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Abstract

Three versions of syncytiotrophoblast exist in the human placenta: an invasive type associated 

with the implanting conceptus, non-invasive villous type of definitive placenta, and placental bed 

giant cells. Syncytins are encoded by modified env genes of endogenous retroviruses (ERV), 

but how they contribute functionally to placental syncytial structures is unclear. A minimum of 

eight genes (ERVW1, ERVFRD-1, ERVV-1, ERVV-2, ERVH48–1, ERVMER34–1, ERV3–1, & 
ERVK13–1) encoding syncytin family members are expressed in human trophoblast, the majority 

from implantation to term. ERVW1 (Syncytin 1) and ERVFRD-1 (Syncytin 2) are considered 

the major fusogens, but, when the expression of their genes is analyzed by single cell RNAseq 

in first trimester placenta, their transcripts are distinctly patterned and also differ from those of 

their proposed binding partners, SLC1A5 and MFSD2A, respectively. ERVRH48–1 (suppressyn 

or SUPYN) and ERVMER34–1 are probable negative regulators of fusion and co-expressed, 

primarily in cytotrophoblast. The remaining genes and their products have been little studied. 

Syncytin expression is a feature of placental development in almost all eutherian mammals 

studied, in at least one marsupial, and in viviparous lizards, which lack the trophoblast lineage. 

Their expression has been inferred to be essential for pregnancy success in the mouse. All the 

main human ERV genes arose following independent retroviral insertion events, none of which 

trace back to the divergence of eutherians and metatherians (marsupials). While syncytins may be 

crucial for placental development, it seems unlikely that they helped orchestrate the divergence of 

eutherians and marsupials.
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1. Introduction

This review was written to address questions we had about human syncytins and their roles 

in promoting the fusion of human trophoblast cells and whether the genes that encode them 

might be involved in the evolution of the placenta. As this is a review, we made liberal use 

of the data of others, including extensive data mining on the single cell RNAseq results of 

Vento-Tormi et al.[1], which provide a user-friendly means of mapping the expression of 

any gene within the placenta and decidua of the pregnant human during the first trimester of 

pregnancy (https://maternal-fetal-interface.cellgeni.sanger.ac.uk/). Its use was invaluable and 

provided several surprises.

In view of the restrictions on numbers of citations, many deserving references could not 

be included. In addition, most genes and proteins listed have numerous acronyms. We 

have chosen to use the nomenclature provided by The GeneCards human gene database 

(genecards.org)

2. Cell Fusion and Syncytialization

Cell fusion to create a cellular structure with more than one nucleus is a not a rare process 

but is restricted to specialized cell types [2]. Among these are the cytotrophoblasts that 

fuse to form the syncytial covering of human placental villi. The molecular and cellular 

mechanisms that promote cell fusion are poorly understood. Perhaps the best appreciated 

is when enveloped viruses bind their target cell [3], a process that requires a membrane 

protein called a fusogen, of which the hemagglutinin subunit 2 (HA2) component on the 

envelope membrane of the influenza virus is probably the best understood. HA2 comprises 

a coiled bundle of alpha helices organized into a spring-loaded complex that, after binding 

to its “receptor”, inserts into the bilayer, changes its conformation, and pulls the virus and 

target cell together. Although the general features of the process may be conserved, the 

fusogens are structurally diverse. They all, however, possess the hallmark of promoting 

membrane fusion when inserted ectopically into the plasma membranes of cells that 

previously showed no inclination to fuse. The genes encoding the syncytins of placental 

trophoblasts have evolved from the env genes of endogenous retroviruses (ERV; see part 

3) and are believed to operate in a somewhat analogous manner to HA2 to overcome the 

otherwise thermodynamically unfavorable process of membrane fusion.

3. Types of Human Syncytiotrophoblast

The first syncytiotrophoblast in the human placenta forms shortly after blastocyst formation 

by the fusion of trophoblasts derived from polar trophectoderm (Fig. 1). The latter carry 

a distinct set of upregulated genes that distinguish them from the mural trophectoderm, 

including ERVFRD-1, also known as Syncytin 2 [4]. This emerging structure, called 
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primitive syncytium, enlarges and is present for approximately 7–9 days after polar 

trophectoderm initially attaches to the endometrium [5, 6], i.e. approximately week 3–4 

since the last menstrual period. It forms the leading edge of the invading conceptus, 

breaching nearby capillaries and endometrial glands, and forming lacunae (Fig. 1). 

Additionally, syncytiotrophoblast at this stage produce high amounts of human chorionic 

gonadotrophin (hCG), which is required for this tiny structure to alert the mother to the 

presence of an embryo and prolong the lifespan of the corpus luteum of pregnancy [7]. 

RNA profiling of whole first trimester placentas shows that the transcriptome changes 

continuously during the first trimester [8], suggesting that the primitive syncytium might 

also be quite different from later emerging syncytial trophoblast populations in terms of gene 

expression, although definitive proof for this is lacking.

What may be the in vitro equivalent of the primitive syncytium associated with embryo 

implantation arises when human pluripotent stem cells are directed along the TB lineage 

by the growth factor Bone Morphogenetic Protein-4 (BMP4) in presence of inhibitors of 

ACTIVIN/TGFB and FGF signaling [9, 10]. In this model system, human pluripotent stem 

cells quickly convert in their entirety to cytotrophoblasts [11]. Areas that express commonly 

recognized syncytiotrophoblast markers, including syncytins (Table 1), are present by day 

7 but show no sign of villous structure formation. These syncytiotrophoblasts also carry 

a different transcript signature than villous syncytiotrophoblast and are also enriched in 

transcripts normally associated with invasive cells [12]

The syncytiotrophoblast of the mature, villous placenta, sometimes called “the definitive 

syncytium”[13], first forms after villi begin to project from the inner cytotrophoblast 

shell at around the end of the second week post coitum (Fig. 1). In contrast to the 

primitive syncytium, the villous syncytiotrophoblast forms a single layered shell over 

the maternal blood-facing surface of the villi [14]. In cultured villous explants in which 

the syncytiotrophoblast has been removed, cytotrophoblast spontaneously fuse to replace 

it [15]. Similarly, the spontaneously syncytialized villous cytotrophoblast cells in vitro 
culture upregulate syncytiotrophoblast markers as they differentiate [9], although it remains 

unclear whether in two-dimensional culture they provide a precise replica of the in vivo 
structures they mimic. Villous syncytiotrophoblast functions in production of hCG and 

other hormones of pregnancy, as well as in the exchange of nutrients, oxygen and waste 

between the maternal circulation and fetal blood vessels within the villi. Unlike the 

primitive syncytium, villous syncytiotrophoblast does not display features of invasiveness 

or migratory potential. It is terminally differentiated, and sloughs off debris into the maternal 

blood space as syncytial knots, while being continually replenished by cells from the 

underlying cytotrophoblast [16]. Villous syncytiotrophoblast also releases prolific quantities 

of exosomes and microvesicles whose contents may provide molecular information to 

maternal organs about the physiological state of the fetus [17]. Conceivably, syncytins, 

which are present in microvesicles shed from the placenta, contribute to fusion of these 

vesicles with their targets [18, 19].

There is a third, somewhat curious and poorly understood type of syncytiotrophoblast in 

the human placenta, called placental bed trophoblast giant cells. These are multinucleated 

and found within the interstitium of both deciduum and myometrium underlying the 
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implantation site [20, 21]. They have been observed by both light and electron 

microscopy and contain six or so nuclei [20]. Unlike villous syncytiotrophoblast and the 

syncytiotrophoblast associated with the primitive placenta of the implanting embryo [7], 

they express the extravillous trophoblast marker HLA-G [22], as well as hCG and CSH2 

(placental lactogen). The origin and function of the giant cells, are not clear. They may 

be remnants of the invasive primitive syncytium that remain in the implantation zone after 

villous formation[5, 23]. More likely, on the basis of detailed microscopic observation over 

the first half of pregnancy and the fact that they increase in number as the mature placenta 

is established, they are formed in the placental bed by the fusion of invaded extravillous 

trophoblasts [21].

Also unsettled is the extent to which these three syncytial populations, primitive 

syncytiotrophoblast, villous syncytiotrophoblast, and placental bed trophoblast giant cells, 

resemble each other in ontogeny, behavior and function. In particular, it remains unclear 

whether the fusogenic mechanisms that promote syncytialization are comparable. Most 

strikingly, while primitive syncytiotrophoblast is invasive, villous syncytiotrophoblast is 

certainly not. Also, while villous syncytiotrophoblast resembles a simple epithelial sheet, the 

other two forms comprise clumps of fused cells. All, however, appear to have an endocrine 

function, and have some means of resisting immune attack.

4. Endogenous Retroviruses (ERV) and their role in controlling placental 

cell fusion

Host cell entry for retroviruses occurs by fusion of the viral envelope with the host cell 

plasma membrane, a process that requires a fusogen (see Section 1, above). After infection, 

their single-stranded RNA is reverse-transcribed into double-stranded DNA, which becomes 

integrated into the host genome. There it can be transcribed to form new viral RNA genomes 

or, if the infected cell does not die, remain stably integrated as a permanent part of the 

host’s replicating genome. Retroviral genomes all contain three major coding regions: 1) 

gag encodes internal viral proteins, 2) pol encodes reverse transcriptase and integrase and 3) 

env encodes surface/transmembrane components of the viral envelope that allow the particle 

to become infectious [24]. Syncytins are encoded by modified env genes of endogenous 

retroviruses (ERV).

Although most retroviral infections are of somatic cells, in those rarer instances in which 

infection occurs in a germline cell, the retrovirus cDNA can be vertically transmitted to 

the next and subsequent generations. This has happened numerous times over the course of 

evolution to the extent that, in humans, endogenous retroviral genes comprise approximately 

8% of the nuclear DNA[25]. Most of these viral genomic sequences have become truncated 

or mutated in ways that relegate them non-functional. However, a few env genes, although 

usually silent, have an open reading frame and the potential to generate a protein. Placental 

TBs appear to tolerate such promiscuous transcriptional activity from these elements 

more readily than most somatic tissues. Some of the best studied are those encoding 

syncytins, profusogenic proteins implicated in the formation of syncytiotrophoblast and in 

the evolution of the placenta [26, 27].
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The first syncytin identified (now often called syncytin-1) [28–30] is encoded by a member 

of the HERV-W (Human Endogenous Retrovirus Group W Member 1, Envelope) family and 

properly named ERVW-1. A second, ERVFRD-1 (also known as syncytin-2), is encoded by 

the env gene of a different virus (Endogenous Retrovirus Group FRD member 1) (Table 1) 

[31, 32]. Although either ERVW-1 or ERVFRD-1 can promote cell-cell fusion in vitro, it is 

not clear whether both are necessary for TB syncytialization in vivo [33].

Like other envelope-expressed viral fusogens, the placental syncytins have co-opted cell 

surface proteins with unrelated physiologic function as cognate receptors to promote 

membrane fusion (see Section 1). For ERVW-1, that “receptor” is SLC1A5 (sometimes 

known as ASCT2 or Asyncytiotrophoblast-2), a neutral amino acid transporter. For 

ERVFRD-1, it is MFSD2A, a sodium-dependent lysophosphatidylcholine symporter [30, 34, 

35]. However, there have been discrepancies in the literature regarding which TB subtypes 

express the human ERV proteins and their cognate receptors[29, 32, 34, 36–38]. ERVW-1 

appears to be most strongly localized to villous syncytiotrophoblast, mainly in the basal 

membrane but also with the apical regions, and only weakly in villous cytotrophoblast, 

while its receptor SLC1A5 is expressed almost exclusively in villous cytotrophoblast. By 

contrast, ERVFRD-1 has been considered to be expressed in villous cytotrophoblast and its 

“receptor”, MFSD2, almost exclusively in syncytiotrophoblast. Consistent changes in ERV 

protein localization across pregnancy and associated with particular placental disease states 

have also been difficult to assess from the current literature.

Single cell transcript patterns in placental tissue for ERVW-1 and SLC1A5 during the 

first trimester of pregnancy are consistent with the immunohistochemistry described above, 

namely ERVW-1 mRNA concentrated in syncytiotrophoblast and SLC1A5 mRNA in 

cytotrophoblast [1], raising questions as to how the two work in concert to promote cell 

fusion in the context of the placental villus. An additional puzzle is the observation that 

ERVFRD-1 transcript distribution contradicts the immunohistochemistry. Transcripts are 

primarily present in a discrete sub-population of syncytiotrophoblasts and barely at all in 

cytotrophoblast, while those for MFSD2A, which encode its presumed receptor, are found 

in a different cluster of presumed syncytiotrophoblast. We speculate that these two cell 

populations might comprise the immediate precursor cells that fuse to form the initiating 

syncytium. Indeed, we suggest that mature syncytium, which, in any case, is probably not 

regionally uniform in gene expression patterns, is not represented in either in Fig. 2 or in 

the data set of Vento-Tormo et al. [1] and suspect that syncytial structures with many nuclei 

are too large and too fragile to be collected for single RNA sequencing. Some evidence 

for this inference is evident from the patterning of CGB8 mRNA (Fig. 2), and many 

other syncytiotrophoblast markers, whose transcripts are known to be abundant in mature 

syncytiotrophoblast, but are barely represented in the single cell sequencing maps.

A range of other ERV-like genes, in addition to ERVW-1 and ERVFRD-1, are expressed 

in human placental trophoblast (Table 1). ERVV-1, ERVV-2, and ERV3–1 are little studied, 

but are expressed in syncytiotrophoblast from early human embryos [7], as well as at later 

stages and in in vitro differentiated placental TB [9]. ERVV-1 and ERVV-2 are located on 

the same chromosome, probably in tandem (Table 1), and likely arose by gene conversion 

following an initial single retroviral insertion [19]. They may not be fusogenic in humans 
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[39]. In first trimester villous TB, there is a co-association of ERVV-1 transcripts with 

those for ERVFRD-1 (Fig. 2), while ERVV-2 and ERV3–1 appear to be poorly expressed 

in the single cell representation. Another ERV-like protein derived from an endogenous 

retroviral gene is ERVRH48–1 (often called suppressyn or SUPYN). In vitro, it inhibits 

rather than promotes TB fusion [36, 40], possibly by associating with SLC1A5 and blocking 

ERVW-1 binding [40]. Protein expression of ERVRH48–1 better mimics that of SLC1A5 

rather than ERVW-1, i.e. expressed preferentially in unfused cytotrophoblast cells and 

in the non-syncytial extravillous cytotrophoblast (where ERVW-1 is also expressed). The 

observation is consistent with the single cell sequencing data in Fig 2. A fifth human ERV 

gene, ERVMER34–1, is expressed in TB generated from human pluripotent stem cells [9] 

and in the syncytiotrophoblast of cultured d 8–12 human embryos (Table 1). Its transcript 

distribution in first trimester placental cells, as well as in embryos [7], is similar to that of 

ERVH48–1, suggesting that it inhibits rather than promotes fusion. Finally, a sixth gene, 

ERVK13–1 encodes a long non-coding RNA transcript of unknown function. Together, the 

differences and similarities in these expression patterns are striking but also confusing. They 

need to be confirmed for different stages of pregnancy and with antibodies of confirmed 

specificity able to provide precise colocalization of different antigens.

5. Syncytins and Placental Evolution

Eutherians and metatherians (marsupials) diverged at least 130 million years ago [41]. 

Although the ancestral eutherian placenta has been inferred to have been invasive and 

hemochorial, a state where trophoblast is in direct contact with maternal blood, present 

day placental structures exist in a wide array of gross morphological forms and extent of 

invasiveness [42]. In a noteworthy example of convergent evolution, endogenous retrovirus­

derived proteins with apparent analogous function but different retroviral origins to those of 

the human syncytin proteins have been found expressed in almost all mammalian placental 

types so far studied. The pig, which has a non-invasive, epitheliochorial placenta, may 

be one exception [43]. However, taxa that have a minimally invasive placenta, such as 

the pecoran ruminants that include cattle, sheep, and deer do express placental syncytins, 

which are believed to promote fusion between mononucleated TB cells to give rise to large 

binucleated cells that comprise around 20 % of total TB, and erode the integrity of local 

maternal uterine epithelium [44]. In the sheep, further fusions provide a syncytial plaque at 

the maternal fetal interface, although there has been uncertainty as to whether or not this 

syncytium is chimeric, i.e. part fetal TB, part maternal uterine epithelium [45].

Wherever placental syncytin genes are expressed, they appear to be associated with fusion 

events and often the formation of extensive syncytia. Sometimes these syncytia are invasive, 

as in the implanting human conceptus; in other instances, invasive features are absent. 

However, in only one species, the mouse, has there been an unequivocal demonstration 

that syncytins are required for both cell fusion and proper placentation. In the mouse, 

genetic ablation of either Syna and Synb, two genes that may serve functions analogous 

to those of the human ERVW-1 and ERVFRD-1, leads to defective placentation [46, 47]. 

Syna deletion leads to fetal death, apparently as a result of defects in trophoblast fusion of 

syncytiotrophoblast layer I. By contrast, loss of Synb targets fusion events required to form 

syncytiotrophoblast layer II, yet provides some live pups, albeit with growth retardation. 
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These studies clearly establish that Syna and Synb contribute independently to the formation 

of syncytiotrophoblast in the mouse. No equivalent data are available for the human.

As a consequence of their almost ubiquitous association with the eutherian placenta, ERV­

derived syncytins have been hypothesized to have had a key role in the evolutionary origins 

of that organ. However, most, if not all, of the assorted retroviral insertions that have given 

rise to present day ERV genes, occurred well after the eutherian-marsupial divergence. 

ERVW-1, for example arose 20–30 MYA and is absent in new world monkeys, whereas 

ERVFRD-1, which integrated approximately 20 million years earlier, is present in all 

primates except prosimians [43]. One possibility is that new retroviral insertions provided 

additional envelope genes, which were then “enslaved” and subsequently selected to replace 

already functioning ones existing at the time [48]. However, as no contemporary ERV gene 

has its origins stretching back to the earliest eutherians, a strong case linking acquisition 

of one or more syncytins to the one-time emergence of a eutherian placenta is unlikely 

ever to be made. In any case, placenta-associated syncytins are not unique to eutherian 

mammals and have also been described in the short-lived, superficial placentas of marsupials 

[49]. Another syncytin derived from an ERV envelope gene that can promote cell fusion is 

expressed in the placentas of viviparous lizards [50], species that develop a placenta-like 

structure from extra-embryonic mesoderm and not TB. The latter is a lineage unique to 

marsupials and eutherians. That is not to say that ERV genome insertions have not had a 

prominent role in guiding convergent placental evolution across distantly related vertebrates. 

Cell fusion is certainly an essential feature of placentation, but, additionally, there is some 

evidence in eutherians, at least, that sequences associated with ERV regulatory elements 

might control expression of multiple genes that, in combination, are hallmarks of the TB 

cell state [51]. In addition, many human syncytins carry an immunosuppressive domain that 

might assist in protecting the TB from maternal immune scrutiny [43]. In short, syncytin 

expression is intimately tied to the development, function, and evolution of the eutherian 

placenta, but it is far from clear whether or not the acquisition of one or more of these genes 

played a role in initiating the split that permitted eutherian mammals to diverge from their 

common ancestor with contemporary marsupials.
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Fig. 1: 
First trimester human placental development (left to right). The human blastocyst (far left), 

comprises an inner cell mass (ICM) completely surrounded by a layer of trophectoderm 

(TE) cells, and resides within the endometrial cavity just prior to implantation [days 5–6 

post-fertilization (pf)]. At the time of implantation (days 8–9 pf), the ICM has developed the 

beginnings of an amniotic cavity (amnion) and the leading edge of the implanting embryo is 

characterized by an inner group of proliferative cytotrophoblast cells (CytoTB) and a deeper, 

non-proliferative, invasive, multinucleated, thickened mass of primitive syncytium. By day 

13 pf, the embryo is fully implanted in the maternal decidua (MD). The primitive syncytium 

now completely surrounds the embryo. Primary villi have begun to form as invaginations 

of the cytotrophoblast layer. The primitive syncytium can invade the uterine glands (UG) 

and contacts maternal vessels. It contains lacunae that will grow and coalesce; they are 

filled with endometrial secretions and small amounts of maternal blood. By late in the 

first trimester (right panel), the villous placenta has been established with maternal blood 

now filling the intervillous space (IVS). Villi contain a discontinuous layer of proliferative 

CytoTB surrounded by multinucleated villous syncytiotrophoblast (SyncytioTB). The 

anchoring villi extend across the IVS to attach to the MD at their tips. Extending from these 

anchoring villi are the HLA-G-positive extravillous cytotrophoblast cells (EVTB). EVTB 

will invade deeply into the MD and remodel maternal spiral arteries. Although not depicted 

here, they will also invade into maternal veins, uterine glands and lymphatic spaces and 

reach well into the uterine myometrium. Multinucleated trophoblast giant cells (Giant cell) 

can be found deep in the MD and in the maternal uterine myometrium (MM).
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Fig. 2: 
Placental cell clusters from 10x Genomics and Smart-seq2 (SS2) scRNA-seq analysis [1] 

derived from five first trimester placentas visualized by Uniform Manifold Approximation 

and Projection (UMAP), visualizing the distribution of syncytin gene transcripts for 

ERVW1, ERVFRD-1, ERVV-1, ERVV-2, ERVH48–1, ERVMER34–1, ERV3–1, & ERVK3–
1, as well as for two putative receptors, SLC1A5 and MFSD2A, in the human placenta. 

Additionally, we map the location of the mRNA encoding the pan-TB marker KR7, the 

mature syncytiotrophoblast marker CGB8, and the EVT marker HLA-G, as well as CCNB1 
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(to indicate replicating cells). Relative expression of genes within individual cells (dots) 

is on an indigo-yellow scale (Bottom Right). Also shown is a map of cell types (HC: 

Hoffbauer cells). All data were derived by use of the web site provided by Vento-Tormo 

et al. https://maternal-fetal-interface.cellgeni.sanger.ac.uk/. Importantly, CGB8 expression is 

confined to a small cluster of cells in the syncytiotrophoblast region, a pattern consistent 

with the hypothesis that mature syncytiotrophoblast is probably poorly represented in the 

diagrams.
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Table 1:

Relative Expression of ERV genes in trophoblast over the course of human pregnancy

Gene Symbol Chromosomal Location d6–7
1

d8–12
2

1st Trimester
3

Term
4

TB from ESC
4

ERVFRD-1 chr6: 11102721–11112071 + + +++ ++ ++

ERVW-1 chr7: 92097694–92107300 NL +++ NL +++++ ++++

ERVV-1 chr19: 53517343–53519833 +/− +++ + ++ +++

ERVV-2 chr19: 53044740–53051680 +/− ++ + +++ ++

ERVH48–1 chr21: 44336913–44345756 NL +++ NL +++ +

ERVMER 34–1 chr4: 53609603–53617807 + + ++ + +

ERV3–1 chr7: 64450732–64467124 +/− + NL + ++

ERVK13–1 chr16: 2708389–2723440 NL − +/− ++ +

The asterisks are intended to show only relative expressions of the genes at a particular stage of pregnancy; they do not indicate relative expression 
between stages, since the data were acquired on different platforms and processed differently. NL means that the gene was not present among the 
listed genes, either because it was not expressed (unlikely for ERVW-1) or simply missing. Note that the data for days 6–7 and 8–12 are from in 
vitro cultured embryos developing in absence of a surrounding maternal environment and therefore lacking the physiological cues that might help 
guide normal development and gene expression. This caveat also applies to Term trophoblast where term cytotrophoblasts were cultured in vitro to 
promote syncytiotrophoblast formation.
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