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Microarray-Based Sketches of the HERV Transcriptome
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Abstract

Human endogenous retroviruses (HERVs) are spread throughout the genome and their long terminal repeats (LTRs)
constitute a wide collection of putative regulatory sequences. Phylogenetic similarities and the profusion of integration
sites, two inherent characteristics of transposable elements, make it difficult to study individual locus expression in a large-
scale approach, and historically apart from some placental and testis-regulated elements, it was generally accepted that
HERVs are silent due to epigenetic control. Herein, we have introduced a generic method aiming to optimally characterize
individual loci associated with 25-mer probes by minimizing cross-hybridization risks. We therefore set up a microarray
dedicated to a collection of 5,573 HERVs that can reasonably be assigned to a unique genomic position. We obtained a first
view of the HERV transcriptome by using a composite panel of 40 normal and 39 tumor samples. The experiment showed
that almost one third of the HERV repertoire is indeed transcribed. The HERV transcriptome follows tropism rules, is sensitive
to the state of differentiation and, unexpectedly, seems not to correlate with the age of the HERV families. The probeset
definition within the U3 and U5 regions was used to assign a function to some LTRs (i.e. promoter or polyA) and revealed
that (i) autonomous active LTRs are broadly subjected to operational determinism (ii) the cellular gene density is
substantially higher in the surrounding environment of active LTRs compared to silent LTRs and (iii) the configuration of
neighboring cellular genes differs between active and silent LTRs, showing an approximately 8 kb zone upstream of
promoter LTRs characterized by a drastic reduction in sense cellular genes. These gathered observations are discussed in
terms of virus/host adaptive strategies, and together with the methods and tools developed for this purpose, this work
paves the way for further HERV transcriptome projects.

Citation: Pérot P, Mugnier N, Montgiraud C, Gimenez J, Jaillard M, et al. (2012) Microarray-Based Sketches of the HERV Transcriptome Landscape. PLoS ONE 7(6):
e40194. doi:10.1371/journal.pone.0040194

Editor: Richard Cordaux, University of Poitiers, France

Received February 2, 2012; Accepted June 2, 2012; Published June 28, 2012
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Introduction

The concept of endogenous retroviruses (ERV) dates back to the

1970’s and particle-budding observations in the years that

followed have gradually provided evidence that mammal genomes

serve as reservoirs for retroviral elements [1,2,3]. Later, the

sequencing of distinct species unveiled the contribution of the

ERV subset within transposable elements (TE), and highlighted in

particular a similar proportion of retrovirus-like sequences in

human and mouse genomes (8–10%) [4,5,6,7]. The endogenous

retrovirus pool is thought to originate from ancestral and

independent infections within the germ line [8,9], before complex

re-infection, retro-transposition, propagation and error-prone

steps occurred during evolution. In humans, the definition of at

least 31 HERV families is commonly accepted in reference to

putative ancestors [10]. As a result, each family contains tens to

thousands of distinct loci scattered throughout the human genome.

To date, all the HERV elements that have been characterized

are defective for viral replication. Nevertheless, the discovery that

some HERV proteins may contribute to biological events has

quickly generated interest in open reading frame (ORF) sequences.

The Syncytin-1 and Syncytin-2 envelope glycoproteins are

encoded by full-length HERV sequences belonging to the

HERV-W and HERV-FRD families, respectively and, through

cell differentiation mechanisms, these proteins are presumably

essential for human placentation (reviewed in [11]). Syncytin-1 is

also associated with epithelial cancers [12,13] and was recently

detected in the peripheral blood of leukemia and lymphoma

patients [14]. Among the HERV-K HML-2 family, full-length

proviruses can encode either Rec or Np9 proteins, which are

known to interact with cellular partners and ultimately may affect

cancer signaling pathways [15,16,17,18]. Although HERVs match

the self-antigen concept, the immune response directed against

HERV-K HML-2 Env and Gag proteins is remarkably detectable

in the blood of patients with seminoma up to six months before

diagnosis [19,20,21,15] and thus may form a basis for molecular

tools for early germ cell tumor detection.

PLoS ONE | www.plosone.org 1 June 2012 | Volume 7 | Issue 6 | e40194



However, the role of HERV in human biology should not only

be reduced to ORF and putative coding genes (in reference to

oncoviruses) since TE also contribute to genome plasticity.

Duplication of Alu sequences, recombination, and transduction

of LINE elements may have led to multigenic families, gene

duplication and exon shuffling [22,23,24]. In particular, the long

terminal repeat (LTR) sequences of HERV elements may be the

source of inter-element recombination phenomena resulting in

chimerical proviruses, tandem structures and solitary LTRs

[25,26,27]. Current estimates indicate that the human genome

harbors around 200,000 HERVs (excluding MaLR), mainly

composed of sequences resembling LTRs [5,28,29]. Taking into

account that LTRs exert natural transcription functions within a

retrovirus, it is likely that some have now retained the potential to

act as regulatory elements [30,31].

In this context, many studies have established a role for LTRs as

a promoter [32,33,34,35,36,37,38], bidirectional promoter

[39,40], enhancer [41,42], polyadenylation signal [43] and

antisense transcript negative modulators [44] of cellular genes in

different biological contexts (for a full review see [45]). On the

basis of serendipitously and case-by-case identifications, knowledge

of functional interactions between HERV elements and cellular

environment has gradually grown and is increasingly based on

systematic approaches. As different works now estimate that more

than 50% of human genes use alternative promoters [46,47], the

importance of accurately identifying distinct HERV elements in

transcriptome-wide studies, documenting their expression in a

variety of biological contexts and finally assessing the question of

their regulation in connection with their genomic environment is a

strong argument for the need for a HERV transcriptome project

[48].

Over the last 10 years, most of the attempts for HERV

expression measurement used RT-PCR techniques either to focus

on a specific locus [49,50,51,52,53] or to evaluate general trends

within HERV families or genera [54,55,56,57]. Yet the inherent

limitations in the development of reliable PCR systems to

discriminate individual HERV elements in a holistic approach

require fairly laborious work [58,48]. On the other hand, methods

based on expressed sequence tags (ESTs) provided a more

comprehensive view of the HERV transcriptome but generally

ran into trouble for identifying the unique genomic source of

expression [59,60].

We previously developed an early high-density microarray

generation dedicated to the HERV transcriptome, given promis-

ing results in terms of tropism and individual locus identification

notwithstanding high risks of cross-reactions [61]. Following this

attempt, in this work, we introduced a new methodology suitable

for repeated element probe design aiming to minimize cross-

reactions. At the same time, we expanded the content of the chip

to 6 HERV families: HERV-W, HERV-H, HERV-E 4.1, HERV-

FRD, HERV-K HML-2 and HERV-K HML-5, providing the

user with a collection of 2,690 distinct proviruses (complete or

partial) and 2,883 distinct solo LTRs ready for expression

monitoring. Additionally, independent probesets within U3 and

U5 regions made it possible to assign a function (i.e. promoter or

polyA) to 1,513 LTRs. We used this next generation microarray to

gain insights into the HERV transcriptome using a composite

panel of 40 normal and 39 tumor RNA samples. We found that

HERV expression patterns are highly dependent on tissue type

and differentiation state and accordingly we established a list of

potential HERV biomarkers. We also identified 326 and 209

LTRs with putative promoter and polyA activity, respectively, and

highlighted extensive operational determinism for active LTRs.

We finally emphasized the trend for promoter LTRs to be

associated with an upstream 8 kb zone characterized by a poor

sense cellular gene density, compared to silent and polyA LTRs.

Taken together, these data allowed us to discuss the adaptive

relationship between viruses and host and to prepare a first draft of

the HERV transcriptome that could help renew the role of the

HERV repertoire in the context of what was improperly named

‘junk’ DNA.

Results

Detection of the HERV Transcriptome
We constructed a database grouping 10,035 distinct HERV

elements that belong to 6 HERV families (Table 1a), and we used

it as an input collection for the design of a new and suitable

HERV-dedicated microarray, called HERV-V2. For this purpose,

we developed a scoring function which assesses the ability of a 25-

mer probe/target pair to hybridize in Affymetrix-based technology

format. This function, referred to as EDA+, allowed us to exclude

candidate probes that did not meet specificity criteria. The

resulting HERV-V2 chip can discriminate 5,573 distinct HERV

elements (23,583 probesets) that can reasonably be assigned to a

unique genomic position, including functional U3/U5/gag/pol/

env parts, either for provirus structures or solo LTR elements

(Table 1b).

As an initial view of the HERV transcriptome, we performed a

study based on a diversified panel composed of both normal and

tumor tissues, including testis, colon, ovary, prostate, breast,

uterus, lung and placenta samples. Noteworthy, all samples except

placenta are matched normal/tumor tissues obtained from the

same individual. The set of data revealed transcriptional activity

for 1,718 distinct HERV elements (Table 1c), which is about one

third of the HERV-V2 chip contents and may suggest a similar

proportion of active elements among the human genome. We then

sought (i) to determine whether HERV expression varies

depending on the tissue and thus follows tropism rules or not,

(ii) to find out the extent to which HERV elements are sensitive to

the state of differentiation and may serve biomarker research, (iii)

to gain insight into transcriptional mechanisms in the light of

genomic environment and (iv) to reinforce the comprehensive role

of the HERV repertoire in our biology.

Characterization of the HERV Transcriptome
Tropism of Active HERVs. To determine whether the

nature of a tissue affects HERV expression, we classified active

probesets according to their expression pattern. Although a large

proportion shows either no expression or weak unclassifiable

signals (data not shown), 10 expression profiles were obtained from

partitioning clustering (Figure 1A). The final sizes and the

resolving power vary from one profile to another in accordance

with data structure. Among the 10 profiles, 2 main types should be

distinguished, whether the profile involves only one tissue, or more

than one. In profiles 1, 2, 3, 4, 6, 7 and 8, the probesets have a

single-tissue expression and consequently can be considered to be

tissue-state sensitive. On the other hand, profiles 5, 9 and 10 are

dedicated to active probesets expressed in more than one tissue

(even being expressed in all tissues such as in profile 10), and thus

must reflect a more complex tropism. A detailed list of all HERV

loci composing the groups of expression, including genomic

coordinates, is provided in Table S3.

In an attempt to unveil a particular behavior in such expression

patterns, the number of probesets is summarized taking into

account the 6 HERV families (Figure 1B). Interestingly, some

profiles coincide with a predominant family representation. This is

the case among the colon tumor group (profile 2) where the

HERV Transcriptome Landscape
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HERV-H family is almost exclusively present, as well as for profile

5 that is entirely described by the HERV-E 4.1 family, and for

profile 9 which mostly involves HERV-W probesets.

Differential Expression Associated with Tissue State

Changes. To gain insight into the variation of expression

associated with tissue state, we performed supervised statistical

analysis in pairwise tissues using the SAM method with FDR

correction. In order to easily compare the results from the different

tissues, we used a high and constant false discovery rate

(FDR=20%). Each paired tissues (i.e. normal tissue versus

adjacent tumor tissue) gives an independent number of differen-

tially expressed probesets, ranging from zero (in uterus, data not

shown), to 1,092 in testis (Figure 2A). Additionally, the lists are

compared to highlight tissue-specific probesets.

To get a better view of the relevance of the results obtained with

the SAM-FDR procedure, we drew scatter plots of normal versus

tumor expression values for each tissue pair (Figure 2B). The

density of plots, the relative amount of tissue-specific probesets (in

red) as well as the deviation from the reference straight line

together serve to distinguish valuable probesets from non-relevant

results. Thereby colon, testis and in a lesser extent ovary and lung

involve numerous probesets showing both significant variation of

expression and tissue specificity. A list of all the HERV loci that

show differential expression together with their associated genomic

coordinates is provided in Table S3.

LTR Functions. To approach the question of HERV

transcription mechanisms, we focused on LTR signals. In the

context of the distribution of a substantial number of retroviral

sequences throughout the human genome, we assessed the

question of LTR functions regardless of the original provirus

structure. Based on the fact that one LTR can theoretically assume

different functions depending to its environment, we systematically

tested whether the transcription initiates, ends within the LTR, or

Table 1. Detection of the HERV transcriptome.

Repertoire Elementse HERV-W HERV-H HERV-E 4.1 HERV-FRD
HERV-K
HML-2 HERV-K HML-5 Total

Genomea solo LTRs 464 1079 158 1259 1000 87 4047

complete or partial
proviruses

823 1492 455 349 2685 184 5988

59 LTRsd 128 1036 41 36 52 22 1315

39 LTRsd 219 1062 39 45 2482 22 3869

gagd 199 1093 246 88 117 126 1869

ppold 234 0 0 96 0 0 330

pold 0 1315 330 75 155 147 2022

envd 240 1173 67 154 2548 97 4279

Chipb solo LTRs 432 553 120 1189 512 77 2883

complete or partial
proviruses

304 1354 427 218 215 172 2690

59 LTRsd 120 444 29 33 29 18 673

39 LTRsd 171 485 29 43 85 19 832

gagd 162 787 228 80 85 125 1467

ppold 222 0 0 0 0 0 222

pold 0 1154 307 35 93 135 1724

envd 205 513 63 127 66 97 1071

Transcriptomec solo LTRs 100 209 30 251 199 19 808

complete or partial
proviruses

101 587 91 39 75 17 910

59 LTRsd 26 154 10 8 10 4 212

39 LTRsd 43 182 10 11 35 7 288

gagd 12 202 51 4 15 4 288

ppold 8 0 0 0 0 0 8

pold 0 170 28 1 9 2 210

envd 49 71 5 16 12 2 155

aNumber of distinct genomic HERV loci included in HERV database HERV-gDB3. The database contains 6 HERV families with unequal input. The search for distinct
elements belonging to each family is performed by systematic BLAST genome coverage, allowing a maximum 20% divergence with prototype elements.
bNumber of distinct genomic HERV loci present in the chip. Each element of the database is processed through home-made EDA+ algorithm to find probes that match
optimal hybridization criteria. The candidate probes are then checked against the entire human genome (NCBI 36/hg18) using the KASH algorithm to control their
cross-hybridizing ability and non-specific sequences are removed. Probes are ultimately assembled into probesets to discriminate individual genomic HERV sequences.
Differences between database and chip mark the success in designing HERV-specific probes and probesets. For clarity, the probeset content is not detailed.
cHERV transcriptome results: number of active elements in all tissues tested. After the experiments were normalized using the COMBAT method and an arbitrary
positive threshold was applied (value = 100), elements that are active in at least one tissue are enumerated.
dSubsets of complete or partial proviruses.
eOne element can be composed of several probesets.
doi:10.1371/journal.pone.0040194.t001

HERV Transcriptome Landscape
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Figure 1. Tropism of active HERVs. (A) Active probesets ‘cluster’ into 10 expression profiles. The final number of profiles is estimated after
iterative corrections combining Euclidean partitioning algorithm and fine manual adjustment steps. Box plots indicate the distribution and the

HERV Transcriptome Landscape
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median of probeset intensity, whiskers are 5–95 percentiles, dots show outliers. The order of profiles is not important. (B) Profile description. Each
profile refers to a specific cluster of tissues, and involves a number of probesets detailed by families. By definition, a probeset is classified in a unique
profile, except for the asterisk (*) where a single probeset is willingly shared by both profiles 3 and 10.
doi:10.1371/journal.pone.0040194.g001

Figure 2. Differential expression induced by tissue state changes. (A) Pairwise analysis. For each paired tissue, the SAM-FDR method is
applied and leads to the identification of a number of probesets that show significant differential expression (FDR =20%). The red number in
brackets indicates how many differential expressed probesets are specific to the tissue. Uterus normal versus tumor comparison gives no result and
consequently does not appear in the table. (B) Scatter plots of expression values. Normal versus tumor normalized expression values of differential
expressed probesets are draw for each tissue pair. The statistically significant absence of differential expression is represented by the diagonal line
(y = x). Red plots refer to tissue-specific probesets (previously mentioned using red numbers in bracket in Figure 2A).
doi:10.1371/journal.pone.0040194.g002

HERV Transcriptome Landscape
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passes through the element with no incidence on the transcription

process (Figure 3A).

We used the dichotomy of signals acquired from probesets

distributed along U3 and U5 regions to assign the functions: U3-

associated negative signals and U5-associated positive signals for

promoter, U3 positive signals and U5 negative signals for polyA,

U3 and U5 double positive signals for readthrough. Loci which

exhibited double negative U3 and U5 signals were classified as

silent (expression level cutoff = 50 for negative signal). Expression

levels between 50 and 100 delineate an indeterminate grey area

where a function is assigned only if the ratio between U3 and U5

signals is greater than 4 (see legend of Figure 3A for details). Due

to the general LTR sequence homology and the large share of

partial and complex structures, only a small fraction of LTRs meet

the requirement to infer a function. These LTRs are referred to as

‘attributable LTR’ - aLTR in the text - in Figure 3B and represent

one third of the chip LTR content.

Of all the tissue samples tested, we finally identified a total of

326 distinct autonomous ‘promoter’ LTRs (21% of aLTR) and

209 distinct ‘polyA’ LTRs (13% of aLTR). Very surprisingly, there

is no overlap between these two LTR lists except one which

belongs to the grey area. This highlights that active LTRs cannot

switch from promoter to polyA function even if the tissue changes,

which we will refer to as operational determinism. To enhance this

opinion we repeated LTR function analysis using a completely

different set of data coming from cell lines that were subject to

chemical and oncogenic transformations (data not shown). Using 6

different cell lines, we found a parallel list of 67 promoter and 46

polyA LTRs and still no overlap between promoter and polyA

LTRs exists. Moreover, the cell culture-derived list closely matches

the results from tissues: among the 113 (67 promoters +46 polyA)

active LTRs unambiguously characterized from the cell culture,

only 7 LTRs did not intersect with the 535 LTR list (326

promoters +209 polyA) characterized from tissues. This means

that less than 2% of new characterizations have been gained by

diversifying biological records. Consequently, this result prompts

us to conclude that we have delineated a stable pool of active and

functional LTRs.

Most of the function characterizations concern solo LTRs with

247 promoter solo LTRs and 151 polyA solo LTRs (26% of

aLTR), but the function distribution seems to be unbalanced

between families: although there is generally a low number of

output cases, we observed for instance that the HERV-K HML-5

family has no occurrence of polyA solo LTRs, and we noted that

the HERV-K HML-2, HERV-W, HERV-E 4.1 and HERV-FRD

families have more promoter solo LTRs cases than polyA solo

Figure 3. LTR functions. (A) Schematic view of LTR structure and associated theoretical transcription events. Top to bottom: the LTR is a natural or
alternative promoter when the transcription starts between U3 and R/U5; the LTR ends an upstream transcription event by the addition of polyA tail
at the end of the R region; the transcription passes through the LTR with no incidence in the progression of the polymerase, which results in the
detection of U3, R and U5 transcripts. Rules for function assignment are promoter: U32/U5+; polyA: U3+/U5-; readthrough: U3+/U5+ and silent: U32/
U5-; with expression levels: +.100; -,50. Expression levels between 50 and 100 delineate an indeterminate grey area where a function is assigned if
the ratio between U3 and U5 is greater than 4 (for instance U3= 80 and U5= 321 is counted as promoter). Otherwise, the LTR function is declared to
be unknown. (B) Assignment of functions. a,b,c Loss of information from HERV database to understandable functions. a Summary of Table 1a b

Summary of Table 1b c Enumeration of LTRs whose function is attributable, i.e. defined as LTR combining both complete structure on the genome
and existing probesets on the chip, that can ultimately allow a discrimination between U3 and U5 expression signals.
doi:10.1371/journal.pone.0040194.g003
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LTRs cases, whereas the HERV-H family, on the contrary, seem

to involve a greater amount of polyA solo LTRs compared to

promoter solo LTRs. Focusing on provirus structures, we

identified 34 promoter 59LTRs and 30 polyA 39LTRs. In some

cases, we associated both 59 promoter and 39 polyA activities

within a given provirus. We also discovered 45 promoter 39LTRs
and 28 polyA 59LTRs.
Besides these 34% comprehensive active aLTR, we also showed

that a high proportion of the LTR population always remains

silent (672 cases; 44% of aLTR). In addition to that, we identified

a smaller number of readthrough LTRs (25 cases; ,2% of aLTR).

Validation Analyzes. We first compared our results with

previously published data focusing on the HML-2 family as this

family has been widely studied using various methodologies. We

included data derived from EST study [59], genomic repeat

expression monitoring (GREM) for experimental genome-wide

identification of promoter-active repetitive elements [62], PCR-

sequencing [48] and array-based approaches [61]. Of the 327

HML-2 elements we analyzed, 25 elements were shared by at least

one of the previous studies (Table S4). On this subset, Affymetrix-

based format analysis gave 64% and 63% correlation with the

EST approach and the PCR-sequencing-based study, respectively.

A poor correlation of 19% was observed with GREM.

To confirm the tropism of active HERV, we then tested

whether the elements we classified within expression groups using

HERV-V2 correlate with tissue-related EST libraries. A fairly

clear enrichment of the expected EST population was observed in

the case of colon, ovary and placenta and can also reasonably be

claimed in the case of testis taking into account that testis-

associated HERV sequences were initially distributed into

3 expression groups (Table S5). In contrast, results depicted for

lung and prostate were not supported by ESTs, probably due to an

overall less-pronounced expression level of related HERV

elements. We then picked 33 candidate loci and designed PCR

primer pairs which were evaluated for sequence specificity using

high resolution melting and sequencing (see Materials and

Methods, RT-PCR). Eighteen highly specific primer pairs

corresponding to 8 loci were eventually selected and tested on

samples (Table S6). An overall good correlation of 0.926 (min

0.606; max 0.998) between arrays and RT-PCR was observed,

essentially confirming the attributed tropism (Figure S2). Never-

theless, unexpected expression was found twice for two HERV-H

proviruses, in cancerous colon in addition to the expected

expression in tumor testis, and in cancerous ovary in addition to

the expected expression in tumor colon.

The LTR functions were assessed using U3 versus U5 RT-PCR

assays. Using this strategy, we previously validated the promoter

function of 6 loci expressed in testicular cancer identified by the

first version of the HERV microarray [61], which was confirmed

in this study (data not shown). Such a strategy was used again and

confirmed two new tropism-related promoters (200261_w and

1100414_2) as well as one ubiquitous promoter (2000062_2) as

presented in Figure S3. Then, to broaden the scope of such

analysis, we sought to confirm LTR functions by analyzing the U3

versus U5 distributions of LTR-associated ESTs for a subset of the

HERV-W family consisting of 21 proviruses and 110 solo LTRs or

LTRs associated with truncated proviruses. We focused on the

HERV-W family because it contains the ERVWE1 domesticated

locus in which the 59LTR promoter and the 39LTR polyA

functions have been exhaustively demonstrated [63,64,65,66,61].

Results are depicted in Table S7 and alignments are provided in

Figure S4. In brief, only 17 loci among the 131 loci analyzed

exhibited significant LTR-associated ESTs and only 16 loci are

ultimately interpretable. 8 EST-deduced functions (7 promoters, 1

polyA) were consistent with those we identified following

microarray results. Two other promoter functions were compat-

ible with an upstream alternative transcription initiation site (see

locus 1200505_w and locus 600462_w in Table S7). One

additional promoter function was plausible (locus 400207_w)

although an alternative splicing event excluding U3 could be

involved. Finally, one readthrough identified using microarray

(locus 700126_w) could be classified either as polyA or read-

through with regard to EST data. Four comparisons were

discrepant, opposing readthrough to promoter function, and

putatively identifying a removal of the U3 region in mRNAs due

to a splice occurrence. Altogether, the overall correlation between

array and EST-deducible functions ranged between 50% and

75%.

Influence of the Genomic Environment. We extended our

investigation to the genomic environment encompassing the

newly-identified functional and silent LTRs. For each LTR, we

performed a search for gene presence and %GC content in the

surrounding 50 kb, starting from the limits of the LTR. When the

position of the LTR overlaps with the position of the gene, the

LTR is counted as intronic. The total number of neighboring

genes normalized by the initial number of LTRs gives a gene

density ratio detailed for each category (Figure 4A). The gene

density ratio is almost 1.5 times higher for active LTRs than for

silent LTRs although the %GC barely varies. Meanwhile, the

proportion of intronic LTRs is largely in favor of antisense

representation for all categories of LTRs.

The case of intergenic LTRs is subject to a more detailed

description in Figure 4B. For promoter, polyA and silent LTR

groups, a cumulative gene distribution function is drawn upstream

(59) and downstream (39) of the LTR limits (vertical bar)

emphasizing whether the genes found away from the LTR have

the same orientation as the LTR (sense) or not (antisense). This

revealed a strikingly low occurrence of genes in sense orientation

up to 8 kb upstream of promoter LTRs while the upstream 8 kb

for silent and polyA LTRs shows no difference regarding the gene

orientation. Besides, the downstream environment also appears to

be linked to the LTR function but in a kind of mirror situation in

which the sense genes occurrence apparently rises faster than for

antisense genes in the downstream 8 kb zone of silent LTRs

compared to promoter and polyA LTRs.

Lessons Learned from the HERV Transcriptome. The

different results were finally used to construct a comparative view

of HERV genome and transcriptome. To achieve this goal, we

used the term ‘HERV genome’ to refer to the entirety of our

HERV genome database content (i.e. 6 HERV families), and we

opposed the HERV transcriptome resulting from our experiments

(Figure 5). Since the HERV-V2 content reflects the success in

designing specific probes and probesets, which varies from one

family and one element to another, we had to apply correction

factors to raw transcriptome results. Accordingly, the following

outcome must be regarded as an extrapolation.

The first observation tends to show there is no difference

between the contribution of each family to genome and

transcriptome sharing (Figure 5A). However, the transcription

seems to be impacted by the structure of HERV elements in a

trend that aims to reduce proviral gene expression (30% to 16%)

(Figure 5B). More flagrantly, the genomic environment appears to

exert a major influence as the expression of HERV elements that

map close to human genes (,10 kb) is twice constricted and, at the

same time, the expression of intronic HERV sequences in sense

orientation reduces dramatically (9% to 3%) (Figure 5C). Focusing

on LTRs and regardless of the tissue tested, almost 50% of the

LTR elements remain silent, while active LTRs are roughly
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equally divided between promoter and polyA functions

(Figure 5D). We also identified very few cases of readthrough

LTRs (3%).

Discussion

HERV Transcriptome Views
We provided a microarray-based description of the HERV

transcriptome based on the analysis of a set of cancerous and non-

cancerous tissues that reflect a range of diversity. Different works

have been conducted to discover the contribution of HERV to the

human transcriptome [38,60,59,62,48,61]. In this study we

identified 1,718 active HERV elements suggesting that about

30% of the retroviral sequences spread across the genome are

transcribed. Despite the fact that it is usually thought that HERVs

colonize the genome and consequently are tightly controlled to

avoid gene disruption [67], our observation of a substantial basal

HERV transcriptional activity is partly supported by others. In

2008 Conley et al. analyzed high-throughput expression data to

claim that transcribed HERV sequences correspond to 1.16% of

Figure 4. Genomic environment of functional and silent LTRs. (A) Overview of genomic and chromatin composition (%GC) of functional LTR
neighborhood. For all promoter, polyA, readthrough and silent LTRs, the number of neighboring genes in the surrounding +/250 kb is obtained
from NCBI 36/hg18 using annotations from the RefGene table (UCSC), then the DNA sequences are extracted in silico for %CG content calculation.
The table includes the number of intronic functional LTRs, defined as LTRs that overlap gene limits (NCBI 36/hg18 RefGene table), and ends with the
number of intergenic LTRs. Sense: LTR and gene are in the same orientation; antisense: LTR and gene are in opposition. (B) Genomic environment for
intergenic functional LTRs. Genes in the same orientation (sense) or in opposition (antisense) with the LTRs are counted in the case of promoter, polyA
and silent intergenic LTRs. Read-through LTRs are not included as their number, which is too low, does not fit with the representation. Vertical bar
centered on zero should be interpreted as an ellipse of the LTR sequence. Away from the bar, the cumulative gene occurrence is shown up to +/
225 kb starting from the LTR limits. Curve tendencies beyond 25 kb do not change significantly and are not represented.
doi:10.1371/journal.pone.0040194.g004
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the human genome sequence [38], which would mean that

approximately 15% of HERV sequences are active. Previous

analyses of HERV activity based on ESTs led Oja and colleagues

to estimate that 7% of the HERV sequences are transcribed [68].

More generally, the fact that the human genome might be more or

less pervasively transcribed, including sequences previously

Figure 5. Genomic and transcriptomic projections of the HERV repertoire. (A) HERV families. The 6 HERV families studied in this work are
voluntarily depicted as 100% of HERV human genome, in the proportions described in Table 1a. The transcriptome picture is obtained from results
detailed in Table 1c after applying a correction factor that takes into consideration chip content in Table 1b. (B) HERV structures. Solo LTR and
proviruses account for 100% of the HERV genome in the proportion described in Table 1a. The transcriptome part is based on Table 1c after
correction taking into consideration the chip content presented in Table 1b. (C) HERV environment. A systematic search for genomic environment is
performed for elements present in the HERV database (genome) and the active elements described in Table 1c (transcriptome). The proportion of the
3 types of LTR is based on Table 1a and the transcriptome from Table 1c after correction using Table 1b. (D) The role of junk DNA. HERV sequences
represent approximately 8% of the human genome. The graph of LTR functions is based on Figure 3B after a correction based on the number of
attributable functions and chip content.
doi:10.1371/journal.pone.0040194.g005
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thought to be silent, was a key outcome of the ENCODE pilot

project and led to the proposal of the ‘warehouse’ concept for

natural selection [69]. This suggests how HERV may regulate

human transcription on a large scale.

EST data appear to be insufficient to describe the transcrip-

tional activity of HERVs and therefore to unambiguously

characterize promoter functions, as previously discussed [60,48].

Moreover, for the most active HERV elements, Oja reported

hundred to thousand-fold over-representation of pol and env
regions (as opposed to LTRs). Such poor EST detection in either

59 or 39 LTRs could be due to the nature of the EST methodology

which may be sensitive to low level of expression or end-location of

secondary structured LTRs on mRNA or even the occurrence of

polypurine tracks within retrovirus genes [70]. Notably, EST

strategy failed to identify ERVWE1/Syncytin-1 39LTR as a polyA

signal as discerned using HERV-V2, although the full-length

Syncytin-1-containing polyadenylated cDNA has been isolated

[63]. Nevertheless, focusing on the 22 well-described HML-2

elements we shared with the EST study conducted by Stauffer, we

obtained a correlation of 64%. Similarly, the circumscribed EST

analysis conducted on HERV-W elements confirmed up to 75% of

our promoter elements.

HERV Tropism and Implication in the Biomarkers Field
The HERV transcriptome presented herein was generated

using a set of tissues selected in order to support the hypothesis

that individual HERV can serve the biomarker field. Among

cancerous and non-cancerous tissues, we characterized expression

patterns supporting that testis and placenta are privileged places of

HERV expression. Syncytin-1, a functional envelope glycoprotein

belonging to the HERV-W family, is expressed in the placenta and

in the testis [63,71,49,61]. Syncytin-2, a member of the HERV-

FRD family, takes part in the placenta expression cluster

[72,49,73] and numerous envelope and capsid elements related

to the HERV-K HML-2 family formed the testicular tumor group

as described previously [2,74,75,19,76]. In a recent work, we

reported the expression of 6 HERV-W elements in testicular

tumor using an early version of HERV chip [61]. This second

generation of the HERV chip allowed to confirm the overexpres-

sion of 5 out of 6 elements (the 6th locus belongs to the grey area as

defined above) and, at the same time, we identified numerous new

HERV-W elements specific to the testicular cancer sample with

high expression levels. The association of HERV-H elements with

colon cancer [59,77,78,79] and the finding of HERV-E 4.1

sequences in a group composed of prostate, uterus and ovary

samples has also been reported [61] and is confirmed here. Taken

together, these findings argue in favor of non-random behavior of

HERV elements and families and thus suggest a strong HERV

tropism acting within human organs.

In line with this idea, we focused on differential expression

between normal and tumor tissues in pairwise analyses. The use of

SAM-FDR gold standard statistical tests [80] led to the

identification of a variable number of elements that are sensitive

to the state of differentiation. We took the responsibility of false-

positive results using a high FDR value but we also assumed that,

by using a test with low stringency, we did not miss any interesting

elements. Testis here again appears to be the most predisposed

context to HERV differential activity with more than 1,000 DEP

composed of almost two-thirds of tissue-specific probesets. Notably

we highlighted a significant number of probesets with strong and

specific expression variation between normal and cancerous colon

samples. The RT-PCR experiments we set up to validate HERV

tropism and differential expression showed that HERV-V2 overall

trends are accurate. Nevertheless, discrepancies between micro-

array and RT-PCR have also been observed, which may reflect a

lower sensitivity of the chip as opposed to RT-PCR, e.g. due to the

intrinsic sensitivity of the whole transcriptome amplification or to a

target-dependent unbalanced amplification. For ovary and lung

analysis, although the number of DEP seems impressive, only a

few probesets deviate from low values. In addition, we did observe

variable levels of genomic DNA contamination within lung

samples, which may have biased the result of analysis. Altogether,

although promising, the transfer of these results into biomarkers

will require further clinical studies based on relevant dedicated

procedures [81], notably taking into account inter-individual

variations.

Specialization of Human LTR Function
After a retrovirus has integrated the host genome, its two

flanking LTR sequences are strictly identical, yet the alteration of

HERV structures and the genetic drift over time may provide a

favorable context for both natural and alternative LTR functions.

As a result in the current human genome, the estimated 200,000

HERV LTRs can be seen as a wild collection of promoter and

polyA elements. Based on this concept, we identified 326 promoter

LTRs, 209 polyA LTRs, 25 readthrough LTRs and 672 silent

LTRs among the 1513 evaluated LTRs. Confirmation analysis

based on HERV-W-associated ESTs revealed that putative

splicing events excluding U3 regions occurred in some cases,

which may lead to an overestimation of promoter functions.

Conversely, we did not assign promoter functions to LTRs lacking

probes in U3 but exhibiting high positive signals in U5. In

particular, we identified 34% of active HML-2 promoters. This is

slightly less than the GREM experimental method that showed at

least 50% of HERV-K HML-2 LTR serve as in vivo promoters

[62,36]. Some of the elements identified with GREM were found

in our study but it is somewhat disturbing to find only a poor

correlation (19%). This could be due to inter individual variations

among tissue samples in both studies, as only one testicular

parenchyma was used to implement the GREM methology [62].

Alternatively, given that GREM is a PCR-based method, the

analysis of transcribed HERV sequences can be more sensitive

than with microarrays but conversely can be complicated by

recombination events during PCR [58].

Most of the function characterizations concern solo LTRs

(398 out of 535; 74%). In detail, we characterized 247 promoter

solo LTRs and 151 polyA solo LTRs. If we look at solo LTRs

regardless of their family, we are inclined to consider that these

structures, originating from recombination phenomena, are more

likely to exert promoter rather than polyA functions. However, the

relative amount of promoter and polyA solo LTRs varies

remarkably from one family to another. Within the HERV-K

HML-5 family, we only characterized promoter solo LTRs. The

HERV-W, HERV-E 4.1, HERV-FRD and HERV-K HML-2

families similarly showed a predominant set of solo LTRs with

promoter functions. It is noteworthy that among the 6 HERV

families we studied, the oldest, HERV-H, gives the most

significant example of polyA solo LTR overrepresentation. The

observed biases in solo LTR specialization may result from an

intrinsic property of the natural history of each family, as

exemplified in a different context by the LINE-1-mediated

spreading of a significant proportion of the HERV-W family

[82]. Alternatively we cannot exclude an orientated and irrevers-

ible genetic drift within LTR sequences. Further functional

comparative analysis of evolutionary-conserved solo LTRs may

permit to address these hypotheses.

We also examined the 59 end of the 45 promoter 39LTR
elements. The proportion of 59-truncated structures in this subset
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is not higher compared to other HERV proviruses. However,

when a function can be attributed, the existing 59LTR is silent.

This observation can suggest a loss of fixation of transcription

factors. Indeed, different works on proto-oncogene activation

induced by retrovirus insertion have showed that the 39LTR can

initiate alternative transcription of cellular genes only if the

insertion was accompanied by an inactivation of the 59LTR of the

provirus [83], a concept referred to as promoter occlusion [84].

Thus, the description of 45 promoter 39LTRs in this study appears

consistent with the concept of promoter occlusion.

Astonishingly, promoter and polyA lists have no LTR in

common, a strong trend we called operational determinism. This

was observed using both the 79 normal et cancerous tissue panel

and the 6 cell lines. Thus, despite environmental changes over

time, active LTRs seem to feature unique specialized functions.

Nevertheless, HERV-W-associated ESTs showed that in some

contexts, only a readtrough phenomenon can replace or be added

to promoter or polyA function. This finding is compatible with

operational determinism but suggests the presence of weak

promoter or polyA activities. In addition, attempts to validate

LTR functions by leveraging EST data have faced the possibility

of alternative transcription initiations. Indeed, alternative initiation

sites have been proposed for the promoter of ERVWE1 following

mung bean nuclease protection assays [65]. These two alternative

sites are located 71 bp and 75 bp upstream from the site we

defined by RACE as the R border [63,61], respectively. Moreover,

due to genetic drift, the location of initiation sites within HERV

LTRs may be more flexible than for exogenous retroviruses.

HERV Functions and Genomic Environment
Gene density in the environment of active promoter LTRs is

significantly higher than for silent LTRs as previously observed for

the HML-2 family [36]. Notably, this behavior was also shared by

LTRs exhibiting polyA function. Such observations could be

interpreted in two ways: either chromosomal regions with high

transcriptional activity promote HERV activity as a side effect

(e.g.: bringing transcription factors together with DNA strand

opening), or there is a functional contribution of active LTRs to

human gene regulation in a way that would be of benefit to the

genome. Conversely, exclusion of methylated silent LTRs from

gene-rich regions preclude methylation spreading and then

silencing of conventional genes as previously suggested for

transposable elements [85]. The set of 99 intronic LTR elements

investigated here presented a 3.7 fold bias in favor of antisense-

oriented insertion, similar to the 2 to 4.5 range previously

described [86,87]. As previously proposed, this suggests a strong

selection against LTR elements in the sense direction and

consequently argues that LTRs found in the same transcriptional

orientation are much more likely to have a detrimental effect [87].

It is noteworthy that the antisense orientation bias appears similar

for silent and transcriptionally active LTRs. Regarding surround-

ing genes, this may reflect an overall weak transcriptional activity

as observed for a set of proviruses and solo LTRs belonging to the

HERV-W family [88]. Alternatively this could represent substan-

tial and therefore gene-independent transcription events in altered

cellular contexts.

Among the 1133 intergenic LTR elements, 288 (25%) were

promoter LTRs, 184 (16%) polyA LTRs and 639 (56%) silent

LTRs. Comparison of the gene environment of those intergenic

LTRs highlighted two points. Unexpectedly, an approximate 8 kb

interval upstream of intergenic promoter LTRs was characterized

by a drastic under-representation of sense genes. This result was

considered relevant due to the significant number of LTRs

(n = 228) and the absence of LTR-associated multigene families

which may skew the results. This suggests that a sense-intergenic

promoter LTR can only survive at a certain distance of a sense

gene, otherwise it would have a detrimental effect on the gene.

Such a location may contribute to the usage of acceptor donor

sites together with alternative polyA signal which may alter the

original transcript as proposed for intronic elements [87]. Second,

a mirror situation consisting in an 8 kb window was observed

upstream from silent LTRs, showing a decrease in antisense genes

compared to sense genes. Although no obvious explanation can be

provided to date, it is striking to note that such a symmetrical 8 kb

region was recently shown to correspond to the maxima of LTR

density around transcription start site of tissue-specific genes [89].

Conclusion
This microarray-based approach unveiled the expression of

1,718 distinct HERV loci and identified 326 promoter LTRs and

209 polyA LTRs in a broad range of tissues. Further systematic

quantitative analysis is required to gain insight on the relative

variation of expression of HERV sequences and their adjacent

cellular genes. In particular, looking at different stages of cell

differentiation may accelerate the identification of alternative

promoters as already documented for a subset of genes in the

mouse embryo [90].

In addition to the preservation of transcription factor binding

sites, two important features determining the control of HERV

expression consist of the LTR methylation status

[91,92,93,94,61,95] and the chromatin context associated to post-

translational histone modifications [95]. Locus-specific LTR

hypomethylation was observed both during placental development

[91,92,93] and in testis and colon cancers [94,61,95]. Thus, such

whole transcriptome approach together with LTR function

identification and further characterization of associated epigenetic

marks may help to discriminate between statu quo, conflict and

cooperation, the components of a many-facetted relationship

between retrotransposons and their metazoan hosts.

Materials and Methods

Chip Design
HERV database. A database for genomic HERV elements

was constructed following a 4-step process: (i) for each HERV

family, we defined a prototype by choosing the most representative

and complete HERV element present in the human genome. (ii)

Functional U3/U5/gag/pol/env parts were labeled on the

prototypes. (iii) These sequences were then used as an input

reference library for RepeatMasker [96] (see the details of the

prototypes in Table S1). The search for HERV functional

sequences was extended to the entire human genome (NCBI

36/hg18) allowing a maximum 20% divergence with prototype

sequences. (iv) The functional sequences identified were lastly

assembled into annotated HERV elements and were implemented

in an owner database, so-called HERVgDB3. HERVgDB3

contains 10,035 distinct HERV elements belonging to 6 HERV

families, including complete and partial proviruses (Table 1a).

Probeset Design
The probe design steps aimed ultimately to define probesets for

the functional parts of each HERV element that belongs to

HERVgDB3. We first generated all possible and overlapping 25-

mer tracks for any given HERV sequence of HERVgDB3, leading

to an initial pool of candidate probes. We then evaluated the cross-

hybridization risk of each candidate probe using local alignment

versus the entire human genome (NCBI 36/hg18) as a model of

hybridization, supported by an internally developed alignment
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scoring function called EDA+. The EDA+ principle is based on

instability induced by any mismatch within the hybridization

between probe and target. Using EDA+, the impact of mismatches

is cumulative and modulated regarding their type, their position

and the size of the interval between two mismatches. A threshold

on the cumulative weight is then defined to consider the

hybridization as probable or not. Note that no specific thermo-

dynamic parameter was added to the model. The relevance of this

score was evaluated independently (data not shown). EDA+ was

applied to any local alignment between a candidate probe and the

human genome, computed using the KASH algorithm [97].

Probes that meet the alignment-EDA+ criteria were definitively

selected to enter the design process. This last step finally grouped

the selected probes in order to constitute probesets for any given

functional part of the HERV elements collection. When more

than 10 probes can be used to create a probeset, we make a

selection to obtain a homogeneous distribution of probes along the

functional part.

Custom HERV GeneChip Microarray
The custom HERV GeneChip integrates 23,583 HERV

probesets (88,592 probes) and can discriminate 5,573 distinct

HERV elements, composed of complete and partial proviruses

(Table 1b). In addition to the HERV repertoire, a set of mismatch

declinations (37,200 probes), initially based on 19 perfect match

(PM) probesets belonging to the commercial Affymetrix

HG_U133_PLUS2 chip, serves to evaluate and improve the

EDA+ hybridization scoring function (data not shown). The

standard Affymetrix control probes for unbiased amplification and

hybridization were also included in the microarray.

Sample Description
Tissue samples and cell lines. Matched-pair tumor/

normal RNA samples of colon (3), breast (8), ovary (3), uterus (3)

and prostate (1) were purchased from Clinisciences. Additional

First Choice human tumor/normal RNA samples of colon (1),

ovary (1), uterus (1), testis (1), lung (1) and prostate (2), plus normal

placenta sample (1), were obtained from Life Technologies. The

Centre de Ressources Biologiques of Nancy provided epidermoid

carcinoma and normal adjacent lung RNA samples (9) and the

Centre Hospitalier Lyon-Sud performed macro dissections on

radical prostatectomy specimens (5) to isolate cancer tissue from

normal tissue. Details on samples are provided in Table S2.

The human prostate epithelial cell line RWPE1 and the

chemically stressed-derived WPE1-NA22, WPE1-NB14, WPE1-

NB11, WPE1-NB26 [98] as well as the v-Ki-Ras-transformed

RWPE2 [99] cell lines were obtained from the CelluloNet of the

UMS3444/US8 BioSciences Gerland Lyon-Sud.

Ethical considerations. The human tissue specimens pro-

vided by the Centre Hospitalier Lyon-Sud and by the Centre de

Ressources Biologiques of Nancy were obtained in compliance

with the ICH-GCP regulations, current European and French

legislations. A ‘non-interventional’ biomedical research protocol

for tissue samples conservation after a prostate surgery has been

set-up at the Centre Hospitalier Lyon-Sud with the approval of the

Ethics Committee in Lyon (CPP Sud-Est 2). Therefore, patients

admitted to the urology department in the Centre Hospitalier

Lyon-Sud were informed and gave voluntary, signed informed

consent prior to any tissue sample conservation and for research

use. Patients admitted to the Nancy Hospital were informed that

their sample tissue after the lung surgery will be conserved at the

Centre de Ressources Biologiques de Nancy for research use

according to the French bioethics law (2004). Clinisciences and

Life Technologies signed an agreement to ensure that the tissue

samples were obtained in compliance with ICH-GCP standards.

Molecular Biology Analysis
RNA extraction. RNA was extracted from macro-dissected

radical prostatectomies following the Trizol protocol (Invitrogen)

and was purified on Rneasy columns (Qiagen). The quality of all

RNA samples was assessed with the Bioanalyser 2100 capillary

electrophoresis device using the RNA Nano Chips kit (Agilent).

Target amplification, labeling and microarray

hybridization. cDNA synthesis and amplification were per-

formed using 50 ng of RNA, using the WT-Ovation RNA

Amplification System kit (Nugen). Briefly, amplification was

initiated both at the 39 end and randomly throughout the whole

transcriptome, and this was followed by reverse transcriptase/

RNAse H mix step before SPIA linear and single strand

amplification. Amplified ssDNA products were purified using the

QIAquick purification kit (Qiagen), total DNA concentration was

measured using the NanoDrop 1000 spectrophotometer (Termo

Scientific) and the product quality was checked on the Bioanalyser

2100. Two micrograms of purified ssDNA were fragmented into

50–200 bp fragments by DNAseI treatment and were 39-labeled
using a terminal transferase recombinant kit (Roche). The

resulting target was mixed with standard hybridization controls

and B2 oligonucleotides following the recommendations of the

supplier. The hybridization cocktail was heat-denatured at 95uC
for 2 minutes, incubated at 50uC for 5 minutes and centrifuged at

16,000 g for 5 minutes to pellet the residual salts. The HERV

GeneChip microarrays were prehybridized with 200 ml of

hybridization buffer and placed under stirring (60 rpm) in an

oven at 50uC for 10 minutes. The hybridization buffer was then

replaced by the denatured hybridization cocktail. Hybridization

was performed at 50uC for 18 hours in the oven under constant

stirring (60 rpm). Washing and staining were carried out according

to the protocol supplied by the manufacturer, using a fluidic

station (GeneChip fluidic station 450, Affymetrix). The arrays

were scanned using a fluorometric scanner (GeneChip scanner GS

3000, Affymetrix).

Real-time PCR. A set of locus-specific PCR primers was

designed using Primer3 and the NCBI Primer-BLAST software

and then checked in silico at UCSC (http://genome.ucsc.edu).

Primers were ordered from Eurogentec. For each individual PCR

system, a range of amplifications, followed by High Resolution

Melting (HRM) analysis and product sequencing, was performed

on genomic DNA to control the specificity of the products and to

determine optimal experimental melting temperature (Tm). For

each tissue, individual samples were pooled in order to compare

results from RT-PCR with the data from microarrays. 50 ng of

total RNA of each sample were DNAse-treated and reverse-

transcribed using the QuantiTec Reverse Transcription Kit

(Qiagen). Reverse-transcriptase-free reactions were carried out to

verify the absence of contaminating genomic DNA. SYBR green

experiments were set up using the Type-it HRM PCR kit (Qiagen)

in 10 mL final reaction volume with 5 mM primers and a 20-fold

dilution of the cDNA. PCR amplifications were carried out in

Rotor-disc 100 wrapped discs devised for the Rotor Gene Q

(Qiagen). Housekeeping genes G6PD, GAPDH and HPRT were

analyzed in the same experiment as the target transcripts.

Amplifications of cDNA were performed as follows: a 5-min

denaturation step at 95uC, followed by 45 cycles (95uC for 10 s,

Tm for 30 s, 72uC for 10 s) and HRM analysis (from 65uC to

95uC, 0.1uC increments every 2 s) to control the product purity.

Each reaction was performed in duplicate. The second derivative

method was used to assess the amplification efficiency (Eff).
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Relative expression (RLE) for each system is EffDCt (DCt=Ctmin–

Ctsample). All data were normalized by the geometric mean of the

RLE of the three housekeeping genes.

Bioinformatics
Chip analysis. The quality control (QC) of the microarrays

was assessed using the standard Affymetrix controls to verify that

the chips met the criteria. In addition, the dataset was explored to

highlight unexpected batch effects and to correct them before

statistical analysis. The distributions of intensities for probes and

probesets were plotted to test different putative covariate effects

(e.g.: dates of amplification and hybridization, people in charge of

the experiment, lots of reagents). The following representations

were used: the log intensity value distribution (density plots and

box plots), the median absolute deviation (MAD) versus the

intensity median (MAD-Med plots), the background plots and

nuse plots and finally the relative log expression (RLE) plots. A

strong batch effect related to the experimental operator was

identified, as well as residual batch effects related to the

amplification dates within each operator. A customized pre-

processing strategy was thus selected to correct these technical and

undesired effects.

The data pre-processing included a background correction

based on the tryptophan probe baseline signal, followed by

normalization and summarization steps involving a double batch

effect correction. In brief, the background of each chip was

estimated as the 15th percentile of the intensity values of the

tryptophan probes, then the robust microarray averaging (RMA)

process [100] was applied within each operator batch using the

configuration of quantile normalization followed by median polish

summarization. This process was applied independently for each

amplification date batch. After that, a two-step combining batches

(COMBAT) method [101] was applied, first within each operator

dataset in order to merge the date effects of a given operator, and

second within the entire chips set in order to merge the operator

datasets together (see Figure S1). The COMBAT method

constructs a model for each gene, formally written as:

Yijg~mgzXjbgzcigzdigeijg

Yijg is the signal measured for the gene g when the sample j is
processed in the batch I; mg is a mean expression level for the gene

g; we considered a single biological covariate X (here a qualitative

variable including the origin and the state of the tissue); bg defines
the level of differential expression related to biological categories

(the parameter we are looking for); parameters cig and dig are the

additive and multiplicative error components that define the batch

i (they are gene-specific) and eijg is the error that follows N(0, sg).
After all the chips were normalized, expression values of

individual chips were grouped into sets of samples as described in

Table S2. If no precision is given, all the results illustrated and

discussed in this study are based on the values of the sets of

samples.

Partitioning clustering was applied to the normalized expression

values using a Euclidean distance function algorithm to determine

similarities between observations. The final number of clusters was

decided after iterative corrections combining algorithm auto-

decisions and fine adjustments through direct observations of the

resulting dataset arrangement. The minimum number of probesets

required to form an expression cluster was empirically set at 6.

The search for differentially expressed genes (DEG) implied a

classical significant analysis of microarray (SAM) procedure [80]

followed by a false discovery rate (FDR) correction [102]. The

dataset was filtered to exclude the probesets for which expression

values were less than 26 in all tissues. A FDR cut-off of 20% was

applied.

Genomic environment. Homemade perl scripts were devel-

oped to request and extract information from the human genome

build NCBI 36/hg18 and the RefGene annotation table (UCSC).

Gene density and %GC content calculation were evaluated by

default in the +/250 kb surrounding environment, starting from

the HERV element ends.

Expressed Sequenced Tag (EST) analysis. The blastn

algorithm (NCBI blastn v.2.2.25) was used to compare HERV

sequences to EST libraries. A cut-off of 97% was retained as a

compromise between the extreme similarity existing between loci

of the same family and the polymorphism in the human

population, ranging from 1 out of 0.31 kb in repeats to 1 out of

1.8–2.0 kb in coding regions (Nickerson, 1998}. If no precision is

given, the default parameters used for alignment were: alignment

length .200 bp; EST/sequence alignment coverage .85%.

Software and data. QC, pre-processing and DEG analysis

were performed using R statistical software [103], packages from

the Bioconductor project [104] and homemade R packages. The

clustering algorithm used for this study is implemented in Partek

Genomics Suite 6.5. Geneious 5.0 was used for primer design and

EST analysis. The complete experimental set comprises 113

microarrays. Affymetrix data files (.cel) are available upon request.

Supporting Information

Figure S1 Effect of RMA-COMBAT normalization. Dis-

tribution of intensities within the dataset before (upper part) and

after (lower part) RMA-COMBAT normalization. Each boxplot

represents a single chip and the colors refer to experimental

batches.

(PDF)

Figure S2 Correlations between microarray and RT-
PCR results. Normalized values of microarray and RT-PCR

experiments are given for 12 independent HERV sequences that

belong to 8 distinct HERV loci. Correlations close to 1 indicate a

strong positive linear relationship and therefore confirm the

findings. Correl = Covmicroarray;RT-PCR/(sdmicroarray*sdRT-PCR).

(PDF)

Figure S3 RT-PCR analyses of LTR promoter functions.
The promoter activity of 3 independent LTRs was evaluated in

RT-PCR. Relative expression of U5 vs U3 is given by FcU5/U3 =

(EffU3
CtU3)/(EffU5

CtU5). Values greater than 1 indicate a promoter

activity. An asterisk (*) highlights tissues for which the promoter

activity has been unequivocally found using the microarrays. In

the particular case of 1100414_2 no probeset was defined within

the LTR and consequently the promoter activity in testicular

tumor could not be detected using microarrays.

(PDF)

Figure S4 Pictures illustrating alignments of HERV-W
loci with their best EST counterpart. Each alignment is

designated by the name of the locus as it stands on the microarray,

followed by the name of the most similar EST. The alignment

explicitly states the retroviral structure including LTR U3, R and

U5 subdomains, as well as flanking regions. Probes defined on the

array are indicated by grey arrows. The sequence used for the

query is represented as well as the EST retained for analysis, as

developed in Table S7. Accession number and EST count are

shown. Arbitrary blue numbering of HERV subdomain and the

aligned EST together with blue vertical bars are indicated when

required to facilitate the reading, e.g. clones overlapping U5 and

59 flanking region for 400207_w-AI738459.jpg. Best score EST
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aligned with 59 (700341_w-ERVWE1_5LTR.jpg) and 39
(700341_w-ERVWE1_3LTR.jpg) LTRs of the ERVWE1 locus

are included to highlight the limits of information provided by

ESTs.

(PDF)

Table S1 HERV prototypes used for the construction of
HERV-gDB3. Accession numbers, genomic localizations and the

limits of the functional region within the prototype sequences (U3,

R, U5, gag, pol env) are given for the 6 HERV families studied. a

for HERV identification and gene cutting out. b for LTR sub

region cutting out.

(PDF)

Table S2 Biological samples included in the study. List
of biological samples included in the study (samples) and used in

the composition of analysis groups (set of samples). Information on

pathological status, age and sex are provided when available.

Matched tumoral/normal samples are indicated (paired with). An

asterisk (*) highlights samples that were not used for the

microarray study.

(PDF)

Table S3 Genomic coordinates of active and functional
HERV sequences. Genomic coordinates refer to the human

genome version NCBI 36/hg18. Each HERV locus is designated

by a single identifier (locus id). The table summarizes the different

observations mentioned in the study, i.e. whether the locus shows

expression patterns (tropism), is differentially expressed between

normal and cancer samples (DGE) or exhibits functional LTRs

(LTR functions). Two ‘x’ in the ‘‘LTR functions’’ box associated

with one locus reflect distinct functions for each LTR of the same

provirus.

(XLS)

Table S4 Identification of HML-2 repetitive elements
characterized by independent methods. From left to right

the genomic location (NCBI 36/hg18), the individual HML-2

locus sequence name, the tropism of expression deduced from the

microarrays, the differential expression and the LTR functions as

depicted in Table S3, the references from which data were

obtained taking into consideration either EST analysis [59],

genomic repeat expression monitoring (GREM) for experimental

genome-wide identification of promoter-active repetitive elements

[62], PCR-sequencing [48] or array-based approach [61] are

given. The original designation of the HERV loci is given for each

study. We added April 2012 EST query information obtained

using the method developed in Table S7. Statistics concerning this

analysis are given at the bottom of the table and include, for each

study, the number of elements, the number of shared elements, the

number of active elements and the correlation between our work

and each individual study.

(XLS)

Table S5 Matching of tissue-specific HERV sequences
with Expressed Sequenced Tag (EST) databases. The

CleanEST database [105] was used to retrieve ESTs associated

with tissues of interest in order to construct 6 reference EST

groups: colon (311122 ESTs), lung (441913 ESTs), ovary (123944

ESTs), placenta (321881 ESTs), prostate (69860 ESTs) and testis

(264243 ESTs). Each EST group was blasted against the HERV

sequences composing the expression profiles shown in Figure 1,

following the procedure detailed in the EST analysis part of the

materials and methods section. Hits were normalized by the total

number of HERV loci of the expression profile and by the total

number of ESTs forming the reference group. The ranking of the

value is associated with a color code highlighting the enrichment of

tissue-associated ESTs: green (1/6), yellow (2/6) and red (.2/6).

(PDF)

Table S6 Primers used for RT-PCR experiments.
Forward and reverse primer sequences used for RT-PCR analyses.

The Tm of each primer pair was determined as described in the

related materials and methods section. The domain of application

is indicated (normalization, tropism, promoter function).

(PDF)

Table S7 Identification of Expressed Sequenced Tags
(ESTs) putatively associated with active HERV-W repet-
itive elements. We used Megablast to compare HERV

sequences to EST libraries using Geneious 5.0 software and

NCBI libraries. A cut-off of 97% was retained as a compromise

between the extreme similarity existing between loci of the same

family and the polymorphism in the human population ranging

from 1 out of 0.31 kb in repeats to 1 out of 1.8–2.0 kb in coding

regions [106]. From left to right, the genomic location (NCBI 36/

hg18), the individual HERV-W locus sequence name, the tropism

of expression deduced from the microarrays, the differential

expression and the LTR functions as depicted in the Table S3, the

LTR associated structure (i.e: provirus, solo LTR, partial provirus

with either 59 or 39 LTR), the EST scores, the reference accession

numbers of the ESTs, the EST length in bp, the EST coverage of

the LTR query (i.e: 100% or numbering when ,100%), the LTR-

element covered regions (i.e: U3, R, U5, gag, pol, env, 59 or 39
flanking region), the information concerning the additional

coverage of clones and the existence of additional clones in

flanking regions, the previous identification and designation of the

locus, the EST-associated proposed function, and the name of the

pictures illustrating alignments of HERV loci with their best EST

counterpart as detailed in Figure S4 are given. Parameters used for

Megablast query with Geneious 5.0 are indicated at the bottom of

the table, as well as statistics concerning the query and a color

code highlighting the correlation between array and EST LTR-

deduced functions.

(XLS)
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Chapter 4
A Comparative Portrait of Retroviral Fusogens
and Syncytins

Philippe Pérot, Cécile Montgiraud, Dimitri Lavillette, and François Mallet

Abstract The strongest candidates for developmentally regulated cellular fusogens
in mammals are Syncytins which contribute to cell–cell fusion leading to placen-
tal syncytiotrophoblast in higher primates, rodents, lagomorphs and sheeps. They
consist of domesticated endogenous retroviral envelope glycoproteins (Env) whose
fusion properties depend on the initial recognition of a specific receptor. In order to
clearly understand Syncytins characteristics, we will first illustrate molecular details
characterizing the maturation of class I fusion proteins by introducing envelope-
driven fusion in an infectious context, i.e. virus cell fusion, exemplifying each step
that lead to functional virions with the most relevant model such as HIV-1 lentivirus
or MLV and type D interference group retroviruses. In a second part, we will com-
paratively present the current knowledge concerning Syncytins and the associated
three levels of complexity. First, the placenta is probably more variable in struc-
ture than any of the mammalian organs. Second, Syncytins recognize specific and
highly function-divergent/unrelated receptors. Third, some Syncytins were shown to
exhibit other functions than fusion, such as proliferation, immunomodulation, recep-
tor interference and anti-apoptotic properties. We will conclude by a brief overview
of the consequences of Syncytin expression outside of its privileged tissue.
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4.1 Introduction

Our life begins with fusion of our mother’s oocyte with one of our father’s
spermatozoids. A consequent successful pregnancy depends on the 10 m2 placen-
tal syncytiotrophoblast resulting from fusion of abundant cytotrophoblastic cells.
As the embryo develops, skeletal muscle differentiation depends on the fusion of
mononucleated myoblasts to form multinucleated muscle fibers. In the adult body,
macrophages can fuse to form either multinucleated osteoclasts that control the
maintenance of the bones or multinucleated giant cells that are important for the
immune response. Last but not least, fusion as a driver of embryonic stem cell
differentiation suggests a new role of cell fusion in mammalian development.

Overall, cell fusion is a process in which two or more cells become one by merg-
ing their plasma membranes. Fusion, with the exception of gametes and stem cells,
produces only terminally differentiated, non-proliferating tissue, and is thus mainly
involved in tissue maintenance or regeneration. The fused cells (syncytia) that con-
tain several nuclei within a single cytoplasm may be homokaryons (homotypic
fusion) or heterokaryons (heterotypic fusion) as derived from the fusion of similar
or different origin cell types, respectively. In any case, fusion of two separate lipid
bilayers in non aqueous environment first requires that they come in close contact.
Second, an intermediate stage is characterized by the merger of only the closest con-
tacting monolayer, a process called hemifusion. Third, the fully completed fusion
results in whole bilayer merging following by the opening of the pore.

It remains questionable whether cell–cell fusion involves the same type of mech-
anisms than in other membrane fusion events, such as intracellular vesicle fusion
mainly based on SNAREs proteins (soluble N-ethylmaleimide-sensitive fusion pro-
tein attachment protein receptor) and virus-cell fusion achieved by transmembrane
viral fusion proteins (Chen and Olson 2005). However, we might expect that long-
conserved syncytial structures, such as skeletal muscle that have become integral
to the body plans of multiple phyla, may be formed by mechanisms that have been
mostly conserved during evolution (Mohler 2009). It is thus striking to notice that
little is known about the molecular actors that are involved in regulating and com-
pleting cell–cell fusion, and of what is known there is little conservation between
species, suggesting that these mechanisms might have evolved independently (Chen
et al. 2007).

The multiple transmembrane-domain tetraspanin protein CD9 on the egg sur-
face and the single transmembrane-domain protein IZUMO with an extracellular
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immunoglobulin (Ig)-like domain on the spermatozoid surface contribute to the
fusion of the mice gametes, although it is still a matter of conjecture whether the two
molecules interact directly in trans to achieve the membrane fusion reaction (Inoue
et al. 2005). Transmembrane-domain proteins with extracellular Ig-like domains
have been implicated in homotypic macrophage fusion in rats (Han et al. 2000) and
in cell–cell tethering prior myoblast fusion in drosophila melanogaster (Bour et al.
2000). Interestingly, the strongest candidates for developmentally regulated cellular
fusogens in mammals are Syncytins, a family of single-pass transmembrane pro-
teins, which contribute to cell–cell fusion leading to placental syncytiotrophoblast
in higher primates, rodents, lagomorphs and sheeps. They consist of domesticated
endogenous retroviral envelope glycoproteins whose fusion properties depend on
the initial recognition of a specific receptor.

With the exception of retrovirus-derived Syncytins, none of the cell surface pro-
teins identified in the various cell–cell fusion processes resemble SNAREs or class
I fusion protein, (i.e. fusion does not appear to be mediated by an α-helical bundle).
Though, fusogenic proteins contribute to decrease the kinetic barrier to allow the
fusion of the two bilayer membranes. Viral fusion proteins do so by using the force
energy released during a protein conformational change to draw together the mem-
branes. The understanding of the Syncytins dependant cell–cell fusions will likely
parallel the mechanism of at least retroviral infection. Indeed, Syncytins are host
domesticated genes derived from ancient retroviruses infections of the host germ
line. Syncytins appear to group relatively distinct actors that may exhibit common
principles leading to membrane fusion and hence are good examples of the various
scheme of evolution to establish similar but different structures (microscopic and
macroscopic) with similar roles. Such a dichotomy between distinct players with
common principles was indeed proposed for all fusion processes by Martens and
McMahon (2008).

Three classes of viral fusogens have been described. The class I and II fusion
proteins are characterized by trimers of hairpins containing a central α-helical
coiled-coil or β-sheets structure, respectively, while the class III fusion proteins
have a mixed secondary structure (Weissenhorn et al. 2007). We will first introduce
envelope-driven fusion in an infectious context, i.e. virus-cell fusion, by illustrating
each step leading to functional virions with the most relevant model such as HIV-1
lentivirus or MLV and type D interference group retroviruses. The purpose is to
illustrate molecular details characterizing the maturation of class I fusion proteins,
defined by the following four characteristics: the cleavage of an envelope protein
precursor leading to surface and transmembrane subunits, a fusion peptide located
just next to the cleavage site (except avian ASLV), a trimeric complex association,
and the ability to form a hairpin structure, also called a coiled-coil structure, in
its active fusion conformation. The progression of these structural rearrangements
slows down the kinetic barrier between hemifusion and fusion-pore formation.

Intriguingly, without unequivocal evidence of infectious agent, retroviral par-
ticles were observed in physiological situation (Lyden et al. 1994) but also in
pathological ones (Perron et al. 1989; Boller et al. 1993) in man. They could derived
from endogenous retroviral sequences, as the human genome (Lander et al. 2001)
but also the mouse genome (Waterston et al. 2002) contain a huge amount of
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endogenous retroviruses, reaching 8.5 and 9% of these genomes sizes, respectively.
Although human and mouse species contain essentially different retroviral families,
some of their coding sequences are still intact, e.g. 18 envelopes ORFs were iden-
tified in the human genome (Blaise et al. 2003; Blaise et al. 2005) including the
two human Syncytins. This huge repertoire awaiting the identification of functions
will be illustrated, as it may represent a third condition beside infectious viruses and
domesticated envelope Syncytins.

In a second part, we will comparatively present the current knowledge on
Syncytins. Outstandingly, the situation comprises at least three levels of com-
plexity. First, the placenta is probably the more variable in structure than any
of the mammalian organ. Placentas are variously classified, as regard to (i) their
form, being discoid (primates, lagomorphs and rodents) or cotyledonary (rumi-
nant), (ii) the type of layer between fetal trophoblast and maternal endometrial
surface, hemochorial (primates, lagomorphs and rodents) or epithelio- and syn-
desmochorial (ruminants), and (iii) the structure of the maternal-fetal interdigitation,
villous type or villi (primates and sheep) or labyrinth (lagomorphs and rodents)
(Bernirschke K, Comparative placentation at http://placentation.ucsd.edu). The lat-
ter, a continuous syncytiotrophoblast layer that covers the entire surface of the
human placental villi which floats in maternal blood, is responsible of ion and nutri-
ent exchanges and synthesizes steroid and peptide hormones such as progesterone
and human chorionic gonadotropin (hCG) required for human gestation. Second,
Syncytins recognize specific and highly function-divergent/unrelated receptors. In
human, Syncytin-1 recognizes hASCT1 (Blond et al. 2000) and hASCT2 (Lavillette
et al. 2002) receptors while Syncytin-2 binds to MFSD2 receptor (Esnault et al.
2008). In rodents, Syncytin-A and Syncytin-B possess unidentified but distinct
receptors (Dupressoir et al. 2005), and in lagomorphs Syncytin-Ory1 functionally
recognizes hASCT2 (Heidmann et al. 2009). In sheep, enJSRV envelope(s) inter-
acts with HYAL2 (Dunlap et al. 2006). This illustrates that proteins involved in
cell–cell fusion, such as Syncytin partner receptors, are likely to play pleiotropic
roles in other cellular processes, e.g. transport of small molecules, but also modu-
lation of membrane structures, with specificity being achieved through the coupling
of these proteins to different upstream and downstream effectors. Third, Syncytins
were shown to exhibit other functions than fusion, such as proliferation (Strick et al.
2007; Larsen et al. 2009), immunomodulation (Mangeney et al. 2007), receptor
interference (Blond et al. 2000; Ponferrada et al. 2003) and anti-apoptotic properties
(Strick et al. 2007; Knerr et al. 2007), these functions being not shared by all these
proteins. We will conclude by a brief overview of the consequences of Syncytin-1
expression outside of its privileged tissue.

4.2 Contribution of the Envelope to the Retroviral Life Cycle

Retroviral classification was initially based on virion morphology observed
with electronic microscopy during maturation and assembly of particles (Coffin
1992). Accordingly, retroviruses are designated A-, B-, C- and D-type. The
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International Comity of Taxonomy has now established seven genera of Retroviridae
based on sequence homologies: Alpharetoviruses correspond to avian type C
(Avian leukosis virus, ALV) retroviruses, Betaretroviruses to type B (Mouse
Mammary Tumor Virus, MMTV) and D (Simian retrovirus-1, SRV-1) retro-
viruses, Gammaretroviruses to mammalian type C retroviruses (Murine Leukemia
Virus, MLV), Deltaretroviruses to the ancient group of HTLV-BLV (Human
T-cell Leukemia Virus/Bovine Leukemia Virus), Epsilonretroviruses (Waileye
Dermal Sarcoma Viruses family), Lentiviruses group which contains HIV and SIV
(Human and Simian Immunodeficiency Viruses) and Spumavirus including Human
Foamy Viruses (van Regenmortel et al. 2000).

Retroviruses are RNA enveloped viruses. They infect cells via a cellular recep-
tor recognition followed by the fusion of virus and cell membranes. Upon entry, the
next step of the retroviral life cycle consists of a retrotranscription stage mediated by
the viral reverse transcriptase protein that converts the viral genomic RNA in dou-
ble strand DNA. Subsequently, the viral genetic material is targeted to the nucleus
and stably integrated in the host cell genome by the viral integrase. The integrated
viral DNA is named provirus and is flanked by two Long Terminal Repeats (LTR)
that act as transcriptional regulatory elements. The 5′LTR contains the promoter and
enhancer signals while the 3′LTR contains the polyadenylation signal terminating
the transcription. All the replication competent retroviruses contain at least three
genes coding for the structural proteins (gag), the enzymatic proteins (pro-pol) and
the envelope glycoprotein (env). During its life cycle the virus uses the gene repli-
cation machinery of the host cell. Herein, we will focus on the characteristics of
the envelope (Env) protein that is composed of one surface unit (SU) and one trans-
membrane unit (TM) which is itself subdivided into three domains, an ectodomain,
a strict transmembrane domain (tm) and a cytoplasmic tail (cyt) (Fig. 4.1a). Env
glycoprotein will undergo several modifications to generate a mature and functional
glycoprotein addressed to the plasma membrane in order to contribute to the virus
infection-competency. Functionally, the SU domain is involved in receptor recog-
nition and the TM subunit contains both the fusion peptide and the heptad repeat
domains involved in fusion.

4.2.1 Synthesis of Env Glycoprotein and Viral Assembly

During virus production, the host cell is basically preserved since the expression of
fusogenic competent glycoproteins is highly controlled. Sequentially, the Env pro-
tein synthesis is initiated by the free-ribosomes, next modifications take place in the
endoplasmic reticulum and then an oligomerized precursor is transported by vesicles
to the golgi apparatus. Abundant glycoprotein at the surface of the cell could induce
cellular death by syncytia formation, toxicity via receptor interaction, or immune
recognition. That’s why the localization and the amount of the oligomerized retro-
viral envelope glycoprotein at the host cellular surface are highly modulated by
fine trafficking and sequestration mechanisms. The receptor interference mechanism
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Fig. 4.1 Structure and synthesis of retroviral envelope. (a) Schematic portrait of an envelope
prototype. SP, signal peptide (grey). SU, surface unit (yellow): contains RBD, receptor bind-
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motif. Note that the ectodomain part of the TM contains a so-called immunosuppressive domain
QNRX2LDXLX5GXC joining the CX6CC motif (not illustrated). (b) Schematic maturation pro-
cess of the envelope glycoprotein. The successive immature forms of the envelope glycoprotein are
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can also limit the amount of receptors available for fusion between infected cells.
Finally, Env fusion competency may be a late event that occurs during virus budding
as described for MLV.

4.2.1.1 Synthesis and Maturation of Env Glycoprotein

As common cellular proteins, retroviral Env translation is initiated by free ribo-
somes in the cytosol. The signal peptide (SP) located in the N-terminus of the Env
glycoprotein is the first synthesized segment. This initial step and the following ones
are illustrated in Fig. 4.1b. SP length varies depending on the retrovirus family but
its composition is conserved with an hydrophobic signal, recognized by the SRP
(Signal Recognition Particle), that allows the anchorage of the nascent chain to the
endoplasmic reticulum (ER). The nascent protein is translocated through the mem-
brane of ER. At the end of the synthesis, the extracellular part of Env is folded in the
lumen of the ER, as for cellular membrane proteins. The release of the protein in the
lumen is impaired by a stop transfer region composed of a hydrophobic sequence
followed by aromatic and charged amino acid which will delimitate the membrane
anchored domain or transmembrane domain (tm) (Hunter and Swanstrom 1990).
This tm domain is an α–helix constituted by at least 23 amino acids (for HIV-1)
and a maximum of 36 amino acids (for MMTV) but it contains unexpected residus
for alpha helix structure in the context of a membrane (helix breaker amino acids
like glycine and proline or positively charged tryptophane or cysteine). The Env
N-extremity (ectodomain in the future virion) is then located in the lumen of ER
while the C-terminal part (cyt) of the protein remains in the cytosol. ER is then the
site of co- and post-translational modifications such as N-glycosylations, protein
folding, disulfide bonds formation and oligomerization (Ratner 1992).

After the SP cleavage, the precursor is modified by N-glycosylations. Depending
on the retrovirus, the number and the location of glycosylation sites are variable. For
HIV-1, the protein presents an unusual highly glycosylation with 24–32 sites and
sugars account for half of the molecular weight of the Env protein (Mizuochi et al.
1990). For the other retroviruses, the number of glycosylation is around 8. Almost
all glycosylations are in the SU, and except for gammaretroviruses for which there is
no glycosylation in the TM, others have 1 (Betaretroviruses like BaEV) to 7 (HIV-1)
glycosylations in TM reflecting the weak exposition of this subunit hidden by SU.
In all cases, glycosylations are essential for the folding, the trafficking, the cleav-
age and the recognition of the receptor by the Env protein (Polonoff et al. 1982).
For example, N-linked glycans are critical determinants for the efficient recognition
of CD4 T cells by HIV-1 gp120, since mutant protein lacking one N-glycan did not
effectively stimulate CD4+ T cells (Li et al. 2008a). For MLV, due to the fewer num-
ber of glycosylations than for HIV-1 Env, their roles have been more characterized
and if some glycosylations are not crucial for incorporation, they are involved in the
stability of the postcleavage envelope complex (Li et al. 1997).

Following glycosylation events, intramolecular disulfide bonds are formed in
SU and TM subunits to generate loops in the secondary structure of the envelope
protein. The cysteines of the SU involved in these bonds are well conserved in a
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subgroup of retroviruses suggesting a similar domain organization. These cysteines
are crucial for the folding and the transport of the envelope to different cellular com-
partments. The substitution of some cysteines in SU and TM of HIV-1 (Bolmstedt
et al. 1991; Dedera et al. 1992) or other retroviruses like MuLV (Thomas and Roth
1995; Freed and Risser 1987) leads to a non cleaved envelope glycoprotein pre-
cursor retains into the cells. Finally, the loops generated by the disulfide bonds
are essential for cellular receptor recognition (MacKrell et al. 1996). In addition,
the TM of γ– and some β–retroviruses (but not for lentiviruses) contains specific
cysteines that are important for SU-TM intermolecular association as it will be
developed later. The disulfide bond formation is part of a more global control of
modifications of the retroviral Env by the cell (Braakman and van Anken 2000).
This control involved protein disulfide isomerase (PDI) (Fenouillet et al. 2007), and
also chaperone molecules like GRB78 Bip (Earl et al. 1991), calnexin (Li et al.
1996) and calreticulin (Otteken and Moss 1996) as described for HIV-1. The failure
to pass the quality control leads to a non cleaved envelope glycoprotein precursor
that is kept either in endoplasmic reticulum or in the golgi apparatus. Retroviral
Env glycoprotein leaves the ER in a trimeric form to reach the Golgi where
N-glycans are matured, O-glycans added (Pinter and Honnen 1988; Bernstein et al.
1994) and the cysteines at the hedge of the tm domain are palmitoylated. (Yang
et al. 1995) (Fig. 4.1b). The appropriate trimeric conformation (with glycosylation
and disulfide bonds) being obtained, the precursor is then cleaved at a highly con-
served site (Fig. 4.1a) among retroviruses by the furin-convertase protein into its
two subunits e.g. gp120 (SU) and gp41 (TM) for HIV-1. The Env complex of HIV-
1, as described for most retroviral Env glycoproteins, is trimeric with six individual
subunits (three gp120 and three gp41 subunits). It is the TM subunit that triggers
the oligomerization, as the TM (associated or not to the SU) is always detected
in the oligomerized forms (Einfeld and Hunter 1988; Earl et al. 1990). The main
determinant of this trimerization is a region in heptad repeat (Gallaher et al. 1989;
Poumbourios et al. 1997) with high homology with leucine zipper domain (Fass
et al. 1996; Weissenhorn et al. 1997; Owens and Compans 1990). Interestingly, the
SU is also a trimer when it is shedded (Tucker 1991; Owens and Compans 1990)
whereas soluble SU expressed alone is usually a monomer (Poumbourios et al.
1997). Hence, TM initiates the trimerization and, after that, SU can stay as a non-
covalently linked fragile trimer. The trimerization gives the required environment
for the fusion by masking the fusion peptide that will be later freed following recep-
tor binding and also confers the fusogenic potential to the glycoprotein. The two SU
and TM subunits are either linked in a covalent or non-covalent way. For HIV-1, the
existence of the soluble gp120 protein indicates a non-covalent link between SU and
TM (Kowalski et al. 1987). The regions implicated in this interaction are principally
the C1 and C5 region of the SU and the leucine zipper domain and the CX5C region
of the TM (Lopalco et al. 1993; Schulz et al. 1992). For most others retroviruses a
covalent link was described at one point. In all the case, except MMTV and JSRV, a
disulfide bond between the SU and the TM is formed between the highly conserved
CX6CC motif of the TM and the CXXC of the SU (Sitbon et al. 1991; Schulz et al.
1992; Pinter et al. 1997). This CXXC motif is extremely rare in cellular proteins
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and is similar to a motif found in the catalytic site of enzyme involved in thiol iso-
merisation like PDI or thioredoxin (Sanders 2000; Pinter et al. 1997). This motif
in the SU has been shown to be part of an autocatalytic isomerisation function of
SU to destroy the initial bond between SU and TM that was established during Env
synthesis and to create an intra-SU bond inside the CXXC motif (Wallin et al. 2004;
Li et al. 2008b). This disulfide bond isomerisation is crutial for the fusogenicity
of gammaretrovirus (MLV) (Fenouillet et al. 2008). It can be interesting to men-
tion that HIV-1 bond can be reconstituted after recreating the motif in SU and TM
(Binley et al. 2000).

4.2.1.2 Cellular Localization of Env Glycoprotein and Viral Assembly

Complex multilevel interactions have been described between Env, Gag and sorting
proteins involved in traffic of molecules or vesicles inside the cells. These proteins
are involved in both Env trafficking and virus budding. To limit the quantity of
Env at the cell surface, the Env undergoes endocytosis and is trafficked in endoso-
mal pathways. These cell localizations are driven by traffic peptidic motifs, like for
cell proteins, that have been characterized to direct cellular transmembrane proteins
into different endosomal compartment (Bonifacino and Traub 2003). Lentiviruses,
including HIV-1, are unusual in having transmembrane glycoproteins with much
longer cyt intracytoplasmic tail (150 amino acids) than most other retroviruses
(20–50 amino acids) (Hunter and Swanstrom 1990), suggesting that this domain has
one or more functions specific to lentivirus replication or persistence. Two groups
of motifs have been identified in HIV-1 cyt. The first group consists of three struc-
turally conserved amphipathic alpha-helical domains, designated as lentivirus lytic
peptides 1, 2, and 3 (LLP-1, LLP-2, and LLP-3) (Xu et al. 2006). LLP domains
have been implicated in various functions, including Env cell surface expression,
Env fusogenicity, and Env incorporation into virus particles (Piller et al. 2000).
Several studies have suggested that Env is incorporated into virions via interactions
between LLP and the matrix region of Gag. The second group of motifs regulates
the intracellular trafficking of Env. At steady state, Env is predominantly located
in the trans-Golgi network (TGN) (Takeda et al. 2003). This intracellular distribu-
tion results from dynamic cycling of Env between the cell surface, the endosomal
compartment, and the TGN. Newly synthesized Env proteins undergo endocyto-
sis after their arrival at the cell surface. Env internalization is mediated by the
interaction of Y712SPL (YXX� on prototype, Fig. 4.1a), a membrane-proximal
tyrosine-based signal in the gp41 cyt tail, with the adaptor protein (AP) complexes
of the cellular sorting machinery, involving the clathrin adaptor AP-2 in particular
(Berlioz-Torrent et al. 1999). The cytoplasmic tail of many other retroviruses also
contains a YXX� motif, including gammaretrovirus like MLV (Song and Hunter
2003), RD114 (Sandrin and Cosset 2006), HTLV-1 (Berlioz-Torrent et al. 1999),
M-PMV (Song and Hunter 2003; Song et al. 2005) and BLV (Inabe et al. 1999;
Novakovic et al. 2004). The gp41 cyt also interacts with the TGN- and endosome-
based clathrin-associated adaptor AP-1 via a dileucine motif (Berlioz-Torrent et al.
1999; Wyss et al. 2001) which induces its cellular retention. Some dileucine motifs
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are also present in the cytoplasmique tail of MLV, RD114, M-PMV or BLV (Sandrin
and Cosset 2006; Grange et al. 2000). Finally, Y802W803, a diaromatic motif
involved in the retrograde transport of Env to the TGN, was also identified in the
gp41 cyt (Takeda et al. 2003) and interacts with TIP47, a protein required for the
retrograde transport from cell surface to the TGN in link with matrix (MA) inter-
action (Lopez-Verges et al. 2006). A retrograde acid cluster motif has also been
identified in RD114 Env (Bouard et al. 2007) that induces a retrograde transport of
the Env from the late endosome via interaction with PACS1 complexes. It should
be note that the palmitoylated cysteines located in the tm are also involved in cell
distribution of Env by contributing to the association with lipid rafts (Bhattacharya
et al. 2004). These rafts seem to serve as platforms for virus assembly and bud-
ding (Suomalainen 2002). For example, membranes of HIV-1 virions have a higher
cholesterol rate than the original infected cell, and HIV-1 virions produced in cells
with synthesis defects in sphingolipid and cholesterol are less infectious (Brugger
et al. 2006).

If the cellular distribution of Env is linked to interaction with trafficking cell
molecules, there is evidence indicating that an interaction between the TM cytoplas-
mic tail and the MA domain of the viral Gag polyprotein mediates Env packaging
into particles. Gag structural HIV-1 polyprotein precursor consists of MA, CA
(capsid), NC (nucleocapsid), and p6 proteins. The budding ability of retroviruses
requires only Gag proteins. Indeed, Gag expression in the absence of other retro-
viral proteins is sufficient to the liberation of Env-free virions, but these pseudo
virions are released independently of the cellular poles. However, when Env is co-
expressed, the budding is restricted to the basolateral membrane and mutations of
the cyt tyrosine in the membrane-proximal tyrosine-based signal Y712SPL disturb
the polarized release of HIV-1 in polarized epithelial cellular models (Lodge et al.
1997; Owens et al. 1991). It is unclear how viral RNA, Gag and Env proteins reach
the same site of the cellular plasmic membrane for perfect assembling and budding
of the virion. It should be mention that HIV-1 and SIV budding are not only polar-
ized in epithelial cells. In lymphocytes, the release of viruses is restricted to domain
of contact between two cells or even between the cell and the culture plate (Bugelski
et al. 1995; Pearce-Pratt et al. 1994). This is a budding in a virologic synapse (Morita
and Sundquist 2004) and it is also driven by Env cyt motif. This polarisation of bud-
ding might have a physiological importance for the cell–cell transmission of the
virus. In the case of MLV virus, a model has been developed that allows a better
comprehension of Gag and viral RNA trafficking. It was shown that recruitment of
glycoproteins by the gammaretroviral core proteins takes place in the intracellular
compartments and not at the cell surface. Moreover, gammaretroviral core proteins
could relocalize Env glycoproteins in late endosomes and could allow incorpora-
tion on viral particles (Sandrin et al. 2004; Bouard et al. 2007). Finally, it was
proposed that the retrovirus budding depends on the cell types but might depend
of the status of the infection and condition of the cells. In T-lymphocytes, it was ini-
tially described that the assembly and budding takes places at the plasma membrane
(Barre-Sinoussi et al. 1983; Gelderblom et al. 1987), but recent reports indicated
also an assembly in intracellular vesicle containing virus (Grigorov et al. 2006;
Joshi et al. 2009). Similarly, in macrophages, HIV-1 assemble and bud in MVB



4 A Comparative Portrait of Retroviral Fusogens and Syncytins 75

(multivesicular bodies) (Nydegger et al. 2003; Sherer et al. 2003; von Schwedler
et al. 2003) and the viruses are then released outside the cell by fusion of the MVB
with plasma membrane (Trojan Horse hypothesis). This is in agreement with the
suggestion that retroviruses exploit a cell-encoded pathway of intercellular vesicle
traffic, exosome exchange, for both the biogenesis of retroviral particles and a low-
efficiency mode of infection (Gould et al. 2003; Fang et al. 2007). However, it was
recently proposed that the vesicle containing viruses might have different genesis
with some vesicles coming from the plasma membrane invaginations (Welsch et al.
2007). The reason for this discrepancies are not clear but involved Gag interaction
with membrane, ESCRT (endosomal sorting complex required for transport) local-
izations, interferon induced proteins and lipidic composition of microdomain (Ono
et al. 2004).

4.2.1.3 Fusion Competency

Gammaretrovirus virions assemble and bud from the infected cells as immature par-
ticles that must undergo an additional proteolytic maturation to become infectious
(Brody et al. 1992; Christodoulopoulos and Cannon 2001; Green et al. 1981; Rein
et al. 1994). This maturation concerns the viral protease dependent cleavage of the
so-called R peptide at the C-terminus of the cytoplasmic tail (Green et al. 1981;
Rein et al. 1994) (see location on Fig. 4.1a). The R peptide inhibits the fusion, and
different hypotheses have been proposed. Firstly, the R peptide contains the YXXφ

internalization motif and the removal of this motif following the cleavage of the
R peptide might induce higher amount of envelope at the surface membrane and
consequently more fusion (Song and Hunter 2003). Secondly, another explanation
is that following the R peptide cleavage, the remaining cyt tail forms a membrane-
embedded amphiphilic alpha-helix domain destabilizing the membrane (Zhao et al.
1998; Rozenberg-Adler et al. 2008). Thirdly, it was proposed that, as the R peptide
contains a palmitoylation site, its removal induces the close trimerization of the cyt
tail and drastic conformational changes in the ectodomain of Env (Aguilar et al.
2003) which might influence Env fusogenicity by destabilizing the SU-TM com-
plexes. These conformational changes are necessary for the isomerisation of the
SU-TM disulfide MLV Env (Loving et al. 2008). The R peptide cleavage is the last
step leading to a fusion competent infectious MLV retrovirus but this final modifica-
tion does not exist in lentiviruses which harbour a long cytoplasmic tail. However,
studies indicate that artificial (HTLV, HIV or SIV) or natural (SIV) shortening of
the cytoplasmic tails change the conformation of ectodomain (Edwards et al. 2002;
Spies et al. 1994) and increase the fusogenicity of the Env in cell–cell fusion (Kim
et al. 2003; Edwards et al. 2002; Spies et al. 1994).

4.2.2 Virus-Host Cell Membrane Fusion: A Multistep Mechanism

Glycoproteins from enveloped viruses evolved to combine two main features. They
have the capacity to bind with a specific cellular receptor and they harbour a fusion
domain (peptide fusion and transmembrane domain) that can be activated to mediate
the merging (fusion) of viral and cellular membranes.
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Three different classes of viral fusion proteins have been identified to date based
on key structural features at pre- and post-fusion stages. Many studies mentioned
that the structural transition from a pre- to a post-fusion conformation leads to a
stable hairpin conformation. This concerns the class I fusion proteins, characterized
by trimers of hairpins containing a central α-helical coiled-coil structure, and the
class II fusion proteins characterized by trimers of hairpins composed of beta sheets
structures. A third class of fusion proteins has been described recently, that also
forms trimers of hairpins by combining the two structural elements alpha-helix and
beta-sheet structures (Weissenhorn et al. 2007).

Three main steps are described for achieving the pre- to post conformational
changes. The first one, after Env activation upon receptor binding or acidification
of the endosomal compartment, exposes the fusion peptide that is projected toward
the top of the glycoprotein, allowing the initial interaction with the target membrane
(Fig. 4.2a, drawings 1–4). The second one is the folding back of the C-terminal
region onto a trimeric N-terminal region (Fig. 4.2a, drawings 5–6) that leads to the
formation of a post-fusion protein structure with the outer regions zipped up against
the inner trimeric core in an antiparallel coiled coil structure. The final and third
step also requires further refolding of the membrane proximal and transmembrane
regions in order to obtain a full-length post-fusion structure where both membrane
anchors are present in the same membrane (Fig. 4.2b).

4.2.2.1 Receptor Binding and Peptide Fusion Liberation

HIV-1 fusion is mediated by specific interaction of the viral envelope glycoprotein
with the cell surface CD4 molecule that serves as the primary receptor, and addition-
ally a chemokine receptor CCR5 or CXCR4 as HIV-1 co-receptors. Both receptors
and the co-receptor binding sites are on gp120 although the membrane fusion is
triggered by conformational changes in the transmembrane protein gp41. The viral
entry can be blocked by three categories of agents (Qian et al. 2009) (i) attach-
ment inhibitors/antagonists targeting CD4, CCR5 and CXCR4 (ii) inhibition of the
post-binding conformational changes, (iii) fusion inhibition. During fusion process,
heptad repeats HR1 and HR2 form a six helix bundle structure. Synthetic peptides
based on the HR1 and HR2 sequences of gp41 have anti-HIV-1 properties; this is
up to date the most successful HIV-1 entry inhibitors class.

Receptors of type C and D retroviruses are cell membrane anchored proteins
that transport small molecules. The receptor of ectopic MLV type C retroviruses
is CAT-1, a cationic amino acid (like lysine or arginine) transporter (Kavanaugh
et al. 1994). The receptor of amphotrophic MLV is Pit-2 and the receptor of MLV-
10A1 is Pit-1. Pits-1 is also the receptor for GALV and FeLV. Pit-1 and Pit-2 are two
inorganic phosphate transporters. Nevertheless, in some cases, these viruses are able

�

Fig. 4.2 (continued) (2) hemifusion stalk with proximal leaflets fused and unfused viral (blue)
and cell (red) distal leaflets, (3) unfused stalk expansion leading to the hemifusion diaphragm, (4)
fusion pore forming the hemifusion diaphragm bilayer, (5) core release into the cell
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to recognize the common parts of Pit-1 and Pit-2 receptors and to infect human cells
by using one or the other indifferently (Tailor et al. 2000). Two receptors have been
identified for the type D retroviruses interference group: ASCT1 and ASCT2, two
neutral amino acid transporters and receptors for BaEV, SRV and RD114 viruses.
Retroviruses of the RD114 family recognize an hypervariable region in the second
bundle of ASCT2 receptor. Most of the time the viruses use the part of the trans-
porter that is involved in the transport function of this molecule: this region is under
strong selection pressure to keep the function and therefore the polymorphism is
limited and the infectivity, i.e. the recognition of the receptor by the viruses, is con-
served. Furthermore these type D retroviruses can use either ASCT1 or ASCT2 by
recognizing the conserved domain.

Two types of fusion mechanisms can occur, namely pH independent and pH-
dependent. In the first case, the recognition between virus and receptor directly
triggers conformational changes in the glycoprotein that leads to the direct fusion
between the two membranes (viral and plasma) and to the liberation of the viral
genetic material. The activation of Env at neutral pH allows the fusion in vitro
and in vivo of Env-expressing cells co-cultured with receptor-expressing cells. The
fusion leads to the merging of cytoplasms and to the generation of multinucleated
cells named syncytia. In the second case, for pH-dependent fusion, the interaction
between the Env and the receptor is followed by an endocytosis of the virus-receptor
complex before the acidification of the endosome triggers conformational changes
in the glycoprotein. For the pH dependent virus, such a fusion can be reproduced
in vitro in cell culture or in liposome-virus fusion assay after decreasing the pH
in the test tube, but cannot occur in vivo. Most retroviruses use a pH-independent
fusion mechanism, with a few exceptions for MMTV, JSRV and ASLV. The pro-
posed mechanism for ASLV virions is an intermediate since entry occurs in two
steps, beginning with a receptor-priming that in turn induces Env conformational
changes allowing the Env to become sensitive to the low pH. This hybrid mecha-
nism does not lead to cell–cell fusion in vivo. JSRV also uses a receptor-priming
for fusion activation of Env at low pH but the mechanism is slightly different that
for ASLV (Cote et al. 2009) and requires dynamin-associated endocytosis (Bertrand
et al. 2008). MMTV is so far considered as a classical pH-dependent virus that uses
mouse transferrin receptor 1 (TfR1) and trafficking to a low pH compartment (Wang
et al. 2008).

Finally, it should be note that viruses that use a pH independent mechanism of
activation of Env may still enter the cell by endocytosis without any requirement for
acidification activation of Env into the endosomes. So far, there are many different
endocytosis pathways that have been described (Marsh and Helenius 2006; Mercer
and Helenius 2009) as being used by both pH-dependant and pH-independent
viruses. However, re-investigations of the entry pathways are clearly needed for
many pH-independent viruses that were thought not to rely on endocytosis. For
example, Nipah paramyxoviruses that can fuse cells at neutral pH seem to use
macropinocytosis for entry (Pernet et al. 2009). Macropinocytosis and phagocytosis
have also been proposed for HIV-1 entry even if it is unsure that this entry can lead
to productive infection (Marechal et al. 2001; Trujillo et al. 2007).
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Let’s describe the several critical domains which are directly involved in the
fusion process. For the most part, in retrovirus-cell fusion, a fusion unit typically
contains a unique transmembrane domain and a fusion peptide – a sequence of
10–30 residues that forms an amphiphilic domain usually at the N-terminus of the
TM (Chernomordik and Kozlov 2003). The hydrophobic fusion peptide domain is
sequestered in all previously described Env biosynthesis steps. The final acquisi-
tion of the fusion state competency is triggered by the receptor binding alone and/or
a low pH surrounding the endosomes and globular head domains dissociation. This
movement allows a loop-to-helix transition of a polypeptide segment of TM that was
previously buried underneath the SU heads, projecting the fusion peptide ∼100 Å
towards the target membrane, where it inserts irreversibly. In the case of class I
fusion proteins like retroviruses, this occurs by a “spring-loaded” mechanism. This
initial change is proposed to result in a “pre-hairpin intermediate”, an extended
structure that is anchored both in the target membrane by the fusion peptide and
in the virus membrane by the tm segment (Fig. 4.2a drawings 5 and 6). The HR2 C-
terminal end of the long TM α-helix jackknifes back, reversing the direction of the
viral-membrane-proximal segment of TM, which then interacts in an anti-parallel
fashion with the groove formed by the N-terminal HR1 trimeric coiled coil. The final
post-fusion conformation of TM is therefore a highly stable rod with the TM and
fusion-peptide segments together at the same end of the molecule, a structure termed
a “trimer of hairpins”. The hairpin structure brings the two membranes proximal
and provides free energy to overcome the barrier of membrane merging (Melikyan
2008). Membrane fusion occurs, which leads to pore formation and release of the
viral genome into the cytoplasm.

In addition, compare to cellular glycoproteins, the retroviral TM ectodomain
also contains a hydrophobic domain abnormally enriched in tryptophane in the
juxtamembrane domain (Salzwedel et al. 1999; Suarez et al. 2000). This domain
contributes to the conformational change and membrane destabilization during the
fusion process of HIV-1 (Munoz-Barroso et al. 1999), and antibodies (Lorizate
et al. 2006; Purtscher et al. 1994) or peptides (Moreno et al. 2006) directed
against this domain inhibit the entry. This juxtamembrane domain is also critical
for fusion of many envelope viruses beside retroviruses, including paramyxoviruses
and coranaviruses.

4.2.2.2 Pore Formation and Fusion of the Target Membranes

The hypothesis of the pore model in viral membrane fusion mechanism (Fig. 4.2b) is
supported by experimental results. The first evidence for a hemifusion intermediate
was achieved by studying influenza virus entry that occurs after the hemagglutinin
glycoprotein binding to the host cell. The substitution of the hemagglutinin trans-
membrane domain by a glycosylphosphatidylinositol (GPI) revealed the importance
of the transmembrane region for the fusion pore opening and expansion. Hemifusion
structures are connections between outer leaflets of apposed membranes, whereas
the inner leaflets remain distinct. This is a transient structure that either dissociates
or gives rise to the fusion pore (Chernomordik and Kozlov 2008). Interestingly, the
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helix breaker residues within the tm domain are critical for the hemifusion and pore
opening step of the fusion process mediated by different retroviral Env, like HIV-1
(Owens et al. 1994) and Mo-MLV (Taylor and Sanders 1999). In addition, a hemi-
fusion intermediate has been detected in the case of HIV-1 Env-mediated fusion
(Munoz-Barroso et al. 1998) by using peptide inhibitors that target a pre-fusion
or prehairpin structure such as HIV-1 gp41 T-20. Then, the pore is formed and it
allows a connection between two compartments initially separated by the apposed
membranes.

The membrane ability to hemifuse and develop fusion pore has been found to
depend on the lipid microdomain composition, e.g. cholesterol (Chernomordik and
Kozlov 2003). A potential lipid dependence of virus entry processes has been first
deducted from experiments on influenza virus suggesting the implication of lipid
rafts (Takeda et al. 2003). For retroviruses, the tm palmitoylations which contribute
to the Env localization in raft domains (Li et al. 2002) influence indirectly the fusion
process (Gebhardt et al. 1984; Ochsenbauer-Jambor et al. 2001). As an alternative to
lipidic pore hypothesis, a direct fusion has also been proposed. The fusion pore is a
full proteic channel-like structure dependent only on the transmembrane domains of
the glycoproteins. In this model, the pore is opened by the joining of two hemipores
located on each membrane (Chernomordik and Kozlov 2008; Chernomordik and
Kozlov 2005). After fusion pore opening and enlargement (Melikyan et al. 2005),
the genetic material enters the cytoplasm of the cell and enters the nucleus.

4.2.3 Rous Meets Mendel

In humans, virus-like particles without trivial evidence of inter-individual transmis-
sibility were identified in disparate contexts such as placenta, autoimmune diseases,
e.g. body fluids of multiple sclerosis patients, and cancers, e.g. seminomas, lym-
phomas or plasma of breast cancer patients. In the seventies, numerous electron
microscopic studies have described the presence of virus related particles in placen-
tal chorionic villous tissues of humans (and primates). Further studies then revealed
some retroviral characteristics of these particles such as ultrastructural features and
RT activity (Lyden et al. 1994). In addition, retroviral envelopes were detected in
placenta sections by immunohistochemical techniques in human (Venables et al.
1995) and in baboon (Langat et al. 1999).

Retrovirus-like particles associated with reverse transcriptase (RT) activity have
been described by several groups in cell cultures from patients with multiple scle-
rosis (MS) (Perron et al. 1989; Haahr et al. 1994). Infectious properties of these
particles are at least not trivial to ascertain if not doubtful. However, using PCR
techniques, a reconstructed retroviral genome was defined as Multiple Sclerosis
associated RetroVirus (MSRV) (Perron et al. 1997; Komurian-Pradel et al. 1999).
MSRV is closely related to the HERV-W (Human Endogenous RetroVirus) fam-
ily and particularly the ERVWE1/Syncytin-1 locus (Blond et al. 1999). Though, no
full length replication competent virus has been experimentally isolated (Voisset
et al. 1999). Nevertheless, it has been demonstrated that MSRV particles cause
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T lymphocyte-dependent death with brain haemorrhage in humanized SCID mice
(Firouzi et al. 2003). MSRV envelope protein has been proposed to exert various
immune properties, e.g. as triggering a superantigen effect (Perron et al. 2001) and
activating innate immunity (Rolland et al. 2006). Note that HERV-H related ele-
ments were also associated with particles observed in MS (Christensen et al. 1998),
dually found with viruses from the herpes group, most likely Epstein Barr Virus
(EBV).

Cancers of the male reproductive system appears to be a favourable context
for virus-like particles detection. Thus, HTDV (Human Teratocarcinoma-Derived
Virus) is only expressed in the male germ line tumor context (Boller et al. 1993),
and similar particles were observed in testicular germ cell tumors (or seminomas)
(Herbst et al. 1999). In both situations, HERV-K transcripts could be associated with
the particles. By electron microscopy and immunogold staining, HERV-K like par-
ticles were also visualized in the plasma of individuals with lymphoma, but these
particles seem to be defective, as surface spikes and free mature virus particles were
never observed (Contreras-Galindo et al. 2008).

In all the situations exemplified above, although nucleic acid material could be
associated with the particles, it remains unclear whether such particles could result
from expression of a single retroviral loci, a trans complementation process or
even more complex phenomenon involving genetic material recombination. As a
corollary, infectivity of these particles has not been demonstrated.

A clearer view was expected from the publication of several mammalian
genomes, including human (Lander et al. 2001) and mouse (Waterston et al. 2002)
genomes. Genomes of mammalian species harbor a large amount of retrovirus-like
sequences. These endogenous retroviruses (ERVs) are remnants of ancient retrovi-
ral infections that initially occurred in the host germline. Throughout evolutionary
time, these initially stably-integrated sequences have derived into gene families by
retrotransposition events, and have accumulated genetic defects as a consequence
of the host domestication. This general drift basically resulted in gene silencing.
Generally, the retro-elements are free-Env and are not able to dissemination between
cells. Intriguingly, the human genome but also the mouse genome contains a huge
amount of endogenous retroviruses, reaching 8.5 and 9% of these genomes sizes,
respectively.

Deciphering the human genome showed that the HERV-K family contains tens
of almost complete but mutated proviruses that allow the expression of viral
proteins which appears able to form retroviral particles. However, no complete
proviruses able to produce replication competent and infectious viral particles
have been detected. The HERV-K113 locus though to be the more recent element
of the family and that contains intact ORFs for all the viral proteins does not
produce any particles (Lee and Bieniasz 2007). Trans-complementation between
different HERV-K(HML2) proviruses could theoretically produce infectious parti-
cles, although not demonstrated to date. Interestingly, the infectious potential of
HERV-K particles was artificially restored by generating a consensus HERV-K
(HML-2) provirus named Phoenix supposed to be the HERV-K family progenitor
(Dewannieux et al. 2006); this consensus contained at least 20 amino acid changes
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on the overall sequence as compared to individual proximal HERV-K loci. By elec-
tronic microscopy, this resurrected HERV-K forms viral particles in transfected
cells. The budding of its particles is similar to γ-, δ-retroviruses or lentiviruses with
no particles preassembling into the cytoplasm.

As cited earlier, MSRV is closely related to the HERV-W family including the
Syncytin-1 encoding ERVWE1 locus which is the only W-locus bearing a full-
length envelope. The sequencing of ERVWE1 envelope confirmed that the MSRV
envelope was not encoded by the ERVWE1 locus (Mallet et al. 2004). It was
thus proposed that MSRV particles (if not derived from an as yet uncharacterised
exogenous retrovirus) may result from transcomplementation of dispersed HERV-W
copies simultaneously activated (Dolei 2005), what appears poorly probable as
regards to the HERV-W elements identified in the human genome. However, it
could not be formally excluded that MSRV/HERV-W genome (associated with par-
ticles) may result from very complex recombination events involving several loci on
distinct chromosomes (Laufer et al. 2009).

Although complete genomes analyses did not clearly explained the mechanisms
leading to the formation of endogenous retroviral particle, they uncovered the
extreme plasticity of these retroviral elements. Koala retrovirus (KoRV) provides a
unique opportunity to study the process of ongoing endogenisation as it still appears
to be spreading through the koala population. Interestingly, infectious viral particles
are produced by the endogenous form of KoRV and high levels of viraemia have
been linked to neoplasia and immunosuppression (Tarlinton et al. 2008). It remains
unclear how the host can react when exogenous and endogenous forms of a virus are
coexisting within the genome and his environment. Studies on Koala might answer
this question. Interplay between the primitive virus world and the evaluated eukary-
otic one could be observed at the env level. Thus, infectious retroviruses appear
to have burst from our far ancestors genome by transcomplementation of cellular
retrotransposons with viral envelopes genes (Malik et al. 2000). Another type of
capture exists between retroviruses of distant species, consisting in the swapping of
envelopes observed for species in the same environment or linked by the food chain.
For example, the RD114 virus comes from two genetic recombinations resulting
in two env-captures. First, the SERV (simian endogenous retrovirus) env was cap-
tured by the PcRV (Papio cynocephalus retrovirus) leading to the BaEV (baboon
endogenous retrovirus). Second, the acquisition of BaEV env by FcEV (felis catus
endogenous retrovirus) led to the emergence of RD114 virus (Kim et al. 2004). Last,
endogenous retroviruses as remnants of ancient retroviral infections that initially
occurred in the host germline represent an intriguing heritage. More precisely, as a
consequence of at least 30 distinct chapters of retroviral infection during the past
90 million years, the current human genome contains 18 coding envelope genes (de
Parseval et al. 2003; Blaise et al. 2005) (Table 4.1). The most represented family
is the HERV-K(HML2) family which contains six coding env genes lacking fuso-
genic activity. Three Env proteins belonging to HERV-W, HERV-FRD and HERV-P
families, namely Syncytin-1, Syncytin-2 and EnvP(b) respectively, have fusogenic
properties.
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Table 4.1 Human viral heritage of envelopes open reading frames containing canonical retroviral
motives

Name RNA expression Protein expression Fusogenity References

envH1 NEc NEc NDd Lindeskog et al. (1999)
envH2 NEc NEc NDd de Parseval et al. (2001)
envH3 NEc NEc NDd de Parseval et al. (2001)
envK1 NEc NEc NDd de Parseval et al. (2003)
envK2 NEc NEc NDd Barbulescu et al. (1999)
envK3 NEc NEc NDd Donner et al. (1999)
envK4 NEc NEc NDd Barbulescu et al. (1999)
envK5 NEc NEc NDd Turner et al. (2001)
envK6 NEc NEc NDd Turner et al. (2001)
envT NEc NEc NDd de Parseval et al. (2003)
envWa Placenta Placenta Yese Blond et al. (1999)
envFRDb Placenta Placenta Yesf de Parseval et al. (2003)
envR All tissue NDd NDd Cohen et al. (1985)
envR(b) NEc NEc NDd de Parseval et al. (2003)
envF(c)2 NEc NEc NDd de Parseval et al. (2003)
envF(c)1 NEc NEc NDd de Parseval et al. (2003)
envV Placenta NDd Noe Blaise et al. (2005)
envP(b) All tissue NDd Yese Blaise et al. (2005)

aSyncytin-1.
bSyncytin-2.
cNo expression.
dNo determined.
eIn vitro.
fIn vivo.

4.3 Syncytins and Cell–Cell Fusion

In spite of ERVs have been thought to be a non-functional part of the genome
for a while, the past 10 years identified open reading frames of envelope genes
in human, mouse, rabbit and sheep genomes (Fig. 4.3a), and associated with tran-
scription activity and fusogenic glycoproteins synthesis (Fig. 4.3b) likely involved
in biological functions. This is the case for the two human envelopes genes
ERVWE1/Syncytin-1 and ERVFRDE1/Syncytin-2, located on chromosome 7q21.2
and 6p24.1, respectively, as well as for the two Syncytins-related A and B in mice,
both pairs associated with fusion steps occurring in placental development process.
Recently the novel Syncytin-Ory1 was identified in rabbit given a new example
of syncytin gene within a third order of mammals (Heidmann et al. 2009). The
ovine species also provide a quite interesting model of endogenisation process since
the exogenous and pathogenic Jaagsiekte Sheep Retrovirus (JSRV) coexists with at
least 27 highly related endogenous counterparts (enJSRVs), accounting for envelope
genes in the ovine genomic DNA with evidences for open reading frames (Arnaud
et al. 2007). enJSRVs play a crucial role in the sheep placental morphogenesis and
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Fig. 4.3 Structure, phylogeny and fusion capacities of Syncytins. a Envelopes structures of
Syncytins and schematic representation of their cognate receptors. FP: fusion peptide; tm: trans-
membrane domain; cyt: cytoplasmic tail. Black dots indicate the predicted N-glycosylation sites.
SDGGGX2DX2R, consensus motif conserved in type D retroviral interference group, is indi-
cated in human Syncytin-1 and rabbit Syncytin-Ory1. b Demonstration of Syncytin-1 cell–cell
fusion property. TELacZ cells (dark blue nucleus) expressing Syncytin-1 envelope glycoprotein
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their envelope expression in the reproductive tract is mandatory for a successful
pregnancy (Dunlap et al. 2006).

The focus point in this chapter will be now to discuss if these endogenous viral
proteins of the genome still remain fusogenic in the same way an exogenous retro-
virus envelope glycoprotein is (including transcription strategy, maturation steps,
receptor recognition and fusion process), and to address the question of the domes-
tication by the host and adaptive response though integrative and evolutionary points
of view.

4.3.1 Integration, Domestication Steps and Biological Functions
of Endogenous Viral Glycoproteins

4.3.1.1 Integration Dating and Orthologues

One starting point in the discussion about the endogenous envelopes found in
genomes could be the estimation of the age of the proviruses. This can basically
be done by two approaches, bringing additional informations. One way is to assess
a phylogenic lineage by tracing the presence of a similar DNA sequence at the same
genomic loci in the genome of different species, and to conclude by a unique hypo-
thetical integration event into the germline of a common ancestor. Another way
is to consider the divergence between the 5′ and 3′ LTR and assuming a molecu-
lar clock is acting randomly through the genome, to generate variations over time
between two originally and identical provirus sequences (the 5′LTR and 3′LTR
being identical at the time of integration in the host genome).

The first striking point are the unshared properties of both families and inte-
gration times within the humans, mice, rabbits and sheeps endogenous envelopes
(Fig. 4.3c). ERV-W elements have been identified in hominoidae (human, chim-
panzees, gorillas, orangutans and gibbons) and Cercopithecidae (old world mon-
keys) (Kim et al. 1999; Voisset et al. 1999) indicating that what we call today the
human ERV-W family, HERV-W, derived from an ancestral virus which entered
the genome after the divergence between Catarrhini and Platyrrhini, i.e. less that
40 million years ago (MYA). The ERVWE1/Syncytin-1 locus results from a com-
plete proviral retrotransposition event into the germ line of an ancestor before
Hominoidae and Cercopithecidae divergence more than 19–25 MYA (Caceres and
Thomas 2006; Bonnaud et al. 2005). A full length envelope ORF corresponding
to functional envelope glycoprotein was preserved in Hominoidae but genetic drift
led to truncated envelope genes in old world monkeys. In contrast, the FRD family
containing the HERV-FRD envelope Syncytin-2 is found in all simians, from New

�

Fig. 4.3 (continued) co-cultured with indicator XC cells (light blue nucleus) expressing hASCT2
receptor generates multinucleated large syncytia (left part). TELacZ-Syncytin-1 cells co-cultured
with XC cells lacking hASCT2 do not fuse (right part). c Phylogenetic tree depicting the conserva-
tion among species of the six envelope-open reading frames harbouring retroviral canonical motifs
(branches of the tree are only illustrative). NWM: new world monkeys; OWN: new world monkeys
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World monkeys to human, suggesting a divergence split at least 40 MYA (Blaise
et al. 2003). Moreover, the human, mouse and rabbit genes are not orthologs since
Syncytin-A and -B entered into the rodent lineage before speciation of Muridae
about 20 MYA (Dupressoir et al. 2005), i.e. after the speciation of rodents and pri-
mates while the Syncytin-Ory1 integration took place before the divergence between
Lepus and Oryctolagus/Sylvilagus around 12 MYA (Heidmann et al. 2009). The sit-
uation is also different in domesticated sheep (Ovis aries) and other species within
the Caprinae subfamily, where the endogenous retroviruses JSRV (enJSRVs) start
to invade the genome at least 5–7 MYA and are likely still colonizing it today as
given evidences by the restricted presence of recent enJSRVs loci into the genome
of only some breeds or even some animals of the same breed of domesticated sheep
(Arnaud et al. 2007).

In order to better understand which mechanisms may have led to a pos-
itive selection of organisms harboring embarked viral genes, many arguments
in favor of a domestication scenario have been deployed, especially about the
ERVWE1/Syncytin-1 locus. Indeed, the proposed evolutionary pathway occurring
in Hominoidae is opposed to the genetic drift in Cercopithecus. A ∼4.3 kb region,
comprising the HERV-W 5′LTR-gag-pol fraction, was deleted in Cercopithecus and
was followed by a genetic drift of the Env/Syncytin-1 ORF (Bonnaud et al. 2005;
Caceres and Thomas 2006). Remarkably, the Syncytin-1 ORF has been conserved
in all Hominoidae, while gag and pol regions have accumulated numerous stop and
frameshift mutations (Mallet et al. 2004), supporting the idea of a specific preser-
vation. Meanwhile, the analysis of 155 individuals including Caucasians, Asians,
Africans, Metis and Ashkenazi people has revealed a positional conservation of the
Syncytin-1 locus and the preservation of the envelope ORF (Bonnaud et al. 2004;
Mallet et al. 2004), while a close examination of 24 ERVWE1 provirus sequences
has showed an unusually low polymorphism in the 5′LTR (1 base per 18 kb as
compared to 1 base per 2 kb for coding sequences) (Mallet et al. 2004). An addi-
tional specificity of the ERVWE1 provirus is the MaLR-LTR trophoblast specific
enhancer (TSE) located upstream the ERVWE1 provirus that is highly conserved
with no polymorphism observed in the 48 human sequences analyzed. Although the
envelope gene may be considered under selective pressure depending on the part of
the gene we focus on, the striking feature for the ERVWE1 locus is a 12 bp deletion
observed in the Syncytin-1 intracytoplasmic tail gene region and that constitutes a
specific signature of this locus. This deletion is unique among all ERV-W copies in
available human and chimpanzee genomes (Bonnaud et al. 2005), and is crucial for
the envelope fusogenicity (Bonnaud et al. 2004; Cheynet et al. 2005).

Interestingly, the comparison of the FRD/Syncytin-2 envelopes among simians
has also revealed a limited number of mutations, and pseudotypes experiments
demonstrated that only one mutation occurring in the transmembrane subunit of the
protein can be responsible for the loss of infectivity (Blaise et al. 2004). Notably,
the alignment of endogenous and exogenous JSRV envelopes reveals similar dele-
tions in the cytoplasmic tail of enJSRVs env as compared to the exogenous one
(Palmarini et al. 2001). Altogether, these elements may infer the hypothesis of a
positive selection and domestication of retroviral envelopes.
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4.3.1.2 Endogenous Retrovirus Envelopes Are Expressed in the Placenta
and in the Testis Suggesting a Direct Involvement in Developmental
Process

The HERV-W family was molecularly characterized following the isolation of
cDNA clones in the placenta that revealed viral sequences genes expression, espe-
cially with similarities to the avian retrovirus primer binding site (Blond et al.
1999). In 2000, protein truncation tests within this endogenous family revealed
only one open reading frame (ORF) coding for a putative envelope gene associ-
ated with a functional U3 promoter (Voisset et al. 2000). One year later, Blond and
Mi concomitantly associated an HERV-W envelope protein with fusion events in
TE671 and BeWo cells, and the name Syncytin was proposed by Mi (Blond et al.
2000; Mi et al. 2000). Heidmann and colleagues then conducted a genome wide
screening that identified a second envelope protein, belonging to the HERV-FRD
family, and expressed exclusively in the human placenta. They named Syncytin-2
this putative new fusogenic Env-FRD protein (Blaise et al. 2003). A similar in silico
approach was done in the murine genome, identifying the two coding envelopes
genes present as unique copies and with a placenta specific expression: Syncytin-A
and Syncytin-B (Dupressoir et al. 2005), and recently in the rabbit genome, iden-
tifying the Syncytin-Ory1 gene (Heidmann et al. 2009). If the situation is much
more different in the ovine genome, where approximately 27 copies of endogenous
betaretrovirus (enJSRVs) were detected, RT-PCR and in situ hybridization clearly
indicate a conceptus (embryo/fetus and extra embryonic membranes) localization of
enJSRVs env transcripts during gestation (Dunlap et al. 2006).

Although human Syncytins were abundantly described in the placental tissues,
initial works also mentioned a weaker but significant transcription in the testis with-
out any protein evidence (Mi et al. 2000). Envelope-specific RT-PCR established
expression in the human testis of both Syncytin-1 and Syncytin-2 (de Parseval et al.
2003), and a multiplex degenerated PCR screening for a consensus pol region has
revealed a general expression of the HERV-W family in testis (Pichon et al. 2006)
and epididymis (Crowell and Kiessling 2007). This is consistent with old stud-
ies that identified the epididymal epithelium as a principle reservoir for retrovirus
expression in the mouse (Kiessling et al. 1989).

This knowledge points out that endogenous envelopes expression are usually
associated with developmental tissues, and so far raise the question of whether or
not Syncytins play a direct role in the mammalian placentation.

4.3.1.3 Biological Function of ERVs Envelopes

The keen interest in ERVs envelopes expressed in placentas is fed by in vivo or ex
vivo demonstrations that directly link Syncytins with fusion events during placental
development.

Although the role of Syncytin-1 in human placentation awaits a definitive demon-
stration (e.g. infertility associated mutation), recent knock-out gene experiments
in mice clearly achieved this goal in rodent model and demonstrated for the first
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time the critical role of Syncytin-A in placenta morphogenesis. Using a homologous
recombination strategy, Syncytin-A null mouse embryos exhibited growth retarda-
tion with an altered placenta labyrinth architecture and died in utero (Heidmann
et al. 2009). This is consistent with previous in vitro works that used specific anti-
bodies and antisense oligonucleotides to show a decrease in syncytia cell formation
after Syncytin-A inhibition (Gong et al. 2007). In addition, the endogenous retro-
viruses of sheep, enJSRVs, play a fundamental role in sheep conceptus growth
and trophectoderm differentiation via their envelope glycoproteins. Indeed, in vivo
experiments using an enJSRV envelopes specific morpholino injection trigger the
lost of pregnancy by day 20 after injection (Dunlap et al. 2006).

These kind of in vivo experiments obviously cannot be performed in human. Yet,
primary cultures of human villous cytotrophoblasts cells give a unique opportunity

Fig. 4.4 Involvement of Syncytins in placenta development. a Assays reporting the biological
effect of Syncytins. b Ex vivo or in vivo specific inhibition of Syncytins expressions. From left to
right: Syncytin-1-induced human primary trophoblasts fusion and differentiation results in syncytia
formation ex vivo (a). Inhibition by specific antisense oligonucleotide largely reduces syncytia
formation (b). Electron micrograph of Syncytin-A+/+ mouse placenta shows tight apposition of
the syncytiotrophoblast I and II layers (ST-I; ST-II); stgc: sinusoidal trophoblast giant cells (a).
Syncytin-A–/– null mouse embryo interhemal domains shows unfused trophoblast I cells (T-I) (b).
Micrograph of the normal development of a sheep conceptus (a). Retarded growth of a sheep
conceptus recovered after an envelope enJSRV morpholino antisense oligonucleotide (MAO-env)
injection (b)
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to study placenta cells as closely related as possible to tissue environment. Thus,
by using specific antisense oligonucleotides and siRNA strategies, expression of
Syncytin-1 mRNA and protein as well as the syncytium formation by cell fusion
events were dramatically reduced (Frendo et al. 2003b; Vargas et al. 2009). In addi-
tion to that, Vargas and colleagues recently compared these results using the same
targeting strategy against Syncytin-2, and interestingly showed that Syncytin-2 inhi-
bition in primary cells culture also leads to a decrease in fusion index that is more
important than for Syncytin-1 (Vargas et al. 2009). The conclusion is that Syncytin-
2 could also be a major determinant of trophoblast cell fusion, and in a coherent
vision this underlines there should be more than one ERV envelopes proteins act-
ing upon trophoblast cell fusion in human. Parallel procedures demonstrating the
involvement of human, mouse and sheep Syncytins in placenta development are
illustrated in Fig. 4.4.

Note that early works identified ERV-3 (HERV-R) envelope as the first candi-
date for placental functions. The ERV-3 envelope protein is detected specifically in
the multinucleated syncytiotrophoblast in vivo (Venables et al. 1995) and ERV-3
Env expression affects proliferation and differentiation of BeWo cells in vitro (Lin
et al. 1999; Lin et al. 2000). However, the observation that approximately 1% of
the Caucasian population has a mutation in ERV-3 env inducing a stop codon, and
consequently resulting in a truncated envelope lacking both the fusion peptide and
the immunosuppressive domain (de Parseval and Heidmann 1998) has drastically
lowered the scientific efforts regarding involvement of ERV-3 in placental devel-
opment. Indeed, a second hypothetical function of Syncytins is related to their
putative immunosuppressive activity (see below) due to the presence of a putative
immunosuppressive region conserved among murine, feline, and human retroviruses
(Cianciolo et al. 1985).

So far we saw that Syncytins are involved in developmental fusion process. In the
next part of this chapter we aim to focus on the mechanistic comparison between
exogenous and endogenous envelope glycoproteins at the synthesis and maturation
steps.

4.3.2 Fusion Mechanism and Receptor Recognition

4.3.2.1 Maturation

The different steps leading from a brand-new translational product in the cytosol to
a functional membrane-anchored envelope glycoprotein has been discussed previ-
ously. Basically, endogenous envelopes still remain glycoproteins, engaged in the
classical reticulum-golgi apparatus where post translational events occur, before
to be address to the plasma membrane and to become functional. Thus, precursor
synthesis and glycosylation, disulfide bonds, trimerization, peptide cleavage and
the importance of the cytoplasmic tail will be illustrated here introducing specific
Syncytins knowledge, in order to support our previous descriptions as well as to
focus on endogenous envelope specific characteristics.
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Precursor, Furin Cleavage and Glycosylation

Studies in BeWo cells models have described in a fine way the maturation of
Syncytin-1. Syncytin-1 is first synthesized as a 73-kDa precursor (gPr73) before
to be cleaved at a conserved RNKR furin cleavage site into two subunits, SU (gp50)
and TM (gp24) (Cheynet et al. 2006). Although polypeptides size of Syncytin-1 and
-2 is the same (538 amino acids), sizes of SU and TM are different after process-
ing (Chen et al. 2008). PNGase F digestion and tunicamicyn treatment predicted and
confirmed seven N-glycosylation sites for the Syncytin-1. These results indicate that
Syncytin-1 is a moderately glycosylated protein, with one glycosylation site in the
TM subunit which is essential for correct envelope protein folding, and with high-
mannose N-glycans on the six glycosylation sites of the carboxy-terminal domain of
the SU (Cheynet et al. 2006). Furin inhibition experiments conducted on Syncytin-2
have also established the furin to play a major role in the proteolytic cleavage of
the HERV-FRD envelope proprotein (Chen et al. 2008), where the cleavage consen-
sus sequence is also found. Interestingly, using knock down experiment, furin has
been proposed to have a possible role in promoting trophoblast cell migration and
invasion in human placenta (Zhou et al. 2009).

Bioinformatics analyses and sequence alignments suggest that Syncytin-A and
-B exhibit most features of membrane fusion proteins, including the conserved
cleavage site RNKR, which separate the SU and TM subunits (Dupressoir et al.
2005; Peng et al. 2007). Finally, the same feature is observed for the Syncytin-Ory1
sequence that exhibits a RQKR site (Heidmann et al. 2009) and for the enJSRV
sequences that harbour the cleavage furin motif site.

Disulfide Bonds and Trimerization

Considering the Syncytin-1 TM gp24 sequence, it appeared that a leucin zipper-like
LX6LX6NX6LX6L and a CX6CC motifs are present, suggesting that SU and TM
may covalently link together and form homotrimers (Cheynet et al. 2006). Indeed,
Syncytin-1 sequence contains a typical disulfure isomerase motif in the SU domain
(C��C). As previously mentioned for MLV, the first two cysteines of the CX6CC
motif can form a stable disulfide bond, leaving the third cystein free to form a
disulfide bond with the C��C motif (Fass et al. 1997). Mutational experiments
using neutral substitution in the CX6CC motif did not affect the protein precursor
expression level, but impaired syncytia formation, suggesting that disulfide bonds
likely contribute to the correct folding of the envelope. In accordance to that, Chen
and colleagues demonstrated that the disulfide bridge-forming CX7C motif of the
Syncytin-2 was essential for the fusogenic activity (Chen et al. 2008).

Cytoplasmic Tail and R Peptide

The cytoplasmic tail region of numerous retroviral envelopes plays a critical role in
the fusion triggering. In the retrovirus life cycle, the presence of an R peptide basi-
cally prevents the fusion to occur, notably because of the presence of the YXX�
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motif described above. During viral packaging, the R peptide is proteolytically
cleaved and this event enables envelopes to cause membrane fusion, as described by
mutagenesis experiments (Yang and Compans 1996). We illustrate how Syncytins
used various strategies that diverge from envelopes of infectious retroviruses to
adapt to their physiological functions.

Surprisingly, sequences comparison of the Syncytin-1 locus with all other HERV-
W envelope elements revealed a 12-bp (corresponding to four LQMV amino acids)
deletion in its cytoplasmic tail (Bonnaud et al. 2004). Moreover, insertion of these
four amino acids into Syncytin-1 tail completely abolished the fusogenic potential
(Bonnaud et al. 2004). This result argues that Syncytin-1 is constitutively fusion
competent, as opposed to exogenous retroviruses envelopes, and is coherent with a
domestication point of view since no viral protease open reading frames exist any-
more in the human genome (Voisset et al. 2000) (Fig. 4.5). Furthermore, the role
of the cytoplasmic domain of Syncytin-1 has been systematically investigated by
producing a series of C-terminal truncated variants, leading to the conclusion that
residues adjacent to the membrane domain are required for optimal fusion probably
by forming a helical structure, while final C-terminal residues more likely act as
a fusion inhibitor domain (Drewlo et al. 2006; Cheynet et al. 2005). Remarkably,
a truncation mutant which shortens the cytoplasmic tail precisely at the site of the
LQMV-deletion motif exhibits higher fusogenic properties than the wild-type pro-
tein (Cheynet et al. 2005). Even if no work on Syncytin-2 has been done in such
a fine way to assess the fusogenic properties modulation its cytoplasmic tail, we

Fig. 4.5 Comparative evolution of Syncytins cytoplasmic tails: from viruses to genes. The first five
amino acids correspond to the transmembrane domain. Experimentally determined (GaLV, MLV,
exoJSRV) and putative (W Rep. and FRD Rep.) protease cleavage site (black line) and YXX�

signaling motif are indicated in lowercase. Comparison of the Syncytin-1 protein (Syn-1) with the
HERV-W family consensus sequence obtained from Repbase (W Rep.) shows a four amino acids
deletion (LQMV) in the domesticated fusogenic protein, overlapping the ancestral viral protease
cleavage site. The underlined leucine indicates a C-terminal truncation mutant exhibiting hyper-
fusogenic activity and significant pseudotyping capacity. Comparison of the Syncytin-2 protein
(Syn-2) with the Repbase FRD consensus sequence (FRD Rep.) shows a stop codon that short-
ens the Syncytin-2 cytoplasmic tail and no evidence of viral protease cleavage site. Alignment of
enJSRV and exoJSRV shows the placenta-expressed enJSRV has accumulated mutations surround-
ing the protease cleavage site and lacks downstream tyrosine (Y) residue. Genebank accession
numbers: MLV: M14702; GaLV: AF055060, Syncytin-1: GQ919057, Syncytin-2: HEU27240,
enJSRV: enJS56A1 and exoJSRV: AF105220
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identified a stop codon in the cyt of Syncytin-2, as opposed to the RepBase proto-
type, resulting in a shortening of the tail (Fig. 4.5). Moreover, the protease cleavage
site appears absent as regard to the FRD family consensus genome.

Unlike the endogenous retrovirus enJSRV, the exogenous JSRV is pathogenic for
sheep and is responsible for a transmissible lung cancer in sheep via its envelope
glycoprotein acting as a dominant oncoprotein (Palmarini et al. 1999). Studies on
the cytoplasmic tail of JSRV envelope protein first focused on the VR3 region that
was described as the least conserved region between exogenous and endogenous
forms. The VR3 region includes the putative membrane-spanning domain as well
as the cytoplasmic tail, and series of envelope chimeras revealed that mutations in a
YXXM motif of the cytoplasmic tail of JSRV env were sufficient to inhibit its trans-
forming abilities (Palmarini et al. 2001). Further mutational amino acid substitutions
have proven the tyrosine residue to be essential for transformation of exogenous
JSRV. It is noteworthy that the VR3 region of all exogenous stains of JSRV
sequences exhibit this tyrosine residue whereas all the enJSRVs envelopes described
so far lacked this motif critical for JSRV transformation (Fig. 4.5). However, despite
differences in terms of motif and sequence, JSRV and enJSRVs envelopes use the
same cellular receptor called HYAL2. Further systematic mutagenesis studies of the
cytoplasmic tail of JSRV envelope TM protein have established four categories of
mutants that allow the TM to be devised into subdomains with regard to the transfor-
mation efficiency. Among them, mutations in the YXXM motif have various effects
including the generation of “supertransformers” while the last nine amino acids of
the cytoplasmic tail appear not essentials for the envelope-induced transformation
(Hull and Fan 2006).

4.3.2.2 Receptor Binding

Consistent with the virology paradigms, the comprehensive search for endogenous
retroviral envelope functions led to the identification of the associated receptor (or
co-receptors) that allows fusion events to be complete. In 2000, state of the art
was to consider three main virus receptor types, PiT-1 and PiT-2, two independent
inorganic-phosphate symporters for GaLV and MLV viruses, respectively, and the
RDR/Type D receptor, a neutral-amino acid transporter for the cat endogenous retro-
virus RD114 and type D simian retroviruses. When we first attempted to check for
the right one that could trigger cell fusion, evidence in favor of the RDR/Type D
hASCT2 mammalian receptor involvement was revealed through receptor-blocked
experiments in cell lines transfected with Syncytin-1 gene (formerly HERV-W Env
in Blond’s report) (Blond et al. 2000). Two years later, cell–cell fusion and pseu-
dotypes virion infection assays demonstrated that Syncytin-1 efficiently uses both
hASCT2 and the related hASCT1 transporter as receptors, and could recognize
the mouse mASCT2 and mASCT1 transporters lacking their N-glycosylation sites
removed by mutagenesis (Lavillette et al. 2002). Very interestingly, Syncytin-Ory1
also uses the hASCT2 transporter as specific receptor (Heidmann et al. 2009). Anti-
RDR serum used for histochemical and flow cytometric biodistribution analyzes,
further unveiled a broad expression pattern of RDR/hASCT2 in many normal tissues



4 A Comparative Portrait of Retroviral Fusogens and Syncytins 93

including colon, testis, ovary, bone morrow and skeletal muscle (Green et al. 2004).
To move forward into the comprehensive relationship between Syncytin-1 and its
hASCT2 receptor, Cheynet and coworkers designed a truncated series of HERV-W
SU subunits and performed cell fusion assays. This led to the identification of
a minimal N-terminal 124 amino acids of the mature SU glycoprotein required
as a receptor-binding domain (RBD) (Cheynet et al. 2006). Furthermore, within
this domain, one especially conserved sub-domain among retroviruses belonging to
the interference group, the SDGGGX2DX2R motif, was proved to be essential for
Syncytin-1-hASCT2 interaction (Cheynet et al. 2006).

The human Syncytin-2 receptor has been identified more recently. By using an
old powerful approach based on a human/Chinese hamster radiation hybrid panel
mapping, one candidate gene was identified to encode a putative transmembrane
protein (Esnault et al. 2008). The major facilitator superfamily domain containing 2
(MFSD2) was showed to confer cell–cell fusogenicity in the presence of Syncytin-2
and infectivity to Syncytin-2 pseudotypes. MFSD2 belongs to a large family of
presumptive carbohydrate transporters, and is highly conserved among mammalian
genomes.

Although RDR and MFSD2 are two different receptors, they belong to the ion
channels and small molecules transporters category, exhibiting a classical hydropho-
bic profile composed of transmembrane helices. The situation is outstandingly
different for the HYAL2 JSRV receptor. Interestingly, early experiments to localize
the JSRV receptor gene region were also based on pseudotyping and radiation panel
screening (Rai et al. 2000). After identifying a set of overlapping clones, genetic
analyses confirmed that HYAL2 was the only protein that functions as a JSRV
env receptor (Rai et al. 2001). If the name HYAL2 first suggests a mainly strong
hyaluronidase function, studies indeed showed low but detectable hyaluronidase
activity pH-dependant (Lepperdinger et al. 1998) Actually, amino acid sequence
analyses established one transmembrane domain as well as an hydrophobic car-
boxyl terminus and upstream signal, indicating that HYAL2 is likely attached to
the membrane by a glycosylphosphatidylinositol (GPI) anchor (Rai et al. 2001). As
compared to other GPI-anchored proteins, HYAL2 can potentially be involved in
signal transduction and mitogenic responses, strongly suggesting a role of HYAL2
in JSRV Env-mediated oncogenesis (Rai et al. 2001).

No receptors for mice Syncytin-A and -B have been identified to date. However,
fusogenic experiments showed that each Syncytin-A and Syncytin-B expression
vectors triggered fusion in two different cell lines, respectively. This result argues
in favor of a divergent receptor usage for these two envelopes proteins (Dupressoir
et al. 2005).

4.3.2.3 Incorporation in Particles

Although one may speculate that domesticated endogenous envelopes are not sup-
posed to spread using viral particle carrier, in an initial attempt to test the fusion
capacity of HERV-W Env/Syncytin-1, we sought to generate retroviral pseudo-
types in which MLV core particles were coated with HERV-W Env glycoproteins.
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The absence of infectivity of HERV-W Env pseudotypes was due to the inabil-
ity of HERV-W Env glycoproteins to be incorporated on MLV particles (Blond
et al. 2000). Conversely, pseudotyping of HIV-1 virions with the HERV-W enve-
lope resulted in infectious viruses, although with a poor efficiency (An et al. 2001).
Such a difference in incorporation efficiency could be attributed to the lenght of the
cytoplasmic tail of Syncytin-1, which is longer than the MLV one, but closer to the
HIV-1 one. On line with this, shortening of the Syncytin-1 cytoplasmic tail (Fig. 4.5)
significantly enhances pseudotyping of HIV-1 viral cores (Lavillette et al. 2002).

4.3.3 Retroviral Envelopes Are Involved in the Placenta
Development

Syncytins or envelope glycoproteins, originated from ancient retroviral infections,
are now fully integrated in mouse, rabbit, sheep and human genomes. They are nat-
urally expressed in the placenta, following a biological protein maturation process
and interacting with specific receptors. Based on these observations, the purpose
is now to understand how they contribute to the placenta morphogenesis. As bona
fide genes, their transcription is strongly regulated by different cellular mechanisms,
they are under local and temporal expression control, and finally they cooperate to
an integrative way in a biological system as a whole, involving numerous co actors.
The next part aims to develop these points.

4.3.3.1 Envelope and Receptor Localization Throughout Mammalian
Gestation

In humans, the embryo implantation process and the placental development are
driven by fetal cytotrophoblasts stem cells. Placental growth is characterized by
proliferation and differentiation of the villous cytotrophoblast pool into a mult-
inucleated syncytiotrophoblast layer upon fusion events. This polarized layer
constitutes the main fetomaternal interface in direct contact with the maternal blood
(Fig. 4.6a). The general attempt to finely localize Syncytin-1 protein within the

�

Fig. 4.6 (continued) detected either in CT or ST and MFSD2 receptor is detected in ST. b
Immunohistochemical detection of Syncytin-1 protein (SC-Syn1) at the apical syncytiotrophoblast
microvillus membrane of a 10 weeks gestation normal placenta (upper). Note that desmoplakin, a
protein of the desmosomiale plaque involved in intercellular junctions, is absent from the syncy-
tiotrophoblast fused tissue and lines the plasmatic membranes of the cytotrophoblasts (CT-d). The
hASCT2 receptor is observed at the membrane of cytotrophoblastic cells (CT-hASCT2) underlying
the syncytiotrophoblast (ST). c Transcriptional and epigenetic control of Syncytins and associate
receptors during human gestation. Promoter regions are indicated as boxes and CpG schema-
tized by circles. TSE, trophoblast specific enhancer, U3, LTR promoter, R, transcription initiation
site. CpG methylation is determined by bisulfite sequencing PCR in cytotrophoblasts (CT) at dif-
ferent times of gestation. Each line represents an independent molecule. Methylated CpGs are
schematized by black circles and unmethylated CpGs by white circles
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Fig. 4.6 Local and temporal expression of Syncytins in human placenta. a Schema of human
chorionic villi. Cytotrophoblastic cells (CT, in yellow) differentiate by fusion to generate the syncy-
tiotrophoblast (ST, in green). In the anchoring villi the cytotrophoblast cells proliferate and invade
the decidua. The extravillous cytotrophoblast cells (ECT) invade the uterin stroma and differentiate
into multinucleated giant cells and invade also the lumen of uterine arteries (UA). M: mesenchyme.
Sites of expression of Syncytins and receptors are symbolized in the lower box: Syncytin-1 protein
is detected in ST and ECT, hASCT2 receptor is detected in CT and ECT, Syncytin-2 protein is
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placenta led the authors to use homemade antibodies that resulted in variable con-
clusions. With full knowledge of that facts, we decided to focus on the hypothesis
that Syncytin-1 is preferentially detected at the apical membrane of the syncytiotro-
phoblast (Frendo et al. 2003b; Muir et al. 2006) (Fig. 4.6b). Indeed, two convergent
studies mentioned that Syncytin-1 is located on specific membrane areas, enriched
in cholesterol and called detergent-resistant membrane (DRMs) or rafts (Cheynet
et al. 2005; Strick et al. 2007). Moreover, in primary trophoblast cells, Syncytin-1
detection was likely to be associated with cell-to-cell contact zones (Vargas et al.
2009). According to several authors, the level of Syncytin-1 protein increases dur-
ing early pregnancy but remarkably decreases in very late pregnancy (Smallwood
et al. 2003; Muir et al. 2006). The hASCT2 receptor expression is restricted to
the cytotrophoblast compartment (Hayward et al. 2007) (Frappart, Cheynet, Mallet,
unpublished data), being largely absent in the syncytiotrophoblast (Fig. 4.6b) and
no spacial or temporal changes in the hASCT2 expression has been associated with
the proliferative status of cytotrophoblast cells (Hayward et al. 2007). On another
hand, divergent observations mentioned Syncytin-2 expression to be either restricted
to villous cytotrophoblast cells (Malassine et al. 2007) or in the syncytiotrophoblast
(Chen et al. 2008). Compromising positions accordingly associated Syncytin-2 with
cell-to-cell contact regions, likely at the interface between the cytotrophoblast and
the syncytiotrophoblast (Malassine et al. 2007; Vargas et al. 2009). Remarkably, the
level expression pattern of Syncytin-2 follows an inverse correlation compared to
Syncytin-1, since a significant increase in Syncytin-2 mRNA and protein is mon-
itoring through pregnancy time and primary trophoblast culture evolution (Chen
et al. 2008; Vargas et al. 2009). Finally, the MFSD2 receptor expression is unam-
biguously reported at the level of the syncytiotrophoblast (Esnault et al. 2008). In
addition to the villous phenotype, the cytotrophoblastic cells of the anchoring villi
can proliferate and invade the endometrium to be in contact with the spiral arteri-
oles of the mother uterus. In these cells that do not fuse, both Syncytin-1 and his
receptor hASCT2 have been detected (Malassine et al. 2005; Muir et al. 2006), sug-
gesting that the trophoblastic cell fusion is indeed a complex multifactorial process
(Malassine et al. 2005).

The mouse placenta is composed of spongiotrophoblasts, giant cells and a so-
called labyrinth zone. In this placenta labyrinth, two layers of multinucleated
syncytiotrophoblast cells, resulting from cell–cell fusion, function as the major
transport surface for nutrient and gas exchange between the maternal and fetal cir-
culation. Early in situ hybridizations showed that Syncytin-A and Syncytin-B are
expressed at the level of syncytiotrophoblats, all over the labyrinth zone (Dupressoir
et al. 2005). In coherence with that, latter studies more precisely indicated a clear
expression of Syncytin-A in the syncytiotrophoblast while expression in trophoblast
stem cells and in trophoblast giant cells could hardly be detected (Gong et al. 2007).

The rabbit placenta can be divided into the maternal decidua (the uterus
modifications after implantation) and the placental lobe, in which a labyrinthine
structure results from the fetal invading process. At this interface, a junctional zone
presumably formed by cellular cytotrophoblasts takes place and defines a broad
syncytial front. In situ hybridizations on paraffin sections of rabbit placenta have
shown Syncytin-Ory1 expression to be restricted at the junctional zone and limited
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to the trophoblast cells surrounding the invading fetal vessels (Heidmann et al.
2009). The authors also suggest that the labeling is compatible with an expression
of Syncytin-Ory1 in the cytotrophoblast just before fusion takes place and so is
consistent with a role for Syncytin-Ory1 in the formation of the syncytiotrophoblast
(Heidmann et al. 2009).

In the sheep conceptus, trophoblast binucleated cells are in many respects anal-
ogous to the trophoblast giant cells of the human syncytiotrophoblast (Hoffman
and Wooding 1993). They first appear at day 14 post-coitum and progressively
form the outer layer of the fetal placental cotyledon giving rise to the syncytial
plaques (Wooding 1984; Palmarini et al. 2001). The plaques then may cover the
surface of the endometrial carunucles and aid in development of placentomes that
are required for hematrophic nutrition exchanges from the maternal uterus. RT-
PCR analyses have showed that endogenous JSRV envelopes and HYLA2 were
expressed in the trophoblast giant binucleated cells and in the multinucleated
syncytial plaques (Dunlap et al. 2006). If both endogenous JSRV envelopes and
HYAL2 are detected in placentome throughout gestation, HYAL2 expression was
not detected in endometrium (Dunlap et al. 2006). Endogenous JSRV envelopes
were first detected in the day 12 conceptus, whereas HYAL2 first detection appeared
at day 16, in a coherent way with the initial differentiation start of the binucleated
cells at day 14.

4.3.3.2 Splicing Strategy, Transcription Factors and Epigenetic Control

For a brief reminder, Syncytins’s chromosomal localizations are 7q21.2
(ERVWE1/Syncytin-1) (Blond et al. 1999) and 6p24.1 (ERVFRDE1/Syncytin-2)
(Blaise et al. 2003) in human, and 5qG2 (Syncytin-A) (Dupressoir et al. 2005) and
14qD1 (Syncytin-B) in mouse (Dupressoir et al. 2005). To date the rabbit genome
is not available in a definitive assembly to check the Syncytin-Ory1 localization
and several integrations sites for enJSRV exist in the sheep genome. Putative splice
donor and acceptor sites have been identified for all of them (Blond et al. 1999),
although only specific transcripts have been detected depending on the biologi-
cal context. ERVWE1 produces three major singly-spliced transcripts in placenta
(Blond et al. 1999). The first one, 7.4-kb long, containing the gag and pro/pol
pseudogenes and env gene, is found both in testis and placenta (Mi et al. 2000),
while the 3.1 kb long, strictly including the open reading frame for the envelope
protein Syncytin-1, is exclusively detected in the placenta. Early northern blot exper-
iments also detected a 1.3-kb largely-spliced transcript in placenta (Blond et al.
1999), indeed containing the cytoplasmic tail of Syncytin-1. These observations are
similar to lentivirus or oncovirus transcription patterns such as human immunod-
eficiency virus (HIV), the mouse mammary tumor virus (MMTV) or the human
T-cell leukemia virus (HTLV), in which several genomic and subgenomic transcripts
derive from a single locus by alternative splice variations.

Like any other classical retrovirus, endogenous retroviruses may display all the
signals required for the transcription initiation and regulation within their long ter-
minal repeat sequences (LTRs) (subdivided in three regions named U3, R and U5).
Typically, the U3 region of the 5′LTR possesses a promoter activity. Fine studies
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have well described how Syncytin-1 is under upstream regions control. The core
promoter domain within the U3 region contains CAAT box and TATA box located
upstream of the CAP site marking the beginning of the R region (Prudhomme et al.
2004). Mutant analyses have confirmed the functional role of these boxes. Moreover,
the 5′ end of the U3 region harbors multiple binding sites contributing to overall pro-
moter efficiency including GATA, Sp-1, AP-2, Oct-1, and PPAR-γ/RXR. Although
Sp-1 and Ap-2 binding sites remain putative, they have been found to be essential
for LTR activity (Prudhomme et al. 2004). It is noteworthy that Syncytin-1 regula-
tion elements not only include the 5′LTR but also a so-called upstream regulatory
element (URE), a cellular 436 bp sequence immediately upstream the Syncytin-
1 proviral integration site, that define together with the 5′LTR a bipartite control
element (Prudhomme et al. 2004). This URE is composed of two main domains:
(i) a distal regulatory region, including the previously putative binding sites found
in the promoter core as well as binding sites for the NF-κB and AP-1 impor-
tant for the stimulation by TNFα, IFNγ, IL-1β, IL-6, and the inhibition by IFNβ

(Mameli et al. 2007) (ii) a MaLR retrotransposon with binding sites for glucocorti-
coid and progesterone receptors (Bonnaud et al. 2005), and including a trophoblast
specific enhancer (TSE) with putative sequences for ubiquitous Ap-2, Sp-1 and
placenta-specific GCMa binding sites (Prudhomme et al. 2004).

Glial cell missing (GCM) is a transcription factor family that has gradually
attracted the attention of placenta researches. Originally isolated from a Drosophila
melanogaster mutant line, two GCM homologues (GCMa and GCMb) have then
been reported in mice, rats and humans (Keryer et al. 1998). GCMa is character-
ized by a zinc-coordinating DNA binding domain of β-sheets that recognizes an
octomeric GCM binding motif 5′-ATGCGGGT-3′ (Cohen et al. 2003). GCMa is
primarily expressed in placenta in humans and highly expressed in the labyrinthine
trophoblast cells in mice (Basyuk et al. 1999). Two binding sites by which GCMa
can specifically transactivate Syncytin-1 have been described (Yu et al. 2002).
Moreover, GCMa regulation has been linked to the cyclic AMP (cAMP) and protein
kinase A signaling pathways (Chang et al. 2005; Knerr et al. 2005). In agreement
with these observations, the Syncytin-1 5′LTR core promoter is cAMP-inducible
(Prudhomme et al. 2004). Interestingly, a recent microarray approach that aimed
to identify GCMa target genes reported Syncytin-A to be downregulated in murine
GCMa-deficient placenta (Schubert et al. 2008), and siRNA GCMa inhibition in
BeWo cells led to a decrease in syncytialization upon fusion events (Baczyk et al.
2009). Altogether, these data argue that GCMa acts as a major regulator in the
humans and mice Syncytins expression as well as in placenta maintenance and
development.

To conclude with this regulation mechanisms overview, the imprinting hypoth-
esis and the influence of the methylation level is briefly discussed. Genomic
imprinting in mammals is though to be a rescue mechanism that maintains bal-
anced growth and development through monoallelic expression of genes in placenta
and embryo. Although very little is known about the regulation of most imprinted
genes, in 2003 the observations that Syncytin-1 maps very closely to two neigh-
boring maternally imprinted retroelements, SGCE and PEG10, and according to
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their temporally coordinated regulation, the hypothesis that Syncytin-1 could be
paternally expressed emerged (Smallwood et al. 2003). On the other hand, methy-
lation pattern studies of the Syncytin-1 5′LTR revealed an inverse correlation
between CpG methylation and locus expression indicating that demethylation of
the promoter is a prerequisite for the Syncytin-1 expression in trophoblasts cells
(Matouskova et al. 2006). In an attempt to generalize this epigenetic character-
ization, Gimenez and colleagues recently compared different HERV promoters
methylation profiles and showed that Syncytin-1 and Syncytin-2 5′LTR are widely
hypomethylated in cytotrophoblasts during pregnancy, although in a distinct and
pregnancy-stage-dependant manner (Gimenez et al. 2009) (Fig. 4.6c). For instance,
the Syncytin-2 locus remains unmethylated throughout pregnancy, whereas methy-
lation of the Syncytin-1 locus appears increased in the last trimester. Thus, the
selective and temporal unmethylation of the Syncytin-1 locus in placenta during
the first trimester may allow Syncytin-1-mediated cell differentiation and fusion,
while, in contrast, increased methylation at term may limit Syncytin-1 production
and consequent cell fusion or putative anti-apoptotic protection (Knerr et al. 2007)
in accordance with cytotrophoblast limited fusion and higher apoptosis rate.

4.3.3.3 Additional Factors

The complete inhibition of cytotrophoblast fusion can’t be reached by blocking the
Syncytin-1 protein (Mi et al. 2000; Frendo et al. 2003b), and as we mentioned above,
extravillous cells that express Syncytin-1 and hASCT2 do not necessarily fuse. This
indicates so far that Syncytin-1 plays a major role in fusion, but also strongly sug-
gests that other elements may contribute to this event. We proposed here to review
some of them, with special interest focuses on plasma membrane dynamics, cell–
cell communication and immunity as a link between the various events leading to a
coordinated tissue function. Human placenta only will be discussed.

Before many retroviral receptors were known, observations emerged that an
infected cell could not be superinfected by the same retrovirus, and sometimes even
not being superinfected by a different one (Kim et al. 2004). Thus, interference
groups were defined as set of retroviruses that cannot infect a cell at the same time.
Indeed, all the members of an interference group utilize the same receptor for cell
entry, and when a cell is infected once, cellular receptors are blocked by the envelope
proteins of the first retrovirus and no longer available for infection of the second one.
It is obvious that the balance between the envelope and its local receptor availabili-
ties needs to be taken under consideration before predicting anything, as illustrated
by FLV (Sommerfelt and Weiss 1990). Yet, given that Syncytin-1 is an endogenous
envelope protein, we can expect the same rules to be valid. Indeed, together with
spleen necrosis virus (Ponferrada et al. 2003), Syncytin-1 belongs to the RDR/Type
D mammalian receptors interference group (Blond et al. 2000). Consequently, the
hASCT2 receptors would no longer be available for type D retroviruses infection as
soon as Syncytin-1 is co-locally expressed in massive doses. This is the core hypoth-
esis to discuss different models that integrate local and temporal expression data (for
a complete review, see (Potgens et al. 2004)). Overall it is a clear indication that the
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cytotrophoblast fusion is guided through local availabilities of both envelopes and
their corresponding receptors.

We previously mentioned how precisely Syncytin-1 seems to be associated with
a restricted part of the polarized cell membrane, i.e. mainly detected at the apical
part of the syncytiotrophoblast with strong suspicions that turn around a membrane
subdomain enriched in cholesterol and defined as DRMs/rafts. Plasma membranes
are lipid bilayers with an asymmetrical distribution of phospholipids between the
inner and the outer leaflet. They are fluidic structures that permanently reorganized
themselves, through dynamic lateral diffusivity, rotations, and flippase-mediated
flip-flop switches. Thus, membrane-anchored proteins are part of this flow. This
would allow them to reach and stay at a plasma membrane sub-localization, as well
as to contribute to their functional transmembrane stable insertion. Flippases are
ATP-dependant translocase enzymes that assure the asymmetrical distribution of
phospholipids between the inner and the outer leaflet of the membrane. Remarkably,
the loss of asymmetry triggered by a redistribution of phosphatidylserine from the
inner to the outer leaflet has been described to be a prerequisite for fusion in skeletal
muscle (van den Eijnde et al. 2001) and in placenta derived BeWo cells (Lyden et al.
1993). In agreement, the loss of membrane asymmetry in a cell has been associated
with early stages of the apoptosis cascade. Caspase 8 is a caspase initiator involved
in early apoptosis that inactivates the flippases, resulting into the asymmetry loss.
When antisense and peptide inhibition strategies against caspase 8 are used, fusion
of trophoblast cells is inhibited (Black et al. 2004). In addition, cholesterol-enriched
domains are associated with weak fluidic properties. Although the direct relation
between membrane dynamics and fusogenic proteins still remains to be elucidated,
we can speculate that the positioning of Syncytin-1 that leads to the fusion event,
may occurs within a well-controlled membrane subdomain with physical properties
that form a stringent envelope environment compatible with receptor binding and
subsequent events.

The different points we just mentioned mainly focused on the syncytiotro-
phoblast. Syncytin-1 membrane localization, phospholipids dynamics and early
stages of apoptosis were presented as part of the multinucleated cell life. The
problem here is that the syncytiotrophoblast is presumed to have a very low
transcriptional activity and likely depends on the input of RNA to avoid necro-
sis, as indicated by different in vitro experiments (Bernirschke and Kaufmann
2000; Huppertz et al. 1999). This suggests the importance of an effective cell–
cell communication and material supply systems. Gap junctions are transmembrane
channels composed of connexin that provide a diffusion system for small pro-
teins such as cAMP, IP3 or Ca2+. In primary trophoblast culture, the inhibition
of connexin 43 (Cx43) resulted in a fusion inhibition (Frendo et al. 2003b) and
a decrease of Syncytin-1 mRNA expression (Frendo et al. 2003a). Moreover,
the hASCT2 receptor is a Na+-dependent amino acid transporter that can carry
amino acids such as L-glutamine, L-alanine, L-leucine and L glycine, through the
membrane. The clear localization of the receptor within the membrane of cytotro-
phoblastic cells underlying the syncytiotrophoblast (Hayward et al. 2007) (Frappart,
Cheynet, Mallet, unpublished data), suggests that hASCT2 could efficiently change
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the amino acid balance between the cytotrophoblast and the syncytiotrophoblast.
Altogether, material flow that involves small amino acids and molecules, along with
numerous electric charges balance changes (Ca2+through gap junctions, anionic
phosphatidylserine via flip flop events) appear to play a direct or indirect role in
the fusion regulation.

In such a model, the syncytiotrophoblast is indeed described as one element, part
of a global turnover system which includes a generative pool of cytotrophoblast
cells that can feed the multinuclear layer upon fusion events and thus maintain pla-
cental growth. Athough Syncytin-1 and Syncytin-2 and their receptors play major
roles, they are probably not the only proteins involved in this cooperative mecha-
nism. Given that the placenta is an extra-embryonic tissue, half paternal and half
maternal genetically inherited, the past decades have gathered reproductive immu-
nologists researches to solve the fetal allograft problem. The contact zone between
mother uterus and fetus extravillous cells of spiral arterioles appears to be one
of these predictive immunological conflict zones. In direct connection with our
topic on retroviral fusogens, note that the simian retrovirus (SRV), that induces
immunodeficiency, belongs to the same interference group that Syncytin-1, i.e. it
binds to the ASCT2 amino acid receptor. The link between immune response and
amino acid balance has been seriously explored, and interestingly the involvement
of HERV in immune response has already been suggested (Espinosa and Villarreal
2000). We present here some points of discussion in such a way. During pregnancy,
maternal tryptophan is required for the T lymphocytes activation and “immuno-
suppression by starvation” is the consequence of tryptophan depletion experiments
(Mellor et al. 1999). Besides, a tryptophan-catabolizing enzyme, the indoleamine
2,3-dioxygenase (IDO), is particularly expressed in the syncytiotrophoblast. Thus,
the lymphocyte regulation appears to be strongly mediated by the ability of the api-
cal membrane to incorporate the tryptophan into the syncytiotrophoblast (Kudo and
Boyd 2001). In other words, the tolerance towards the allograft is conditioned by the
CD98/LAT1 tryptophan transporter and the resulting amino acid balance changes.
Even if the Syncytin-1 and Ory-1 hASCT2 receptor only mediates the transport
of small amino acids (and consequently probably not tryptophan), considerations
about balance changes that could impact the immune system response are maybe
not so far. Indeed, glutamine is a necessary substrate for the nucleotide synthesis
of lymphocyte cells. In peripheral blood an optimal glutamine level is required to
influence the switch within the sub-populations of T lymphocytes, Th1 and Th2,
through a predominantly Th1 host response (Chang et al. 1999). In sepsis mice,
glutamine supplementation changes the production of IL-6, IL-4 and IFN-γ, and
thus may reverse or re-equilibrate the Th1/Th2 balance response during sepsis (Yeh
et al. 2005). Although it is still in debate, the Th1/Th2 switch appears to play a
critical role during pregnancy, especially through a Th1 bias in recurrent pregnancy
loss (Chaouat 2007). This allows us to speculate a direct or indirect involvement
of amino acids balance changes as a consequence of the envelope protein fixa-
tion on its receptor. Yet, another answer to the allograft tolerance during pregnancy
emerged after it was reported that MSRV particles (related to the HERV-W fam-
ily) induce T lymphocyte response (Perron et al. 2001), the analysis of the putative
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immunosuppressive domain in the TM subunit of different Syncytins has revealed
a immunosuppressive activity for Syncytins-2 and -B but surprisingly not for the
Syncytins-1 and -A (Mangeney et al. 2007)

We can conclude this discussion by briefly reporting different abnormalities that
occur in pathological contexts in relation with some elements just mentioned above.
Pre-eclampsia (PE) and HELLP syndrome (hemolysis, elevated liver enzymes and
low platelets) are disorders associated with abnormal placentation, including defects
in syncytiotrophoblast formation. Numerous studies have associated PE and HELLP
with Syncytin-1 and Syncytin-2 significant reduction (Lee et al. 2001; Knerr et al.
2002; Chen and Olson 2005; Strick et al. 2007; Chen et al. 2008). Interestingly, a
redistribution of the Syncytin-1 within the syncytiotrophoblast polarized cell layer
was observed for patients with PE (Lee et al. 2001). Moreover, PE is associated with
a predominant Th1 immunity type (Jianjun et al. 2010), that could hypothetically
make the bridge with Syncytins defects, unbalanced amino acids flux and immu-
nity. Hypoxia is overall important in the differentiation and fusion steps, since these
conditions reduce the Syncytin-1 transcriptional level and inhibit cytotrophoblast
fusion, whereas hASCT2 mRNA level remains unchanged (Kudo et al. 2003; Knerr
et al. 2003; Chen and Olson 2005). Finally, higher apoptotic rates are observed in
cultured cytotrophoblast cells from PE and HELLP (Strick et al. 2007).

4.3.4 Syncytin-1 Expression Outside of Its Privileged Tissue

As illustrated above, the multi levels-control of expression of Syncytin-1 suggests
that for all Syncytins, expression is tightly regulated to be constrained to placenta.
Among Syncytins, only the expression of Syncytin-1 has been so far described
outside from its privileged tissue.

Syncytin-1 is expressed in astrocytes, glial cells and activated macrophages in
brain regions affected by multiple sclerosis (MS). Syncytin-1 expression in astro-
cytes mediates neuroimmune activation and death of oligodendrocytes by inducing
the release of cytotoxic redox reactants (Antony et al. 2004). In astrocytes, Syncytin-
1 induces the expression of OASIS (old astrocytes specifically induced substance),
an endoplasmic reticulum stress sensor, which in turn increases the expression of
inducible NO synthetase and concurrent suppression of cognate hASCT1 recep-
tor, resulting in diminished myelin protein production (Antony et al. 2007). What
mechanisms reactivate Syncytin-1 in the brain in MS is still not clear. It could be
the result of viral infection of the brain, such as herpes simplex virus, which has
previously been shown to transactivate Syncytin-1 expression, or cytokine dereg-
ulation (Perron et al. 1993). Indeed it has been shown in astrocyte cultures that
MS detrimental cytokines, IFN-γ and TNF-α are able to induce Syncytin-1 expres-
sion through NF-κB activation, while MS protective IFN-β inhibits its expression
(Mameli et al. 2007). In addition Syncytin-1 induction by exogenous TNF-α into
the corpus callosum, a region of the brain frequently exhibiting demyelination in
MS, leads to neuroinflammation, reduction of myelin proteins level and neurobe-
havioural deficits in Syncytin-1-transgenic mice, as observed in MS (Antony et al.
2007).
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Interestingly as a parallel between MS and cancers, NO production in tumor
vessels correlates with an increase of the over-all survival as well as the decrease
of metastatic potency in experimental systems (Mortensen et al. 2004). On line
with this, the level of Syncytin-1 expression represented a positive prognostic indi-
cator for recurrence-free survival of breast cancer patients (Larsson et al. 2007).
Conversely, increased Syncytin-1 expression was associated with decreased overall
survival in rectal but not in colonic cancer patients (Larsen et al. 2009). The situa-
tion appears unclear in endometrial carcinoma (EnCa) where Syncytin-1 expression
increase in normal endometrium of patients may possibly influence the development
of endometriosis (Oppelt et al. 2009). Thus, the prognostic impact of Syncytin-1
expression appears to vary with the tumor type potentially, due to different functions
associated with different pathways of reactivation. In breast cancers, Syncytin-1
expression was observed for about one-third of patients, and additionally, neigh-
bouring endothelial cells were shown to express hASCT2 receptor (Bjerregaard
et al. 2006). In vitro studies confirmed the involvement of Syncytin-1 in the fusion
process between breast cancer cell lines and endothelial cells (Bjerregaard et al.
2006). Syncytin-1 associated cell–cell fusion was also identified in EnCa tumors
in vivo, but interestingly, in vitro studies showed the implication of Syncytin-1 in
both the fusion and the proliferation of EnCa cells (Strick et al. 2007). Syncytin-1
up regulation via the cAMP pathway leads to cell–cell fusion while induction by
steroid hormones (estradiol) leads to proliferation. This molecular switch is appar-
ently controlled by TGF-β1 and TGF-β3 which are induced by steroid hormones
and may override Syncytin-1 mediated cell–cell fusions (Strick et al. 2007).

4.4 Conclusion

Our life begins with fusion as a successful pregnancy in mammals appears to
depend on Syncytin(s), retroviral members of a family of single-pass transmem-
brane proteins which contribute at least to cell–cell fusion necessary for placental
syncytiotrophoblast morphogenesis. As we have seen, works of the last 10 years
showed that Syncytins may represent extreme examples of foreign genes domesti-
cation as different elements were preserved during (parallel) evolution to assume
(partly) similar roles in various species such as rodents, lagomorphs, sheep, and
primates including human. These domesticated elements represent apparently a
tremendous but very minor part of endogenous retroviruses (ERV) which colonized
mammalian genomes. Can we consider that gift as a pay-back of retroviruses, as
they emerged from our ancestors genome by transcomplementation of retrotrans-
posons with viral envelopes (Xiong and Eickbush 1990; Malik et al. 2000), or is
there a “price to pay”?

From studies in animal and human cancers, there is little doubt that tumor
hybrids/fused cells are generated in vivo and that at least in animals they can be a
source of metastasis (Pawelek and Chakraborty 2008). Interestingly, fusion between
cancer and normal cells can lead to restoration of the apoptosis cascade or to cell
differentiation, inducing a reduced tumorigenicity. However cancerous cells fusion
may also lead on the contrary to a more aggressive phenotype, and, if fusion occurs
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with vascular endothelial cells, to metastasis. Consequences of Syncytin-1 expres-
sion in various cancers may reflect such a diversity. Although retrovirology is a 100
years old discipline, it is less than 5 years ago that a role for viruses in cell fusion and
its importance in the overall evolution of cancer was proposed (Duelli and Lazebnik
2007).

Altogether, these findings strongly support a comparative analysis of the
modalities and consequences of infectious retroviruses and endogenous retroviral
Syncytins expression on the cell–cell fusion processes. HERV expression/activation
seems to be a common feature in cancers, a phenomenon that has been linked to
deregulation of methylation (Schulz et al. 2006). Global hypomethylation of trans-
posable elements may be a prerequisite of chromosomal instability. Similarly, viral
induced fusion might result in the chromosomal instability observed in cancer cells
(Duelli and Lazebnik 2007). Hypomethylation of the ERVWE1/Syncytin-1 in pla-
centa and in seminoma (Gimenez et al. 2010) as compared to HERV-W family
hypermethylation in placenta and hypomethylation in seminoma may reflect both
situations (Gimenez et al. 2009). At the protein level, clarifying the interactions
between Syncytin-1 and TGF-β may contribute to elucidate the regulation of cell–
cell fusions occurring in development and in other syncytial cell tumors. Thus,
the increase of cholesterol efflux from cellular membrane by TGF-β could modify
membrane location and function(s) of Syncytin-1. Overall, fusion/differentiation,
proliferation and suggested anti-apoptotic capacities of Syncytin-1 delineate the
portrait of an oncogene.
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