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ABSTRACT Syncytin genes are envelope genes of retroviral origin that have been
exapted for a role in placentation. They are involved in the formation of a syncytial
structure (the syncytiotrophoblast) at the fetomaternal interface via their fusogenic
activity. The mouse placenta is unique among placental mammals since the fetoma-
ternal interface comprises two syncytiotrophoblast layers (ST-I and ST-II) instead of
one, as observed in humans and all other hemochorial placentae. Each layer specifi-
cally expresses a distinct mouse syncytin, namely, syncytin-A (SynA) for ST-I and
syncytin-B (SynB) for ST-II, which have been shown to be essential to placentogen-
esis and embryo survival. Their cognate cellular receptors, which are necessary to
mediate cell-cell fusion and syncytiotrophoblast formation, are still unknown. By de-
vising a sensitive method that combines a cell-cell fusion assay with the screening
of a mouse cDNA library, we succeeded in identifying the glycosylphosphatidylinosi-
tol (GPI)-anchored membrane protein lymphocyte antigen 6E (Ly6e) as a candidate
receptor for SynA. Transfection of cells with the cloned receptor led to their fusion
to cells expressing SynA, with no cross-reactive fusion activity with SynB. Knocking
down Ly6e greatly reduced SynA-induced cell fusion, thus suggesting that Ly6e is
the sole receptor for SynA in vivo. Interaction of SynA with Ly6e was further demon-
strated by a competition assay using the soluble ectodomain of Ly6e. Finally, reverse
transcription-quantitative PCR (RT-qPCR) analysis of Ly6e expression on a representa-
tive panel of mouse tissues shows that it is significantly expressed in the mouse pla-
centa together with SynA.

IMPORTANCE Syncytin genes are envelope genes of endogenous retroviruses, co-
opted for a physiological function in placentation. Syncytins are fusogenic proteins
that mediate cell-cell fusion by interacting with receptors present on the partner
cells. Here, by devising a sensitive in vitro fusion assay that enables the high-
throughput screening of normalized cDNA libraries, we identified the long-sought
receptor for syncytin-A (SynA), a mouse syncytin responsible for syncytiotrophoblast
formation at the maternofetal interface of the mouse placenta. This protein, Ly6e
(lymphocyte antigen 6E), is a GPI-anchored membrane protein, and small interfering
RNA (siRNA) experiments targeting its deletion as well as a decoy assay using a re-
combinant soluble receptor show that Ly6e is the necessary and sufficient partner of
SynA. Its profile of expression is consistent with a role in both ancestral endogeniza-
tion of a SynA founder retrovirus and present-day placenta formation. This study
provides a powerful general method to identify genes involved in cell-cell fusion
processes.
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The sequencing of mammalian genomes has shown that sequences from retroviral
origins occupy a significant portion: about 8% of the human genome and 10% of

the mouse genome (1, 2). Most of these endogenous retroviral sequences are not
functional as the result of the accumulation of mutations and genome rearrange-
ments. However, among the functional ones, syncytin genes are envelope (env)
genes from ancestrally endogenized retroviruses that have been co-opted for a role
in placenta formation (reviewed in reference 3). Their expression at the cell surface
induces cell-cell fusion, and they are involved in the formation of a syncytial
structure at the interface between fetal and maternal blood, the syncytiotropho-
blast. The syncytin genes have been found in all major clades of placental mammals
and result from independent captures of env genes in each lineage where they have
been identified (4–11). The syncytin genes display conserved characteristics from
env genes but also lineage-specific differences which correlate with placental
structure differences.

The structure of the mouse placenta is unique among placental mammals: at
variance with all other described placentae, the fetomaternal interface comprises two
syncytiotrophoblast layers (ST-I and ST-II) instead of one, as observed in humans and all
other hemochorial placentae (12). Each of these syncytiotrophoblast layers expresses a
different syncytin: syncytin-A (SynA) for ST-I and syncytin-B (SynB) for ST-II (13). Both
syncytins have been demonstrated to be required for placenta development, with
altered structures of the fetomaternal interface in knockout (KO) mice (14, 15). SynA KO
mice display the most severe phenotype, resulting in death of embryos at midgesta-
tion.

By analogy with other retroviral Envs, syncytin-induced cell-cell fusion is thought to
be mediated by the interaction of the syncytin with a specific membrane receptor
expressed on neighboring cells (16). In this model, syncytin-mediated cell-cell fusion is
initiated when the surface subunit (SU) of the syncytin glycoprotein binds to a specific
receptor expressed on the surface of a neighboring cell. Attachment induces a series of
conformational changes of the SU and transmembrane (TM) subunits of the syncytin,
which results in the fusion of the plasma membranes.

It was previously demonstrated that SynA and -B overexpression induces cell-cell
fusion ex vivo (10). As SynA and -B overexpression does not induce fusion in the same
cell lines, it was hypothesized that their cellular receptors had to be distinct (10).
Among the 11 mammalian syncytins characterized so far, the receptors for human
syncytin-1 and -2 (human ASCT2/SLC1A5/RDR and human MFSD2/NLS1, respectively)
and rabbit syncytin-Ory1 (rabbit ASCT2) have been identified by using pseudotyping
assays (5, 17, 18). Although SynA and -B were first identified more than 10 years ago,
the corresponding receptors have not been identified yet. This was mainly due to the
difficulty in assessing interactions between membrane proteins, the impossibility of
generating functional pseudotypes with SynA or -B (data not shown), and the lack of
appropriate assays to screen cDNA libraries for cell-cell fusion per se. To address these
challenges, we report here the development of a new technique to screen a cDNA
expression library using a cell-cell fusion assay based on �-complementation of
�-galactosidase. The �-galactosidase can be split into two fragments, an N-terminal
�-peptide (Gal�) and a C-terminal �-peptide (Gal�). These fragments are enzymatically
inactive separately but complement each other and recover enzymatic activity when
mixed together (19, 20). We applied this �-complementation property to perform a
large-scale screen of cDNAs in order to identify the specific receptor that is required for
SynA-dependent cell-cell fusion. In this study, we identify the membrane protein Ly6e
as the receptor for SynA. Its role in cell-cell fusion in cellulo is then investigated, as well
as its ability to interact with SynA and its tissue expression profile.
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RESULTS
Development of a cell fusion-based screening method. Given that SynA does not

generate functional pseudotypes (probably due to improper incorporation into viral
particles), we searched for a cell-cell fusion assay which would be simple and sensitive
enough to screen a cDNA library. �-Complementation of �-galactosidase was previ-
ously used to detect HIV envelope glycoprotein-mediated cell fusion (19). We first
checked that �-complementation was possible in our model cell lines. To do so,
hamster A23 or human 293T cells were transiently transfected with expression vectors
which expressed the �-galactosidase fragment Gal� or Gal� or both fragments (Fig. 1A
and data not shown). Cells transfected with the Gal� or Gal� expression vector
remained unstained after 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal)
staining, whereas 60 to 95% of the cells (depending on cell transfection efficiency)
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FIG 1 Syncytin-mediated cell-cell fusion assay: detection, quantification, and sensitivity. (A) �-Complementation of �-galactosidase was
tested in A23 cells by independently transfecting or cotransfecting Gal� and Gal� expression vectors and analyzing �-galactosidase
activity after fixation and X-Gal staining at 24 h posttransfection. (B) Syn1 and SynA fusogenicity was tested in A23 cells by a cell-cell fusion
assay as shown by the scheme. (C) Stable expression of Gal� in an A23-Gal� cell clone was assessed by X-Gal staining at 24 h after
transfection of Gal� expression vector. NT, not transfected. (D and E) ASCT2/Syn1 partnership was tested with various ratios of ASCT2
expression vector mixed with a control empty vector by a cell-cell fusion assay as described for panel B using A23 and A23-Gal� cells.
Representative images of at least three independent experiments are shown in panels A to D. (E) The number of syncytia and the mean
area of a syncytium were assessed using ImageJ software on microscope images. Data are the means � SEM (four independent
experiments; *, P � 0.05; **, P � 0.01, Student’s t test). a.u., arbitrary units.
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displayed blue staining when cotransfected with both the Gal� and Gal� expression
vectors.

We then checked that the �-complementation assay was sensitive enough to detect
syncytin-induced cell-cell fusion. We used human syncytin-1 (Syn1), which induces
fusion when overexpressed in A23 cells that naturally express the Syn1 receptor, i.e.,
ASCT2. We transfected a first group of A23 cells with the Gal� expression vector
together with a vector expressing Syn1 or an empty vector and a second group of A23
cells with Gal�. At 1 day posttransfection, the two groups of cells were mixed. After 2
days of coculture, the cells were stained with X-Gal to detect blue syncytia formed
following fusion of cells from both groups. Blue syncytia could indeed be detected
under the condition where Syn1 was present, whereas none were detected with a
control empty vector (Ctrl) (Fig. 1B).

We have shown previously that SynA ectopic expression induces cell-cell fusion in
various cell lines from human, mouse, or monkey (including 293T and HeLa cells),
suggesting that its receptor is expressed in these particular cells (10). To identify SynA
receptor(s), we searched for a cell line where ectopic expression of SynA is not
fusogenic, suggesting that its receptor is not significantly expressed. Using the
�-complementation fusion assay, we found that SynA, in contrast to human Syn1, was
not fusogenic per se in the A23 cell line (Fig. 1B).

In order to screen a cDNA library, we constructed a subclone of A23 cells stably
expressing Gal� (A23-Gal�) in �95% of cells to avoid having to cotransfect Gal� when
transfecting plasmids from the library. We checked that, when transiently transfected
with Gal�, this A23-Gal� subclone displayed blue staining after X-Gal treatment
(Fig. 1C). We then tested whether the cell-cell fusion assay using the A23-Gal� cells was
sensitive enough to detect the fusogenic effect of a known syncytin/receptor pair even
when the receptor was ectopically expressed at low levels. The sodium-dependent
neutral amino acid transporter type 2, ASCT2, was previously identified as the receptor
for syncytin-1 (5). A23-Gal� cells transfected with an ASCT2 expression vector mixed
with a control empty vector (Ctrl) at various ratios (ASCT21/10 [1:10 dilution of ASCT2],
ASCT21/100, and ASCT21/300) were cocultured with A23 cells transfected with Gal� and
Syn1 expression vectors. After X-Gal staining, we analyzed two different parameters to
measure the amount of cell-cell fusion induced by the Syn1/ASCT2 pair under each
condition: the number of syncytia per surface unit and the mean area of a syncytium
(Fig. 1D and E). We found that even with a 100-fold dilution of ASCT2, the number of
syncytia per surface unit and the mean area of a syncytium were both significantly
higher than the values obtained with a control empty vector. For the rest of this study,
we chose to use mainly the number of blue syncytia per surface area as this parameter
was the most simply measured to assess the amount of cell-cell fusion. However, we
noted that when the percentage of syncytial area was high (Fig. 1E, ASCT2/Syn1 and
ASCT21/10/Syn1 conditions), the number of syncytia per surface reached a plateau and
was less representative of the amount of cell-cell fusion in this case than the mean area
of a syncytium.

Screening of a mouse cDNA library using the cell-cell fusion assay. To search for
the receptor for SynA, we used a normalized cDNA library prepared from mouse brain
tissues, which are known among all tissues to express a wide range of genes (21). Given
the results of the dilution testing, we reasoned that we would have a good signal-to-
noise ratio even if the cDNA of the SynA receptor was diluted 100 times among other
cDNAs. We therefore prepared pools of 100 cDNAs from the mouse library and tested
their ability to induce fusion in the presence of SynA using the cell-fusion assay.
A23-Gal� cells transfected with a pool of 100 cDNAs were cocultured with an equal
number of A23 cells transfected with SynA and Gal�. After 2 days of coculture, the
number of blue spots was analyzed. A total of 300 different pools of 100 cDNAs each
were tested (Fig. 2A). Among them, only three pools displayed a number of blue spots
per surface unit that was reproducibly higher than that of the control condition (Fig. 2A,
top right photo). We then subcloned each positive pool of 100 cDNAs into pools of
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12 cDNAs and tested them using our cell-cell fusion assay. Positive pools (Fig. 2A,
middle right photo) were then subcloned into individual cDNA clones. As expected,
the number of syncytia per surface unit increased at each subcloning step for the
positive pools (Fig. 2A, right panels). After sequencing, all positive clones contained
the same open reading frame (ORF). This ORF corresponds to a previously charac-
terized gene encoding the lymphocyte antigen 6E (Ly6e), also known as thymic
shared antigen 1 (Tsa-1) or stem cell antigen 2 (Sca-2). As expected for partners of
SynA, Ly6e is a membrane protein. It belongs to a category of cell surface proteins
which interact with the plasma membrane by a glycosylphosphatidylinositol (GPI)
anchor. Here, the GPI anchor is attached to alanine 102 of mature Ly6e (Fig. 2B) after
cleavage of the C-terminal propeptide (amino acids 103 to 130).

Ly6e is the specific partner of SynA in cellulo. As the two mouse syncytins SynA
and SynB are structurally related, with 67% identity between the two proteins, we
tested whether the identified candidate receptor for SynA was also able to induce
cell-cell fusion in the presence of SynB. Using the cell-cell fusion assay, we showed that,
in contrast to results with cells expressing SynA, mixing A23 cells expressing SynB and
Gal� with A23-Gal� cells expressing Ly6e does not increase the number of syncytia
compared to that under the control condition without the candidate receptor (Fig. 3A).
Thus, Ly6e is specific to SynA and not SynB, consistent with the fact that their
overexpression does not induce fusion in the same cell lines (10).

As we have previously shown that SynA ectopic expression is fusogenic per se in cell
lines from different species, including the easily transfectable 293T cells where SynA
induces massive cell-cell fusion (10), we tested whether Ly6e was involved in cellulo in
SynA-induced cell-cell fusion. We first checked that Ly6e was endogenously expressed
in 293T cells and knocked it down by specific small interfering RNAs (siRNAs) (Fig. 3B).
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Identification of Ly6e as the Receptor for Syncytin-A Journal of Virology

September 2017 Volume 91 Issue 18 e00832-17 jvi.asm.org 5

http://jvi.asm.org


Using the cell-cell fusion assay, we then analyzed the number of syncytia per surface
unit after coculture with Chinese hamster A23 cells transfected with the SynA expres-
sion vector (Fig. 3C). Interestingly, we observed that SynA-induced cell-cell fusion
greatly decreases when Ly6e is knocked down by siRNA in comparison to expression
with a control nontargeted siRNA or with an siRNA targeting the human syncytin-1
receptor, namely, ASCT2 (Fig. 3B and C). This result demonstrates that human Ly6e
(hLy6e) is the main receptor for SynA in cellulo, at least in 293T cells. This result was also
true in other human cell lines, including HeLa and U-2 OS cells (data not shown). Using
the same methodology, we knocked down Ly6e in a mouse cell line where it is
endogenously expressed, i.e., the C2C12 myoblast cell line (Fig. 3D), and demonstrated
that mouse Ly6e (mLy6e) is also the main receptor for SynA in mouse cells (Fig. 3E).

To further investigate whether the role of Ly6e in SynA-induced cell-cell fusion
involves an interaction with SynA, we constructed an expression vector for an Fc-
tagged soluble form of mouse Ly6e (Ly6e-Fc) (Fig. 4A). In this construct, Ly6e is
truncated just before the alanine residue 102, where the GPI anchor is normally
attached, and tagged with an Fc tag at the C terminus. We checked that this protein is
secreted in the supernatant of transfected cells (Fig. 4B). We then tested whether this
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FIG 3 Ly6e is necessary and sufficient for syncytin-A mediated cell-cell fusion and is not a syncytin-B receptor. The cell-cell fusion assay
was used to assess the role of Ly6e in cellulo and the specificity of the SynA/Ly6e partnership. (A) The specificity of the Ly6e partnership
with SynA and not SynB was assessed by transfecting the proteins as indicated in A23 and A23-Gal� cells and analyzing the formation
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are shown. Data are the means � SEM (at least three independent experiments; *, P � 0.05; **, P � 0.01, Student’s t test).
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soluble form of Ly6e acts as a competitor for endogenous membrane-bound Ly6e, as
follows. A first group of 293T cells was transfected with Ly6e-Fc and Gal� vectors,
whereas the second group of cells was transfected with SynA and Gal� (Fig. 4C and D).
We used as a negative control ephrin A4 (EFNA4-Fc), another Fc-tagged soluble protein.
EFNA4 was previously identified as a GPI-anchored receptor for the envelope of the
mouse IAPE (intracisternal A-type particles elements with an envelope) endogenous
retrovirus (22). If the ectopically expressed soluble form of Ly6e is still able to bind to
SynA, it will compete with the endogenous full-length Ly6e expressed at the mem-
branes of 293T cells (Fig. 4C). This competition should result in a decrease in fusion of
the two groups of cells, which would lead to a decrease in blue staining (Fig. 4C).
Indeed, we observed that the soluble Ly6e-Fc but not the control EFNA4-Fc inhibits the
fusion of the two groups of cells (Fig. 4D). This inhibitory effect is not due to the Fc tag
because another soluble form of Ly6e with a polyhistidine tag (Ly6e-His) is also able to
inhibit SynA-induced cell-cell fusion (Fig. 4D). Of note, we still observed unstained
syncytial structures in the presence of Ly6e-Fc or Ly6e-His, which likely resulted from
the fusion that took place inside the group of cells transfected with SynA and Gal�
before the mixing with the second group of cells expressing Gal� and soluble Ly6e.

To summarize, the above data strongly suggest that Ly6e is the receptor for SynA
involved in cell-cell fusion and that an interaction between the two membrane proteins
is required to mediate fusion.

Ly6e is expressed in the mouse placenta. As a candidate receptor for SynA, Ly6e
is expected to be expressed in the mouse placenta where SynA is involved in cytotro-
phoblast fusion into syncytiotrophoblasts. We thus investigated Ly6e expression by
quantitative reverse transcription-PCR (RT-PCR) in a large panel of mouse adult tissues
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as well as fetal tissues, including the placenta. We observe that Ly6e is rather ubiqui-
tously expressed in mouse adult tissues, with maximal expression in the lung and the
salivary gland, in contrast with SynA levels, which are low in the same adult tissues (Fig.
5). The expression of Ly6e is strikingly lower in the fetal tissues tested, except for the
placenta: at day 12.5 of embryonic development, the Ly6e level in embryo represents
less than 4% of the lung expression level, whereas the placenta level reaches 24% (Fig.
5). More generally, we observed that Ly6e is expressed in the placenta at the earliest
stage tested (day 7.5) of embryo development and remains highly expressed between
days 12.5 and 16.5, when SynA becomes significantly expressed.

DISCUSSION

In this study, we managed to combine a sensitive cell-cell fusion assay with a specific
cDNA library screening procedure in order to identify proteins involved in the forma-
tion of syncytial structures. We applied this technique to search for the receptor for
mouse SynA and identified Ly6e as a candidate receptor. Among the retroviral Env
receptors described so far, most of them are cellular proteins that contain several
transmembrane domains; some of them display a single transmembrane domain, and
a few receptors are attached to the plasma membrane by a glycosylphosphatidylinosi-
tol (GPI) anchor (22). Ly6e belongs to the latter group of membrane proteins, together
with HYAL2, TVA800, and EFNA1 to EFNA5, the receptors for jaagsiekte sheep retrovirus
(JSRV) and enzootic nasal tumor virus (ENTV), avian sarcoma and leukosis virus sub-
group A (ASLV-A), and IAPE retroviruses, respectively (22–25).

We show that Ly6e induces SynA-dependent syncytium formation in our cell-cell
fusion assay. In every model cell line tested where ectopic expression of SynA is enough
to induce cell-cell fusion (thus implying that its receptor is expressed), Ly6e depletion
by siRNA drastically reduced the level of SynA-induced cell-cell fusion. These results
prompted us to hypothesize that Ly6e is the sole receptor for SynA in cellulo.

The GPI-anchored Ly6e, also known as Tsa-1 for thymic shared antigen 1, was
previously described as a lymphostromal membrane protein and was suspected to play
a role in the development of thymus through interaction with an unknown partner at

adult tissues fetal tissues

0 

20 

40 

60 

80 

100 
liv

e
r 

ki
d

n
e

y 
b

la
d

d
e

r 
sp

le
e

n
 

lu
n

g
 

b
ra

in
 

th
ym

u
s 

m
u

sc
le

 
sk

in
 

h
e

a
rt

 
in

te
st

in
e

 
st

o
m

a
ch

 
co

lo
n

 
p

ro
st

a
te

 
th

yr
o

id
 

ce
rv

ic
a

l 
n

o
d

e
 

p
a

n
cr

e
a

s 
a

d
re

n
a

l 
g

l.
 

sa
liv

a
ry

 g
l.

 
p

a
ro

ti
d

 g
l.

 
u

te
ru

s 
o

va
ry

 
te

st
is

 
7

.5
 

8
.5

 
9

.5
 

1
0

.5
 

11
.5

 
1

2
.5

 
h

 
b

 
h

 
b

 
7

.5
 

8
.5

 
9

.5
 

1
0

.5
 

11
.5

 
1

2
.5

 
1

4
.5

 
1

6
.5

 

Ly6e 

SynA 

tr
an

sc
rip

t l
ev

el
 (

%
 o

f m
ax

im
um

)

embryo

14
.5

16
.5

placenta
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placenta. Ly6e and SynA transcript levels were assessed by real-time quantitative RT-PCR on tissues of adult male
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Bacquin et al. Journal of Virology

September 2017 Volume 91 Issue 18 e00832-17 jvi.asm.org 8

http://jvi.asm.org


the surface of thymocytes (26, 27). Interestingly, the study of Ly6e knockout embryos
previously revealed that Ly6e depletion is embryonically lethal (28). No abnormality
was observed in the thymus of the Ly6e null embryos. Their death was instead
attributed to cardiac defect although Ly6e was not significantly expressed in the heart
of wild-type embryos. In the light of our results on the Ly6e and SynA partnership in
cell-cell fusion and of the fact that we previously showed that SynA null mouse
embryos also die in utero (14), we suspect that the embryonic death of Ly6e null
embryos could instead be the result of placental defects due to deficient cell-cell fusion
involved in formation of the syncytiotrophoblast ST-I layer. This hypothesis is strength-
ened by the fact that our results show that Ly6e is significantly expressed in the mouse
placenta, with at least a 4-fold higher expression level than in the rest of the embryo
at the same developmental stage. Furthermore, Ly6e mRNA had been previously
demonstrated to be expressed in the placental ST-I layer, which is consistent with
SynA-mediated formation of ST-I (29). Outside its partnership with SynA during pla-
cental development, we suspect from our reverse transcription-quantitative PCR (RT-
qPCR) results in adult tissues that Ly6e is involved in a more ubiquitous physiological
process in adult mice, which remains to be characterized.

The process of retroviral endogenization begins with germ line infection by an
ancestral retrovirus. The SynA-encoding ancestral retrovirus is related to a group of
endogenous gammaretroviruses, the human endogenous retrovirus F/H family (10;
data not shown), and its entry into the genome of rodents dates back to about 40
million years ago (30). The expression of the cellular receptor for the retroviral envelope
in germ line cells is a prerequisite for germ line infection and subsequent integration
into the genome of infected organisms. Our RT-qPCR data show that Ly6e is expressed
in the ovary and, to a lesser extent, in the testis of mice, thus supporting a possible role
of Ly6e as the original receptor for SynA during early steps of retroviral endogenization.

In addition to its role in placental development, we recently showed, using
syncytin-B KO mice, that SynB was involved in myoblast fusion during muscle devel-
opment as an “add-on” contribution to myogenesis in male mice (31). We also observed
that SynA depletion reduced the amount of cell-cell fusion in vitro, suggesting that
both mouse syncytins could be involved in myoblast fusion in vivo (31). Here, we show
that Ly6e depletion impairs SynA-induced cell-cell fusion in mouse undifferentiated
C2C12 myoblasts, suggesting that the Ly6e/SynA partnership could be involved in
myoblast fusion in mice.

More generally, cell-cell fusion is a critical process in several physiological condi-
tions, including not only placental development and muscle formation but also fertil-
ization and bone homeostasis (32). The molecular mechanisms involved in membrane
fusion during these processes are the subject of numerous studies. Outside of the
placenta, several membrane proteins involved in mammalian cell-cell fusion have been
identified, such as myomaker, myomixer, BAI1, and SynB in the muscles (31, 33–35),
Izumo and Juno in fertilization (36, 37), and dendritic cell-specific transmembrane
protein (DC-STAMP) in bone homeostasis (38). However, the protein partners (including
true fusogens such as the syncytins) which are both necessary and sufficient to induce
cell-cell fusion in the above-mentioned processes are not completely characterized. As
illustrated by the Ly6e/SynA partnership, we believe that the cell-cell fusion-based
screening assay described here will be of great use to unravel the precise molecular
determinants of cell fusion in any physiological process where it is involved.

MATERIALS AND METHODS
Cell lines and expression vectors. Human 293T embryonic kidney cells, Chinese hamster A23

fibroblasts, and mouse C2C12 myoblasts were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (Life
Technologies), 100 �g/ml streptomycin (Life Technologies), and 100 U/ml penicillin (Life Technologies).
A23-Gal� cells were grown in the same growth medium supplemented with 1 mg/ml of G418 (Life
Technologies). The vectors for expression of ASCT2 and syncytin-1 (5), an empty control (derived from
phCMV-G; GenBank accession number AJ318514 [gift from F.-L. Cosset]), the vectors for expression of
syncytin-A and syncytin-B (10), EFNA4-Fc (39), the � fragment of �-galactosidase (Gal� vector; formerly
pSCTZ-�-N85), the � fragment of �-galactosidase (Gal� vector; formerly pSCTZ-omega) (gifts from N. R.
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Landau [20]), and the G418 resistance gene (pSVneo) (40) were previously described. Ly6e-Fc and
Ly6e-His expression vectors were constructed as follows: mouse Ly6e cDNA was PCR amplified from the
Ly6e expression vector found in the cDNA library, using a BamHI-containing forward primer with a Kozak
sequence before the initiation codon of Ly6e and a PstI-containing reverse primer specific to the
C-terminal Ly6e sequence just upstream of the codon encoding the GPI-anchored residue 102. Primer
sequences were, respectively, 5=-ATACATGGATCCGCCACCATGAGAGTCTTCCTGCCTG-3= and 5=-ATACATC
TGCAGGGCTGAAGTTGCAGAAGGAG-3=. After restriction with BamHI and PstI, the PCR products were
cloned into a vector derived from phCMV-G and containing the sequence encoding a hexahistidine or
rabbit Fc tag just downstream of the PstI restriction site. Constructs were verified by sequencing.

Production of A23-Gal� cells. To obtain A23-Gal� stable cells, A23 cells were cotransfected with the
G418 resistance expression vector pSVneo and Gal� vector at a mass ratio of 1:9, using Fugene 6
transfection reagent (Promega), according to the manufacturer’s protocol. A23 cells stably expressing
G418 resistance (and potentially Gal�) were selected in growth medium supplemented with 1 mg/ml
G418. After 12 days of selection, resistant cell clones were transferred into different wells of 24-well plates
using cloning disks (Sigma-Aldrich) soaked with trypsin-EDTA (Life Technologies) and amplified in
selection medium for 2 to 4 weeks. Gal� expression was tested by Lipofectamine LTX-mediated
transfection (Life Technologies) of Gal� vector, followed by X-Gal staining 1 to 3 days after transfection.
The best A23-Gal� clones (with �95% Gal�-expressing cells) were selected.

Cell-cell fusion assay by �-complementation. A23, A23-Gal�, 293T, or C2C12 cells were seeded at
day 1 in 48-well plates at approximately 20% confluence (104 to 2 � 104 cells/well). When siRNAs were
used, their transfection was done at day 2, using Lipofectamine RNAiMAX reagent (Life Technologies)
according to the manufacturer’s protocol. siRNAs against human and mouse Ly6e and against human
ASCT2, as well as a nontargeting siRNA, were purchased from Dharmacon (siGENOME SMARTpool). The
day after siRNA transfection (day 3) or at day 2 in the absence of siRNA transfection, a first group of cells
was cotransfected using Lipofectamine LTX or Fugene 6 reagent with vectors encoding Gal� and a
candidate receptor (or a control empty vector) at a ratio of 1:1, except for A23-Gal� cells, which were
transfected with only the syncytin receptor (or the control vector). For the testing of ASCT2 at various
ratios, an ASCT2 expression vector and a control empty vector were cotransfected in A23-Gal� cells at
a mass ratio of 1:9 (named ASCT21/10), 1:99 (ASCT21/100), or 1:299 (ASCT21/300). The second group of cells
was cotransfected with vectors encoding Gal� and a syncytin (or a control empty vector) at a ratio of 1:1.
At 4 to 24 h after plasmid transfection, the two groups of cells were cocultured at a ratio of 1:1. At 16
to 48 h after cell mixing, cells were fixed and stained with X-Gal to identify syncytia by microscopy
analysis.

cDNA library screening by cell-cell fusion. Syncytin-A receptor was searched using a normalized
mouse brain cDNA library (Express Genomics) with an average insert size of 1.65 kb under the control of
a cytomegalovirus (CMV) promoter. The cDNA library was plated at a density of about 100 bacterial
colonies per plate. A total of 300 pools of 100 colonies were harvested, and the plasmids were extracted
using a miniprep kit (Macherey-Nagel). One day after A23-Gal� plating into 48-well plates, 200 ng of each
pool of 100 cDNAs was transfected into each well. The cell-cell fusion assay was then performed as
described above. Positive pools were then retransformed into DH5� Escherichia coli (Life Technologies).
Plasmids were purified from individual colonies grown in 96-well plates, pooled into groups of 12 cDNAs,
and tested by cell-cell fusion assay. Individual plasmids of the positive pools of 12 were then finally tested
by cell-cell fusion assay. The positive plasmids were sequenced using M13 forward (5=-GTAAAACGACG
GCCAGT-3=) and reverse (5=-CAGGAAACAGCTATGAC-3=) primers, and the sequences were subjected to a
blastn (NCBI) search against the Mus musculus nucleotide sequence collection. All the positive clones
contained the same full-length ORF (GenBank accession number CT010244.1) encoding the mouse Ly6e
protein.

Microscopy analysis by ImageJ software. For automatic counting of syncytia, X-Gal-stained cells
were imaged using a transmitted-light microscope and a digital camera (Nikon). Images were then
analyzed by ImageJ software as follows. Images were converted to black and white (8 bit), and the
detection threshold was adjusted above the background noise so that only blue syncytia were counted;
the number and pixel area of syncytia were then automatically analyzed using the “analyze particles”
function of ImageJ. Only syncytia above a size threshold of 670 pixels were counted to exclude cellular
debris.

Western blotting on soluble proteins. Ly6e-His, Ly6e-Fc, or EFNA4-Fc soluble protein was produced
by 293T cells in a serum-free medium (Opti-MEM; Life Technologies) after transient transfection with the
corresponding expression vectors, using Fugene 6 transfection reagent. The protein-containing super-
natants were collected 2 days posttransfection, passed through 0.45-�m-pore-size filters, and 10 times
concentrated in Vivaspin ultrafiltration spin columns (Sartorius). Samples were denatured for 10 min at
90°C after the addition of Laemmli buffer, separated by electrophoresis in 4 to 12% bis-Tris NuPAGE gels
in morpholineethanesulfonic acid (MES) buffer (Life Technologies) according to the manufacturer’s
protocol, and analyzed by Western blotting. Antibodies used for Western blotting were purchased from
Qiagen (horseradish peroxidase [HRP]-conjugated anti-His) and GE Healthcare Life Sciences (anti-mouse
and rabbit HRP-conjugated IgG).

RNA extraction, RT-PCR, and real-time quantitative PCR. Total RNAs from mouse tissues were
extracted as previously described (10). Total RNAs from siRNA-transfected cells were extracted using an
RNeasy extraction kit (Qiagen) and treated with DNase I (Ambion). One microgram was used for each
reverse transcription reaction using murine leukemia virus (MLV) reverse transcriptase (Applied Biosys-
tems). Quantitative PCR was done using 5 �l of a 1/25 dilution of the cDNAs in a final volume of 25 �l
by using SYBR green PCR master mix (Applied Biosystems). PCR was carried out using an ABI Prism 7000
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sequence detection system with primers 5=-TACTCCTGCCCGATAGATGA-3= and 5=-CCGTTTTTCTTAACAG
TGGGT-3= for SynA, 5=-GGCTTGGTAGTGTTTGCCAT-3= and 5=-GGGCAAAGAGTAAACCCACA-3= for human
ASCT2, 5=-CGGGCTTTGGGAATGTCAAC-3= and 5=-GTGGGATACTGGCACGAAGT-3= for mouse Ly6e, 5=-TCT
GTACTGCCTGAAGCCGA-3= and 5=-CCACACCAACATTGACGCCT-3= for human Ly6e, and 5=-GAGGACCTC
ACTGAGATTCGG-3= and 5=-TTCTGAGCTGGCACAGTGAC-3= for the ribosomal protein lateral stalk subunit
P0 (RPLP0). The transcript levels were normalized relative to the amount of RPLP0 transcripts using the
ΔΔCT (where CT is threshold cycle) method. Samples were assayed in duplicate.

Statistical analysis. For ImageJ analysis, the number and mean area of syncytia were analyzed in
randomly chosen fields from at least three independent experiments. Visual counting of syncytia was
performed, and the results were obtained by averaging the number of syncytia of two duplicate wells
of 48-well plates; data are the means � standard errors of the means (SEM) from at least three
independent experiments. Student’s t test was used to analyze the differences in mean syncytium
number and area, which were considered significant when at P values of �0.05 and �0.01.
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