers as well as
others yet unidentified lead to senescent cell accumula-
tion in aged tissues, premalignant lesions, tumors after
therapy, and tissue damage (Dimri et al. 1995; Schmitt
et al. 2002; Krizhanovsky et al. 2008; Collado and Serrano
2010; Jun and Lau 2010; Kuilman et al. 2010).
Phenotypically, senescent cells are identified by their

flattened and enlarged morphology, stability in culture,
and increased senescence-associated b-galactosidase (SA-
b-gal) activity (Campisi 2011). On the molecular level,

cellular senescence is regulated by two major tumor
suppressor pathways controlled by p53 and p16. The
p53 protein can be induced by various forms of stress,
such as DNA damage or activation of ARF or LATS2
tumor suppressors by oncogenes and cytoskeletal damage
(Aylon et al. 2006). Upon activation, p53 mediates cell
cycle arrest mainly through induction of its transcrip-
tional target, p21. Both p21 and p16 are cyclin-dependent
kinase (CDK) inhibitors that maintain the tumor sup-
pressor protein pRB in its inactive hypophosphorylated
state, thereby preventing the transcription factor E2F
from transcribing genes that promote cell cycle progres-
sion (Narita et al. 2003, 2006). Thus, the senescence
program is regulated coordinately by the p53 and p16–
pRB pathways (Campisi and d’Adda di Fagagna 2007;
Krizhanovsky et al. 2008; Krizhanovsky and Lowe 2009).
In addition to the molecular events aimed at cell cycle

arrest, a prominent feature of senescent cells is their
altered interaction with the environment. Senescent cells
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secrete a variety of senescence-associated secretory phe-
notype (SASP) proteins, including proinflammatory cyto-
kines, growth factors, and proteases (Acosta et al. 2008;
Coppe et al. 2008; Kuilman et al. 2008; Wajapeyee et al.
2008). SASP components were shown to either inhibit or
promote cancer progression in a cell-nonautonomous
manner in different settings (Canino et al. 2012; Lujambio
et al. 2013). They also play a role in the interaction of
senescent cells with the immune system and reinforce
senescence-associated arrest of proliferation in an auto-
crine fashion (Acosta et al. 2008; Krizhanovsky et al.
2008; Kuilman et al. 2008). Besides secreting proteins,
senescent cells also up-regulate membrane molecules
that mediate the interaction of these cells with the immune
system and promote their recognition and clearance, thereby
facilitating the resolution of tissue damage and of tumors
bearing senescent cells (Xue et al. 2007; Krizhanovsky et al.
2008; Soriani et al. 2009; Sagiv et al. 2013).
Cell cycle arrest, the main feature of cellular senes-

cence, can be induced by cell fusion (Duelli and Lazebnik
2007). Seminal experiments >40 years ago demonstrated
that fusion between a normal cell and a cancer cell leads
to a reduction in tumorigenic potential (Harris et al.
1969). Moreover, intratumoral delivery of fusogenic agents
or drugs that induce polyploidy has been suggested as
a means of cancer treatment (Lin et al. 2010; Tovar et al.
2010). Cell fusion is an essential event in many develop-
mental and physiological processes (Ogle et al. 2005;
Duelli and Lazebnik 2007; Sapir et al. 2008). In mammals,
cell fusion is vital for the proper functioning of muscles,
osteoclasts, and the placenta. The mechanism of physio-
logical cell fusion relies on the activity of fusogenic
proteins (fusogens) (Sapir et al. 2008). Aberrant expression
of fusogens in normal cells leads to unprogrammed illicit
cell fusion (Duelli and Lazebnik 2007; Larsson et al. 2008).
One such endogenous fusogen, termed ERVWE1, me-

diates cell fusion required for formation of the syncytio-
trophoblast, the outer layer of the placenta, as part of
normal embryonic development (Blond et al. 2000; Mi
et al. 2000). ERVWE1 is an endogenous retroviral locus
that became incorporated into the human genome during
the course of evolution and encodes a highly fusogenic
glycoprotein (Blond et al. 2000). Like the endogenous
viruses, several pathogenic viruses use cell fusion as
a mechanism for increasing the spread of the virus in
the infected organism. One such example is the measles
virus (MV), which infects >40 million people annually
despite the existence of an effective vaccine. Infection of
human cells with MV leads to cell fusion, consequently
leading to cell cycle arrest or apoptosis of the fused cells
(Delpeut et al. 2012). However, the nature of the cell cycle
arrest following cell fusion triggered by MV and the
mechanisms governing the arrest as well as an effect of
ERVWE1-mediated fusion on cell proliferation are not
completely understood.
In this study, we examined the hypothesis that cell

fusion induces cellular senescence, a process that serves
two distinct purposes in mammals: one during embry-
onic development and the other later in life. First, we
found that the placental syncytiotrophoblast exhibits

multiple markers of cellular senescence and, second, that
expression of ERVWE1 or infection by the fusogenic MV
in normal or cancer cells leads to illicit cell fusion and
induction of a p53- or pRB-dependent cell senescence
program. These findings led us to conclude that, during
embryonic development, cell fusion-induced senescence
provides a functional interface between the mother and
the developing fetus and that the senescent phenotype of
the syncytiotrophoblast might contribute to physiologi-
cal placental function. Later in life, illicit cell fusion
caused by the expression of endogenous fusogens or by
fusogenic viral infection induces a program of cellular
senescence that protects the organism against short-term
tissue damage and tumorigenesis.

Results

ERVWE1 expression in normal fibroblasts causes
cell fusion

One of the endogenous fusogens that drives formation of
the syncytiotrophoblast and is aberrantly expressed in
human cancers is ERVWE1 (Mi et al. 2000; Strick et al.
2007). To investigate the cellular consequences of ERVWE1-
induced cell fusion, we expressed ERVWE1 in normal and
cancer cells. The expression of ERVWE1 in normal human
diploid fibroblasts (IMR-90 cells) led to formation of
multinuclear cells (Fig. 1A). To determine whether the
multinuclear cells observed following ERVWE1 expres-
sion result from cell fusion, we cocultured GFP-express-
ing and mCherry-expressing IMR-90 cells and transduced
the mixed population with ERVWE1. Expression of
ERVWE1 in these IMR-90 cells led to the emergence of
fused multinuclear cells with overlapping expression
of both fluorescent proteins (Fig. 1A). Therefore, expres-
sion of ERVWE1 in normal fibroblasts causes cell fusion
and formation of multinuclear cells.

ERVWE1-mediated cell fusion of normal cells leads
to cellular senescence

To investigate the effect of the ERVWE1-induced cell
fusion in normal cells, we compared the proliferative
capacities of fused and nonfused IMR-90 cells. Trans-
fection of the cells with ERVWE1 resulted in emergence
of a mixed population of mononuclear and fused multi-
nuclear cells. We found that most of the multinuclear
cells were BrdU-negative and that the overall syncytia
cell population showed a reduction in BrdU incorporation
of at least fivefold compared with the mononuclear cell
population (P < 0.05) (Fig. 1B,C). In some of the multinu-
clear cells, only one of the several nuclei in the cell was
BrdU-positive. These cells were considered positive in
our analysis but were not proliferative and did not divide,
indicating that illicit cell fusion induced by ERVWE1
significantly inhibited proliferation of normal cells.
The marked reduction in proliferative capacity ob-

served in the fused IMR-90 cell population led us to
investigate whether illicit cell fusion leads to cellular
senescence. Compared with the mononuclear cell pop-
ulation, the ERVWE1-transduced multinuclear IMR-90
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cells exhibited characteristic features of senescent cells;
namely, flattened, enlarged morphology and a marked
increase in SA-b-gal activity (P < 0.01; 91% vs. 6% of SA-
b-gal-positive cells for syncytia and mononuclear cells,
respectively) (Fig. 1D,E). Similar results were obtained
when cell fusion was induced by ERVWE1 expression in
immortalized human epithelial MCF-10A cells (Sup-
plemental Fig. S1). Cellular senescence is a condition of
stable cell cycle arrest, and senescent cells can remain
viable in culture for long periods (Campisi and d’Adda
di Fagagna 2007). Multinuclear cells were present in
ERVWE1-expressing IMR-90 cells after 30 d in culture,
suggesting that the illicitly fused cells were exceptionally
stable and could be maintained in a nonproliferative state
throughout long-term culture.
The molecular machinery of cellular senescence is

regulated by p53 and p16–pRB tumor suppressor path-
ways (Campisi and d’Adda di Fagagna 2007; Krizhanovsky
and Lowe 2009). We therefore evaluated the activation
of these pathways in our ERVWE1-expressing fused
cells. Expression of the effectors of these pathways, the
CDK inhibitors p21 and p16, were found to be elevated at
both the protein and mRNA levels (Fig. 2A,B). Moreover,
p53 in the ERVWE1-expressing IMR-90 cells was up-
regulated, while pRB was maintained in the hypophos-
phorylated state (Fig. 2A). pRB in this form is known to
bind to the E2F transcription factor and thus prevents
transcribing cell cycle-promoting genes (Narita et al.
2003). Consequently, expression levels of the cell cycle-
promoting E2F target genesMCM2,Cyclin A, andCDCA8

were down-regulated in the ERVWE1-expressing IMR-90
cells (Fig. 2C). To evaluate the contribution of these
molecular events to the cell cycle arrest of the fused
cells, we assayed BrdU incorporation in fused and mono-
nuclear cells following pRB knockdown, which was
confirmed by immunoblot (Supplemental Fig. S2). We
found a twofold increase in BrdU incorporation in the
pRB-deficient fused cells (P < 0.05) and only a marginal
increase in the mononuclear cell population (Fig. 2D).
Similarly to pRB knockdown in oncogene-induced se-
nescent cells (Narita et al. 2003), this increase in BrdU
incorporation did not lead to cell proliferation (Supple-
mental Fig. S3). These results indicated that ERVWE1-
induced cell fusion leads to activation of the molecular
machinery responsible for the cell cycle arrest of senes-
cent cells. Moreover, it showed that pRB, a principal
component of these pathways, is needed in order to
maintain the nonproliferative nature of the fused cells.
The molecular machinery of senescence, especially the

p53 pathway, is known to be activated by a variety of
stimuli, including direct DNA damage and expression of
oncogenes. We were interested in finding out how this
pathway is activated following illicit cell fusion. Two p53
activators, ARF and LATS2, have been implicated in the
induction of cell cycle arrest in polyploid cells (Khan et al.
2000; Aylon et al. 2006). We found that the expression
levels of ARF and LATS2 in ERVWE1-expressing IMR-90
cells were up-regulated by at least threefold compared
with cells transduced with the empty vector control (Fig.
2E). These findings point to LATS2 and ARF as possible

Figure 1. Expression of ERVWE1 in normal cells
leads to cell fusion, proliferative arrest, and in-
creased SA-b-gal activity. (A) Cocultured IMR-90
cells expressing GFP or mCherry, transduced with
ERVWE1, and stained with DAPI. Arrowheads
indicate a multinuclear fused cell. Bar, 50 mm.
(B,C) BrdU incorporation was assessed in IMR-90
cells expressing ERVWE1 in syncytium (Syn) and
mononuclear cells (Mono). (D,E) IMR-90 cells
expressing ERVWE1, growing or triggered to un-
dergo DNA damage-induced senescence (DIS),
were assessed for SA-b-gal activity. Percentage of
SA-b-gal-positive cells is shown. Arrowheads in-
dicate syncytia cells. Bar, 100 mm. Values are
means + SEM; (*) P < 0.05; (**) P < 0.01.
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upstream regulators of senescence regulatory pathways
in ERVWE1-expressing fused cells.
In addition to the molecular changes associated with

cell cycle arrest, senescent cells up-regulate components
of the SASP and molecules that mediate recognition and
clearance of senescent cells by the immune system (Xue
et al. 2007; Coppe et al. 2008; Krizhanovsky et al. 2008;
Soriani et al. 2009; Sagiv et al. 2013). To investigate the
presence of SASP in multinuclear senescent cells, we
examined the expression levels of SASP components in
ERVWE1-transduced IMR-90 cells. Cytokine array anal-
ysis of secreted SASP components revealed increased
secretion of cytokines associated with SASP, such as
IL-6, IL-8, CXCL1, and CCL-5 (Supplemental Fig. S4).
Expression of these genes was also significantly up-
regulated at the mRNA level (Fig. 2F). These secreted
cytokines have been shown to attract immune cells,
including natural killer (NK) cells, to the vicinity of the
senescent cells (Hanna et al. 2006). We found that senes-
cent syncytia, like other senescent cells, up-regulated
MICA and ULBP2, ligands of the activating NK cell
receptor NKG2D (Fig. 2G). The increase in expression of
SASP factors and immune ligands might lead to attraction
of NK cells to sites harboring fused senescent cells and
result in direct interaction between these cells. The in
vitro cytotoxicity assay indeed showed an increase in
cytotoxicity of NK cells toward fused ERVWE1-transduced
IMR-90 cells (Supplemental Fig. S5).

Persistent activation of a DNA damage response (DDR)
is important for the establishment and maintenance of
cellular senescence and can contribute to an increase in
p53 levels (Bartkova et al. 2006; Di Micco et al. 2006;
Moiseeva et al. 2006). To examine DDR activation in
illicitly fused cells, we immunostained ERVWE1-expressing
IMR-90 cells with anti-gH2AX antibody and compared the
numbers of gH2AX foci-containing cells in syncytia and
mononuclear cell populations. The number of these foci-
containing cells was at least threefold higher in the
syncytia cell population than in the mononuclear cells
(P < 0.01) (Fig. 2H,I). Another marker of DDR activation
is the stabilizing phosphorylation of the p53 protein at
Ser15, mediated mainly by ATM and ATR kinases
(Rodier et al. 2009). Expression of ERVWE1 in IMR-90
cells induced a substantial increase in p53-Ser15 phos-
phorylation (Fig. 2J). These results suggested that
ERVWE1-induced cell fusion induces DDR activation,
which plays a significant role in the initiation and
maintenance of senescence. One of the causes of persis-
tent DDR in senescent cells is an increase in reactive
oxygen species (ROS). In ERVWE1-transduced IMR-90
cells, the ROS levels were increased in syncytia com-
pared with the mononuclear cell population (P < 0.01)
(Supplemental Fig. S6). Overall, our results showed
that cells fused by ERVWE1 expression demonstrate
phenotypical and molecular characteristics of senescent
cells.

Figure 2. ERVWE1-mediated cell fusion activates
molecular pathways of cellular senescence. (A) Pro-
tein content of ERVWE1, p53, p21, p16, and pRB,
was assessed by immunoblotting in IMR-90 cells
transduced with ERVWE1 or control vector. Expres-
sion of CDK inhibitors p21 and p16 (B) and E2F
target genes MCM-2, Cyclin A, and CDCA8 (C) in
IMR-90 cells transduced with ERVWE1 or control
vector (Ctrl) and assayed by quantitative RT–PCR.
(D) BrdU incorporation by ERVWE1-transduced
mononuclear (Mono) and syncytial (Syn) cells trans-
fected with siRNA targeting pRB (siRb) or control
siRNA (siCon). Expression of LATS2 and ARF (E);
IL-6, IL-8, CXCL-1, and CCL5 (F); and MICA and
ULBP2 (G) in IMR-90 cells transduced with
ERVWE1 or control vector (Ctrl) and assayed by
quantitative RT–PCR. (H,I) IMR-90 cells expressing
ERVWE1 were immunostained with anti-gH2AX
antibody, costained with DAPI, and examined for
the presence of gH2AX foci in syncytia (Syn) and
mononuclear (Mono) cells. Bar, 20 mm. (J) Expres-
sion of p53 phosphorylated at Ser15 in IMR-90 cells
transduced with ERVWE1 or control vector and
evaluated by immunoblotting. Values are means +

SEM; (**) P < 0.01; (*) P < 0.05.
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MV-mediated fusion of normal cells leads
to cellular senescence

Endogenous fusogens are not the only possible cause of
cell fusion in mammalian organisms. Pathogenic viruses
such as MV can infect human cells and cause cell fusion
(Oldstone et al. 1999; Sapir et al. 2008; Delpeut et al.
2012). We therefore investigated whether MV-induced
fused cells show features of cellular senescence. MV
infection of normal human IMR-90 fibroblasts resulted
in fusion of infected cells, and the fused cells expressed
MV proteins (Fig. 3A). Like the fused cells induced by
ERVWE1, the MV-fused cells incorporated fivefold less
BrdU than noninfected nonfused cells subjected to the
same infection procedure (Fig. 3B,C). The multinuclear
MV-infected cells also exhibited increased SA-b-gal ac-
tivity (2.5% vs. 79% in mononuclear vs. fused cells) (Fig.
3D). Similar results were obtained when fusion of IMR-90
cells was induced by overexpression of another viral
fusogen, fusion-associated small trans-membrane (FAST)
protein (Supplemental Fig. S7). These results thus sug-
gested that cell fusion induced by viral fusogens leads to
induction of the senescence phenotype.
In addition to their phenotypical changes, senescent

cells undergo significant changes in their gene expression
profiles. We compared the expression of senescence-related
genes in MV-infected IMR-90 fibroblasts with that in
mock-infected cells. Immunoblot analysis revealed a sig-

nificant increase in expression of p53 and CDK inhibitor
p21 in MV-infected cells (Fig. 3E), indicating activation of
the p53 pathway in these cells. To evaluate the effect of
the pRB pathway on cell cycle regulators in MV-fused
cells, we evaluated the expression of E2F target cell
cycle-promoting genes in MV-infected and mock-
infected cells by quantitative RT–PCR. Expression
levels of MCM2, MCM3, CDCA2, and CDCA8 were
significantly down-regulated in the MV-infected IMR-90
cells (Fig. 3F). Therefore, senescence pathways are acti-
vated in MV-fused cells and halt cell cycle progression in
these cells.
Immune cells respond to MV infection by increased

production of inflammatory cytokines, and SASP is an
essential part of the senescence phenotype in fibroblasts
and epithelial cells (Campisi 2011; Delpeut et al. 2012).
We therefore assayed expression of SASP components up-
regulated in ERVWE1-fused cells in MV-fused IMR-90
fibroblast cells compared with mock-infected cells. Sur-
prisingly, the expression of these cytokines in MV-
infected cells was strongly up-regulated compared with
mock-infected cells (Fig. 3G). In fact, the expression of
IL-8 and of CCL-5 was up-regulated 107 and 825 times,
respectively (Fig. 3G). In addition to the changes in the
secretory phenotype, we found that MV-infected cells up-
regulated MICA and ULBP2, ligands of the activating NK
cell receptor NKG2D (Fig. 3H). Therefore, MV-infected
fused cells up-regulate genes that might lead to attraction

Figure 3. MV induces cell fusion and senes-
cence in normal human fibroblasts. (A) The MV-
infected IMR-90 cells were stained with anti-
SSPE antibody that recognizes MV proteins (red)
and counterstained with DAPI. BrdU incor-
poration (B,C) and SA-b-gal activity (D) were
assessed in IMR-90 cells infected with MV in
syncytium (Syn) and mononuclear cells (Mono).
(E) Protein content of p53 and p21 was assessed
by immunoblotting in MV-infected or mock-
infected (Ctrl) IMR-90 cells. Expression of
MCM2, MCM3, CDCA2, and CDCA8 (F); IL-6,
IL-8, CXCL-1, and CCL5 (G); and MICA and
ULBP2 (H) in MV-infected or mock-infected
(Ctrl) IMR-90 cells assayed by quantitative RT–
PCR. Values are means + SEM; (*) P < 0.05.
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of immune cells and elimination of the infected cells by
the immune system.

Fusion of cancer cells leads to cellular senescence

One of the pathological conditions in which cell fusion
occurs is cancer (Duelli and Lazebnik 2007). ERVWE1 is
one of the proteins that is expressed in cancer cells of
multiple origins and mediates fusion of cells in human
tumors (Larsson et al. 2007; Strick et al. 2007; Larsen et al.
2009). Interestingly, both ERVWE1 and MV have been
proposed as candidates for the local treatment of cancer
via induction of cell fusion (Msaouel et al. 2009; Lin et al.
2010). To examine the effects of ERVWE1-induced and
MV-induced fusion of cancer cells, we used the A549
human alveolar adenocarcinoma cell line. These cells
harbor wild-type p53 and are able to undergo senescence
in response to DNA damage (McKenna et al. 2012). We
found that expression of ERVWE1 in these cells resulted
in cell fusion, syncytia formation, and an increase in

SA-b-gal activity (Fig. 4A,B). ERVWE1 transduction and
cell fusion were accompanied by up-regulation of the p53
protein in this cell type (Fig. 4C). For our analysis of the
effect of p53 on ERVWE1-induced cell fusion, A549
cancer cells stably expressing shRNA-targeting p53 (sh-
p53) or (as a control) sh-LacZ were transduced with
ERVWE1. Expression of sh-p53 caused significant knock-
down of p53 in these cells (Fig. 4C). SA-b-gal activity in
the syncytial population of the cancer cells expressing sh-
LacZ was 13-fold higher than in the mononuclear pop-
ulation, while its corresponding increase in cells lacking
p53 was only fivefold (Fig. 4B). Thus, p53 knockdown led
to a significant reduction in SA-b-gal-positive cells fol-
lowing ERVWE1-induced cell fusion (P < 0.05). These
findings suggested that cell fusion might induce cellular
senescence in cancer cells and that such induction de-
pends at least in part on p53.
If cancer cells do indeed undergo senescence in re-

sponse to cell fusion, this should be reflected in inhibition
of the cell cycle machinery in the syncytia. We therefore

Figure 4. ERVWE1-induced and MV-induced
cell fusion induces the p53-dependent senes-
cence phenotype in cancer cells. (A,B) SA-b-gal
activity was examined in a syncytial (Syn) and
a mononuclear (Mono) population of A549 cells
expressing sh-LacZ or sh-p53 and transduced
with ERVWE1 or GFP as a control. Bar, 100
mm. Arrowheads indicate syncytia. (C) Expres-
sion of p53 protein in A549 cells expressing sh-
LacZ or sh-p53 and transduced with ERVWE1
(ERV) or control vector (Ctrl). (D,E) BrdU in-
corporation was assayed in a syncytial and
a mononuclear population of A549 cells express-
ing sh-LacZ or sh-p53 and transduced with
ERVWE1. Bar, 50 mm. Arrowheads indicate syn-
cytia. (F) Expression of CCL5 and IL-8 in A549
cells expressing sh-LacZ or sh-p53 and trans-
duced with ERVWE1 (ERV) or control vector
(Ctrl) was measured by quantitative RT–PCR.
(G) Soft agar colony formation assay of A549
cells expressing sh-LacZ or sh-p53 and trans-
duced with ERVWE1 or control vector. SA-b-gal
activity (H) and BrdU incorporation (I) were
examined in a syncytial (Syn) and a mononuclear
(Mono) population of A549 cells expressing sh-
LacZ or sh-p53 and infected with MV. Values are
means + SEM; (*) P < 0.05; (**) P < 0.01.
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compared the BrdU incorporation in ERVWE1-induced
syncytia of cancer cells expressing sh-LacZ or sh-p53 and
in a mononuclear population of the same cells. BrdU
incorporation into the syncytial population of sh-LacZ-
expressing cells was at least 20-fold lower than in the
mononuclear population, whereas the decrease in sh-
p53-expressing syncytia was onlyminor (Fig. 4D,E). Thus,
inhibition of the cell cycle in A549 cells induced by
ERVWE1-mediated fusion is p53-dependent.
The SASP is an integral part of the senescent phenotype

in both normal and cancer cells (Campisi 2011). We found
that the SASP components IL-8 and CCL5 were up-
regulated in normal cells after ERVWE1-induced fusion
(Fig. 2F). Similarly, in cancer cells transducedwith ERVWE1,
expression of these genes was significantly higher than in
control vector-transduced cells (P < 0.05) (Fig. 4F). Taken
together, the above findings suggested that ERVWE1-in-
duced syncytia of cancer cells undergo p53-dependent
cellular senescence that limits their proliferative capacity.
Next, we examined the impact of illicit cell fusion on

tumorigenicity of A549 cells. For this purpose, we per-
formed a soft agar cell transformation assay of A549 cells
expressing sh-LacZ or sh-p53 and transiently transduced
with ERVWE1. Surprisingly, cell fusion resulted in ele-
vated colony formation in both cell types compared with
the control (Fig. 4G). In addition, growth in the soft agar
after ERVWE1 transduction in p53-deficient A549 cells
was twofold higher than in p53-expressing A549 cells (P <

0.05) (Fig. 4G). Following cell fusion, the p53-expressing
cells showed cell cycle arrest (Fig. 4D,E) but also exhibited
an increase in tumorigenicity, which was significantly
increased in the absence of p53. The increase in the
tumorigenicity despite the nonproliferative nature of
senescent cells might be explained by the secretion of
cytokines from these cells.
As MV-induced cell fusion induces senescence in

normal cells, we examined the effect of MV-induced
fusion on A549 cancer cells in the presence and absence
of p53. In line with our results in normal cells, SA-b-gal
activity in the MV-induced syncytial population of the
cancer cells was higher than in the mononuclear popula-
tion (P < 0.01) (Fig. 4H). Following MV-induced fusion,
knockdown of p53 resulted in a significant reduction in
SA-b-gal-positive cells (P < 0.05) (Fig. 4H). In addition to
this reduction, the MV-induced syncytial cells expressing
sh-LacZ showed a decline in BrdU incorporation of at
least 15-fold compared with the mononuclear population
(P < 0.01), whereas the p53-depleted (sh-p53) syncytia
exhibited only a slight decrease (Fig. 4I; Supplemental Fig.
S8). Thus, induction of fusion of cancer cells resulted in
p53-dependent senescence.

The placental syncytiotrophoblast exhibits
characteristics of senescent cells

In addition to its pathological expression in cancer,
ERVWE1 is physiologically expressed in the placental
syncytiotrophoblast of the developing embryo (Blond
et al. 2000; Mi et al. 2000). Given the physiological
function of ERVWE1 in mediating the formation of the

syncytiotrophoblast from the cytotrophoblast cells by
inducing cell fusion, we wanted to find out whether the
syncytiotrophoblast exhibits characteristics of cellular
senescence. We therefore examined sections of a third
trimester post-partum human placenta, which contains
syncytiotrophoblast cells, for the presence of markers of
cellular senescence. SA-b-gal activity was identified in
the multinuclear syncytiotrophoblast cells but was not
detectable in the underlying mononuclear cells, blood
vessel cells, connective tissue, or other cell layers of the
placenta (Fig. 5). To gain an insight into the relationship
between the syncytiotrophoblast cells and the molecular
pathways of cellular senescence, we analyzed the tropho-
blast immunohistologically for molecular markers of
senescence. We first characterized the syncytiotropho-
blast cells as multinuclear cells that express ERVWE1
but not Ki67, a marker of proliferating cells (Fig. 5). The
syncytiotrophoblast cells exhibited specific staining for
the CDK inhibitors p16 and p21, indicating that both of
these central pathways of senescence are activated in
these cells. Nuclear staining for p53 strongly supported
this view. The nuclear staining of gH2AX (Fig. 5) dis-
closed activation of DDR, a prominent marker of senes-
cence, in these cells. Yet another senescence marker,
DCR2, protects senescent cells from apoptosis induced
by the death receptor ligands TRAIL and FASL (Sagiv
et al. 2013). We examined the possibility that DCR2 is
expressed in the syncytiotrophoblast and might therefore
contribute to its resistance to apoptosis. We found that
the human syncytiotrophoblast exhibits higher expres-
sion of DCR2 than other cell layers of the placenta,

Figure 5. Human placental syncytiotrophoblast cells express
markers of cellular senescence. H&E staining demonstrated
general structure of the placenta. Sections of human post-
partum third trimester placenta were evaluated for SA-b-gal
activity (SA-b-gal), expression of ERVWE1, proliferation marker
Ki67, and senescence markers p53, DCR2, p16, p21, and
gH2AX. Arrowheads indicate syncytiotrophoblast cells.
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including cytotrophoblasts and adjacent connective tis-
sue (Fig. 5). Expression of DCR2 in syncytiotrophoblast
cells further supported the activation of a senescence
program in these cells. Altogether, our results showed
that human syncytiotrophoblast cells exhibit character-
istics and activation of themolecular pathways of cellular
senescence.

Discussion

Many viruses induce fusion of infected cells to support
their reproduction and dissemination (Sapir et al. 2008).
The mammalian organism has found a way to use the
fusogenic property of an endogenous virus that was
incorporated into the genome during the course of evo-
lution in order to function in placenta formation (Blond
et al. 2000; Mi et al. 2000; Dupressoir et al. 2011). In this
study, we identified cellular senescence as a mechanism
that is activated in cells that have fused due to their
expression of endogenous or exogenous viral proteins.
Senescence-associated cytokines and growth factors se-
creted from fused cells are needed for normal placental
function. Interaction of the fused cells with the immune
system might promote normal maternal–fetal interface
and, later in life, might also help to eliminate abnormal
cells at sites of pathology or infection.
It remains to be determined why induction of cellular

senescence is necessary during syncytiotrophoblast for-
mation and placental development. One possibility is
that mechanisms induced in senescent cells help to
maintain viability of the syncytium during pregnancy.
Senescent cells are known to be resistant to apoptosis,
and this resistance might support syncytiotrophoblast
viability during pregnancy despite activation of caspase-8
in the cytotrophoblast in the initial stages of syncytio-
trophoblast formation (De Falco et al. 2004). Activated
caspase-8 can lead to apoptosis in other tissues (Varfolomeev
et al. 1998) but becomes inactivated in the syncytiotropho-
blast (De Falco et al. 2004). A senescent phenotype of the
syncytiotrophoblast, including high DCR2 expression,
might contribute to this inactivation and thus support
the viability of these cells. Of note, knockout of genes
that can regulate senescence (pRb or E2F7) leads to dis-
organization of the trophoblast in mice and even causes
embryonic lethality (Narita et al. 2003; Wu et al. 2003;
Aksoy et al. 2012; Ouseph et al. 2012). Placenta-specific
ablation of pRb, for example, causes embryonic lethality,
and placenta malfunction is the defect responsible for the
embryonic lethality of pRb knockout mice (Wu et al.
2003). Therefore, intact molecular machinery of senes-
cence is necessary to support the integrity of the syncy-
tiotrophoblast in order to sustain the function of the
placenta. Another possibility is that induction of the flat
morphology characteristic of senescent cells is needed to
increase the surface area of the syncytiotrophoblast, thus
facilitating the transfer of resources frommother to fetus.
In addition to being both flat and resistant to apoptosis,

senescent cells produce a variety of cytokines as part of
the SASP (Coppe et al. 2008). One of the main SASP
components is IL-8, which is strongly up-regulated in

fused senescent cells and is essential for normal placental
function (Dame and Juul 2000; Gupta et al. 2005). Other
SASP cytokines secreted from the fused cells, such as
CCL5, attract specific noncytotoxic maternal NK cells
that play an important role in maintenance of the
placenta (Hanna et al. 2006). Up-regulation of ligands of
the NK-activating receptor NKG2D on fused senescent
cells further increases cytokine production from the NK
cells without increasing cytotoxicity (Hanna et al. 2006).
It therefore seems that cellular senescence of the syncy-
tiotrophoblast cells not only prevents DNA replication in
these cells but can also support their viability, attract NK
cells, and contribute to functionality of the maternal–
fetal interface.
Under pathological conditions, cellular senescencemight

function to prevent the proliferation of polyploid cells
resulting from expression of endogenous viral fusogens or
viral infection. Proliferation of these cells can be delete-
rious, as it may produce genetically unstable, aneuploid
progenies, thereby promoting cancer development (Ganem
and Pellman 2007). Notably, cells with polyploid content
undergo p53-dependent senescence (Rieder and Maiato
2004). The mechanism of this process is not fully un-
derstood, and it was suggested that it is part of the
‘‘tetraploidy checkpoint’’ whereby cells can ‘‘count’’
their centrosomes or chromosomes. However, not every
cell fusion event results in induction of cellular senes-
cence (Duelli and Lazebnik 2007). Therefore, fusion itself
is a necessary but not a sufficient condition for induction
of the senescence program. Activation of additional mech-
anisms, which might rely on changes in cell shape rather
than the number of the nuclei or the DNA content, might
lead to activation of this program.
Polyploid cells undergo major changes in their cyto-

skeleton. These changes can activate the p53 and pRB
pathways, which are the main pathways regulating cel-
lular senescence (Campisi and d’Adda di Fagagna 2007;
Ganem and Pellman 2007). One of the proteins that
might activate p53 in response to cytoskeletal changes
is LATS2. This normally functions as a centrosomal
protein, but upon mitotic spindle damage or oncogene
activation, it translocates to the nucleus and activates
p53 to induce cell death or senescence of polyploid cells
(Aylon et al. 2006). Changes in the cytoskeletal organiza-
tion of senescent cells can lead to pRB hypophosphoryla-
tion and LATS2 up-regulation, which were detected in
fused senescent cells. Moreover, cell cycle arrest in fused
senescent cells is dependent on the p53 and pRB path-
ways. Therefore, changes in the cytoskeleton might
contribute to the cell fusion-induced senescence.
Cell fusion leads to extensive genetic and epigenetic

changes and may therefore promote cancer (Ogle et al.
2005; Duelli and Lazebnik 2007). Many tumor cells are
fusogenic, and the fusion rate in experimental tumors is
estimated at 1% (Duelli and Lazebnik 2003). Moreover,
fused cells have been observed in cancer specimens
(Duelli and Lazebnik 2007; Strick et al. 2007; Larsen
et al. 2009). Despite the oncogenic potential of cell fusion,
however, most cases of cell fusion do not lead to cell
transformation (Harris et al. 1969; Ogle et al. 2005; Duelli
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and Lazebnik 2007). Our data suggest that illicitly fused
cells might stimulate tumorigenesis, probably in a non-
cell-autonomous manner. However, the possibility that
senescent syncytia cells affect tumorigenesis by addi-
tional mechanisms cannot be excluded.
Cellular senescence of fused cells might be a general

phenomenon that occurs as a consequence of misexpres-
sion of endogenous fusogens and viral infections. Due to
preferential recognition of fused cells by NK cells, it
seems likely that the presence of fusion-induced senes-
cent cells is tightly regulated by the immune system in
a manner similar to the immune surveillance of senes-
cent cells in other settings (Xue et al. 2007; Krizhanovsky
et al. 2008; Kang et al. 2011; Sagiv et al. 2013). Avariety of
viruses that infect human populations, including HIV,
MV, and the more widely spread respiratory syncytia
virus and influenza, can induce cell fusion and formation
of multinuclear cells following infection (Duelli and
Lazebnik 2007). In addition, endogenous fusogens and
even putative anti-cancer treatments can cause forma-
tion of syncytia (Sapir et al. 2008; Tovar et al. 2010). Our
present findings suggest that cellular senescence func-
tions as a protective mechanism that limits proliferation
of the syncytia cells and might promote their immune
surveillance. If these mechanisms fail, illicitly fused cells
persisting in tissues might be able to induce tissue damage
and tumorigenesis in a non-cell-autonomous manner.
In contrast to this illicit cell fusion, in the normal

environment of the placenta, cellular senescence trig-
gered by physiological cell fusion supports the viability of
the syncytiotrophoblast cells, contributes to production
of cytokines that are needed for normal placental func-
tion, and attracts NK cells that contribute to the func-
tional maternal/fetal interface. We conclude that the
cellular senescence mechanism necessary for embryonic
development might be adopted later in life by the
organism to protect itself from the abnormal and de-
structive cell fusion induced by misexpression of endog-
enous fusogens or viral infection.

Materials and methods

Tissue culture and gene transfer

Normal human diploid fibroblasts (IMR-90 cells) and A549 cells
(both types from American Type Culture Collection) were
cultured in DMEM with 10% fetal bovine serum (FBS) at 7.5%
CO2. The medium of the A549 cells also contained 2 ug/mL
puromycin. Induction of senescence by DNA damage and SA-
b-gal activity assay were performed as described (Krizhanovsky
et al. 2008). To induce transient expression, IMR-90 or A549 cells
were transfected with the phCMV-HERV-W vector encoding
ERVWE1 or, as a control, expressing GFP using Transit-293 trans-
fection reagent (Mirus Bio LLC). To induce stable gene expression,
IMR-90 cells were transduced with retroviral pLPC vector with
HERV-W or GFP or mCherry (Narita et al. 2003).

For the knockdown experiments, ON-TARGETplus SMART-
pool siRNA targeting pRB and the nontargeting (control) pool
were transfected into IMR-90 cells with Dharmafect 1 reagent
(all from Dharmacon).

For the soft agar transformation assays, 8000 A549 cells per
well of 96-well plates were seeded in 0.35% bacto-agar on top of

0.5% bacto-agar (1:1 with DMEM, 20% FCS, 2% penicillin–
streptomycin) 7 d post-transfection. Seven days thereafter,
Presto Blue reagent (BD Bioscience) was added to each well in
a 1:10 volume ratio. After 1 h of incubation with the reagent at
37°C, fluorescence was determined at 600 nm.

For BrdU Incorporation assays, cells were seeded on coverslips
and incubated with 0.1 mg/mL 59-bromo-2-deoxyuridine and
0.01 mg/mL 59-fluoro-2-deoxyuridine. The incubation periods
were 6 h for IMR-90 cells and 3 h for A549 cells. The cells were
washed and fixed with 4%PFA followed by immunofluorescence
staining.

MV infection and detection procedures

MV stock was prepared from a thrice-purified plaque of Edmonston
strain (Gorecki and Rozenblatt 1980). IMR-90 cells were
infected at a multiplicity of infection (MOI) of 1:10 as titrated
against Vero cells. Medium was changed the next day, and the
cells were cultured for 48 h for detection of MV or 5 d for gene
expression analysis. For detection of MV, cells were fixed with
acetone:methanol 1:1 for 2 min at room temperature and in-
cubated with SSPE serum (which detects MV) (Rozenblatt et al.
1979) and diluted 1:100 in PBS (+3% FBS). Detection was per-
formed with goat anti-human IgG Cy-3 (C2571, Sigma) at a
dilution of 1:500.

Detection of gene expression

Protein expression was tested by immunoblotting as described
(Krizhanovsky et al. 2008). Detection was performed using a-p53
mAb (a gift fromV. Rotter,Weizmann Institute of Science); a-p21
and a-Rb (BD Biosciences); a-p16, a-syncytin, and a-b-tubulin
(Santa Cruz Biotechnology); a-p-p53 (Ser-15) (Cell Signaling); and
a-b-actin mAb (Sigma) primary antibodies. Immunofluorescence
analysis was performed with a-gH2AX mAb (Cell Signaling) or
a-BrdU mAb (BD Biosciences). Quantitative RT–PCR was per-
formed as described previously (Sagiv et al. 2013). Primer
sequences are available on request.

Tissue collection and analysis

The study was approved by the Institutional Review Board of
Meir Medical Center, and Helsinki Committee Approval was
received by T.B.-S. Biopsies were obtained from the placentas of
20 uncomplicated pregnancies. All pregnancies were well dated,
had normal detailed sonographic assays, and had obtained either
normal biochemical screening results for aneuploidy or normal
chromosome profiles on amniocentesis. In addition, all neonates
had undergone examination and evaluation immediately after
birth, with normal findings. Placental tissue samples (;1 cm3

each) were obtained immediately after delivery under sterile
conditions. Biopsies were taken from the intermediate tropho-
blast from the area midway between cord insertion and the edge
of the placenta. The biopsied material was either stored at
�80°C or fixed in formalin and paraffin and embedded for later
evaluation.

Paraffin-embedded sections were obtained from placental bi-
opsy specimens. Sections were deparaffinized and rehydrated in
an ethanol series. Antigen retrieval was performed in a steamer,
and sections were blocked for nonspecific binding with 4% horse
serum and 1% BSA. Primary antibodies recognizing Ki67
(Abcam); DCR2 (Enzo Life Sciences); p21 (BD Biosciences); and
p53, p16, and ERVWE1 (all from Santa Cruz Biotechnology) were
applied overnight at 4°C. Staining was developed using DAB
(Vector Laboratories) followed by hematoxylin counterstaining.
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Sectionswere visualized using anOlympusmicroscope, and images
were analyzed using CellP software (Diagnostic Instruments).

Statistical analysis

All experiments were performed in at least three independent
repeats. For the statistical analysis, P-values were calculated
using Student’s t-test, and data are presented as means + SEM.
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