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Abstract

Retroviral transcripts have cis-acting elements that interact with host and viral proteins to enable efficient nuclear export

and/or translation; however, it is poorly understood whether the transcripts of human endogenous retroviral genes retain

such elements. Here, we show that human syncytin-1, which is derived from human endogenous retrovirus W, requires a 3¢

untranslated region (3¢UTR) for efficient gene expression and retains a post-transcriptional regulatory element (named

SPRE). The insertion of SPRE markedly increased a reporter gene (human immunodeficiency virus type 1 Gag) expression

without affecting the amounts of nuclear or cytoplasmic transcript. Deletion analysis identified a required sequence for SPRE

activity, and the prediction of the RNA secondary structure demonstrated a common secondary structure found among active

SPRE sequences. Another human syncytin, syncytin-2, also requires a 3¢UTR for efficient gene expression. These data

provide insights into post-transcriptional regulation in endogenous retroviral gene expression.

Human endogenous retrovirus (ERV) and ERV-related ele-
ments account for 8% of the human genome [1]. Some
endogenous retroviral envelope genes (env) play a role in
the cell–cell fusion of trophoblasts, which is necessary for
mammalian placental morphogenesis [2]. Different mam-
malian lineages have acquired placental morphogenesis-
related fusogenic genes, which have been reported in
humans and apes [3–6], Old World monkeys [7], muroids
[8], leporids [9], carnivores [10], ruminants [11, 12] and
marsupials [13]. Syncytin-1 is the first identified human ret-
roviral fusogenic gene derived from the env of human
endogenous retrovirus W (HERV-W) [3, 4]. Although the
regulation of syncytin-1 expression via DNA methylation or
transcriptional factors has been studied [14], little is known
about post-transcriptional regulation.

Retroviruses need to transport not only spliced transcripts
but also unspliced transcripts to the cytoplasm because
unspliced transcripts encode viral structural proteins (gag–
pol polyprotein) and are also used as virus genomic RNA to
be packaged into virions [15]. In Mason-Pfizer monkey
virus (MPMV) (also called simian retrovirus 3), the consti-
tutive transport element (CTE) located in the 3¢ untrans-
lated region (3¢UTR) of the env gene binds directly to a host
factor, termed nuclear export factor 1 (NXF1) (also called

TAP), and viral transcripts are transported to the cytoplasm
in a splicing-independent manner [16–18]. MPMV Env and
syncytin-1 (HERV-W Env) belong to the RD114/type D ret-
rovirus interference group, which is considered to be a
homologous env group, and utilize a neutral amino acid
transporter (ASCT2) as a receptor [4, 19]. However, it
remains unknown whether syncytin-1 has a post-transcrip-
tional regulatory element like CTE. In this study, we report
that a small element in the syncytin-1 transcript promotes
gene expression and is involved in post-transcriptional reg-
ulation. To the best of our knowledge, this is the first report
to identify a post-transcriptional regulatory element in
endogenous retroviral syncytin genes.

Transient transfection of syncytin-1 expression plasmids
causes cell–cell fusion, and strong syncytium formation is
observed [3, 4]. To investigate whether the 3¢UTR of syncy-
tin-1 is involved in gene expression, syncytin-1 with various
lengths of 3¢UTR was cloned into the pSG5 (Agilent)
expression plasmid (Fig. 1a). The PCR primer set (see
Table S1, available in the online version of this article) was
designed to amplify syncytin-1 with a 3¢UTR from the geno-
mic DNA of human embryonic kidney (HEK) 293 T cells
(ATCC, CRL-11268). The PCR fragment was inserted into
the EcoRI and BamHI sites of pSG5. The 3¢UTR deletion
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mutants in pSG5 were constructed by inverse PCR with spe-
cific primers (Table S1). HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) sup-
plemented with 10% foetal bovine serum (FBS) (Gibco),
penicillin (100 units ml�1) and streptomycin (100 µg ml�1)
(Invitrogen) at 37 ˚C in a humidified atmosphere of 5%
CO2 in air. For the cell–cell fusion assay, 2.5�105 cells were
plated in 24-well plates. After overnight culture, cells were
transfected with 500 ng of plasmid with Avalanche everyday
transfection reagent (Apro Science). Twenty-four hours
post-transfection, the cells were stained with Hemacolor
(Merck). As shown in Fig. 1(b), strong syncytium formation
caused by syncytin-1 expression was observed when
HEK293T cells were transfected with expression plasmids
of syncytin-1 with a 3¢UTR. However, cells did not form
syncytia when transfected with the syncytin-1 expression
plasmid without a 3¢UTR. To rule out the possibility that
this 3¢UTR function is affected by the backbone plasmsid
(pSG5), syncytin-1 with or without a 3¢UTR was cloned
into the EcoRI and BamHI sites of phCMV3 (Genlantis)
and the resultant plasmids were transfected to HEK293T.

HEK293T cells also formed syncytia only when they were

transfected with the syncytin-1 expression plasmid with a

3¢UTR of 100 bp (Fig. 1c). In mammalian placental mor-

phogenesis, syncytin-1 is expressed specifically in tropho-

blasts to form syncytiotrophoblasts. To assess whether the

3¢UTR of syncytin-1 is also functional in trophoblasts, a

human trophoblast cell line, HTR-8/SVneo (ATCC, CRL-

3271), was used for the cell–cell fusion assay as described

above. HTR-8/SVneo also showed syncytium formation

only when transfected with syncytin-1 expression plasmids

cloned with a 3¢UTR (Fig. 1d). To further quantify the

fusion activities, we conducted a fusion-dependent lucifer-

ase assay as described previously [12]. Briefly, HEK293T

cells were cotransfected with the syncytin-1-encoded vector,

pT7EMCV-luc, and pRL-TK (Promega). Six hours post-

transfection, cells were cocultured with HEK293T cells

transfected with a T7 polymerase-encoded expression vector

(pCAG-T7pol) in 96-well plates for 24 h. Luciferase activi-

ties were measured for each sample using a dual-luciferase

reporter assay system (Promega). The luciferase assay

Fig. 1. A 3¢UTR is necessary for syncytin-1-induced syncytial formation. (a) Schematic representation of syncytin-1 expression plas-

mids with a 3¢UTR. Syncytin-1 with various lengths of 3¢UTR was cloned into pSG5. A polyadenylation signal in the syncytin-1 3¢UTR

(1989: ATTAAA) is represented. (b) HEK293T cells were transfected with syncytin-1 expression plasmids. Twenty-four hours after

transfection, the cells were stained, and then syncytium formation was observed with a microscope. Syncytia are indicated by aster-

isks. The experiments were replicated, and representative data are shown. (c) Syncytin-1 with or without a 3¢UTR was cloned into

phCMV3. Syncytium formation was observed 24 h after transfection. (d) A human trophoblast cell line, HTR-8/SVneo, was transfected

with syncytin-1 expression plasmids, and syncytial formation was observed 24 h after transfection. (e) The fusion-dependent luciferase

assay in HEK293T cells transfected with phCMV3 (mock), phCMV3-Syn1 (without a 3¢UTR),and phCMV3-Syn1+100 bp (with a 3¢UTR).

Each value for relative luciferase (Rel. luc.) activity is normalized with a mock value. The error bars represent the standard deviations

from three independent experiments, with significance determined by Student’s t-test (* P<0.05).
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revealed that syncytin-1 caused significantly high cell–cell
fusion with a 3¢UTR but not without a 3¢UTR (Fig. 1e).

To investigate whether the 3¢UTR of syncytin-1 functions in
another viral gene expression, we introduced the 3¢UTR of
syncytin-1 downstream of the HIV-1 Gag coding region of
phCMV3-HG vector (Fig. 2a). For the construction of
phCMV3-HG, pHG [20] [a kind gift from Dr Yasuhiro
Ikeda Mayo Clinic)] was used for PCR templates and ampli-
fied fragments including HIV-1 Gag with the specific pri-
mers listed in Table S1. The PCR fragments were inserted
into the EcoRI and BamHI sites of phCMV3 using NEBu-
ilder (NEB). Sequences derived from syncytin-1 were

amplified by primers listed in Table S1 and inserted into the

EcoRI and NotI sites of phCMV3-HG. HEK293T cells were

transfected with 500 ng of plasmid with Avalanche everyday

transfection reagent (Apro Science) and then harvested at

48 h post-transfection. For immunoblot analysis of HIV-1

Gag, whole-cell lysates in Laemmli sample buffer supple-

mented with b-mercaptoethanol were boiled at 95 ˚C for

5min. Each sample was subjected to SDS-polyacrylamide

gel electrophoresis. Electrophoresed samples were electri-

cally blotted onto a polyvinylidene difluoride membrane,

and the membranes were blocked in 5% milk/TBST and

stained with primary and secondary antibodies [mouse

Fig. 2. The insertion of sequences including the ORF and 3¢UTR of syncytin-1 markedly increased HIV-1 Gag expression. (a) Schematic

diagram of HIV-1 Gag reporter constructs. Various lengths of fragments encompassing a partial ORF and 3¢UTR of syncytin-1 were

inserted into the HIV-1 Gag reporter plasmid (phCMV3-HG). (b) HEK293T cells were transfected with phCMV3-HG reporter plasmids,

and HIV-1 Gag expression levels were assayed by immunoblotting. The experiments were replicated, and representative data are

shown. (c, d) RT-qPCR analysis was performed to measure the copy numbers of HIV-1 transcripts in the nucleus (c) and cytoplasm (d).

HEK293T cells were transfected with phCMV3-HG plasmids, and nuclear and cytoplasmic RNA samples were collected 24 h after

transfection. The error bars represent the standard deviations from three independent experiments, with significance determined by

the two-tailed Student’s t-test (NS, not significant). (e) Schematic representation of phCMV3-HG expression plasmids without the CMV

intron. CTE or SPRE encompassing the 100 nt of ORF and 100 nt of 3¢UTR of syncytin-1 were inserted into the 3¢UTR of HIV-1 Gag.

(f) HEK293T cells were transfected with intron-removed phCMV3-HG reporter plasmids, and HIV-1 Gag expression levels were moni-

tored by immunoblotting.

Kitao et al., Journal of General Virology 2019;100:662–668

664



anti-HIV-1 Gag p24 (ab9071; Abcam), mouse anti-b-actin
(60008–1-Ig; Proteintech) and goat anti-mouse-IgG-HRP
(32430; Thermo Fisher Scientific)]. Signals were detected
using a Super Signal West Femto system (Thermo Fisher
Scientific) and images were obtained and processed using a
Luminescent Image Analyzer (LAS4000 mini, Fujifilm). As
shown in Fig. 2(b), although the insertion of the 3¢UTR of
syncytin-1 (777 bp or 100 bp) did not affect the expression
level of HIV-1 Gag, the inclusion of 100 bp of the terminal
region of the open reading frame (ORF) markedly enhanced
the expression level of HIV-1 Gag (Fig. 2b). The 200 bp
region containing 100 bp ORF and 100 bp 3¢UTR is located
from 1518 to 1717 bp, counting from the translational start
site of syncytin-1.

To assess the possibility that the enhanced gene expression
was caused by increased numbers of transcripts, the copy
numbers of the HIV-1 Gag transcripts in the nucleus and
cytoplasm were measured. Nuclear and cytoplasmic RNA
samples were extracted using a Paris kit (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. To
exclude contamination by genomic and plasmid DNA, the
samples were treated with DNaseI (Roche Diagnostics
GmbH). RT-qPCR was performed using the Power SYBR
Green RNA-to-CT 1-Step kit (Applied Biosystems) with a
CFX Connect Real-Time PCR Detection System (Bio-Rad).
The primer pairs used for HIV-1 Gag RNA detection are
listed in Table S1. To quantify the RNA copy numbers, stan-
dard curves were generated for each gene by the serial

dilution of the phCMV3-HG plasmid. As shown in

Fig. 2(c), the insertion of the syncytin-1 regulatory element

did not affect nuclear transcript levels. The copy numbers of

the cytoplasmic transcripts were also not affected by inser-

tion of the element (Fig. 2d). These data suggest that the

syncytin-1 regulatory element is not involved in promoter

activity but in post-transcriptional regulation. Therefore, we

named this region the syncytin-1 post-transcriptional regu-

latory element (SPRE).

The CTE of MPMV enhances the gene expression of

unspliced transcripts by promoting nuclear export [16–18].

In phCMV3, however, the CMV intron was located between

the promoter and cloning sites. To investigate the effect of

an intron on the SPRE function, we prepared intron-

removed phCMV3-HG reporter plasmids, and SPRE

(200 nt) or CTE was placed downstream of HIV-1 Gag as a

positive control (Fig. 2e). An intron-removed phCMV3

plasmid was constructed by inverse PCR with the specific

primers listed in Table S1, and the linearized vector was

linked using NEBuilder (NEB). As expected, the insertion of

CTE led to increased expression of HIV-1 Gag in intron-

removed plasmids (Fig. 2f). On the other hand, insertion of

SPRE did not increase the amount of HIV-1 Gag without

the CMV intron (Fig. 2f). This suggests that SPRE, unlike

CTE, does not function to enhance the gene expression of

intronless transcripts.

Fig. 3. Analysis of deletion mutants and prediction of the RNA secondary structure of SPRE. (a) The mfold web server [21] (http://una-

fold.rna.albany.edu/?q=mfold/rna-folding-form) was used to predict the potential secondary structure of the 200 nt of SPRE. The pre-

diction was conducted with default parameters. The 90 nt sequence is boxed by blue lines. (b) Alignment of sequences of SPRE (90 nt)

and the deletion mutants (D1–4). (c) HEK293T cells were transfected with phCMV3-HG with sequences derived from SPRE, and HIV-1

Gag expression levels were assayed by immunoblotting. The experiments were replicated, and representative data are shown. (d) RNA

secondary structures of SPRE (90 nt) and deletion mutants are predicted using the mfold web server. The structure commonly found

in active SPRE is boxed by red lines.
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The secondary structure of RNA is important for post-tran-
scriptional regulation and it recruits various cellular pro-
teins that bind to retroviral transcripts. We predicted the
secondary structure of SPRE (200 nt) with the mfold web
server [21], and a characteristic long stem–loop structure
was predicted (Fig. 3a). To detect the region essential for
SPRE activity, we focused on 90 nt of the tip of SPRE
(200 nt) and generated four deletion mutants based on the
90 nt sequence by inverse PCR with the primers listed in
Table S1 (Fig. 3b). As a result, the 90 nt SPRE and D4
mutant retained SPRE activity, but three deletion mutants
(D1, D2 and D3) lost the SPRE activity of enhancing HIV-1
Gag expression (Fig. 3c). The RNA secondary structure was
predicted in each mutant using the mfold web server. As a
result, it was revealed that active SPRE sequences [SPRE
(200 nt, 90 nt) and D4 mutant] contained a common stem–

loop structure in their tips, but inactive sequences (D1, 2, 3

mutants) lost the structure (Fig. 3a and d).

Syncytin-2 is another ERV-derived fusogenic gene that is

specifically expressed in human placenta. Syncytin-2 was

derived from HERV-FRD1, which was incorporated into

the primate genome more than 40million years ago [5]. To

investigate whether the 3¢UTR of syncytin-2 is also involved

in gene expression, syncytin-2 with various lengths of

3¢UTR was cloned into phCMV3 expression vector using

the primers listed in Table S1 (Fig. 4a). Then, cell–cell

fusion activities were measured as described for syncytin-1.

As shown in Fig. 4b, syncytin-2 caused strong cell–cell

fusion with 400 bp of 3¢UTR but not without the 3¢UTR or

with 200 bp of 3¢UTR. These observations were confirmed

by the fusion-dependent luciferase assay (Fig. 4c).

Fig. 4. Syncytin-2 requires its 3¢UTR for efficient gene expression. (a) Schematic representation of syncytin-2 expression plasmids

with or without a 3¢UTR. (b) HEK293T cells were transfected with syncytin-2 expression plasmids. Twenty-four hours after transfection,

the cells were stained. Syncytia are indicated by asterisks. (c) The fusion-dependent luciferase assay in HEK293T cells transfected

with phCMV3 (mock), phCMV3-Syn2 (without a 3¢UTR), phCMV3-Syn2+200 bp (with 200 bp) and phCMV3-Syn2+400 bp (with 400 bp).

Each value for relative luciferase (Rel. luc.) activity was normalized with a mock value. The error bars represent the standard devia-

tions from three independent experiments, with significance determined by Student’s t-test (* P<0.05). (d) HEK293T cells were trans-

fected with phCMV3-HG reporter plasmids. SPRE of syncytin-1 (200 bp) and 3¢UTR of syncytin-2 (400 bp) were inserted downstream of

HIV-1 Gag ORF. HIV-1 Gag expression levels were assayed by immunoblotting.
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Moreover, the insertion of 400 bp of 3¢UTR downstream of
HIV-1 Gag enhanced gene expression like the SPRE of syn-
cytin-1(Fig. 4d). These results indicate that syncytin-2 also
contains a gene expression regulatory element in the 3¢UTR.

In this study, we show that a HERV-W-derived fusogenic
gene, syncytin-1, retains a post-transcriptional regulatory
element, named SPRE. SPRE was required for efficient syn-
cytin-1 expression (Fig. 1a-e), and SPRE insertion down-
stream of HIV-1 Gag enhanced the expression of HIV-1
Gag (Fig. 2b). SPRE did not affect the quantity of transcripts
in the nucleus, suggesting that SPRE is not involved in pro-
moter activity (Fig. 2c). Furthermore, SPRE did not affect
the accumulation of cytoplasmic transcripts (Fig. 2d).
Hence, the export of transcripts from the nucleus to the
cytoplasm is not involved in the SPRE-mediated augmenta-
tion of HIV-1 Gag expression. These results indicate that
SPRE influences RNA processing and/or translation effi-
ciency. It has been reported that MPMV CTE promotes not
only cytoplasmic accumulation but also the translation of
unspliced transcripts [22].

NXF1 binds directly to CTE and can transport unspliced
transcripts of MPMV [18]. Unlike CTE, SPRE enhanced
HIV-1 Gag expression in an intron-dependent manner
(Fig. 2f). Although infectious retroviruses need to export
unspliced transcripts for their replication, the nuclear export
of unspliced HERV-W transcripts is not necessary for syn-
cytin-1 expression. In fact, mRNA encoding syncytin-1 con-
tains one intron including the gag–pol region, which has
lost its ORF due to the accumulation of mutations [23].
Therefore, although the molecular mechanism is still
unknown, it is likely that SPRE has adapted to promote
gene expression in an intron-dependent manner.

The specific sequence and secondary structure of viral tran-
scripts are important for the recruitment of RNA binding
proteins that mediate post-transcriptional regulation. The
secondary structure of CTE is necessary for its function, and
L-shaped conformation of CTE with NXF1 is involved in
the complex formation [24, 25]. In SPRE, several consecu-
tive deletions impaired the SPRE activity (Fig. 3c). Given
that active SPREs retained a common stem–loop structure
(Fig. 3d), it is suggested that a certain length of sequence is
required for the formation of the functional secondary
structure.

Syncytin-2 is another human syncytin captured from
HERV-FRD1 [5]. The 3¢UTR of syncytin-2 was also
required for plasmid-based gene expression and enhanced
HIV-1 Gag gene expression (Fig. 4a-d). Given that syncy-
tin-2 needs a longer 3¢UTR than syncytin-1, and the inser-
tion of a 3¢UTR is sufficient for the enhancement of HIV-1
Gag expression, a regulatory element of syncytin-2 is
located solely in the 3¢UTR, unlike the SPRE of syncytin-1.

HERV-W was incorporated into the genome of an ancient
primate more than 32million years ago when Hominoidea
and Cercopithecoidea diverged [7, 26]. This report suggests
that the post-transcriptional regulatory element has been

involved in the regulation and adaptation of the endogenous
retroviral genes in human genome.
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