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1 Summary 

Cell fusion is a widespread phenomenon in nature, which can be found in 

different organisms. In the human body for example, cell fusion occurs in the 

development and regeneration of skeletal muscles and in the trophoblast of the 

placenta. Although these tissues are quite different they seem to share related 

molecules and mechanisms which are needed to perform cell fusion. The exact 

regulation of these processes is still unknown and a fusogenic molecule in the 

muscle has not been discovered yet, in contrast to the human placenta where 

the proteins Syncytin-1 and its receptor RDR have been shown to be 

responsible for cell fusion in the trophoblast. We established a basis to 

investigate fusion molecules in models based on cell culture to produce new 

insights into the cell-fusion process. 

 In this work Syncytin-1 and RDR have been used for a systematic molecular 

examination to give a better understanding to the whole fusion machinery. This 

has been achieved by investigating the fusion protein itself and artificially 

constructed mutants.  

We demonstrated that the C-terminus of the Syncytin-1 molecule has an 

evident influence on the fusion efficiency of the molecule, which gives hints on 

regulation mechanisms of the molecule itself. Pseudotyping of Moloney and 

lentiviral particles with Syncytin-1 mutants led to an infection of RDR positive 

cells, which proved Syncytin-1`s ancient function as viral envelope. 

We sought evidence for a mechanism of interference between Syncytin-1 

and RDR. We showed that a soluble variant of Syncytin-1 blocked the receptor 

function of RDR, in that it inhibited fusion between Syncytin-1-expressing and 

RDR-expressing cells, indicating that also Syncytin-1 and RDR expressed by the 
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same cell can block each other. We also demonstrated that overexpression of 

Syncytin-1 in RDR-expressing cells did not change expression levels or the 

glycosylation status of RDR.  

Syncytin-1 was shown to be mainly expressed in the syncytiotrophoblast of 

the villous part of the human placenta, whereas its receptor RDR was mostly 

detected in the underlying cytotrophoblast. Taking together the data of our cell 

culture experiments with tissue related results, we hypothesize a local 

mechanism to control fusion through a direct interaction of Syncytin-1 in the 

syncytiotrophoblast with its receptor in cytotrophoblast cells, modulated by 

mutual blocking of Syncytin-1 and RDR in areas in which both are expressed 

simultaneously. 

 The presented studies and results will lead to a better understanding of the 

fusion process and the molecular role of Syncytin-1 in this machinery and 

appear promising for future research aimed at the understanding of myogenesis 

and/or muscle regeneration. 
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1 Introduction 

1.1 Physiological cell and membrane fusion 

Cell-Cell fusions are elemental mechanisms during the development and physiology 

of multicellular organisms, but up to know, little is known about the mechanism 

involved. Studies of the last years have revealed that many proteins are taking part 

in cell fusion. These proteins seem to play roles in, on the first look unrelated, 

cellular processes like e.g. apoptosis, phagocytosis or cell migration. But still there is 

a huge lack of information on the molecular regulation of these different fusion 

influencing processes and the fusion event itself. 

 

Figure 1: Models of membrane fusion.” Simplified versions of various types of cell-cell fusion events: (A) 
Membrane fusion between yeast and a cells. A five-pass transmembrane protein, Prm1p, functions in both 
types of cells and is partially required for fusion. (B) Epidermal cell fusion in C. elegans. A putative single-
pass transmembrane protein, EFF-1, is necessary and sufficient for fusion of this type of cell. (C)  Myoblast 
fusion in Drosophila. Ig domain–containing proteins are localized in founder (purple) and fusion-competent 
(pink) cells. The purple oval in the founder cell represents the multiprotein complex organized by the fusion 
receptor. Such a complex has yet to be identified in fusion competent cells. (D) Sperm-egg fusion during 
mammalian fertilization. A tetraspanin on the egg surface, CD9, is required for the membrane fusion 
process. (E) Trophoblast fusion during syncytiotrophoblast formation in the placenta. Syncytin-1, the 
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envelope protein of a human retrovirus, is proposed to mediate trophoblast fusion. (F) Macrophage fusion 
to form osteoclasts in the bone or giant cells during immune response. Ig domain–containing proteins are 
implicated, including a receptor-ligand pair of MFR and CD47. (G) Stem cell fusion. Proteins mediating this 
type of fusion are completely unknown.” modified from Chen and Olson, 2005 [31] 

 

Membrane fusion is essential to many biological processes, both intracellularly 

(exocytosis, intracellular vesicle trafficking, reviewed in [109, 124, 145, 146], 

extracellularly (endocytosis and entry of enveloped viruses, reviewed in [56, 109, 

125], and intercellularly in [56, 106, 114]. Physiological syncytium formation is 

relatively rare but is essential for the formation of specific tissues or organs, from 

various epithelia in the worm Caenorhabditis elegans [106] to osteoclasts [135], 

skeletal muscle [134] and syncytiotrophoblast in humans [13].  

1.1.1 (retro) virus-cell fusion 

To join two membranes, being negatively charged, requires forces acting against the 

repulsive electric charges. Nature has developed receptor-ligand mechanisms to 

achieve this. For fusion of enveloped viruses their host-derived membrane with the 

cell membrane of the target cell is the first necessary step towards entry of the viral 

genome and infection. In various families of enveloped viruses fusogenic proteins 

with similar modes of action have been identified. Both in influenza hemagglutinin  

[124] as in retroviral envelope [28, 109] proteins such as those of avian 

sarcoma/leukosis virus [38], Moloney murine leukemia virus (MoMLV) [144] and HIV 

[26] a hydrophobic peptide sequence, called fusion peptide plays a central role in 

mediating membrane fusion. These fusion peptides are hidden within the env 

protein in its native conformation, but they are exposed after binding to the target 

cell. The exposure of the fusion peptide, leading to the so-called fusion-active state 

of the env protein, is either induced by low pH in endosomes (influenza virus and 

ecotropic MoMLV, [70, 88, 124]) or by a conformational change induced by binding 

to the cellular receptor (typically the case for HIV, [26]). The fusion peptide, after its 

exposure, is thought to insert into the membrane of the target cell, leading to a 
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fusion intermediate, that is followed by another conformational change of the protein 

leading to the actual membrane fusion (for HIV this process is reviewed in [25, 86, 

118]).  

Cells infected by various retroviruses, expressing the retroviral env protein, 

form syncytia by intercellular fusion. Retroviruses inducing cell-cell fusion for 

instance are murine and feline retroviruses such as ecotropic MoMLV and RD114 

(reviewed in [68, 116]), variants of the gibbon ape leukemia virus (GALV, [48, 57]), 

and HIV (reviewed by [26]). Syncytium formation induced by retroviral envelope 

proteins eventually causes syncytial cell death, and respective methods are in 

development for use in gene therapy against cancer [48, 57]. Some retroviral env 

proteins thus can induce, both virus-cell fusion and cell-cell fusion, indicating that 

both types of membrane fusion may be analogous processes. 

The retroviral env protein best studied is the one of HIV, but many of its 

characteristics are also found in the env proteins of other retroviruses. The env 

protein is first synthesized as a preprotein (in HIV: gp160) that is cleaved by furin in 

the Golgi complex to form a surface (SU, in HIV: gp120) and a transmembrane (TM) 

subunit (in HIV: gp41). Both subunits are transported and exposed on the outside of 

the cell membrane, the TM subunit being anchored in the cell membrane, the SU 

subunit being extracellular and non-covalently linked to the TM subunit. The SU 

subunit is responsible for binding to the cellular receptor (for HIV: receptors CD4 

and CCR5 or CXCR4) and therefore determines the tropism of the virus. The TM 

subunit contains the hydrophobic fusion peptide at its N-terminus, several coiled 

coils are necessary to allow the conformational change from the prefusion 

intermediate to the fused state, the hydrophobic transmembrane domain and a 

cytoplasmic tail (reviewed in [26, 86, 118]). 



    13

1.1.2 Surface densities and availabilities of env and receptor determine 

infection/fusion efficiencies 

The relations between surface densities of the HIV env protein and its 

receptors for virus-cell or cell-cell fusion have been studied intensively. Platt et al., 

Kuhmann et al. and Lineberger et al. [84, 91, 111] either measured infection 

efficiencies of cells expressing differential levels of CD4 and/or CCR5 by HIV virus, 

or fusion efficiencies between cells expressing differential levels of HIV env with 

cells expressing sufficient receptor.  

1. It was shown that for HIV env-dependent fusion minimal (threshold) levels of HIV 

env and receptor complex (CD4 and CCR5) were needed for fusion to occur at all. 

With increasing surface densities of HIV env and receptor complex, fusion occurred 

at higher frequencies, until a plateau in fusion frequency was reached at very high 

densities. 

 2. For most viruses including HIV, it is known that virus-infected cells cannot be 

superinfected by the same type of virus, since the virus-encoded env protein 

expressed on the cell membrane of the infected cell occupies or down regulates the 

receptor [43]. This interaction between envelope and receptor is called receptor 

interference. In conclusion, env and receptor are both needed for membrane fusion, 

but they need to be present on two different fusion partners, while expression of 

both molecules on the same partner inhibits fusion.  

1.1.3 Cell-cell fusion in the skeletal muscle  

Depending on the tissue status, myoblasts have to fuse to build up or rebuild 

a functional muscle, reviewed by Charge and Rudnicki [28]. During the development 

of skeletal muscle, as well in the case of regeneration, cell mass needs to be 

accumulated and remodelled to build up muscle fibres [24, 55, 101].  
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The mechanisms for genesis and regeneration of muscle fibres are probably 

quite similar although not much about its exact regulation is known. Nearly all 

studies in the past thirty years have been done in mammalian cell culture systems in 

which it is has been possible to synchronize myoblast fusion [138]. During these in 

vitro studies several protein types have been identified to play a role in the myoblast 

fusion. These are for example cell-adhesion molecules, cytokines, calmodulin, 

protein kinases and phospholipases [2]. 

The most promising recent studies have been done with Drosophila as a 

model organism. Different proteins and factors have been discovered with a direct 

and/or indirect influence on the fusion-ability of the Drosophila myoblasts. 

Comparable to vertebrates, myoblast fusion is a necessary step during Drosophila 

myogenesis. Additionally the changes during the fusion process e.g. myoblast cell-

cell recognition, adhesion, alignment and membrane fusion are morphologically 

comparable among vertebrates and Drosophila [30, 39, 59, 76, 138]. 

During development, primary myoblasts from the mesoderm of vertebrates 

are processed to form a primary myotube. This is controlled by transcription factors 

(e.g. Pax3, myogenic basic helix loop helix bHLH, MyoD and Myf5) [21]. The 

primary proliferative myoblasts (founder cells) leave the cell cycle in response to 

extracellular signals to fuse into a primary myotube [54]. These present the scaffold 

for later fusion which will build up the myotubes [9]. 

The precursor cells build up the initiation sites for future muscle fibres and 

coordinate size, orientation and attachment [9, 10]. Specific transcription factors as 

Nautilus, Krüppel, S59, Apterous, Vestigal, Even skipped and Ladybird are 

expressed by different subsets of these cells to perform their tasks in fibre formation 

[12, 41, 44]. 
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Figure 2: In an early stage of development (in human about day 20) somatic cells (A.1) start to appear next 
to the neural furrow (A.2). Later on, as part of the somatic cell wall, a new cell line, the myotom develops 
(C.1). From these stem cells, two subgroubs are generated, the myoblasts (M) and the satellite cells (S); (D). 
The myoblasts form rows of cells and start to fuse, to build up syncytial muscle tubes, into which additional 
myoblasts can integrate (E/F). The satellite cells stay partly undifferentiated and align with the muscle tubes 
(G) and share the same basal lamina.  Some satellite cells devide, prolifertate and raise the number of 
nuclei in the myotube (H). The myotube gains cell mass and differentiates into the functional skeletal 
muscle, while the nuclei align at the bordes of the tube (I). As a kind of `cellular stock` a certain number of 
satellite cells stays undifferentiated, to be activated if additional cell mass is needed (modified from Kristic 
[79]). 

During the last phase of muscle development a number of satellite cells are 

formed. Some of them are quiescent for a period of time until they start to 

proliferate, differentiate and fuse with the pre-existing muscle fibres. This can also 

happen during exercise, injury and degenerative muscle diseases [15, 28, 54, 122].  

Up to now not much is known about the molecular mechanisms of myoblast 

fusion itself. Several transcription factors and genes have been identified but no 
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responsible “fusion-gene/protein” is described. In human, Adam-12 (Meltrin alpha) 

seems to be an attractive candidate for playing an important role in myoblast fusion 

[49, 52].  

In Drosophila the founder-cell adaptor molecule Ants/Rols7 is described to 

contain a not proven lipolytic activity (lipase) which could help to perform membrane 

lysis and cell fusion [103, 132]. This protein has not been shown to be expressed in 

the human muscle.  

 

Figure 3: Basic scheme of muscle regeneration after injury: (1) Trauma affects myofiber; (2) Myofiber 
undergoes focal necrosis and auto digestion but the endomysial tube and satellite cells remain; [5] 
Macrophages penetrate the endomysial tube to remove necrotic debris while satellite cells become 
activated; (4) The satellite cells proliferate and differentiate into myoblasts thereby withdrawing from the 
cell cycle; (5 and 6) Myoblasts fuse to form multinucleated myotubes with subsequent fusion to the 
surviving stumps; (7) Original myofiber is restored with its complement of satellite cells (Bischoff R  [29]). 

Certain gene defective mutants showed that different proteins are necessary 

to perform myotube formation besides its tight regulation mechanisms. These 

proteins are involved in cell-cell communication and recognition, cytoskeleton 
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rearrangement, motility, membrane -arrangement, -fusion and/or -lysis. These 

findings and the lack of information on cell-cell fusion challenge the need for more 

different fusion models to obtain information about snycytialization in the human 

body.  

1.1.4 Cell fusion in human disease 

The important role of cell fusion during development and disease is stressed 

by its involvement in a very wide range of biological processes like muscle, placenta 

and bone development, fertilization, immune responses (macrophage fusion) and 

several aspects of stem cell mediated tissue regeneration. 

Abnormalities in these important physiological processes are able to lead to 

certain diseases and cell-cell fusion might contribute to those, like for example:  

Muscle development 
Centronuclear myopathy and myotonic dystrophy is characterized by minute 

myofibres which may be partly due to defects in myoblast fusion [42, 139]. 

Placenta development  
Defects in placental trophoblast fusion can lead to complications during 

pregnancy such as preeclampsia, fetal growth restriction and others [29, 114, 

117]. 

Multiple sclerosis 
Mattson and colleagues showed that Syncytin-1 is activated in multiple sclerosis 

(MS) astrocytes and microglia that may be contributing to the inflammation 

induced myelin destruction which is responsible for disease symptoms [64, 100]. 

It is still unclear whether Syncytin-1 induced membrane fusion contributes to the 

inflammational process leading to MS or whether there are other mechanisms by 

which Syncytin-1 expression in the brain leads to inflammation. 
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Bone development 
Defects in osteoclast formation can cause bone abnormalities like osteoporosis 

Miyamoto 2003 [105, 136, 137].  

Fertilization 
Sperm egg fusion inability represents a major cause in of infertility [31, 65]. 

Tumor cells, Cancer  
Unregulated cell fusion may as well promote diseases, especially cancer Duelli 

2003 [40, 108, 136].  

1.2 The discovery of Syncytin-1 and its receptors 

The name Syncytin for a putative fusogenic protein was introduced by Mi et 

al. [104] after finding that the envelope gene of an endogenous retrovirus of the 

HERV-W family [18] encoded a functional protein expressed in syncytiotrophoblast, 

upon transfection into COS cells induced the formation of multinuclear syncytia. It 

was proposed that Syncytin-1 is a key factor in regulating trophoblast fusion. In the 

same year, [19] published a paper supporting this message. The latter authors in 

addition identified the type D mammalian retrovirus receptor (RDR), also known as a 

neutral amino acid transporter system: ATB0 , ASCT2, or SLC1A5) [72, 116, 130] as 

a receptor for the HERV-W envelope. A functional receptor was present on pig, 

monkey and human cells, but lacking on cells of quail, rat, mouse, hamster or cat 

origin, such that fusion of Syncytin-1-expressing cells with the latter cells did not 

occur. In contrast, [104] described fusion of Syncytin-1-expressing COS cells with 

hamster (CHO) cells, and between insect (Sf9) cells transfected with Syncytin-1. 

The latter experiments were not described in detail, making it difficult to judge 

whether methodological differences can explain the observed discrepancy.  
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Recently, a potential alternative receptor for Syncytin-1 has been described, 

which is an amino acid transporter system homologous to RDR /ATB0 /ASCT2/ 

SLC1A5, called ASCT1 (or SLC1A4) [88, 98, 99]. To prevent confusion with these 

alternative names, in the following we will refer to the two amino acid transporters 

and presumed Syncytin-1 receptors as ASCT2 (RDR) and ASCT1.  

 A second fusogenic envelope protein derived from an endogenous retrovirus 

has recently been described [17]. The envelope protein of a member of the HERV-

FRD family was identified after screening many retroviral sequences present in the 

human genome for having an intact open reading frame encoding the envelope 

protein. Out of sixteen envelope-encoding sequences only two were found to cause 

cell-cell fusion: the envelope of HERV-W (Syncytin-1) and the envelope of HERV-

FRD. The latter protein was then named Syncytin 2. Syncytin 2 appeared to utilize a 

different receptor than Syncytin-1. The mRNA encoding Syncytin 2 was specifically 

found in placental tissues.  

Syncytin-1 is able to function as an actual retroviral envelope protein: 

although it could not be packaged into retroviral particles derived from Moloney 

murine leukemia virus [19], it could be packaged into recombinant retroviral particles 

derived from HIV-1 [4]. These viral pseudotypes were able to infect and transfer 

genetic material to human cells not expressing the HIV receptor CD4.  

Frendo et al. [45] showed that Syncytin-1 expression was upregulated after 

stimulating the fusion of primary cytotrophoblast isolates into syncytia by a cAMP 

analog. Furthermore, they showed that antisense inhibition of Syncytin-1 in these 

primary cell cultures actually inhibited fusion, demonstrating an active role of 

Syncytin-1 in driving the fusion of trophoblast. By doing so, Syncytin-1 appears to 

have an important role in the morphogenesis of the human placenta. In an 

evolutionary sense, the envelope gene of this HERV-W virus seems to have 

adopted an important function in human reproduction. It has thus prevented its own 



    20

functional extinction, which was the fate of most other human endogenous retroviral 

genes that no longer encode proteins [18, 60, 92].  

1.2.1 Alternative functions of Syncytin-1 

In addition to its fusogenic nature, two other possible functions of the 

Syncytin-1 protein have been postulated. 1. A potential immunosuppressive region 

has been identified in the amino acid sequence of Syncytin-1 [18]. This may play a 

role in suppressing the maternal immune response against the fetus. 2. Expression 

of Syncytin-1 has been shown to cause cellular resistance against infection by 

spleen necrosis virus  [112] and is likely to prevent infection by other retroviruses of 

the same family. It is thus feasible that expression of Syncytin-1 by the 

syncytiotrophoblast prevents vertical transmission of a number of retroviruses 

through the placenta. 

1.2.2 Distribution of Syncytin-1 expression in human placenta  

Syncytin-1 mRNA was detected by Northern blot in placenta, and to a much 

lesser extent also in testis [104]. By in situ hybridization on term and preterm 

placental sections, the mRNA encoding Syncytin-1 was found only in 

syncytiotrophoblast [104]. In sections from pregnancies complicated by pre-

eclampsia, the mRNA signal seen was much weaker [90]. No explicit comments 

were made in these papers as to whether at least in some cytotrophoblast cells 

Syncytin-1 mRNA was detected. For localizing the Syncytin-1 protein, various 

antibodies have been used. A rabbit polyclonal antibody raised against peptides 

from various parts of the Syncytin-1 protein [104] was used to localize Syncytin-1 by 

immunohistochemistry. In normal placenta of gestational age 21-40 weeks, the 

authors found staining at the basal syncytiotrophoblast membrane, but in some 

cases also in the apical syncytiotrophoblast membrane.  
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In placenta from pregnancies complicated by pre-eclampsia Syncytin-1 was 

usually detected in the apical syncytiotrophoblast membrane [90].  

By using the same antibody on first trimester placenta specimens, Syncytin-1 

appeared to be expressed by extravillous trophoblast cells as well as by villous 

trophoblast (Muir et al., personal communication EPG meeting Mainz, 2003 [96]). 

A monoclonal antibody (6A2B2) described by Blond et al. [19] was raised 

against a recombinant protein comprising a large part of the Syncytin-1 protein. On 

sections of a placenta of 13 weeks gestation, the authors showed most staining in 

the syncytiotrophoblast, but there were also areas of positive staining in villous 

cytotrophoblast. Another study using the same monoclonal demonstrated anti-

Syncytin-1 reactivity at the apical syncytiotrophoblast membrane in both first 

trimester and term placental sections [45]. By using this monoclonal in Western blot 

and immunohistochemistry Smallwood et al.[126] demonstrated that Syncytin-1 

expression was highest in first trimester placenta compared to term placenta. These 

authors furthermore showed that Syncytin-1 staining was strong in 

syncytiotrophoblast and in extravillous trophoblast cells, whereas staining in villous 

cytotrophoblast was faint.  

Using a polyclonal guinea pig antibody raised against a recombinant protein 

comprising Syncytin-1 residues 21-215 [113, 142] we found uniform staining in the 

syncytiotrophoblast of first trimester placental paraffin sections. In the villous 

cytotrophoblast layer only few cells were stained (not shown). 

Varying specificities of the existing antibodies, and/or varying staining 

methods or tissue sources used may have caused these discrepancies. Knowing 

the exact distribution of Syncytin-1 within the trophoblast is, however, of crucial 

importance for understanding how Syncytin-1 might regulate trophoblast fusion. To 

date, however, there is little consensus in the literature on this issue.  



    22

The major site of Syncytin-1 expression appears to be the 

syncytiotrophoblast, while only limited expression was detected in cytotrophoblast. 

This would imply that Syncytin-1 expression occurs mainly after fusion. This may 

look like a paradoxical finding if one presumes that Syncytin-1 initiates the fusion 

process while it is synthesized mainly after fusion. 

1.2.3 Regulation of Syncytin-1 expression and of cell-cell fusion in a 

trophoblast model systems  

In theory, expression of Syncytin-1 may be regulated at various levels: 

transcription, alternative splicing, stability of the messenger, efficiency of translation, 

post-translational modifications, intracellular targeting, and stability of the protein. 

The transcription rate of the Syncytin-1 gene, being an endogenous retrovirus, is 

regulated by the promoter region in and close to the 5’ long terminal repeat region 

(5’LTR) of the provirus. Due to alternative splicing several mRNAs can be produced, 

and the ratio of different splice forms found in placenta varied throughout pregnancy 

[18, 126]. Most likely only a 3.1 kb transcript is translated into Syncytin-1 protein. In 

testis, only an 8.0 kb splice variant was expressed [104]. To manifest its fusogenic 

activity, the Syncytin-1 preprotein must be cleaved by furin to yield a 

transmembrane (TM) unit and an extracellular surface (SU) subunit [18]. 

 Yu et al. [142] demonstrated that the placenta-specific transcription factor 

GCMa interacts with two binding sites upstream of the HERV-W 5’LTR, thereby 

stimulating transcription of the Syncytin-1 mRNA. Overexpression of GCMa in 

trophoblast-derived cell lines BeWo and JEG3 stimulated Syncytin-1 mRNA and 

protein expression as well as cell-cell fusion. Overexpression of GCMa in HeLa cells 

did not lead to expression of a Syncytin-1 transcript, suggesting that the effect of 

GCMa on Syncytin-1 expression is lineage-dependent. Lee et al. [89] demonstrated 
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that the 3’ terminus of the U3 region in the HERV-W 5’LTR, containing a TATA box, 

is associated with cell-specific expression of Syncytin-1. 

Various external factors have been shown to mediate Syncytin-1 expression 

and cell-cell fusion in trophoblast model systems. The most usual model to study 

trophoblast fusion is a panel of choriocarcinoma cell lines: BeWo, JAR and JEG3. 

BeWo and JAR cells were shown to fuse upon stimulation with forskolin [3, 94], an 

agent that increases the levels of intracellular cAMP. Forskolin was later shown to 

increase Syncytin-1 mRNA levels in both JEG3, JAR and BeWo cells [20, 80, 81, 

104]. However, levels of Syncytin-1 mRNA in JEG3 cells (whether stimulated with 

forskolin or not) were low compared to those in JAR and BeWo cells [20, 104]. 

Expression of Syncytin-1, therefore, appears to be regulated through a cAMP-

dependent mechanism. Using cell line BeWo, Kudo et al., [82, 83] and Knerr et al. 

[75] have demonstrated that Syncytin-1 mRNA levels decreased under hypoxia, and 

were less inducible by forskolin, compared to “normoxia” (20% oxygen). Hypoxia 

also decreased fusion of BeWo cells [82]. Downregulation of Syncytin-1 expression 

by hypoxia may explain the findings of Lee et al. [90] that Syncytin-1 expression was 

very low in placenta of pre-eclamptic pregnancies. The cases investigated in this 

study were, however, pathohistologically unclassified so that there is no evidence 

whether these were combined with intraplacental hypoxia [131] or with intraplacental 

hyperoxia [131]. 

 Another cellular model to study trophoblast fusion is culture of primary 

isolates of trophoblast cells from first trimester or term placenta. Fusion is generally 

monitored by measuring disappearance of desmoplakin immunostaining and/or by 

measuring the release of a product of syncytiotrophoblast: human chorionic 

gonadotropin (hCG). It has long been known that addition of cAMP analogs 

stimulates the fusion of primary trophoblast cell isolates [74]. Frendo et al. [45] 

showed that Syncytin-1 mRNA and protein were present in isolated cytotrophoblast 
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cells, and that stimulation of cell-cell fusion in such a system by cAMP was 

associated with an increase of their levels. Furthermore, inhibition of Syncytin-1 

upregulation by an antisense strategy inhibited fusion, showing that Syncytin-1 has 

a direct influence on syncytial fusion. Also the oxidative state influenced Syncytin-1 

expression in isolated trophoblast cells: by overexpressing the antioxidant enzyme 

copper/zinc superoxide dismutase (SOD) in cytotrophoblast cells, Syncytin-1 mRNA 

was downregulated and fusion was inhibited [46]. A preliminary report by Cariño 

(personal communication EPG meeting 2003, Mainz, Germany) indicated that 

estradiol may play a role in regulating Syncytin-1 expression: addition of estradiol in 

physiologic concentrations increased the levels of Syncytin-1 mRNA in cell cultures 

of primary trophoblast. 

1.2.4 Local expression of Syncytin-1 receptors and regulation of 

receptor gene expression 

Little is known about the expression of ASCT2 (also known as RDR or ATB0) 

or the alternative Syncytin-1 receptor ASCT1 within the trophoblast compartment. 

To the best of our knowledge, no antibodies exist against ASCT1, and no one has 

performed in situ hybridization on placental sections to find the site of production of 

the ASCT1 and ASCT2 mRNAs. An antibody against ASCT2 has only recently been 

described [53], but studies on its reactivity in placenta have not been published yet.  

In this work we for the first time will present data to the RDR distribution 

which were obtained with the latter antibody. Before this the only knowledge existing 

on ASCT2 or ASCT1 expression in placenta came from functional studies on amino 

transporters in isolated basal or apical (microvillous) syncytiotrophoblast 

membranes. System ASC activity (a sodium-dependent transport system of neutral 

amino acids) is performed by transporters ASCT2 and ASCT1, both of which are 

considered receptors for Syncytin-1 [72, 88, 98, 99, 116, 130]. System ASC activity 
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appears to be present in basal but not in microvillous (apical) syncytiotrophoblast 

membranes. The messenger encoding ASCT2 is readily expressed in placenta, 

whereas the ASCT1 mRNA was found to be low in placenta (reviewed in [23, 67]). 

To our knowledge, nothing is known about ASCT2 and ASCT1 expression and 

activities in cytotrophoblast cells.  

In a renal cell line NBL-1 ASCT2 activity was shown to be upregulated upon 

amino acid starvation [110]. ASCT2 mRNA was demonstrated in choriocarcinoma 

cell lines BeWo, JAR and JEG3. Forskolin, inducing the expression of Syncytin-1 in 

choriocarcinoma cells, had no or only a slightly suppressing effect on the levels of 

ASCT2 mRNA in BeWo, JAR and JEG3 cells and on ASCT2 activity in BeWo cells  

[20, 80]. Hypoxia, which suppressed Syncytin-1 expression, also a similarly or 

neglectable suppressing effect on ASCT2 expression and activity in BeWo cells [75, 

82]. In JAR cells, epidermal growth factor (EGF) upregulated ASCT2 mRNA levels 

and activity [75]. Interestingly, EGF also increased cell-cell fusion in primary 

cytotrophoblast isolates [36, 107]. One can speculate whether the increasing fusion 

is caused by the up regulation of the Syncytin-1 receptor. 

1.3 Control of cell-cell fusion 
The mechanisms required for physiological cell-cell fusion are only poorly 

understood. At least for some types of syncytialisation it was observed that only 

coordinated interaction of two separate mechanisms result in syncytial fusion:  

For myotube formation [134] and syncytiotrophoblast formation [61, 94] it 

was shown that a transient externalization of phosphatidylserine (PS) to the outer 

leaflet of the plasma membrane, the so-called `PS-flip` is required. Incubation with 

anti-PS antibodies appeared to inhibit the formation of syncytia from cytotrophoblast 

cells [3, 71], indicating that exposure of PS is a necessary step in this type of cell-

cell fusion.  
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In addition fusogenic proteins and their receptors are required. There are not 

many proteins with a proven function in cell-cell fusion. The roles of fertilins (ADAM 

1 and 2) in fusion of oocyte and sperm in the human are still subject to debate [33, 

56]. The role of meltrin alpha (ADAM 12) in the formation of myotubes and 

osteoclasts seems to be proven, but needs to be analyzed in more detail [1, 49, 52].  

In C. elegans, a membrane protein called EFF-1 was shown to be essential 

to cell-cell fusion [106]. For human trophoblast, HERV-W env (Syncytin-1) is an 

important fusogenic protein candidate (for review see Pötgens et al., 2002a, 2004) 

[104, 113, 114]. 

1.4 Additional factors needed for fusion  

It has been shown recently that JAR cells expressed the mRNAs for ASCT2 

and Syncytin-1 at equal or higher levels than BeWo cells, but unlike BeWo cells, did 

not fuse [20]. It is possible that either ASCT2 or Syncytin-1 mRNA in these cells are 

not translated into functional protein. Another explanation may be that apart from 

Syncytin-1 and receptor other factors are necessary for fusion to occur, and that 

JAR cells lack one of these factors. Indeed, there are lines of evidence that a 

number of other proteins, but also phospholipids, play a role in trophoblast fusion 

(for a review see [114]).  

1.5 Are Syncytin-1 and its receptors the rate-limiting factors 

in trophoblast fusion? 

Taking everything into account, it is tempting to speculate that Syncytin-1 

and its receptors are merely part of a cascade of events leading to fusion. The 

immuno-histochemical findings of Syncytin-1 being present in the 

syncytiotrophoblast, associated with the functional presence of ASC activity in the 
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basal syncytiotrophoblast membrane poses the question how trophoblast fusion is 

limited. If syncytiotrophoblast would just fuse with any underlying cytotrophoblast 

cell, the pool of regenerative trophoblast cells would soon be exhausted. The 

question or not is the process leading to fusion limited by a lack of Syncytin-1 or 

receptor at places where fusion should not occur, or is it limited at some other level: 

by the absence of one of the other factors mentioned above, or by some unknown 

mechanism? In fact, taken together the data suggested that Syncytin-1 and its 

receptors can be the most important players in this process, and that the interplay 

between these two molecules can be rate-limiting to the fusion process.  

In this thesis we will speculate about a number of models on how Syncytin-1 

and its receptors might regulate fusion of the trophoblast. For reasons of simplicity 

only, these models assume that Syncytin-1 and its receptors are the only actors in 

regulating fusion. By showing these models, we do not want to imply that other 

molecules or mechanisms are not important. These models are largely theoretical 

and speculative, but are based upon knowledge about the interaction between 

retroviral envelope proteins and their receptors.  

1.6 RDR, the putative receptor for Syncytin-1 

Although Mi et al. [104] could not demonstrate the need for a protein receptor for 

the fusogenic action of Syncytin-1, Blond et al. [19] presented strong evidence for 

the existence of a Syncytin-1 receptor. A sodium-dependent neutral amino acid 

transporter (ATB(0), also known as SLC1A5 orASCT2), known to function as a 

receptor for the “type D” class of retroviruses, called RDR (RD114 Receptor, [116, 

130]) was shown to be necessary for the fusogenic action of Syncytin-1: cells not 

expressing functional RDR (cells of feline, rodent or avian origin) could not fuse with 

Syncytin-1-expressing cells. Transfection of RDR expression constructs into rodent 
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cells restored the ability to fuse with Syncytin-1 expressing cells. Lavillette et al. 

2002 showed the existence of second putative receptor called ASCT1 [87]. 

Amino acid transporter ATB(0) serving as RDR in human cells was originally 

described in cells derived from epithelia with a transport function (renal epithelium, 

intestine or trophoblast), [72, 73, 110]. However, RDR receptor activity may be 

present in many more human cell lines [18]. The ATB(0) gene expression and 

activity in JAR choriocarcinoma cells were upregulated by amino acid starvation and 

by EGF treatment [110, 133].  

Several other sodium-dependent neutral amino acid transporter systems are 

functional in trophoblast, which are mainly localized in the apical syncytiotrophoblast 

membrane. They build up an amino acid gradient between maternal blood and 

trophoblast [66]. Most likely, there is redundancy in the amino acid transporter 

systems in the placenta and elsewhere.  

To the best of our knowledge, only little is known about the local distribution 

of ATB(0)/RDR within placental trophoblast, partly hampered by the fact that only a 

very few specific antibodies against ATB(0)/RDR are available [53, 96]. Since 2004 

antibody against RDR is being described by Green et al. [53]. Malassine et al. 

showed in 2005 RDR expression in extra-villous trophoblast, without showing 

anything about villous trophoblast expression [79].  

1.7 Interaction of retroviral envelope proteins and their 

receptors – receptor interference 

Infection of retrovirus into target cells is initiated by fusion of the retroviral 

envelope with the target cell plasmalemma. The retroviral envelope protein interacts 

with a cellular receptor, after which an interaction of the envelope protein with the 

target cell membrane’s phospholipid bilayer associated with conformational changes 



    29

lead to membrane fusion. This process has been studied and described in much 

detail for some viruses including HIV (reviewed recently in [34]). Infection of cells by 

many retroviruses, including HIV, leads to expression of the retroviral envelope 

protein on the cell surface, and to syncytialization of the infected cells with other 

cells expressing the viral receptor [57]. The process of cell-cell fusion induced by a 

retroviral envelope appears to be very similar to retrovirus-cell fusion. In fact, 

mechanisms and kinetics of retrovirus-cell fusion are often studied in cellular fusion 

models [91].  

Retroviruses have been divided into various groups based on their receptor 

usage, even before many of the receptor proteins themselves were known. This 

grouping of retroviruses was based on observations that cells infected by a certain 

retrovirus could not be superinfected again by the same retrovirus or by a group of 

other retroviruses. These groups were called receptor interference groups as it 

became clear that the viruses within one such group utilized the same receptor. 

After expression of the retroviral envelope protein by the infected cell, the receptor is 

blocked and no longer available for infection with a second retrovirus of the same 

group. Receptor interference was also tested through syncytium formation assays 

[127, 128].  
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Figure 4: A Possible schematic mechanism of cell fusion triggered by Syncytin-1 and its receptor RDR. 
Recognition of the receptor by interacting with the surface subunits (SU) of Syncytin-1 (violet) the SU are 
released and the hydrophobic parts of the Syncytin-1 trimer “punches” into the neighbouring cell 
membrane. The molecule pulls the cell membranes to each other and destabilizes the phospholipidlayer 
which leads to membrane fusion. 

As a consequence, for retrovirus-cell fusion (and cell-cell fusion) to occur the 

target cell must not only express the appropriate receptor, but this receptor must 

also be available for interacting with the viral envelope protein, i.e. it should not be 

blocked by endogenously produced envelope protein.    

Syncytin-1, being the retroviral envelope protein of HERV-W, very likely 

regulates membrane fusion in a way similar to other retroviral envelope proteins. 

Receptors for Syncytin-1 have been described (ASCT2 and ASCT1). ASCT2 and 

ASCT1 are receptors for a large group of retroviruses including spleen necrosis 

virus [19, 98, 99]. Therefore HERV-W belongs to the same interference group as all 

the retroviruses using the same receptors. As mentioned above, expression of 

Syncytin-1 by cells normally susceptible to spleen necrosis virus induced resistance 

to infection with this virus [112]. Syncytin-1, therefore, has the ability to block its own 

receptor if coexpressed with its receptor. Consequently,  
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the mere presence of Syncytin-1 in a certain cell or syncytial membrane does 

not necessarily mean that Syncytin-1 is available to interact with a receptor molecule 

in an opposing cell membrane. If Syncytin-1 is coexpressed with the receptor, either 

Syncytin-1 or the receptor may be blocked, dependent on the expression levels of 

both proteins. Hence, the balance between local Syncytin-1 and receptor expression 

levels may determine which of both molecules is available. 

 



    32

2 Work hypothesis and aims  

2.1 Likely models  

In light of the published data on the distribution of Syncytin-1 and receptor not all 

of the above theoretical models have the same likelihood. ASC activity, caused by 

one or both of the receptors for Syncytin-1, was found in basal syncytiotrophoblast 

membranes [23, 66]. Nothing is known about local differences in expression along 

the basal syncytiotrophoblast membrane nor about their expression in 

cytotrophoblast cells. Syncytin-1 appears to be expressed mainly by 

syncytiotrophoblast, but there is discrepancy about its localization within the 

syncytiotrophoblast (see above). Apical expression is not likely to play a direct role 

in the fusion between syncytium and cytotrophoblast cells. In all studies published, 

there is no obvious local variation in the expression level of Syncytin-1 along the 

syncytiotrophoblast. Data on Syncytin-1 expression in villous cytotrophoblast are 

also unclear: Syncytin-1 staining in villous cytotrophoblast was found to be faint 

[126], localized to some areas [19] or to some cells only (our findings). 

Given the fact that both ASC activity and Syncytin-1 immunoreactivity have been 

found in syncytiotrophoblast, it is not unlikely that both proteins are actually 

coexpressed in the basal syncytiotrophoblast membrane, so that one of the 

situations depicted in Figure 5 would arise. Figure 6 depicts, in a more general 

sense, the implications of upregulation of one of the fusion-relevant molecules by 

one of the fusion partners, and of the coexpression of both, Syncytin-1 and receptor 

by one cell type.   
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Figure 5: Examples of how trophoblast fusion may be regulated through local availability of Syncytin-1 and 
its receptor. The arrows indicate the transition of a non-fusogenic state to initiation of fusion. Intercellular 
contacts between Syncytin-1 and receptor leading to fusion are depicted symbols. Expression of Syncytin-1 
or receptor on the apical syncytiotrophoblast membrane is considered irrelevant for fusion and therefore 
not depicted in this figure (for details see text). 

 

Assuming that the cytotrophoblast or a syncytium can only express a ligand or a 

receptor at a time is presented in Figure 5 A. The basal syncytiotrophoblast 

membrane expresses Syncytin, while RDR is expressed in mature cytotrophoblast 

cells only. The initiative to fuse is taken by the cytotrophoblast cell. This model 

would fit with the findings of Lee et al. [90], who demonstrated Syncytin-1 at the 

basal syncytiotrophoblast membrane in normal placentas. 

Alternative models for Syncytin-mediated fusion 

B: Syncytial Attack Model 

(fusion only after down-regulation of 
RDR or upregulation of Syncytin in 

syncytiotrophoblast) 

C: Cytotrophoblast Defense Model 

(fusion only after down-regulation of 
Syncytin or upregulation of RDR  

in cytotrophoblast) 

Syncytin 

RDR 

A: Fusion without Prerequisites 

(since both, Syncytin and RDR are  

available unblocked in opposing cells) 
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Presuming that Syncytin-1 and its receptor can be expressed simultaneously by 

cytotrophoblast or, more likely, by syncytium opens more possibilities. The 

possibilities drawn in Figure 5 are the most likely ones in light of published data. The 

non-fusogenic state is characterized either by overexpression of Syncytin-1 by both 

fusion partners or by overexpression of receptor by both partners. Such situations 

would not lead to fusion. Cytotrophoblast cells can take the initiative to fuse by up or 

downregulating a certain protein (Figure 5C). Upregulating a certain protein in the 

syncytiotrophoblast is another possibility to drive fusion (Figure 5B). 

Example 5B depicts as well a paradoxical situation: RDR is required in the 

basal syncytiotrophoblast membrane to inhibit fusion by blocking the availability of 

Syncytin-1, while local downregulation of RDR would initiate fusion.  

At this stage of knowledge, we cannot rule out any of the models discussed 

above because at this point the information on the distribution of Syncytin-1 and its 

receptors is quite sparse and in part even contradictory. However, example B, as 

shown in Figure 5, has some very interesting and attractive features. Syncytin-1 

would be ubiquitously expressed in the basal syncytiotrophoblast membrane, in line 

with the findings of [90]. Fusion would be prevented by coexpression of an excess of 

receptors in most of the basal syncytiotrophoblast membrane, and by expression of 

receptor only by cytotrophoblast cells. This is also in line with literature data, and 

makes sense in light of the amino acid transport function of this membrane. Initiation 

of fusion may take place either through upregulation of Syncytin-1 in differentiating 

cytotrophoblast cells (Figure 6, example IIc), local downregulation of receptor in the 

syncytiotrophoblast (Figure 56, example IIb), or upregulation of Syncytin-1 in the 

syncytiotrophoblast (Figure 6, example IIa). 
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Figure 6: Models explaining how cell-cell fusion may be regulated through the availability of envelope 
protein and its receptor. In these models fusion occurs between two cells having varying expression levels 
of envelope protein and/or receptor (depicted by two different symbols that can represent either molecule). 
(I) One cell expresses only one of the factors required for fusion. During the non-fusogenic state one of the 
cell types lacks both of the factors required, the other cell type expresses one of the factors (which can be 
either envelope protein or receptor). The initiative to fuse is taken by upregulating the other factor by the 
cell type that originally lacked both factors. Intercellular contacts between envelope protein and receptor 
can now be established, thereby initiating fusion. [7] One cell type can express both of the factors required 
for fusion simultaneously. The underrepresented factor is inactivated by interactions with the factor 
expressed in excess. In the non-fusogenic state both cell types express the same factor in excess. The 
initiative to fuse is taken by one of the two cell types in one of the following ways: (a) the cell type 
expressing both factors upregulates the factor originally underexpressed until it prevails, (b) the cell type 
expressing both factors downregulates the factor originally overexpressed, such that the factor originally 
underexpressed will become available, or (c) the cell type originally expressing only one factor, will start 
upregulating the other factor until the latter factor prevails. 
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2.2 Aim of this work  

Can cell-cell fusion be regulated by expression levels of Syncytin-1 and its 

receptor RDR? 

An analysis of structure and function will be done by using different methods in 

molecular and cellular biology: 

A: Truncation mutants of the protein will be constructed to study the properties 

of the C-terminal tail  of the protein, using stable and transient transfections of 

mammalian cell lines.  

• We will investigate, if the original function as a viral envelope protein is 

regained, or improved. This will be done by using these mutants as a viral 

envelope, to infect cells expressing RDR as a receptor. 

• We will investigate how the C-terminus influences fusion efficiency of cells 

expressing these mutants in a special two color fusion assay.  

• We will examine in which way Syncytin-1 and RDR interact with each other 

molecularly. more specifically:  

o whether Syncyin-1 and RDR are sufficient to induce cell-cell fusion, 

o whether Syncytin-1 and RDR block each other’s availability and 

expression if coexpressed by the same cell. 

B: Using specific antibodies for immunohistology, and strand-specific probes for 

whole mount in situ hybridization, we will try to localize Syncytin-1 and RDR 

expression in the human placenta. 

 This work will close with a discussion on the obtained data. Knowledge about 

the molecular interplay between Syncytin-1 and RDR, and about the localization 

of these molecules in the human placenta, will lead to hypotheses on how these 
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molecules may actually regulate fusion in vivo. In addition, we will speculate on 

possible applications of this knowledge in human medicine and about similar 

mechanisms in the skeletal muscle. 
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3 Methods 

3.1 Recombinant protein and antibody production  

Plasmid pQE30-Syncytin-1 (68-177) was transformed into E. coli strain 

SG13009 (QIAGEN), and His-tagged recombinant Syncytin-1 fragment 68-177 was 

expressed during culture in 1 mM IPTG. Bacteria were lysed in 8M urea, 1% triton 

X-100, 10 mM Tris/HCl, pH 7.0. Lysates were sheared and insoluble material was 

pelleted in a Sorvall JA20 rotor for 10 min at 12.000 rpm, 4ºC. The recombinant 

protein was purified using a Ni-NTA agarose column (QIAGEN). Bacterial extract 

was applied to the column in lysis buffer containing 10 mM imidazole. The column 

was washed with 8M urea, 50 mM phosphate buffer, pH 8.0, 300 mM NaCl and 10 

mM imidazole followed by the same buffer containing 30 mM imidazole, and the 

protein was eluted in buffer containing 200 mM imidazole. The purified protein was 

concentrated in an Amicon Ultra 15 centrifugation filter device (Millipore, Eschborn, 

Germany) by centrifugation at 4.500 rpm,quantified using the BioRad Protein Assay 

(BioRad, Munich, Germany), and purity was assessed by SDS-PAGE. A rabbit was 

immunized four times with 100 μg of purified His-tagged protein at Eurogentech 

(Liège, Belgium) and bled. The resulting antiserum containing antibodies against 

Syncytin-1 68-177 was called anti-S1. Anti-S1 was used to demonstrate expression 

of Syncytin-1 (variants) on live cells by flow cytometry and Western-blotting.  

 A second antibody against the SU subunit of Syncytin-1 (rp69) was raised in 

rabbit against several peptides, and described in [45]. This antibody was as well 

used to demonstrate Syncytin-1 by Western blotting. Monoclonal antibody 6A2B2 

against the TM subunit of Syncytin-1 was described elsewhere [19], [87]. An affinity-

purified rabbit antibody against RDR was described in [53]. 
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A rat monoclonal antibody against p30 gag of Moloney murine leukemia virus was 

shed into culture supernatant by R187 hybridoma cells obtained from ATCC. 

3.2 Plasmids  

The protein coding regions of Syncytin-1 and RDR/ASCT2 were obtained 

through RT-PCR on RNA isolated from various human choriocarcinoma cell lines 

using a first strand cDNA synthesis kit (Roche, Mannheim, Germany) and Pwo 

polymerase [88], as described in [20]. PCR products reamplified for two more cycles 

using Taq polymerase (QIAGEN, Hilden, Germany) were cloned into vector pGEM-T 

(Promega, Mannheim, Germany), yielding plasmids pGEM-T-Syncytin-1-FL and 

pGEM-T-RDR-FL. The inserts of these plasmids were sequenced. The insert of 

pGEM-T-Syncytin-1-FL was identical to the sequence published by [104] (GenBank 

accession number AF206181) which corresponds to the second major allele of this 

gene described in the human population [97]. 

The cDNA fragment encoding amino acids 68-177 of Syncytin-1 was 

amplified by PCR using Pwo polymerase and two primers containing BamHI 

(forward primer) and SalI (reverse primer) restriction sites respectively. The PCR 

product was cloned into vector pQE30 (QIAGEN) yielding plasmid pQE30-Syncytin-

1 (68-177) and permitting expression of Syncytin-1 fragment 68-177 with an N-

terminal His-tag in E. coli.  

The full-length Syncytin-1 ORF was reamplified from pGEM-T-Syncytin-1-FL 

using Pwo polymerase. Primers matched the sequence flanking the pGEM-T 

polylinker, while the everse primer contained an XhoI linker to facilitate cloning into a 

mammalian expression vector. Plasmid pVSV-G, encoding the vesicular stomatitis 

virus glycoprotein (VSV-G) under control of the CMV immediate early promoter 

(pantropic retroviral expression system, BD Clontech, Heidelberg, Germany), was 

digested with XhoI, removing the VSV-G insert. The SalI/XhoI-digested Syncytin-1 
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insert was ligated into the remaining vector, yielding plasmids pCMV-Syncytin-1-FL 

(an expression plasmid encoding the full length (FL) Syncytin-1 coding region) and 

pCMV-Syncytin-1-AS (containing the same insert in the antisense (AS) direction).  

To generate C-terminal truncations of Syncytin-1, plasmid pCMV-Syncytin-1-

FL was used as a template for a series of PCRs. A universal 27-mer forward primer 

overlapped the KpnI site which is found in the central part of the Syncytin-1 coding 

region. Reverse primers matched with 12 bases encoding the last 4 amino acids 

intended to be encoded, and were followed by a TAA stop codon and an XhoI linker. 

The PCR products were digested with KpnI and XhoI. Plasmid pCMV-Syncytin-1-FL 

was also digested with KpnI and XhoI, removing the 3’ part of the Syncytin-1 coding 

region. This part was replaced with the digested PCR products.  This generated 

plasmids pCMV-Syncytin-1 469, 476, 483, 493, and 515, encoding Syncytin-1 

proteins truncated behind residues 469, 476, 483, 493, and 515, respectively. The 

inserts of plasmids pCMV-Syncytin-1-FL and of all the truncation variants were 

sequenced, and were found to contain no unwanted mutations. 

A soluble variant of Syncytin-1 (mutant 515delTM) was generated by ligating 

two PCR fragments, one from the KpnI site up to residue 436, with an XhoI linker, 

and one encoding amino acids encoding amino acids 470 up to 515, with an SalI 

and an XhoI linker, into plasmid pCMV-Syncytin-1-FL digested with KpnI and XhoI. 

The resulting plasmid, pCMV-Syncytin-1-515delTM, encoded a Syncytin-1 mutant 

truncated after residue 515, but lacking the transmembrane region (residues 437-

469).  

The protein coding region of RDR was reamplified from plasmid pGEM-T-

RDR-FL using primers matching with 15 bases encoding either the first 5 amino 

acids or the last 4 amino acids and the stop codon, flanked by a BglII linker (forward 

primer) or a HindIII linker (reverse primer). The PCR product was digested with BglII 

and HindIII and directionally ligated into retroviral vector pRevTRE (BD Clontech) 
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digested with BamHI and HindIII. This yielded plasmid pRevTRE-RDR, in which the 

RDR coding sequence is transcribed under control of a tetracycline [119] or 

doxycyclin-responsive element. This retroviral construct also expresses the gene 

conferring resistance to hygromycin.    

All plasmids were tested by restriction analysis and sequencing. Sequencing 

was performed at, and oligonucleotides were obtained from MWG Biotech 

(Ebersberg, Germany). 

 

Figure 7: schematic plasmid Map of the pCMV-Syncytin-1 fl, Kursiv (in black) present different restriction 
enzyme recognition sites, pCMV: cyto megalovirus promotor; Rabbit beta globin IVS: intron sequence 
which enhances mRNA stability; Syncytin-1 fl: Syncytin-1 CDNA; beta globin poly A: poly adenylation 
signal; Col E1: bacterial recognition site for Plasmid replication; Ampicilline resistence: bacterial resistence 
gene: (SimVector 2.0) 
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3.3 Cell lines  

Chinese hamster ovary cells stably transfected with pTet-Off (CHO tet-off 

cells) were obtained from BD Clontech and cultured according to the manufacturer’s 

specifications. Human embryonic kidney (HEK293) cells were obtained from DSMZ 

(Braunschweig, Germany) and cultured in DMEM with 10% FCS, L-glutamine and 

penicillin/streptomycin. GP293 packaging cells, HEK293 cells stably expressing 

MLV gag and pol  were purchased from BD Clontech and cultured similarly to 

HEK293 cells. The human melanoma cell line A375 was obtained from the ECACC 

(Porton Down, United Kingdom) and cultured as described elsewhere [20]. 

 A CHO tet-off cell line stably expressing RDR/ASCT2 was generated by co-

transfecting GP293 cells with retroviral plasmid  pRevTRE-RDR and pVSV-G in a 

1:1 ratio. Cell culture supernatant containing replication-deficient retrovirus encoding 

RDR was used to transduce target CHO tet-off cells 24 h later. Transduced CHO 

tet-off cells were selected in 100 μg/ml hygromycin for 21 days and the resulting 

hygromycin-resistant cells (called CHO-pRevTRE-RDR) were tested for RDR 

expression by Western blotting and flow cytometry using the rabbit anti-RDR 

antibody. In the absence of doxycyclin RDR expression was stable for at least 10 

passages. Replication competent retrovirus was not found in CHO-pRevTRE-RDR 

cells by adding supernatant to naive CHO tet-off cells. The CHO tet-off cells were 

cultured in 100 μg/ml hygomycin and no colonies were found after 4 weeks. 

3.4 Virus production and infectivity assays 

Subconfluent GP293 cells were transfected using the calcium phosphate 

method (Profection Mammalian Transfection System, Promega) according to the 

manufacturer’s guidelines. To produce pseudotyped MLV-based retroviral particles 

these cells were co-transfected with a retroviral vector pLEGFP, , BD Clontech) and 
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an envelope construct (pVSV-G, or one of the pCMV Syncytin-1 constructs or 

variants thereof) in a 1:1 ratio. After 24 h supernatants were harvested, centrifuged 

5 min at 1,500 rpm, and filtered through a 0.45 μm filter. One ml of supernatant was 

applied to subconfluent target cells in a 24-well plate in the presence of 8 μg/ml 

polybrene. The cultures were spinoculated for 60 min at 1,500 rpm, RT, allowed to 

incubate for 3 h at 37ºC, after which viral supernatant was replaced with appropriate 

fresh medium. Viral titer was determined 48 h later by flow cytometry (see below).  

Pseudotyped lentiviral particles were produced by calcium phosphate 

transfection on HEK293T cells. Lentiviral vector pAF2-δ-SE [6], containing an SV40 

promoter, the EGFP reporter gene and woodchuck hepatitis virus pre, was co-

transfected with four packaging plasmids including Rev, Tat, gag/pol [47] and one of 

the envelope plasmids described above. Eighteen hours following transfection, fresh 

medium was added containing 5 mM butyrate. Viral supernatant was collected after 

a further 24 hours, 0.45 μm filtered, snap frozen  and stored at –70˚C. 

Transductions were performed as described for MLV-based viruses. 

3.5 Immunodetection of viruses  

Viral particles were produced in serum free medium 24h after transfection of 

GP293 cells and then collected 30h later and clarified as above. Six ml of viral 

supernatant was centrifuged for 100 min at 30,000 rpm in a Beckman SW41 Ti rotor 

through a 2ml cushion of 25% sucrose. Pellets were resuspended in 40 μl PBS after 

which 10 μl of 5 x Laemmli buffer containing β-mercaptoethanol was added, and 

samples were heated for 5 min at 95ºC. Viral lysates were run on 10% 

polyacrylamide gels, and blotted to PVDF membranes [88]. Two identical blots were 

made, which were stained either with rabbit-anti-Syncytin-1 SU antibody rp69 

(1:2000) and HRP-conjugated donkey-anti-rabbit antibody (1:15,000, Amersham 

Biosciences, Freiburg, Germany), or with a rat monoclonal against p30 gag (culture 
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supernatant diluted 1:500), and HRP-conjugated goat-anti-rat antibody diluted 

1:10,000 (Amersham Biosciences). Antibody reactions were visualized using a 

chemiluminiscent substrate (ECL Western blotting detection reagent, Amersham 

Biosciences). For details about staining immunoblots, see below. 

3.6 Fusion assays   
Subconfluent cultures of HEK293 cells were transfected in 24-well format 

with pCMV-Syncytin-1 plasmid variants and pLEGFP in a 1:1 ratio using 

Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). Hoechst 33342 dye (Sigma 

Aldrich, Taufkirchen, Germany) was added to the culture medium 16-20 h after 

starting the transfection at 1 μg/ml and cells were incubated for 15 min. Medium was 

replaced and cells were viewed by phase contrast and fluorescent microscopy 

(Zeiss, Axiovert). Fused cells (syncytia) were recognizable by the presence of 

multiple nuclei within a large cytoplasm showing a uniform green fluorescence. For 

quantitative analysis at four random pictures comprising at least 2,000 nuclei were 

taken with blue (showing all nuclei) and green (showing all transfected cells) 

emission filters. Fusion was determined by counting all the nuclei in a field and 

scoring the number of nuclei within a syncytium. Two fusion parameters were 

calculated: the fusion index (the overall percentage of nuclei within syncytia) and the 

average size of syncytia (the number of nuclei within one single syncytium). 

Fusion assays in CHO-pREVTRE-RDR cells were performed similarly as in HEK293 

cells. However, Hoechst 33342 staining and fusion analysis was performed 24h 

after starting the transfection. 

 Using cells lacking a functional receptor for Syncytin-1 (hamster-derived 

CHO tet-off cells) transfection was also performed as above. These cells did not 

form syncytia among themselves. At 24h after transfection 2x105 partner cells were 
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added per well and analyzed 4 to 8h later. Hoechst staining and fusion analysis was 

performed as above.  

 Data from fusion assays were analysed using Graphpad Prism 3 software. 

Student’s t-test was applied, after testing for normal distribution, to determine 

whether differences in fusion indices were significant. 

A different kind of fusion assay between two types of cells, involved staining 

with cell permeant dyes, Celltracker green and Celltracker orange, and was 

described in Borges et al., 2003 [20]. 

3.7 Production and concentration of soluble Syncytin-1 
variant 515delTM 
Transfection of cell line HEK 239 with the Syncytin-1 variant 515delTM have 

been done with the Calcium transfection method (Promega), cultivated with serum-

free media (OPTIMEM, Invitrogen, Karlsruhe, Germany). Supernatant was 

harvested after a cultivation period of 24 – 36 hours. The solution was concentrated 

~10 fold in Amicon spin columns 30kDa cut off. Analysis was done by Western 

blotting and detection with rabbit anti-S1 (see above) showed high concentration of 

the protein in the concentrated supernatants      

3.8 Northern blotting of recombinant Syncytin-1 mRNA  
For Northern analysis total RNA was isolated using the SV RNA Kit 

(Promega), following the manufacturer’s instructions and treated with RNase-free 

DNaseI to eliminate contaminating DNA. RNA was quantitated by UV spectroscopy 

at 260 and 280 nm. Samples of 1 μg total RNA were electrophoresed in formalin 

gels and blotted to QIABRANE membranes according to standard procedures. An 

800nt DIG-labeled antisense RNA probe complimentary to the 3’ end of the syncitin 

ORF was synthesized using the DIG Northern starter kit [88] using KpnI-linearized 
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pGEM-T-Syncytin-1-FL as a template. An antisense β-actin included in the DIG 

Northern starter kit was used as a normalization control. Hybridizations were 

performed in DIG Easy-Hyb [88] at 68ºC following the manufacturer’s instructions. 

Blots were washed in 0.1 x SSC/0.1% SDS at 68ºC, after which hybridized probe 

was visualized using AP-conjugated anti-digoxigenin antibody, CDP-Star 

chemiluminescent substrate, and autoradiography, all according to the 

manufacturer’s guidelines. 

3.9 Immunofluorescent staining of living cells in culture 

wells 

HEK293 cells growing in a 24-well plate were transfected with the pCMV-

Syncytin-1 variants using Lipofectamine 2000. After 20h, 0.5ml fresh complete 

medium (10% FCS/DMEM) was added containing anti-Syncytin-1 antiserum (anti-

S1) diluted 1:50. Cells were incubated 30 min at 37ºC and then washed once in 

fresh medium. Complete medium (0.5 ml) was added containing PE-conjugated 

donkey-anti-rabbit IgG antibody (Jackson Immunoresearch, Dianova, Hamburg, 

Germany) diluted 1:50 and 1 μg/ml Hoechst 33342. After incubating for 30 min at 

37ºC, the medium was replaced again and the cells were analysed by fluorescence 

microscopy (Zeiss, Axiovert). 

Twenty-four h after transfection of CHO-RDR or HEK293 cells, adherent 

cells were washed twice in Hank’s balanced salt solution (HBSS;, and fixed in 4% 

formalin in HBSS for 30 min. at 4ºC. Fixed cells were washed once in HBSS, and 

incubated with primary antibody in blocking buffer (HBSS containing 5% FCS and 

5% pooled human serum) for 30 min. at RT. Anti-S1 (rabbit anti-Syncytin-1) was 

diluted 1:50 in blocking buffer. Rabbit anti-RDR antibody was diluted 1:100 in 

blocking buffer containing 0.5% saponin, to allow the antibody to reach its 

intracellular epitope. After washing in HBSS again, secondary antibody was added 
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(R-Phycoerythrin (PE)-conjugated donkey-anti-rabbit antibody (Jackson 

Immunoresearch, Dianova, Hamburg, Germany) diluted 1:50 in HBSS with 0.25% 

bovine serum albumin, along with 1 μg/ml Hoechst 33342 (Sigma Aldrich). This final 

incubation proceeded for 30 min. at RT, after which the final staining solution was 

removed and HBSS was added. Preparations were photographed immediately by 

fluorescence microscopy (phase contrast; red fluorescence: immune staining; blue 

fluorescence: nuclear counterstain).   

3.10 Analysis of Syncytin-1 variants at the cell surface by 

flow cytometry  

 CHO tet-off cells were transfected using Lipofectamine 2000 with pCMV-

Syncytin-1 variant plasmids. After 24h, cells were detached with PBS/2 mM EDTA 

and washed in complete medium. After centrifugation (5 min at 1,500 rpm), cell 

pellets were resuspended in 0.1 ml blocking buffer (PBS, 2 mM EDTA, 0.2% BSA, 

5% FCS and 5% pooled human serum) containing the primary antibody diluted 

1:100 (anti-S1 against Syncytin-1 SU, or normal rabbit serum (Sigma Aldrich) as a 

control; monoclonal 6A2B2 against Syncytin-1 TM, or mouse IgG1 (DAKO, 

Hamburg, Germany) as a control), and incubated 30 min at RT. After addition of 0.5 

ml washing buffer (PBS,2 mM EDTA,0.2% BSA) cells were pelleted again, 

resuspended in 0.1 ml washing buffer containing FITC-conjugated goat-anti-rabbit 

antibody (Sigma) diluted 1:100, or FITC-conjugated goat-anti-mouse antibody [107] 

diluted 1:200, and incubated 30 min at room temperature. After addition of 0.5 ml 

washing buffer cells were pelleted and resuspended in 0.4 ml washing buffer 

containing 10 μg/ml propidium iodide (PI, Sigma Aldrich) and analysed by flow 

cytometry. Healthy, single cells were analysed by forward as well as side scatter 

gating and dead cell discrimination using PI. 
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3.11 Analysis of RDR levels by flow cytometry.  
Twenty-four h after transfection of CHO-RDR or HEK293 cells, cells were 

detached with PBS and 2 mM EDTA. For staining cell surface Syncytin-1, live cells 

were blocked and immunostained using rabbit anti-S1 serum or control rabbit serum 

as described above, followed by incubation with rabbit IGg, diluted 1:100. After 

immunostaining cells were analysed by flow cytometry. Cellular debris and large 

aggregates were gated out from the scatter plot (FSC/SSC). Syncytin-1 staining 

intensity was analysed in histograms plotting fluorescence in channel 2 (FL2). If 

Syncytin-1 was cotransfected with EGFP, staining was evaluated in dot-plots, 

showing EGFP expression in FL1 and Syncytin-1 staining in FL2. For staining RDR, 

cells were fixed in 4% formalin in PBS for 30 min. at RT, centrifuged and washed in 

PBS, centrifuged again, and resuspended in blocking buffer (PBS with 5% FCS and 

5% pooled human serum) containing 0,5 % saponin and rabbit-anti-RDR antibody 

diluted 1:200 (as described in [53]), or with control antibody: rabbit immunoglobulin 

fraction (DAKO, diluted 1:3,000). The secondary antibody was identical to the one 

used after staining Syncytin-1 (see above). Analysis and evaluation were performed 

the same way as after Syncytin-1 staining (see above). Relative Syncytin-1 surface 

expression levels or RDR expression levels of transfected cells were calculated from 

dot-plots by taking the mean fluorescence in FL2 of all cells in a gate containing the 

cells showing fluorescence in FL1 (EGFP-positive, and therefore transfected cells).  

3.12 Immunoblot analysis of Syncytin-1 variants in cell 

extracts 

 Cells were detached using PBS/EDTA and washed twice in PBS, 24 h after 

transfection. Cell pellets were lysed in lysis buffer (20 mM Tris/HCl, pH 7.5, 150 mM 

NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.05% SDS, and protein inhibitor 

cocktail (Complete Mini, Roche)). Insoluble material was pelleted by centrifugation 
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for 10 min with 14,000 rpm, at 4°C. The protein concentration was determined using 

the BioRad Protein Assay (BioRad) and equivalent amounts of cell lysates were 

loaded on a 10% polyacrylamide gel after addition of Laemmli loading buffer 

containing β-mercaptoethanol and heating for 5 min at 95ºC, electrophoresed and 

blotted on PVDF membranes [88]. Blots were blocked for 30 min in TBST with 

four % skim milk powder (blocking buffer), incubated with anti-Syncytin-1 SU 

antibody rp69 diluted 1:2,000 in blocking buffer for 30 min, and incubated in HRP-

conjugated donkey-anti-rabbit antibody (Amersham Biosciences) diluted 1:15,000 in 

blocking buffer for 30 min. Between all incubation steps, blots were washed three 

times with TBST. After incubation with the secondary antibody, blots were washed 

six times in TBST, and incubated in chemiluminiscent substrate (ECL Western 

blotting detection reagent, Amersham Biosciences) and exposed to autoradiography 

film. 

 The Syncytin-1 protein contains 8 potential N-glycosylation sites, but no O-

glycosylation sites [18]. Cells or cell extracts were deglycosylated by N-glycosidase 

F. Cells detached by PBS/EDTA were resuspended in 49 μl PBS and 1 μl (1 unit) N-

glycosidase F [88] was added. Cell extracts were treated by adding 1 μl (1 unit) N-

glycosidase F to 49 μl cell extract in lysis buffer. Reactions were performed for 30 

min at 37ºC. 

3.13 Analysis of RDR expression by Western blotting 
Cells were detached using PBS/EDTA and lysed as described elsewhere  In 

indicated cases, 1 μl (20 units) of N-glycosidase F (Roche, Mannheim, Germany) 

was added to19 μl of cell lysate, and incubated for 30 min. at 37˚C. Protein content 

was determined using the BioRad Protein Assay (BioRad). Normalized amounts of 

cell lysates were separated on a polyacrylamide gel and blotted as described. Blots 

were blocked, incubated with anti-RDR antibody diluted 1:2,000  and incubated in 
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ECL peroxidase-conjugated donkey-anti-rabbit antibody (Amersham Biosciences) 

diluted 1:15,000, as described.. After incubation with the secondary antibody blots 

were washed 6 times in TBST, and incubated in chemiluminiscent substrate (ECL 

Western blotting detection reagent, Amersham Biosciences). Several exposures of 

X-ray film were made (AGFA, Germany) to obtain optimal signal/background 

presentation. 

3.14 Peptide synthesis 
Peptide HRB-1 was synthesized by Aplagen GmbH, Baesweiler, Germany, 

essentially as described in Chang et al. (2004). The peptide was C-terminally 

amidated and N-terminally acetylated. It was purified and analysed. HRB-1 was 

tested by adding it at different concentrations to fusion assays  and was found to 

completely inhibit cell-cell fusion induced by Syncytin-1 or variants thereof at 

concentrations of 3 μg/ml. 

3.15 Cell surface biotinylation of Syncytin-1 variants 

Following 24h after transfection adherent cells were washed once with PBS 

containing 0.1 mM CaCl2 and 1 mM MgCl2, and incubated in PBS/Ca/Mg with 0.25 

mg/ml biotin-7-NHS [88] for 30 min at 4˚C. Cells were washed twice in PBS/Ca/Mg 

containing 15 mM glycine and lysed as above. Simultaneously, transfected cells 

were biotinylated, washed, and cell viability determined using trypan blue exclusion.  

Viability was always greater than 95%. Cell lysates of surface-biotinylated cells (300 

μl) were incubated with 150 μl μMACS streptavidin microbeads (Miltenyi Biotech, 

Bergisch Gladbach, Germany). Biotinylated proteins were purified on μMACS 

columns according to the manufacturer’s instructions (Miltenyi Biotech). Elution was 

performed with 2 x 35 μl Laemmli buffer containing β-mercapto ethanol of 95˚C. 
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Biotinylated proteins were electrophoresed, blotted, and immunostained with the 

rabbit antiSyncytin-1 antibody rp69, as described above.  

3.16 Whole mount in situ hybridization 

Villous tissues from first trimester (n=5) and term (n=5) placentae were fixed 

in four per cent paraformaldehyde for up to 12 h at 4°C and dehydrated through a 

series of graded methanol concentrations up to 100 per cent. Pre-hybridization 

incubation was carried out for 2h at 61°C in hybridization buffer (50 per cent 

formamide, 0.75 M NaCl, 1 x PE, 100µg/ml tRNA, 0,05 per cent heparin, 0.1 per 

cent BSA, 1 per cent SDS, 0.5 mg/ml salmon sperm). The plasmid containing the 

Syncytin-1 cDNA was linearized with appropriate restriction enzymes at the 5` and 

3` ends in order to prepare both sense and anti-sense probe using in vitro 

transcription in a reaction containing Dig-labelled dUTP. Labelling reaction 

contained 2µg of linearized template, 1 x transcription buffer, 1 x DIG RNA labelling 

mix (Roche Diagnostics, Laval, QC, Canada), 0.25 mmol DTT, 40 U placental 

RNase inhibitor (Roche Diagnostics), and 40 U of T3 / T7 RNA polymerase in a 

20 µl reaction. Placenta samples were hybridized with both sense and anti-sense 

DIG labelled probes diluted appropriately in hybridization buffer (1.0-2.0 µg/ml) 

overnight at 61°C. Following post-hybridization washes samples were blocked in 

2mM levasimole and 10 per cent goat serum in TBS-T for two hours, and then 

incubated with anti-DIG alkaline phosphatase antibody (Roche Diagnostics) diluted 

1:5,000 in blocking solution overnight at 4°C. They were washed six times in freshly 

prepared NTMT (0.1 M NaCl, 0.1 M Tris pH 9.5, 0.2 MgCl2, 0.01 per cent Tween-20). 

Colour reaction were performed by incubation of samples with 4.5µl/ml NBT and 

3.5µl/ml BCIP (NBT/BCIP Combo, GibcoBRL) in NTMT overnight to yield a blue 

colour. Samples were embedded sectioned, counterstained with fast red and 
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captured by digital image capture software. Sense probe did not show any 

hybridization [8]. 

3.17 Immunofluorescent staining of cryosections of placental 
tissue with anti-RDR antibody 
Cryosections of placental material (first trimester and term) were stained with 

rabbit anti-RDR antibody essentially as described in [53].The secondary antibody 

was conjugated with a green fluorescent dye (Alexa 488). Nuclei were 

counterstained using DAPI. In indicated cases sections were costained with a 

monoclonal against cytotrophoblast marker HAI-1, C76/18 [69, 115, 123] and 

subsequently with an anti-mouse antibody conjugated to a red-fluorescent dye 

(Alexa 546). 
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4 Results  

4.1 Pseudotyping of MLV and lentiviral particles with 

Syncytin-1 variants  

In an effort to pseudotype Moloney MLV viral particles with Syncytin, we 

designed a series of C-terminally truncated Syncytin variants (Figure 8). Plasmids 

encoding these variants were co-transfected into GP293 virus packaging cells with 

the pLEGFP retroviral vector. Target cells were spinoculated with cell-free culture 

supernatants from the producer cells, and analysed for EGFP expression 48 h later.  
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Figure 8: Schematic overview of the predicted protein domains in Syncytin-1 (A) and the constructs 
encoding the truncated variants of Syncytin-1 used in this study (B). A: Syncytin-1 is synthesized as a 
precursor protein of 538 amino acids. The first 21 amino acids encoding a signal peptide [134] are cleaved 
off, while there is a furin cleavage site after residue 317 to generate the surface (SU) and the 
transmembrane (TM) subunits. The TM portion consists of an ectodomain (TMecto), a transmembrane 
domain (TMD) and a cytoplasmic domain (CPD). B: The expression constructs consist of an immediate 
early CMV promoter (P CMVie), a β-globin intervening sequence (IVS), the Syncytin-1-encoding sequence 
(black bars), and a β-globin polyadenylation site (Poly A). The numbers written above the bars refer to 
amino acids of the precursor protein. LD shows the area of deleted amino acids.  
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Viruses pseudotyped with Syncytin variants 469 and 476 infected cell lines 

expressing RDR (Figure 9, panels A and B): human A375 melanoma cells and 

HEK293 cells, or hamster CHO tet-off cells stably transduced to express RDR: 

CHO-pRevTRE-RDR cells. All these cell lines stained positively with an anti-RDR 

antibody (data not shown). However, transduction efficiencies never exceeded 

1.0%. Given the numbers of target cells per well (around 2 x 105 at the time of 

transduction) titers of Syncytin 469- or 476-pseudotyped virions were calculated as 

less than 2 x 103 transducing units per ml (TU/ml). Naïve CHO tet-off cells were not 

transduceable with virions pseudotyped with these Syncytin variants (data not 

shown). Longer Syncytin variants, including full-length Syncytin, did not lead to 

significant transduction of target cells. Virions pseudotyped with the VSV 

glycoprotein, however, transduced all target cells efficiently (Figure 9): titers were 

usually between 6 x 104 and 1.6 x 105 TU/mL. Much higher titers were achieved 

after pseudotyping lentivirus with Syncytin truncation variants. Syncytin 469 as a 

lentiviral envelope caused transduction efficiencies of between 30–45% on HEK293 

cells and 5-8% on HT1080 cells, while Syncytin 476 pseudotypes typically 

transduced 61-73% of HEK293 cells and 20-34% of HT1080 cells (Figure 9). Using 

diluted viral supernatants for infecting HEK293 cells titers of Syncytin 476-

pseudotyped lentivirus were determined to be 1.1 x 106 TU/ml while Syncytin 469-

pseudotyped lentivirus were 2.6 x 105 TU/ml (means of three determinations). 

Lentiviral particles enveloped with full length Syncytin or with Syncytin variants 515 

and 483 did not lead to transduction efficiencies significantly higher than background 

(virus produced after transfecting with the antisense construct). Syncytin 483-

pseudotyped lentivirus were slightly (2-5 fold) more infectious than virus 

pseudotyped with full length Syncytin, but transduction efficiencies higher than 1% 

were not reached with this variant. With VSV-G-pseudotyped lentivirus, transduction 

efficiencies of nearly 100%, with titers of up to 2.3 x 107 TU/ml, were obtained. 
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Figure 9: Transduction of various target cells with virions pseudotyped with Syncytin-1 mutants or VSV 
glycoprotein. A: Dot plots generated after flow cytometry analysis of HEK cells transduced with Syncytin-1 
476-, Syncytin-1 full-length-, or VSV-G-pseudotyped MLV particles. The events depicted in the gated region 
represent EGFP-expressing, and hence virus-transduced cells. B and C: Graphs showing transduction 
efficiencies of MLV (B) or lentiviral (C) pseudotyped with Syncytin-1 variants or VSV-G on CHO-pRevTRE-
RDR cells (black bars), A375 melanoma cells (hatched bars), and HEK293 cells (white bars). (asterisk * 
represent significant differences to the Syncytin AS negative control). The percentages plotted for the VSV-
G-pseudotyped MLV viruses are to be multiplied by a factor 10. Both graphs represent one out of three 
experiments all showing the same trend.  
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 To study whether the observed differences in transduction efficiencies were 

due to differential incorporation of Syncytin-1 into MLV particles, viruses pelleted 

through a sucrose cushion were subjected to Western immunoblotting and stained 

with an antibody against Syncytin-1. As a control parallel blots were stained with an 

antibody against the MLV p30 gag protein. Bands of about 55 and 70 kDa were 

visible upon anti-Syncytin-1 staining only in those viruses pseudotyped with 

Syncytin-1 469 and 476. In viruses pseudotyped with Syncytin-1 483 or full length 

Syncytin-1 no Syncytin-1 band could be detected (Figure 10). The p30 gag protein 

was equally detected in all pseudotypes tested.  
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Figure 10: Immunoblot analysis of Syncytin-1 variants incorporated into MLV particles. Viral particles were 
pelleted and subjected to Western blot analysis. A: incubated with rabbit anti-Syncytin-1 antibody rp69. B: 
incubated with rat anti-p30 gag. 469, 476, 483: truncated Syncytin-1 variants; FL: full length Syncytin-1.  
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4.2 Receptor expression in different original cell lines and 
transduced cell lines 

Figure 11: Cells were retrovirally infected ,and selected using antibiotics: G418 for the pLXIN (300µg/ml) or  
hygromycin for the pRevTRE (100µg/ml).  RDR expression was tested by flow cytometry (FACS) after 
immunostaining with a rabbit anti-RDR antibody.  Mouse 3T3 fibroblasts and Chinese hamster ovary (CHO) 
cells reacted weakly or not at all with the anti-RDR antibody,  while expression of human RDR could clearly 
be demonstrated in all A375 cells, and in all transduced cells 

Using an anti (human) RDR antibody, we detected RDR in human A375 cells 

and HEK293 cells, but not in 3T3 and CHO cells (Figure 11, data on HEK293: not 

shown). Cell lines were stably transduced with either A) pLXIN-RDR – a mammalian 

expression construct, which leads to a constitutive protein production in the target 

cell, or with B) pRevTRE-RDR, which enables regulation of the amount of expressed 

RDR in the transduced cell. Expression was shown by FACS analysis and Western 

Blot (Figure 22/23). Overexpression of recombinant human RDR in RDR-transduced 

3T3 or CHO cells was clearly shown by FACS analysis (Fig. 11). 
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4.3 Fusogenicity of Syncytin-1 variants 
HEK293 or GP293 cells grow as single cells in a monolayer (Figure 12). After 

transient transfection with Syncytin-1, these cells fused efficiently, yielding large, 

multicellular syncytia (Figure 13). HEK293 cells were able to fuse upon Syncytin-1 

expression due to the expression of RDR (shown by FACS analysis and 

Westernblot, not shown), functioning as a receptor for Syncytin-1. CHO cells, 

however, transiently transfected with Syncytin-1, did not fuse with other CHO cells 

(Figure 14), nor with 3T3 cells. Syncytin-1-transfected CHO cells did fuse, however, 

with CHO cells or 3T3 cells stably transduced to express human RDR (Figure 14).  

In producing Syncytin-1 pseudotyped retroviruses, we noticed that GP293 

packaging cells transfected with some Syncytin-1 variants fused more efficiently 

than packaging cells transfected with full length Syncytin-1. This was also the case 

for HEK293 cells transfected with these Syncytin-1 variants and pLEGFP (see 

Figure 15, panels A-F). In order to quantify these differences, cells were stained with 

the membrane-permeable DNA dye Hoechst 33342 to facilitate microscopic 

enumeration of nuclei. Fusion indices and the average sizes of syncytia were 

determined. Using HEK293 cells as a model, Syncytin-1 variant 483 caused 

significantly higher fusion indices (p<0.01, student’s t-test) than full length Syncytin-

1. Also variants 493 and 515, caused a slightly higher fusion index and larger 

syncytia than full length Syncytin-1 or the shortest variants 469 and 476 (Figure 15 

panel A). Cell-cell fusion also occurred between CHO-pRevTRE-RDR cells 

transfected with Syncytin-1 or variants thereof (Figure 15 panels G-I). Naïve CHO 

tet-off cells did not fuse upon transfection with Syncytin-1 or Syncytin-1 variants 

(Figure 15, panel L). However, occasional cells with 2-5 nuclei were visible in CHO 

tet-off cultures that developed spontaneously. When RDR-expressing partner cells 

were added 24 h after transfection of CHO tet-off cells with Syncytin-1 (variants), 
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fusion was clearly visible within hours. Fusion of CHO tet-off cells expressing 

Syncytin-1 with HEK293 cells was more efficient than fusion with CHO-pRevTRE-

RDR cells (Figure 15, panels J and K). 

 

Figure 12: HEK 239 non transfected 48 h post seeding (cultivated in DMEM, FCS 10%, 37°C, 5% CO2). 

 
Figure 13: HEK 293 cells CaCl2-transfected with Syncytin-1 and examined 24h post transfection (cultivated 
in DMEM, FCS 10%, 37°C, 5% CO2).  
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Figure 14: CHO cells transfected with Syncytin-1 cultured with CHO or 3T3 cells with or without expression 
of or RDR. 24h post-transfection cell populations were stained either green or red (cell tracker dyes, 
Molecular Probes, Borges et al. 2003 [20]) and cocultured for 9h. Arrows indicate (green-and red double-
fluorescent) fusion events.  

Quantitation of fusion efficiencies induced by Syncytin-1 variants was 

performed in three model systems: A. HEK293 cells, B.CHO-pRevTRE-RDR cells, 

and C. CHO tet-off cells overlaid with CHO-pRevTRE-RDR partner cells. As is 

shown in Figure 15, the same trend was observed in all models: Syncytin-1 variants 

483, 493 and 515 were more fusogenic than full-length Syncytin-1 or Syncytin-1 

variants 469 and 476. In model systems B. and C. fusion indices of variants 483 and 

515 were significantly higher that those of full-length Syncytin-1 (p<0.01). 

Experiments were repeated with different batches of plasmids, yielding similar 

results.    
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Figure 15: Microscopic evaluation of cell-cell fusion and immunofluorescent staining of cell surface Syncytin-1. A-
F: HEK293 cells co-transfected with pLEGFP and the Syncytin-1 antisense construct (A, D), pCMV-Syncytin-1-FL (B, 
E) and pCMV-Syncytin-1 515 (C, F) photographed in phase contrast (A-C) and under fluorescence (D-F). Syncytia 
are circled in panels B and C. G-I: CHO-pRevTRE-RDR cells transfected with pLEGFP and the antisense construct 
(G), pCMV-Syncytin-1-FL (H) and pCMV-Syncytin-1 515 (I) and counterstained with Hoechst 33342. J-L: CHO tet-off 
cells transfected with pLEGFP and pCMV-Syncytin-1 483. Twenty-four h after transfection partner cells were added: 
(J): HEK293 cells, cocultured for 5 h, (K): CHO-pRevTRE-RDR cells, cocultured for 8h, (L): CHO tet-off cells, 
cocultured for 24 h. Panels A-L all represent an area of 500 μm x 350 μm. M-O: Immunofluorescent staining of 
transfected HEK293 cells with rabbit anti-S1 antibody (red-labelled) and nuclear counterstaining with Hoechst 
33342, 20 h post-transfection. M: pCMV-Syncytin-1 469, N: pCMV-Syncytin-1 493, O: pCMV-Syncytin-1 515. Panels 
M-O represent areas of 300 μm x 200 μm. 
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4.4 Analysis of mRNA levels encoding recombinant 

Syncytin-1 and its mutants 

To exclude the possibility that differences in cell fusogenicity and ability to 

functionally pseudotype MLV or lentivirus was due to transfection efficiency, 

transcription efficiency or mRNA stability, RNA samples isolated from transfected 

cells were analyzed by Northern blotting. Cells transfected with the variant Syncytin-

1 expression plasmids contained a recombinant Syncytin-1 mRNA between 1.7 and 

1.9 kb in length (Figure 16) Band intensities were reproducibly very similar for all 

variants: scanning of three different blots, and normalization against β-actin 

intensities, revealed that only the two smallest variants had significantly higher band 

intensities (1.6-2.2 fold) than the full length recombinant Syncytin-1 mRNA, both in 

CHO tet-off cells (Figure 16) and HEK293 cells.  

1.8 kb-
1.5 kb-

1.8 kb-

A: syncytin

B: β-actin

469   476    483   493    515    FL

 
Figure 16: Northern analysis of RNAs isolated from CHO tet-off cells transfected with variant Syncytin-1 
expression constructs. Blots were probed with an antisense Syncytin-1 probe (A) and with an antisense β-
actin probe as a control (B). 
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4.5 Cell surface expression of Syncytin-1 variants  

Cell surface expression of Syncytin-1 variants was studied by incubating live 

cells with a rabbit anti-Syncytin-1 antibody (anti-S1). Immunofluorescence of live-

stained Syncytin-1-transfected HEK293 cells demonstrated a punctate pattern of 

Syncytin-1 expression on cell membranes; also in tangential views membrane 

staining was not homogenous (Figure 15, panels M-O, a high resolution picture of 

Figure 15, panel N is shown as Figure 18). HEK293 cells transfected with the 

antisense construct did not show immunofluorescence (data not shown). We also 

applied flow cytometry to measure cell surface expression on transfected cells, 

which were stained either with the rabbit anti-S1 antibody, or with monoclonal 

antibody 6A2B2. HEK293 cells expressing Syncytin-1 variants efficiently formed 

syncytia, which made analysis by flow cytometry difficult. Large syncytia fell apart 

during detachment and washing steps. CHO tet-off cells were better suited for this 

approach. These cells did not fuse upon transfection with Syncytin-1 variant 

plasmids (Figure 14 and 15, panel L), as described above. Both antibodies reacted 

with Syncytin-1 expressed on CHO tet-off cells (Figure 17), as well as with all 

Syncytin-1 variants.  

A B

Figure 17: Expression of Syncytin-1 on transfected CHO tet-off cells analysed by flow cytometry. Cells were 
transfected with pCMV-Syncytin-1-FL, stained with anti-S1 or control rabbit serum (A), and stained with 
monoclonal antibody 6A2B2 or a control mouse antibody (B). The marker (M1) depicts the cells considered 
to react positively with the respective antibodies. 
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Figure 18: Immunofluorescent staining of Syncytin-1 493-transfected HEK293 cells with rabbit anti-S1 
antibody (red-labelled) and nuclear counterstaining with Hoechst 33342, 20 h post-transfection. 

4.6 Western analysis of Syncytin-1 variants in cell lysates  

Transfected CHO tet-off cells were lysed and subjected to Western 

immunoblotting. Molecular weights of the bands detected increased from 55 kDa for 

Syncytin-1 469 to 65 kDa for full-length Syncytin-1. The two shortest Syncytin-1 

variants were detected at a higher level than the largest variants and full- length 

Syncytin-1 in cell lysates (Figure 19, panel A). Differences in band intensities from 

three independent blots after scanning showed Syncytin-1 469 and 476 were 

expressed 1.8 - 2.5 fold more than full-length Syncytin-1, but no significant 

differences between the other variants and full-length Syncytin-1. The antibody used 

recognizes epitopes in the SU subunit of Syncytin-1 which are not affected by the 

truncations.  

Deglycosylation of cell lysates of transfected CHO tet-off cells with N-

glycosidase F yielded major bands of molecular weight between 45 kDa and 55kDa 

for Syncytin-1 469 and full-length Syncytin-1 respectively (Figure 19, panel B). 
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When live cells were incubated with N-glycosidase F and then lysed, the typical 

deglycosylated bands were hardly visible, if at all (Figure 19, panel B). 

4.7 Cell surface biotinylation  

Cell surface levels of the Syncytin-1 variants, as well as their maturation 

status, were determined after cell surface biotinylation. Blots with cell surface 

biotinylated proteins, purified on streptavidin beads, and stained with rabbit 

polyclonal antibody rp69, revealed two bands for every variant: one with an 

increasing molecular mass between 55 and 65 kDa, and one having a constant 

molecular mass of 50 kDa for all Syncytin-1 variants (Figure 19, panel C). While the 

bands of varying molecular mass showed some differences in intensities (the two 

smallest variants being most intense) the 50 kDa bands appeared to be equally 

strong for all Syncytin-1 variants.                                                                               
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Figure 19: Immunoblot analysis of Syncytin-1 variants. A: CHO tet-off cells transfected with plasmids 

encoding Syncytin-1 variants were lysed and subjected to immunoblot analysis with an anti-Syncytin-1 SU 

antibody. B: Deglycosylation of cell surface Syncytin-1 and total cellular Syncytin-1. CHO tet-off cells were 

transfected with Syncytin-1 variants. Either intact cells were treated with N-glycosidase F (C+) or cell 
extracts were treated with N-glycosidase F (E+). Untreated samples are designated (-). Asterisks in the C+ 
lanes indicate where completely deglycosylated precursor bands are expected. Arrowheads indicate bands 

putatively representing the SU subunit before (<) and after (>) deglycosylation. C: Immunoblot showing cell 

surface biotinylated Syncytin-1 variants. 
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4.8 Receptor interference  

4.8.1 Cells expressing RDR 

A series of cell lines were tested for RDR expression by flow cytometry. All 

human cell lines tested (among these A375 melanoma cells (Fig. 11), JEG3, JAR 

and BeWo choriocarcinoma cells and human embryonic kidney (HEK 293) 

fibroblasts (not shown) were found to be positive. In contrast, hamster-derived CHO 

tet-off cells did not react with the anti-RDR antibody. A cell line stably transduced 

with a retroviral vector encoding human RDR did react with the antibody, however 

(Figure 11), and remained do so for at least 10 passages. Of the cell lines tested, 

HEK293 and CHO-RDR cells were efficiently transfected with plasmids encoding 

Syncytin-1 (variants) and/or EGFP, and these cell lines were chosen to study the 

influence of Syncytin-1 overexpression on RDR.  

4.8.2 Analysis of Syncytin-1 expression in transfected cell cultures 

Transfected CHO-RDR cells were formalin-fixed and immunostained with the 

anti-S1 (rabbit anti-Syncytin-1) antibody. Cell surface Syncytin-1 was visible on a 

subset of single cells transfected with Syncytin-1 constructs, and on most (if not all) 

syncytia that developed after Syncytin-1 transfection (Figure 20, panels A and B). 

Cells transfected with the Syncytin-1 antisense construct or with the VSV-G-

encoding plasmid did not show any immunostaining with anti-S1 (not shown). 

Transfection with the construct encoding truncation variant Syncytin-1 483 yielded 

more and larger syncytia than transfection with full length Syncytin-1 (Figure 20, 

panels C and D).  

 



    68

4.8.3 Analysis of RDR localization and levels in Syncytin-1-transfected cell 

cultures 

Staining of fixed and permeabilized transfected cells with the anti-RDR 

antibody demonstrated most reactivity in or near the cell membranes of CHO-RDR 

cells (Figure 20 panels E-L). Not all cells were equally positive for RDR, since this is 

a pool of genetically altered cells and not a clonal cell line. Naïve CHO tet-off cells 

were not stained with this anti-RDR antibody. Remarkably, syncytia that developed 

from CHO-RDR cells transfected with Syncytin-1 (Figure 20, panel F) or Syncytin-1 

483 (Figure 20, panel G) showed a much weaker, sometimes hardly visible, 

immunostaining with the anti-RDR antibody. This effect is most probably caused by 

cell-cell fusion rather than by Syncytin-1 expression itself: syncytia that formed after 

transfection with VSV-G also showed this faint RDR immunostaining (Figure 20, 

panel H). To be able to study the effect of Syncytin-1 on RDR localization directly, 

that is without cell-cell fusion taking place as a result of Syncytin-1 expression, we 

added peptide HRB-1 to the cultures after transfection.  
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Figure 20: Immunofluorescence staining of transfected CHO-RDR cells. A-B: Transfected with Syncytin-1 FL 
plasmid; C-D: Syncytin-1 483 plasmid. A and C: phase contrast microscopy; B and D: immunostaining with 
rabbit anti Syncytin-1 antiserum. A-D: photo microscopic area = 200 x 250 μm. E-K: Immunostaining with 
rabbit anti-RDR antibody. E and I: Transfected with antisense Syncytin-1 plasmid; F and J: Transfected with 
Syncytin-1 FL plasmid; G and K: Transfected with Syncytin-1 483 plasmid; H and L: transfected with pVSV-
G. E-H: without HRB-1; I-K: cultured in the presence of HRB-1. E-K: light microscopic area = 200 x 200 μM. 

This peptide completely inhibited Syncytin-1-induced fusion, but not VSV-G-

induced fusion (Figure 20, panels J-L). In the presence of HRB-1 the normal 

distribution of cells expressing low to high levels of RDR in or near the cell 

membrane was visible, whether CHO-RDR cells were transfected with the 

antisense, the Syncytin-1 full length, or the Syncytin-1 483 construct (Figure 20, 

panels J and K). Syncytia that formed after VSV-G transfection in the presence of 

HRB-1 demonstrated low level expression of RDR, as was the case in the absence 

of HRB-1 (Figure 20, panels H and L). Syncytin-1 expression, therefore, did not 

grossly alter the cellular distribution of RDR or relative RDR expression levels in 

transfected CHO-RDR cells if fusion was prevented. Experiments with transfected 
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HEK 293 cells yielded the same results. In order to recognize transfected cells 

easier, CHO-RDR and HEK293 cells were cotransfected with Syncytin-1 expression 

plasmid and a small amount of pLEGFP plasmid, cultured in the presence of HRB-1, 

and immunostained for RDR. EGFP-positive cells cotransfected with Syncytin-1 

constructs did not demonstrate different levels or localizations of RDR 

immunostaining than EGFP-positive cells cotransfected with the antisense 

Syncytin 1 construct (not shown). Flow cytometry was used to quantitate the latter 

observation in an objective manner.    

4.8.4 Analysis of RDR levels in Syncytin-1-transfected cell cultures by flow 

cytometry 

CHO-RDR cells were transfected with Syncytin-1, Syncytin-1 483, or 

Syncytin-1 antisense expression construct along with a trace amount of an EGFP-

encoding plasmid, cultured in the presence of HRB-1 to prevent fusion, detached, 

and immunostained with an anti-Syncytin-1 or anti-RDR antibody. Analysis of 

Syncytin-1-transfected cells by flow cytometry revealed that Syncytin-1-expressing 

cells were mainly found among the cells having the highest EGFP levels (Figure 21, 

panels A - FL and 483; cells in the right upper corner). This demonstrates that EGFP 

expression correlates well with Syncytin-1 expression in this experimental setup. 

Antisense-controls showed a population of EGFP-expressing (and thus transfected) 

cells, but they showed no immunoreactivity with the anti-Syncytin-1 antibody (Figure 

21, panel A–AS). Mean PE-fluorescence levels (caused by Syncytin-1 

immunostaining) were clearly higher in the EGFP-positive Syncytin-1 FL- and 

Syncytin-1 483-transfected cells than in the antisense-Syncytin-1-transfected cells. 

Immunostaining of these cells with the anti-RDR antibody also showed a population 

displaying EGFP after all three transfections. However, no differences in RDR levels 

were observed between those cells transfected with Syncytin-1 or Syncytin-1 483-

encoding plasmid, or those transfected with the antisense Syncytin-1 construct 
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(Figure 21, panels B). Even if only the EGFP-positive cells were considered, the 

mean PE-fluorescence levels (caused by RDR immunostaining) were very similar 

whether they were transfected with the Syncytin-1 FL, Syncytin-1 483, or antisense 

Syncytin-1 construct. If overexpression of Syncytin-1 would decrease RDR 

expression levels an inverse relationship between EGFP levels and RDR levels 

would be expected in the Syncytin-1-transfected cells. This would lead to dot-plots 

showing clouds bending down towards the lower right corner after Syncytin-1 

transfection, and consequently to lowered mean PE fluorescence levels, but this 

effect was not detected. Parallel experiments with HEK 293 cells yielded very similar 

results, supporting the present finding. 

A: Staining anti-syncytin

B: Staining anti-RDR

AS

AS FL

FL

483

483(4,7)

(116,9) (110,7)

(30,9) (87,4)

(105,0)

Figure 21: Flow cytometric analysis of cell surface Syncytin-1 expression (A and C) and of RDR expression 
(Band D) on CHO-RDR cells transfected with Syncytin-1 plasmid and trace amount of pLEGFP, cultured in 
the presence of HRB-1 fusion inhibitor. A: transfected with Syncytin-1 antisense (AS), Syncytin-1 full length 
[134] and Syncytin-1 483 (483) plasmid. Live cells were immunostained with rabbit anti-Syncytin-1 
antiserum followed by PE-conjugated anti-rabbit antibody. B: transfected with Syncytin-1 antisense (AS), 
Syncytin-1 full length [134] and Syncytin-1 483 (483) plasmid. Fixed and permeabilized cells were 
immunostained with rabbit anti-Syncytin-1 antiserum followed by PE-conjugated anti-rabbit antibody. EGFP 
fluorescence is plotted on the x-axis (FL1-H), while PE fluorescence (caused by Syncytin-1 or RDR staining) 
is plotted on the y-axis (FL2-H). EGFP-positive cells are gated in rectangular boxes at the right-hand side of 
each plot. Syncytin-1 and EGFP double-positive cells are highlighted by ellipses. The mean PE (immuno-) 
fluorescence levels (in arbitrary units) of the EGFP-positive cells are indicated in parentheses. 
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4.8.5 Analysis of RDR banding patterns of Syncytin-1-transfected cells by 

immunoblotting 

Staining of CHO-RDR cell lysates with the anti-RDR antibody demonstrated 

multiple bands having apparent molecular weights of 42 (strong), 50, 57 (weak), and 

a smear of bands between 75 and 100 kDa. Naïve CHO tet-off cells demonstrated 

also the 42, 50 and 57 kDa bands, suggesting that only the smear of higher 

molecular weight bands represent RDR bands while the lower bands are caused by 

a cross-reaction (Figure 22). Treatment with N-glycosidase F caused the 75-100 

kDa bands to disappear, while a smear of bands between 45 and 55 kDa appeared. 

In HEK 293 cells bands of 42, 50, 57, and 75-85 kDa were visible upon anti-RDR 

staining. Deglycosylation turned the bands of 75-85 kDa into bands of 45-50 kDa 

(not shown). CHO-RDR cells (Figure 22) and HEK 293 cells (not shown) transfected 

with Syncytin-1 FL, Syncytin-1 483, or antisense Syncytin-1 expression constructs, 

cultured in the presence or absence of HRB-1, were also subjected to Western 

analysis. Syncytin-1 (FL or 483) expression did not lead to the appearance of 

different RDR bands, or to a change in the ratios between the various bands 

observed (Figure 22). Presence or absence of fusion inhibitor HRB-1 also had no 

influence on the RDR banding patterns observed (Figure 22). Transfections were 

performed with a trace amount of EGFP-encoding plasmid to test transfection 

efficiencies by flow cytometry. In the experiment shown in Figure 22, between 54 % 

(Syncytin-1 483 transfection) and 84 % (antisense Syncytin-1 transfection) CHO-

RDR cells were positive for the EGFP marker, if cultured in the presence of HRB-1. 

The experiments were also performed with HEK 293 cells, and also in these cells no 

changes were observed in the banding pattern of RDR after Syncytin-1 transfection 

(not shown). In HEK 293 cells transfection efficiencies were between 43% and 76% 

based on EGFP fluorescence. 
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Figure 22: Western analysis of CHO tet-off cells (left most two lanes)and CHO-RDR cells (lanes 3-9) using 
rabbit anti-RDR antibody. CHO tet-off cells were not transfected; CHO-RDR cells were transfected with the 
Syncytin-1 antisense (AS), the full length Syncytin-1 (SyncFL), or with the Syncytin-1 483 (483) plasmid. The 
rightmost three lanes were from CHO-RDR cells cultured in the presence of HRB-1 as indicated. Cell lysates 
were treated with N-glycosidase F (NGF) as indicated; molecular weight marker (kDa) is shown on the left. 

4.8.6 Fusion inhibition of Syncytin-1 transfected HEK 293 cells by receptor 

interference with soluble Sncytin-1 protein 

To find out whether Syncytin-1 can actually block RDR such that RDR can 

no longer function as a receptor mediating Syncytin-1 induced cell-cell fusion, we 

used a soluble variant of Syncytin as potential blocking agent. Soluble Syncytin 

(variant 515delTM) was released from transfected HEK293 cells into serum-free 

media. HEK 293 cells (confluency approx. 85%) were transfected with plasmids 

encoding Syncytin-1 483 mutant and EGFP ratio 10:1). Four hours after transfection 

0.6 volumes of the media was replaced by 10-fold concentrated serum-free 

conditioned media of HEK293 cells transfected with either of the following 

expression plasmids: Syncytin 515delTM mutant, Syncytin-1 FL, or Syncytin-1 

antisense. Cultures were incubated for another 18h and microscopically examined. 

Cells transfected with the Syncytin 483 plasmid cultured in antisense (Figure 23, 

panels C and D) or Syncytin FL supernatant fused very efficiently (up to 95% of 

nuclei were inside of syncytia. When Syncytin 483-transfected cells were cultured in 
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conditioned media containing soluble Syncytin, fusion was significantly inhibited: 

only around 30% of nuclei were inside of syncytia (Figure 23, panels E and F).  

 
Figure 23: HEK 239 cells were transfected with plasmids encoding Syncytin-1 483 + EGFP (10:1), or 
Syncytin-1 antisense + EGFP (10:1). Four h after transfection concentrated culture supernatant containing 
either soluble Syncytin-1 ((515delTM)) or  no Syncytin (supernatant from Syncytin-1 FL or antisense 
transfected cells) was added to the cultures. Cells were cultured for additional 18 hours and examined.  A 
and B: HEK293 cells transfected with antisense construct and pLEGFP, no conditioned media added.  C-F: 
Cells transfected with Syncytin-1 483 construct and pLEGFP. C and D: in conditioned media of antisense-
transfected cells; E and F: in conditioned media containing soluble Syncytin.    

Soluble Syncytin therefore was able to inhibit Syncytin-mediated fusion, and 

the only conceivable mechanism it can do so is by occupying the Syncytin receptor. 

HEK293 cells transfected with Syncytin antisense construct and pLEGFP (ratio 

A B 

C D 

E F 
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10:1) demonstrated high transfection efficiencies (up to 60% of the cells expressed 

EGFP), while there were no signs of fusion (Figure 23, panels A and B)., 

Conditioned media from the Syncytin-1 antisense cultures had no additional effect 

on fusion or viability of Syncytin-1 483 transfected cells, or on transfection 

efficiencies.  

4.9 Syncytin-1 and RDR distribution in the human placenta  
In an effort to find out more about the distribution of Syncytin-1 and RDR in 

the human placenta we investigated placentae of different gestational age by 

immunohistochemistry and whole mount in situ hybridisation. 

Immunohistolochemistry using anti-Syncytin antibodies produced conflicting data in 

literature (see Introduction section). Using a guinea pig anti-Syncytin antibody, we 

found Syncytin staining primarily in the cytoplasm of syncytiotrohoblast of first 

trimester villi (Figure 24) [113]. 

 

Figure 24: Paraffin section of placenta, week 10, incubated in a guinea pig anti Syncytin-1 antibody.   
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Figure 25: whole mount in situ hybridization of early trimerster placenta; Syncytin-1 sense incubated 
(control) first trimester 200x (left hand side); Syncytin-1 antisense incubated first trimester, 20x  (right hand 
side). Note the intense blue staining representing Syncytin-1 mRNA. 

We used a whole mount in situ hybridization procedure to visualize the sites of 

Syncytin-1 mRNA accumulation in tissue samples. 

   
Figure 26: Detail of a whole mount in situ hybridization of early trimester placenta with a Syncytin-1 
antisense probe (400x) (blue staining = Syncytin-1 m-RNA positive) 
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Figure 27: whole mount in situ hybridization with a Syncytin-1 antisense  probe, on a placental column. 
Arrows indicate: top: single cell expressing Syncytin-1 m-RNA (blue staining); middle arrow: proliferative 
cytotrophoblast cell negative for Syncytin-1 mRNA; lowest arrow: Perinuclear Syncytin-1 mRNA signal in 
the syncytiotrophoblast layer (600x).  

Syncytin-1 positive staining has mainly been found in syncytium, the highest 

levels being found in first trimester villi (see Figure 25;Figure 26), while weaker 

signals were found in term placenta. Some cytotrophoblast cells showed staining as 

well. 

In a villous column, cells in the proliferative layer (see Figure 27) did not 

express Syncytin-1 mRNA.  With increasing distance from the germinal centre, 

Syncytin-1 mRNA levels appeared to increase.  



    78

 
Figure 28: Whole mount in situ hybridization „Syncytin-1-staining“ Pictures of late trimester placenta; left 
picture, negative control (Syncytin-1 sense probe) (200x); right picture, Syncytin-1-antisense probe (100x). 

 

Additionally, we have performed immunocytochemical staining of RDR in 

early and term placental villi (Figure 30). Specific RDR signals were observed in the 

cytotrophoblast layer of first trimester and term placenta, not in the 

syncytiotrophoblast (Figure 29). The data in first trimester placenta have been 

validated by costaining with HAI-1, a specific marker for cytotrophoblast cells. RDR 

and HAI 1 staining appeared to co localize almost perfectly.
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Figure 29: Immunofluorescent staining of RDR (Alexa 488, green fluorescence) in first trimester (A) and 
term (B) placental villi. Sections incubated with antibody pre-adsorbed with RDR peptide yielded no 
staining in the respective tissues (C,D). Nuclei were counter-stained with DAPI (blue fluorescence). Scale 
bar = 25 µm. Pictures taken and kindly provided by Marcus Hayward of the Sydney Cancer Centre, Royal 
Prince Alfred Hospital, Camperdown, NSW, Australia, as part of a collaboration project. 

 

Figure 30: Images of the co-localization of RDR (Alex 488, green fluorescence; A) and the cytotrophoblast 
specific protein HAI-1 (Alexa 546, red fluorescence; B) in first trimester placental villi. The two images were 
merged (C) and each pixel was plotted on a graph (D) of green intensity (y-axis) vs. red intensity (x-axis) to 
demonstrate almost perfect co-localization of the RDR signal and the HAI-1 signal. Scale bar = 25µm. 
Pictures were kindly provided by Marcus Hayward of the Sydney Cancer Centre, Royal Prince Alfred 
Hospital, Camperdown, NSW, Australia, as part of a collaboration project. 



    80

5 Discussion 

As discussed above, formation of syncytium by cell-cell fusion in the human 

body takes place in three different systems / tissues: 

• Formation and growth of skeletal muscle fibres by fusion of 

myoblasts, 

• formation of osteoclasts by fusion of macrophages,  

• formation and growth of placental syncytiotrophoblast by fusion of 

cytotrophoblast cells. 

For all three systems different proteins have been suggested or described to 

be involved in the fusion process. For the skeletal muscle and the osteoclasts 

formation meltrin alpha has been shown to be involved. For trophoblast fusion 

Syncytin-1 and RDR (and/or ASCT1) have a proven role. But most very likely there 

is not a single protein but rather more molecules are involved and similar processes 

take place.  

5.1 Syncytin-1 and its mutants in the focus of viral function  

We systematically investigated the role of the cytoplasmic domains of 

Syncytin in viral incorporation by producing a series of C-terminal truncated variants. 

Only Syncytin variants truncated after residue 469 or 476 were packaged into MLV 

virions and conferred on them the ability to transduce cells expressing RDR. Titers 

were approximately 103 TU/mL. These truncated Syncytin pseudotyped lentiviral 

particles efficiently, yielding titers of up to 106 TU/mL with the Syncytin 476 variant. 

The cytoplasmic tail of these variants consisted of seven or less residues. Longer 

cytoplasmic tails inhibited viral incorporation in such way that no transduction could 
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be observed, and that no Syncytin was demonstrable in MLV-derived viral pellets, 

while only poor transduction was achieved with lentiviral particles.  

Similarly the envelopes of HIV-1 and HIV-2 were successfully packaged into 

MLV particles only if they had no more than seven residues in their cytoplasmic tails 

[121], [58]. The inability to package longer Syncytin variants or HIV envelopes is not 

likely due merely to size restriction. Envelopes of most retroviral envelopes that can 

be incorporated into MLV particles contain between 22 and 38 cytoplasmic amino 

acids, while the envelope of MLV itself still contains 16 cytoplasmic residues after 

cleavage of the R-peptide [141], [121].  

In a recent report [87], a Syncytin variant truncated after residue 485 was 

more efficiently incorporated into lentivirus than full length Syncytin, yielding titers of 

up to 105 TU/ml. This Syncytin variant was two amino acids longer than Syncytin 

variant 483 described in this paper, which  also pseudotyped lentiviral particles 

slightly better than full length Syncytin. In the study by Lavillette [87] no variants 

shorter than 485 residues were tested, but we have shown that Syncytin variants of 

476 and 469 amino acids in length are incorporated to a much higher level into 

lentiviral particles than the wild type Syncytin or Syncytin 483.  

In principle, pseudotyping of retroviral particles with Syncytin or variants 

thereof is interesting in terms of gene therapy, since many human cells appear to 

express Syncytin receptor RDR [53]. For Syncytin-pseudotyped virions to be 

successful vectors in human gene therapy, titers will have to be such that 

transduction efficiencies are high even in in vivo or ex vivo applications. MLV 

particles pseudotyped with Syncytin 469 or 476 do not seem to be efficient in this 

respect because no high titers could be achieved. On the other hand, lentiviral titers 

of up to 1 x 106 TU/ml were achieved in this study using Syncytin 469. These titers 

were still low compared to those achieved with VSV glycoprotein (more than 107 

TU/ml), but are a starting point for further optimization trials. Chimeric envelopes of 
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Syncytin ectodomain and cytoplasmic portions the MLV, GALV, RD114, or HIV 

envelope proteins might lead to further increase in titers while the specific receptor 

recognition properties of Syncytin is preserved. 

 In GP293 viral packaging cells and in parental HEK 293 cells the difference 

in cellular expression levels between the smallest Syncytin truncation variant and full 

length Syncytin was huge. The smallest Syncytin variants were expressed at a 

relatively high level in cell lysates as well as on cell membranes, while full length 

Syncytin and Syncytin 515 were difficult to demonstrate at all. For some reason, 

Syncytin variants with shortened cytoplasmic tails were more easily translated or 

had a longer half-life in HEK293-derived cells. The mechanism behind this is at 

present unclear, but deserves further attention. In CHO cells, that are of hamster 

origin and are lacking functional Syncytin receptors, the expression levels of all 

Syncytin variants were similar (another series of experiments so far not published). 

CHO cells stably transduced to express human RDR (that is enabling them to fuse 

with Syncytin-expressing cells, so far not published) also displayed similar protein 

levels of all Syncytin variants (Fig. 21, panel B). Differential interference of Syncytin 

variants with its receptor is therefore an unlikely possible explanation for the 

differences observed in HEK293 cells. At present it is also unclear, whether elevated 

expression of smaller Syncytin variants is a specific feature of HEK293-derived 

cells, or of human cells in general. 

 The much higher cellular levels of the smallest Syncytin variants in HEK293 

cells are shedding a new light on the observed increase in incorporation of truncated 

Syncytin variants into retroviral particles. Both packaging systems for MLV and 

lentivirus were based on HEK293 cells. Likewise Lavillette [87] used a HEK293-

based packaging system for Syncytin-pseudotyped lentivirus, in which Syncytin 

truncation variant 485 displayed better incorporation than full length Syncytin.  
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These authors claimed that they found that expression levels of the wild-type 

Syncytin and the truncated mutant in packaging cells were equal, although data 

were not shown. Based on this finding they also claimed that the long cytoplasmic 

tail of Syncytin hindered its incorporation, but the truncation of Syncytin led to more 

efficient incorporation into viral particles than full length Syncytin. We, however, 

found that C-terminal truncation of Syncytin increased cellular expression in 

HEK293 cells. Truncation variants of 469 and 476 residues were expressed at the 

highest levels, but also variants of 493 and 483 residues were found at higher levels 

than full length Syncytin. This difference between our findings and those of Lavillette 

et al. [87] deserve further attention. According to our data, better viral incorporation 

and transduction efficiencies of truncated Syncytin variants seem to be caused at a 

cellular rather than at the virus assembly level. It is not impossible that truncation of 

the cytoplasmic tail of Syncytin leads to more efficient incorporation into retrovirus. 

However, we demonstrated that the shortest Syncytin variants are already 

expressed to a much higher level on the packaging cells. That is a parameter that 

certainly contributes to the amount of Syncytin incorporated into viral particles as 

well.  

5.2 Fusogenicity of Syncytin-1 mutants 

We systematically investigated the role of cytoplasmic domains of Syncytin-1 

by producing a series of C-terminally truncated variants (Figure 31). Of these 

variants, some were easier incorporated into Moloney MLV and lentiviral viral 

particles (see above), others were hyperfusogenic compared to full length 

Syncytin 1. Those data indicate that: First, the sequences after Syncytin-1 residue 

476 inhibit packaging into retroviral particles; secondly, the sequences after 
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Syncytin-1 residue 515 partly inhibit the induction of cell-cell fusion; but the residues 

between 476 and 483 contribute to cell-cell fusion. Syncytin-1 variants truncated 

after residues 483 or 515 were significantly hyperfusogenic compared to shorter 

variants or full length Syncytin-1. The Syncytin-1 variant 493 displayed a slightly 

higher fusogenicity in three model systems, which was, however, not statistically 

significant. This finding is consistent with the hyperfusogenic nature of a Syncytin-1 

mutant truncated after residue 480 described by Chang et al.[27], and the induction 

of larger syncytia by a mutant Syncytin-1 truncated after residue 485 [32]. In 

contrast to this, Chang et al. [27] and Cheynet et al. [32] did not recognize various 

truncated Syncytin-1 variants between 495 and 523 residues in length as being 

hyperfusogenic. A possible explanation for this discrepancy is that the expression-

plasmids encoding Syncytin-1 used by the other groups may have caused a higher 

non-physiological level of Syncytin-1 expression than the construct used by us. The 

resulting high fusion indices and large the syncytia induced by the wild type 

constructs of the other groups may have made it difficult to recognize mutants which 

were even more fusogenic. Truncation mutants of 476 residues or less were 

similarly efficient or slightly less efficient in inducing cell-cell fusion. This is 

consistent with the data in Cheynet et al. [32] showing poor fusion induced by a 

mutant Syncytin-1 of 470 residues. Putting together our data and data generated by 

others, cytoplasmic residues adjacent to the transmembrane domain, in particular 

residues 477 through 480, appear to be necessary for optimal fusion induction, while 

sequences between residues 515 and 538 demonstrated to have an inhibitory effect 

on cell-cell fusion.  

Having established the fact that some Syncytin-1 truncation variants induce 

cell-cell fusion more efficient than full length Syncytin-1, the question arises as to, 

whether this effect is caused indirectly, via the increased protein expression levels, 

or whether hyperfusogenicity is an intrinsic property of the variant molecules. We did 
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observe slight differences in mRNA and protein expression levels between some of 

the Syncytin-1 variants. However, in cell extracts the hyperfusogenic variants 483 

and 515 were not expressed at higher levels than full length Syncytin-1 in cell 

extracts. 

 

Figure 31: Scheme depicting the Syncytin-1 mutants generated and tested in these studies (A) and the 
constructs encoding the truncated variants of Syncytin-1 used in this study (B). A: Syncytin-1 is 
synthesized as a precursor protein of 538 amino acids. The first 21 amino acids encoding a signal peptide 
[134] are cleaved off, while there is a furin cleavage site after residue 317 to generate the surface (SU) and 
the transmembrane (TM) subunits. The TM portion consists of an ectodomain (TMecto), a transmembrane 
domain (TMD) and a cytoplasmic domain (CPD). B: The expression constructs consist of an immediate 
early CMV promoter (P CMVie), a β-globin intervening sequence (IVS), the Syncytin-1-encoding sequence 
(black bars), and a β-globin polyadenylation site (Poly A). The numbers written above the bars refer to 
amino acids of the precursor protein. LD shows the area of deleted amino acids 

Even though there were no substantial differences in cellular protein levels 

between the hyperfusogenic variants and full length Syncytin-1, it may not be 

appropriate to correlate the overall protein levels of the Syncytin-1 variants with 

fusogenicity for the following reasons: The major band of the full length Syncytin-1 

protein was estimated to have a molecular weight of 65 kDa, and is likely to 

represent the precursor form designated gPr73 in [32]. The difference in the 

apparent molecular weight may have been caused by differences in electrophoresis 
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conditions and the use of different marker proteins. However, the shift in molecular 

weight between the original and the deglycosylated Syncytin-1 variant precursors 

was always around 10 kDa in this study, while it was 20 kDa in the study of Cheynet 

et al. [32].  

Thus, CHO tet-off cells (along with HEK293 cells) appear to be differentially 

glycosylated compared to those cells used in an other study (BeWo cells, TE671 

cells). Interestingly, Syncytin-1 469 and 476 variants in retroviral pellets (Figure 10) 

contained a 70 kDa band in addition to the 55 kDa band also seen in cell lysates. 

This may represent a molecular form with a higher glycosylation status than the form 

observed in cellular lysates. 

The molecular weights of the major bands of the truncation variants were 

between 55 and 65 kDa. This underscores that they are precursors: SU subunits of 

all C-terminally truncated variants would migrate as identical bands. A band of 

approximately 45 kDa (which migrated as 35 kDa after deglycosylation) was often 

seen as a minor band associated with full-length Syncytin-1 (Figure 19). Along with 

it various truncation variants appeared after prolonged exposure. Most likely that 

represents the SU subunit which results after correct proteolytic cleavage of the 

precursor. The work of other groups shows SU or TM subunits as being minor 

species in cell lysates in comparison to the precursor [27], [32]. However, correct 

maturation, including proteolytic cleavage leading to SU and TM subunits, showed 

to be essential for Syncytin-1 to display its fusogenic phenotype [32]. Still, the 

majority of cellular Syncytin-1 is found, by us and others, to exist as a precursor. 

Enzymatic deglycosylation of surface proteins led to minimally 

deglycosylated Syncytin-1 bands in total cell lysates (this paper, Figure 20 B). This 

suggests that most of the Syncytin-1 observed in cell lysates is present as an 

intracellular pool.  
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Therefore, to answer the question whether hyperfusogenicity is an intrinsic 

property of some Syncytin-1 truncation variants, the most important correlation is 

between fusogenicity and the levels of correctly processed Syncytin-1 at the cell 

surface. To this end we performed cell surface biotinylation experiments, followed by 

isolation and immunoblotting of the biotinylated proteins. The occurrence of the SU 

subunit was considered as a marker for fully processed protein, that is mature and 

fusogenic, Syncytin-1. For all truncation variants tested, a 50 kDa band was 

observed, at similar intensities, which very likely represents the SU subunit (Figure 

19 C). Also in another study [112] the SU protein was recognized as a 50 kDa 

protein and designated as gp50. In cellular extracts, we detected no such 50 kDa 

protein, while a minor 45 kDa protein was considered to be the SU subunit in cell 

extracts (Figure 19 B). Differences in the glycosylation status may underlie these 

molecular weight differences between intracellular and cell surface Syncytin-1 SU 

subunit. 

We conclude that Syncytin-1 truncation variants 483 and 515, and to a lesser 

degree variant 493, displayed a hyperfusogenic phenotype while their levels of 

mature protein at the cell surface did not differ to that of full length Syncytin-1. 

Interestingly, a Syncytin-1 variant truncated after residue 480 generated by Chang 

et al. [27] that was also hyperfusogenic, while it was elegantly shown that it did not 

appear on the cell surface faster or to a higher level than wild type Syncytin-1. Only 

a small proportion of both the wild-type and the mutant Syncytin-1 at the cell surface 

was recognized to be proteolytically cleaved in that study.   

5.3 Receptor interference 

Syncytin-1 was shown to effectively interfere with its receptors in such a way 

that it caused complete resistance of normally permissive canine D-17 cells to 

spleen necrosis virus, which shares the same receptors as Syncytin-1. Syncytin-1 



    88

also prevented D-17 cells from fusing with each other while these Syncytin-1-

expressing cells did fuse with naïve D-17 cells [112]. Of the various possible ways in 

which Syncytin-1 and its receptors may inactivate each other, we studied here 

whether Syncytin-1 can influence RDR expression.  

We chose two model cell lines: The Human (HEK 293) cells and the hamster-

derived RDR-expressing CHO-RDR cells. Naïve CHO tet-off cells were devoid of 

functional Syncytin-1 receptor [19, 87] and did not show reactivity with the anti-RDR 

antibody. CHO tet-off cells acquired RDR immunoreactivity as well as the ability to 

fuse with Syncytin-1-expressing cells through retroviral transduction with RDR. 

Therefore, receptor interference in this cell line was strictly an interaction between 

Syncytin-1 and RDR. HEK 293 cells express RDR, but in addition may express an 

unknown amount of ASCT1. In HEK 293 cells, Syncytin-1 may interact with RDR as 

well as with ASCT1, while the latter interaction is difficult to be measured due to the 

fact that there is no antibody available to this receptor. We performed all 

experiments with CHO-RDR and with HEK 293 cells, and the results were similar. 

 In addition to using a full length Syncytin-1 expression plasmid, we also used 

truncated variant Syncytin-1 483 in these studies, because this variant was 

previously shown to induce cell-cell fusion more efficiently than full length Syncytin-

1. The rationale for examining Syncytin-1 483 as well was that if Syncytin-1 has any 

influence on RDR expression, Syncytin-1 483 is likely to exert this effect in a more 

pronounced fashion. 

Transient transfection of Syncytin-1 expression plasmids (whether full length 

or variant 483) into CHO-RDR or HEK 293 cells led to overexpression of Syncytin-1 

at least in part of the cells in culture: Those cells that exhibited syncytial fusion must 

have had Syncytin-1 at a level high enough not to be completely inactivated by 

RDR. When fusion was prevented by adding HRB-1 to cells that were transiently 

transfected with these Syncytin-1 expression constructs, we did not observe any 
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changes in intracellular localization of RDR, RDR expression levels, or in RDR 

processing in cells transiently transfected with these Syncytin-1 expression 

constructs. The cells having the highest Syncytin-1 expression levels were identified 

by cotransfection of an EGFP expression. The cells displaying the highest EGFP 

fluorescence did have the highest Syncytin-1 surface levels, but did not show any 

decrease in the RDR expression level. Additional to that RDR was mainly localized 

in or near the cell membranes of CHO-RDR or HEK 293 cells, whether they were 

transfected with Syncytin-1 expression plasmid or with the antisense plasmid.  

A remarkable finding was that RDR immunoreactivity in membranes of 

syncytia was very low compared to the reactivity seen in single cells. In contrast, 

Syncytin-1 was detected in similar levels in the cell membranes of single transfected 

cells as in syncytia derived from Syncytin-1-transfected cells. This decreased RDR 

reactivity was apparently an effect of cell-cell fusion, and not of Syncytin-1 

expression, since this effect was demonstrated in VSV-G-induced syncytia as well. 

Although the specific mechanism is not known, perhaps down-regulation of RDR in 

syncytia is a direct consequence of the onset of cell death which is generally 

associated with cell-cell fusion. In the cellular models used in this study, cell death 

appeared to occur quite fast: cell-cell fusion was recorded the day after Syncytin-1 

transfections. Two days after these transfections most of the syncytia had already 

detached and were floating in the culture medium (not shown). The latter is 

suggesting that these syncytia detached between 24 and 48 hours after their 

generation.  

 The molecular weights of RDR demonstrated by immunoblotting suggest a 

complex translation and/or processing pathways for RDR. Multiple bands between 

75 and 85 kDa (HEK 293 cells) or 85 (CHO-RDR cells) were detected. The RDR 

sequence contains two predicted N-linked glycosylation sites described in [72, 116]. 

Deglycosylation of cell lysates led to the appearance of RDR bands between 45 and 
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55 kDa. Nonglycosylated full length RDR was predicted to have a molecular weight 

of 57 kDa published in [72, 116], suggesting that a major component of the 

deglycosylated bands migrating between 45 and 55 kDa are either the product of 

proteolytic cleavage of an RDR precursor, or are produced by using alternative 

downstream translation start sites. Alternative start codon usage has been 

demonstrated for the RDR mRNA [129]. Transfection of Syncytin-1 expression 

plasmids into CHO-RDR cells did not lead to a change in the banding pattern of 

RDR on immunoblots: no different bands (for instance unglycosylated or 

underglycosylated bands) appeared, and the ratio between the several bands did 

not change upon Syncytin-1 expression. This suggests that Syncytin-1 does not 

have an influence on RDR processing. Transfection efficiencies in CHO-RDR cells 

were between 54 and 84 per cent (quantified by FACS), based on the number of 

EGFP-positive cells measured. These were probably underestimations of the actual 

transfection efficiencies, since only 10 per cent mass equivalent pLEGFP plasmid 

was added to the transfection mixtures. In HEK 293 cells, transfection efficiencies 

were in the range between 43 and 76 per cent EGFP-positive cells. Similarly in HEK 

293 cells no change in RDR banding pattern was observed during Syncytin-1 

expression. 

Another interesting finding was achieved after transfecting HEK293 with 

Syncytin-1 plasmid and adding soluble Syncytin-1 to the culture medium in order to 

block available receptor and inhibit fusion (see figure Figure 23). We showed that 

Syncytin-1 induced fusion could be efficiently blocked using conditioned media 

containing a soluble variant of Syncytin-1. We observed a reduction of fusion about 

60% in comparison to samples in control media.  

In conclusion: 1. Syncytin-1 (as a model we used soluble Syncytin-1) was 

able to block its receptor RDR, such that RDR was unable to interact with other 

(membrane-bound) Syncytin-1 molecules, leading to inhibition of fusion. This may 
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contain implications for the way fusion is regulated in placental trophoblast (see 5.4). 

2. Overexpression of Syncytin-1 did not in any way change RDR levels, localization, 

or glycosylation patterns. This is in contrast to what is known about the interaction 

between some other retroviral envelopes (HIV-1 or Moloney MLV) and their 

receptors [4, 19]. 

5.4 Possible applications of the Syncytin-1 mutants 
described in this work 

In principle Pseudotyping of retroviral particles with Syncytin or variants 

thereof is interesting in terms of gene therapy, since many human cells appear to 

express Syncytin receptor RDR [53]. For Syncytin-pseudotyped virions to be 

successful vectors in human gene therapy, titers will have to be such that 

transduction efficiencies are high even in in vivo or ex vivo applications. MLV 

particles pseudotyped with Syncytin 469 or 476 do not seem to be efficient in this 

respect because no high titers were achieved. On the other hand, lentiviral titers of 

up to 1 x 106 TU/ml were achieved in this study using Syncytin 469. These titers 

were still low compared to those achieved with VSV glycoprotein (more than 107 

TU/ml), but are a good starting point for further optimizations. Chimeric envelopes of 

Syncytin ectodomain and cytoplasmic portions of for instance MLV, GALV, RD114, 

or HIV envelope proteins might lead to further increase in titers, while preserving at 

the same time the specific receptor recognition properties of Syncytin.  

Fusogenic retroviral envelopes have been discussed and tested as 

candidate molecules for killing tumor cells [11, 48, 57]. The idea to use a Syncytin-1-

based protein for such an approach has also recently been posed [27]. The 

advantage of such an approach in gene therapy is its bystander effect: not all tumor 

cells have to be transfected for efficient cell death. Cells transfected to express a 

fusogenic protein can fuse with a large number of naïve neighbor cells, leading to 
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cell death of the complete resulting syncytium. Using Syncytin-1 for gene therapy 

against cancer cells has a further advantage in that Syncytin-1 is a human antigen, 

with a small chance of inducing an immune response.  

The most fusogenic variants were not able to pseudotype retroviruses, which 

is an important safety aspect, meaning that the use of the hyperfusogenic mutants 

of Syncytin-1 in gene therapy against cancer is unlikely to result in packaging and 

spreading of endogenous retroviruses.  

It remains to be researched whether Syncytin-1 variants displaying higher 

fusogenicity than wild type Syncytin-1 in in vitro assays would also be more suitable 

for tumor eradication. There is a possibility that slow and moderate fusion induction 

may be more efficient in an in vivo approach than fast and progressive fusion. 

Further work will also be necessary to find out which types of tumor cells are 

vulnerable to Syncytin-1-induced cell death, and to find vectors and targeting 

strategies that permit gene transfer that is both efficient and specific for tumor cells.  

5.5 Syncytin-1 and RDR function and regulation in the 
human placenta 
Syncytin and RDR localization have been studied by various authors. 

Basically, Syncytin-1 expression was identified in the syncytium, while 

cytotrophoblast also showed faint or localized expression. The results are 

controversial as far as the localization of Syncytin within the syncytiotrophoblast 

compartment is concerned (see Table 1). In normal placentas, Syncytin was either 

found in the basal syncytiotrophoblast membrane [90], or in the apical 

syncytiotrophoblast membrane [45]. In one paper, differential localization of Syncytin 

was observed between healthy placentas and placentas in cases of pre-eclampsia 

[78]. The discrepancy in the obtained data may be due to the quality and specific 

binding properties of the antibodies used. Data on RDR are sparse, since only one 
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study on placental localization has been published which has been done with 

extravillous placental tissue [96].  

This work contributes in several ways to the knowledge on this subject. 1. We 

observed high Syncytin-1 mRNA expression in the syncytiotrophoblast of early 

trimester placenta, supporting other data [65, 78, 67]. In addition, we observed 2. 

Syncytin protein expression in first trimester placentas mainly in the 

syncytiotrophoblast and some cyto-trophoblast cells (Figure 24-27). Positive staining 

was found in the basal membrane of the syncytiotrophoblast, but most staining was 

observed in the cytoplasm of both villous cytotrophoblast cells and 

syncytiotrophoblast. This is in contrast to the data of most authors who described 

Syncytin mainly in membranes (see table 1), making the controversy even bigger.  

Table 1: Sycytin-1 localization in the villous trophoblast according to the authors description. ( ++ intensive 
staining, + faint staining, - no staining, ? no information given).  

  villous syncytio-trophoblast 
villous cyto-
trophoblast 

Author / date Antibody Apical membrane Basal membrane   

++ Mi et al.  [65] Rabbit 
polyclonal 

? ? 

- 

++ Lee et al.  [78] Mi et al. 
polyclonal 

( + pre-eclamptic) + 

normal 

- 

++ Blond et al.  [19] 6A2B2 mouse 
monoclonal 

? ? 

+ 

+ Frendo et al. [74] 6A2B2 mouse 
monoclonal 

+ - 

- 

++ Smallwood et al. 2003 
[80] 

6A2B2 
monoclonal 

? ? 

+ 

++ Pötgens et al.  [82]  Guinea pig 
polyclonal 

 - + 

+ 

? Malassine et al.  [79] 

Extravillous study 

Mi et al. 
polyclonal 

? ? 

- 
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Table 2: RDR: placental distribution in literature and used antibodies ( ++ intensive staining, - no staining, ? 
no information given). 

 

RDR localization was described by Malassine 2005 [79] to be present in the 

extravillous trophoblast. Our experiments showed for the first time 1. RDR m-RNA 

expression in the cytotrophoblast, which supports the findings of Marcus Hayward 

(Sydney Cancer Centre, Royal Prince Alfred Hospital, Camperdown, NSW, 

Australia), who showed 2. homogenous expression of RDR in villous cytotrophoblast 

cells of first trimester and term placentas (Figure 29, Figure 30). ATB(0) amino acid 

transport activity has been measured in basal syncytiotrophoblast membranes [66], 

but from these studies it is not clear whether this activity is mediated by 

RDR/ASCT2, by ASCT1, or both. These data suggest however, that Syncytin 

receptor, whether it is RDR/ASCT2 or ASCT1, appears to be present in the basal 

syncytiotrophoblast membrane as well.   

 Looking at the different models proposed for regulating trophoblast fusion 

(Figures 5 and 6) in retrospective, we can only continue speculating about them. It is 

still unclear what is actually happening at the basal syncytiotrophoblast membrane 

and the apical cytotrophoblast membrane, the very location where fusion takes 

place. Both Syncytin and RDR have been found in either side membrane in one or 

more studies. But studies performed up to now have not been discriminative, 

sensitive, and reproducible enough to be able to rule out any of the models.  

Finally, Syncytin and RDR are probably not the only proteins responsible for 

cell fusion in the trophoblast. There is little information on the localization of ASCT1, 

the alternative receptor for Syncytin. Syncytin-2 is a different but related fusogenic 

Author / date Antibody syncytio-
trophoblast 

Cyto-
trophoblast 

Malassine et al. [96] extravillous trophoblast 
study 

rabbit polyclonal (lrp21c) ? ? 

Drewlo et al. 

(manuscript in preparation) 

monoclonal 

Rasko et al. 1999  [53, 116] 

- ++ 
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protein expressed in trophoblast, of the exact role in regulating trophoblast fusion is 

currently under investigation. Several other proteins, as well as phospholipids (see 

5.5) interfere with the fusion process as well. 

5.6 Syncytium formation in placenta and muscle - a 
comparison 

In the human body the two main representatives of syncytia are skeletal 

muscle and the placental villous trophoblast. Both tissues are derived from 

mononucleated stem cells. On their way from proliferation to differentiation and 

fusion, several mechanisms in the former stem cells are activated to initiate and 

regulate fusion with the target tissue. In both, placental and skeletal muscle tissue, 

comparable processes (formation, longevity, and turnover) with related molecules 

take place. Here we discuss some of them and their possible relations in both 

tissues.  

 
Figure 32: “Early formation, volume expansion and steady state of villous trophoblast as compared to 
skeletal muscle. A multinucleated syncytium is formed by syncytial fusion of mononucleated precursor 
cells. Once formed, the syncytium grows due to continuous proliferation and subsequent fusion of 
mononucleated cells with the syncytium. In the villous trophoblast a steady state is maintained by 
continuous syncytial fusion of fresh and extrusion of aged trophoblast from the syncytiotrophoblast. It is 
still unclear whether the same mechanisms are also valid for skeletal muscle” modified from Huppertz et al. 

[63]. 



    96

Meltrin α (ADAM 12) is a catalytically active metalloprotease and disintegrin 

[93] that in vitro triggers fusion of myoblasts [49, 52, 140] and also the formation of 

osteoclasts [1], but the mechanism by which it does so, has not been clarified yet. It 

is expressed during early mouse development in mesenchymal cells that give rise to 

skeletal muscle, bones and visceral organs [85]. Additionally to the membrane 

anchored form designated as ADAM12-L, there is a secreted form, generated 

through alternative splicing, designated as ADAM12-S [52, 93]. The latter is lacking 

the transmembrane and cytoplasmic tail sequences, and it appears to play a role in 

recruiting cells for muscle formation [51, 52]. Muscular dystrophy can be explained 

by insufficient regeneration of damaged muscle fibres, and thus the dystrophin-

deficient mdx mice model was established. Over expression of ADAM12 in this 

animal model resulted in alleviation of the muscle pathology in these animals. 

Regeneration was evidenced by less muscle cell necrosis and inflammation, lower 

levels of protein kinase and less uptake of Evans blue dye into muscle fibres, That 

demonstrated that ADAM12 contributes to muscle cell regeneration, stability and 

survival [78]. A direct role of ADAM-12 in myoblast fusion is, however, still 

speculative. The placenta is one of the tissues in which the mRNA of both forms of 

ADAM12, L and S forms, have been demonstrated [52].  Its expression in the 

placenta prompts to speculate about a possible role of ADAM-12  in trophoblast 

fusion as well [52]. 

Gap junctional communication was shown to be essential to trophoblast 

differentiation and fusion [37]. Connexin 43 (Cx43) is a protein involved in 

trophoblastic gap junctional communication. By antisense strategies in primary 

trophoblast cultures it was shown that Cx43 is directly involved in trophoblast fusion. 

While fusion was inhibited in antisense-treated cells [45], also the mRNA encoding 

Syncytin-1 was decreased [95]. Connexin 43, therefore, appears to have a direct or 

indirect effect on Syncytin-1 expression as well (personal communication: Dr.C. 
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Dunk, Toronto, Canada). Mege et al. 1994 and others showed that these molecules 

are also involved in myoblastic fusion [35, 102]. 

Adhesion molecules cadherin-11 and E-cadherin appear to play opposing 

roles in mediating trophoblast fusion [50]. Whether their mode of action also involves 

changes in Syncytin-1 expression has not been studied yet. In myoblasts M-

cadherin was shown to play an important role in the fusion process [143]. 

The differentiation of villous trophoblast cells is accompanied by early steps of 

the apoptosis cascade [62]. These steps also include the caspase-mediated 

inactivation of flippases (translocases), leading to a flip of phosphatidylserines from 

the inner to the outer leaflet of the plasmalemma (PS flip). All mammalian cells 

sustain an asymmetrical distribution of phosphatidylserine, restricting this 

phospholipid to the inner leaflet of a plasma membrane [14]. Under certain 

situations, the redistribtution of phosphatidylserine to the outer leaflet of the plasma 

membrane occurs: (1) as an ‘eat-me’ signal during apoptosis [120]; and (2) as a 

prerequisite for syncytial fusion [94]. In the two main fusing systems of the human, 

skeletal muscle and placental trophoblast, the redistribution of phosphatidylserine is 

a prerequisite for fusion [61, 134]. Van den Eijnde et al. [134] demonstrated that a 

transient exposition of phosphatidylserine is needed for myotube formation at cell-

cell contact sites. This PS flip was shown to be a prerequisite for fusion of 

choriocarcinoma cell lines [3, 94]. A monoclonal anti-phosphatidylserine antibody 

was able to inhibit fusion. The central role of the early molecular machinery of the 

apoptosis cascade for the process of syncytial fusion is further underlined by the fact 

that antisense and peptide inhibition of caspase 8, critical for inactivation of 

flippases, inhibited trophoblast fusion in vitro [16]. In the process of myoblast fusion, 

parts of the apoptosis cascade and cell cycle were detected [22, 77] 

The factors mentioned in this section, and other, perhaps still unknown, fusion-

relevant factors may influence fusion at various levels. The role of some of these 
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factors in fusion have just started be investigated. Some of them may influence 

expression of other fusion-relevant genes, such as the gene encoding Syncytin-1. 

Other factors may be necessary as co-factors for Syncytin-1-induced fusion, 

required at the same location at the same time as Syncytin-1 or its receptor. 

Finally, some of the fusion-relevant factors mentioned above may be part of 

fusion-inducing machineries operating independently of, or alternatively to Syncytin-

1-induced fusion. The expression of Syncytin-2 in placenta [17, 34] may represent a 

redundant mechanism for initiating trophoblast fusion. At present, however, the way 

by which all these fusion-relevant molecules and mechanisms cooperate to regulate 

trophoblast fusion is unclear. 

Despite all the mechanisms and molecules that appear to be 

common to myoblast fusion and trophoblast fusion, the ultimate fusion 

molecule for the cell-cell fusion process in myoblasts (like Syncytin-1 

for the placenta) is still lacking. Hopefully, future work will shed light on 

this important issue. 
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6 Conclusions 

This work presents new insights into the complex situation of cell fusion. The 

human placenta and cell based assays were used as model systems, while 

focussing on the fusogenic protein Syncytin-1 and its receptor RDR.  

Syncytin-1 was C-terminally truncated by genetic engineering. Some of these 

truncated mutants showed significantly higher fusogenic properties in comparison to 

the wild type molecule in cell based assays (Chapters 4.3, 5.2) . Therefore we 

assume a fusion-regulative property in the cytoplasmatic tail of Syncytin-1. 

Furthermore, some other truncated Syncytin-1 molecules were more 

successful in pseudotyping MLV and lentiviral particles than wild-type Syncytin-1 

(Chapters 4.1, 5.1), demonstrating that part of the cytoplasmatic tail of Syncytin-1 is 

inhibiting viral incorporation. That implies that Syncytin-1 has partly lost its ancient 

function as viral envelope during evolution. The special features of the generated 

Syncytin-1 mutants (hyperfusogenicity and improved viral incorporation) bear 

potential for gene therapeutical applications.  

A genetically engineered soluble Syncytin-1 variant was able to inhibit 

Syncytin-1 induced fusion (Chapter 4.8, 5.3). That was most likely through 

occupying the available receptor molecules. This suggests that wild-type Syncytin-1 

is also able to block the availability of its own receptor. Co-expression of Syncytin-1 

and RDR by the same cell therefore appears to be a possible regulation mechanism 

for cell-cell fusion acting at the protein level. Overexpression of Syncytin-1 did not 

lead to modulation of expression of its receptor RDR (Chapter 4.8). This would have 

been a possible scenario, when one takes into account the modes of intracellular 

interaction between HIV-1 Envelope (gp160) or MLV Envelope (gp30) proteins and 

their receptors. 
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A mechanism by which Syncytin-1 and its receptor inactivate each others 

availability may as well take place in the human trophoblast. As a consequence, not 

only a local increase, but also a local decrease of either Syncytin-1 or RDR could 

induce the fusion process. Models based on this assumption have been presented 

in this thesis. Syncytin-1 was localized in the syncytium and in some cytotrophoblast 

cells (Chapter 4.9, Figures 24-28). RDR was shown to be most abundant in 

cytotrophoblast cells by immunohistochemistry (Chapter 4.9, Figures 29, 30), but 

expression  in the syncytiotrophoblast cannot be excluded (perhaps at a much lower 

level). Our findings were partly novel, but in part also supported, or contradicted, 

findings already published by others. Comparing the data of Syncytin-1 and RDR 

co-expression in the same cells, or at the same location in the syncytium, is not at 

all impossible. All in all, however, the available data, obtained by us and by other 

groups, on the distribution of Syncytin-1 and RDR expression within the trophoblast 

compartment, do not allow a conclusive statement on the regulation of fusion in 

the human trophoblast.  

Furthermore we expect that Syncytin-1 and RDR cannot be the only two 

proteins regulating fusion of the human trophoblast. The latter two molecules are 

probably part of a cascade of molecular processes which finally lead to cell fusion. 

Additional control mechanisms are likely to play a part in processes like e.g. cell-cell 

recognition, cell cycle and/or apoptosis.  

Literature data show that ADAM-12 (meltrin) has some role in regulating 

myoblast fusion and osteoclast formation [1]. ADAM-12 mRNA (and protein) is also 

expressed in human placenta (personal communication Dr. M Kokozidou, RWTH 

Aachen, Germany), and therefore might play a role in the trophoblast fusion process 

as well. Further work is necessary in order to clarify the exact role of meltrin in cell-

cell fusion.  



    101

A lot of effort will be required to fully understand the differences and 

resemblances in the mechanisms that are regulating fusion in models as the human 

muscle and the human placenta. Hopefully, this work, which has focussed on 

molecules important for trophoblast fusion, will lead to insights in general 

mechanisms involved in cell-cell fusion. This way we hope to have contributed to the 

understanding of the requirements for myoblast fusion as well. In the end, this 

knowledge may lead to applications for the treatment of diseases which are related 

to defects in cell-fusion processes, or cell targeted gene therapy. 
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8 Abbreviations 
ADAM a desintegrine metallo protease 
ATB A sodium-dependent neutral amino acid transporter  
AS anit sense  
BSA bovine serum albumine 
Ca calcium 
C celsius 
CHO chinese hamster ovary cell line 
Cl chloride 
cDNA complementary deoxyribonucleic acid 
cAMP cyclic adenosin mono phosphate 
CMV cyto megalo virus 
CPD cytoplasmatic domain 
DNA deoxyribonucleic acid 
DTT dithiothreitol 
DMEM Dulbeccos modified media 
EGFP enhanced green fluorescent protein 
env envelope 
EDTA Ethylene diamine tetraacetate 
FCS fetal calf seeum  
FSC forward scatter 
FL full length  
GALV gibbon ape leukemia virus 
HBSS Hanks balanced salt solution 
His  histidine 
HRP horse reddish phosphatase 
h hour 
HERV-W human endogenous retrovirus class W 
HIV  human immunodeficiency virus 
HCL hydrochloric acid 
IPTG isopropyl thiogalactoside 
kDa kilo Dalton 
Mg magnesia 
mRNA messanger ribonucleic acid 
m milli 
min minute  
M Molar 
MLV Moloey lenti virus 
MS  multiple sclerosis 
Ni  nickel 
nt  nucleotide 
PS phospatedyl serine 
PBS phosphate buffered saline 
PCR poly chain reaction 
PI propidium iodide 
RDR RD 114 receptor 
RT room temperature 
rpm rounds per minute  
SSC side scatter 
RD114 simian type D retroviruses 
NaCl sodium chloride 
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SDS sodiumdoceylsulfate 
SU Surface unit  
TET  tetracycline 
TM trans membrane  
UV  ultraviolet 
VSV-G vesicular somatidis virus-glycoprotein 
gag viral gene: group specific antigen 
pol viral gene: polymerase 
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