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The host defense against viral infection is acquired during the coevolution or symbiosis of the host and pathogen. Several cellu-
lar factors that restrict retroviral infection have been identified in the hosts. Feline leukemia virus (FeLV) is a gammaretrovirus
that is classified into several receptor interference groups, including a novel FeLV-subgroup D (FeLV-D) that we recently identi-
fied. FeLV-D is generated by transduction of the env gene of feline endogenous gammaretrovirus of the domestic cat (ERV-DCs)
into FeLV. Some ERV-DCs are replication competent viruses which are present and hereditary in cats. We report here the deter-
mination of new viral receptor interference groups and the discovery of a soluble antiretroviral factor, termed Refrex-1. Detailed
analysis of FeLV-D strains and ERV-DCs showed two receptor interference groups that are distinct from other FeLV subgroups,
and Refrex-1 specifically inhibited one of them. Refrex-1 is characterized as a truncated envelope protein of ERV-DC and in-
cludes the N-terminal region of surface unit, which is a putative receptor-binding domain, but lacks the transmembrane region.
Refrex-1 is efficiently secreted from the cells and appears to cause receptor interference extracellularly. Two variants of Refrex-1
encoded by provirus loci, ERV-DC7 and DC16, are expressed in a broad range of feline tissues. The host retains Refrex-1 as an
antiretroviral factor, which may potentially prevent reemergence of the ERVs and the emergence of novel ERV-related viruses in
cats. Refrex-1 may have been acquired during endogenization of ERV-DCs and may play an important role in retroviral restric-
tion and antiviral defense in cats.

Feline leukemia virus (FeLV) is an exogenous retrovirus, be-
longing to the genus Gammaretrovirus. FeLV has been shown

to induce many diseases in cats, such as lymphoma, myelodysplas-
tic syndromes (MDS), acute myeloid leukemia (AML), aplastic
anemia, and immunodeficiency (1, 2). The primary translation
product of the FeLV env gene is processed through proteolytic
cleavage into two functional units: the surface unit (SU) and the
transmembrane unit (TM). The entry of retroviruses into target
cells is governed by the interaction of the retroviral SU with spe-
cific cell surface receptors (3). FeLV can be categorized into several
FeLV subgroups based on their viral receptor interference and
host range properties: FeLV subgroups and their receptors of
FeLV-A, FeLV-B, FeLV-C, FeLV-AC, and FeLV-T have been iden-
tified (4–9). In addition to these FeLV subgroups, our laboratory
recently identified a novel FeLV subgroup (FeLV-D), which was
generated through recombination in the env region between
FeLV-A and an endogenous gammaretrovirus present in the feline
genome (ERV-DC) (10). FeLV-A is the common subgroup and is
horizontally transmitted among cats. Other subgroups may have
arisen from this variant. For instance, it has been shown that
FeLV-B arose through recombination in the env region between
FeLV-A and endogenous FeLV sequences (enFeLV) present in the
feline genome (11, 12) and FeLV-C apparently also arose through
deletion, mutation, or recombination of the FeLV-A env gene (12,
13). Therefore, endogenous retroviruses contribute to the gener-
ation of novel viruses and function as a source of emergence of
novel viruses. Endogenous retroviruses (ERVs) are present in all
vertebrate genomes and are thought to be the remnants of ances-
tral germ line infections by exogenous retroviruses. ERVs make up
a significant fraction of the mammalian genome (for example, 8 to
10% of the human or mouse genomes) and are transmitted in a
Mendelian fashion (14–16). Although most ERVs are not ex-

pressed in normal tissues or conditions because of deleterious
mutations or a defense mounted by the host to repress proviral
expression, some ERVs are transcribed and produce functional
gene products (17). Several classes of endogenous retroviruses are
present in cats. Of these, ERV-DCs are endogenous gammaretro-
virus of domestic cats (ERV-DCs) (10). ERV-DCs are classified
into genotype I, II, and III (group I, II, and III) by phylogenetic
analysis. ERV-DCs infected domestic cats within the past few mil-
lion years, and insertional polymorphisms of ERV-DC exist today.
Most ERV-DCs are not fixed in the feline genome, whereas pro-
virus loci ERV-DC7 and ERV-DC16 are fixed in cats (10). Some
ERV-DCs have intact open reading frames (ORFs) for gag, pol,
and env, and, notably, ERV-DC10 (the q12-q21 region on chro-
mosome C1) and ERV-DC18 (q14 on chromosome D4) are rep-
lication-competent viruses which can infect a broad range of cells,
including humans. ERV-DC18 may be a locus that was generated
by reintegration or reinfection of ERV-DC10 (10).

The expression of ERVs can confer resistance to closely related
viruses by the interference mechanism. Viral interference is a ret-
roviral phenomenon by which cells chronically infected by one
virus are resistant to superinfection with closely related viruses
(18). In particular, receptor interference caused by receptor block-
ing or downregulation through interaction with the viral envelope
protein (Env) results in superinfection resistance to viruses using
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the same receptor. Receptor interference caused by Env proteins
of ERVs has been reported. For example, the Fv-4 gene in mice
encodes a full-length Env protein which closely resembles eco-
tropic murine leukemia virus (MLV) and confers resistance to
ecotropic MLV infection by receptor interference (19, 20). Host
defense against retroviral infection is common, and feline
APOBEC and BST-2 are known to function as retroviral restric-
tion factors in cats (21–23). Interestingly, feline TRIM5 lacks an-
tiretroviral activity (24).

In this study, we report the precise determination of a new viral
receptor interference group and the discovery of a soluble antiret-
roviral factor, termed Refrex-1 (restriction for feline retrovirus X).
Refrex-1 is a soluble truncated Env protein encoded by provirus
loci ERV-DC7 and ERV-DC16, and it is expressed in a broad
range of feline tissues. Refrex-1 may have been acquired during
endogenization of ERV-DCs and may play an important role in
retroviral restriction and antiviral defense in cats.

MATERIALS AND METHODS
Animal and samples. A female, 2-month-old, specific-pathogen-free
(SPF) cat (Kyoto-SPF1) obtained from the Nippon Institute for Biological
Science was euthanized, and an autopsy performed. Tissues were stored at
�80°C until DNA or RNA was extracted.

Cells. HEK293T (25, 26), NIH 3T3 (27), P3U1 (28), KwDM (10), 3201
(29), AH927 (30), FRM (31), and CRFK (32) cells were cultured in Dul-
becco modified Eagle medium (DMEM) supplemented with 10% fetal
calf serum (FCS). MS4 cells (33) were cultured in DMEM with 20% FCS.
HEK293T cells infected with FeLV-A/Glasgow-1 (34), FeLV-A/clone 33
(35), FeLV-B/Gardner-Arnstein (36), or FeLV-C/Sarma (37) were cul-
tured in DMEM with 10% FCS. GPLac cells (10), an env-negative pack-
aging cell line containing a LacZ-coding retroviral vector, were cultured in
DMEM with 10% FCS.

Construction of chimeric FeLV-D. A replication-competent chime-
ric FeLV-D (termed FeLV-D/c33) was constructed by ligation of the 5=
EcoRI-BamHI-digested 5-kb fragment from FeLV-A clone 33 (35) provi-
rus DNA with the 3= BamHI-EcoRI-digested 3.5-kb fragment from FeLV-
D/ON-T provirus DNA (10).

Cloning of full-length ERV-DC. Genomic DNA was isolated from
Kyoto-SPF1 blood samples by using a QIAamp DNA blood kit (Qiagen,
Tokyo, Japan) according to the manufacturer’s instructions. Flanking
DNA sequences of ERV-DC16 provirus were obtained by gene walking
using a Right Walk kit (Bex Co., Ltd., Tokyo, Japan). Full-length ERV-
DC16 provirus was PCR amplified from the chromosomal DNA obtained
from Kyoto-SPF1 blood by using the specific primers Fe-219S and Fe-
44R. ERV-DC7 provirus was also molecularly isolated from chromosomal
DNA obtained from Kyoto-SPF1 blood as previously described (10).
KOD FX Neo DNA polymerase (Toyobo, Osaka, Japan) was used for

PCR. The PCR products were cloned into pCR-Blunt (Invitrogen, Carls-
bad, CA) and sequenced.

Plasmids. Expression plasmids were newly constructed as shown in
Table 1. The genes were PCR amplified from each plasmid by using spe-
cific primers with enzyme sites, and then PCR products were digested by
each restriction enzyme and cloned into the pFU�ss expression plasmid
(10). The template plasmids, PCR primers, and restriction enzymes used
for new construction of expression plasmids are summarized in Tables 1
and 2. The Env expression plasmids for pseudotyped virus preparations—
pFU�ss A5 (FeLV-A/Glasgow-1 env), pFU�ss GB (FeLV-B/Gardner–
Arnstein env), pFU�ss SC (FeLV-C/Sarma env), pFU�ss Ty2.0 (FeLV-D/
Ty26 env), pFU�ss ON-T (FeLV-D/ON-T env), pFU�ss NS33-4 (FeLV-
T/NS33-4 env), pFU�ss 4070A (amphotropic MLV/4070A env), and
pFU�ss DC10 (ERV-DC10 env)— have been described previously
(10, 12).

Transfection. HEK 293T cells were plated in 60-mm dishes and trans-
fected with 8 �g of each plasmid using 20 �l of Lipofectamine 2000 re-
agent (Invitrogen).

Immunoprecipitation and immunoblotting. Cell lysates were pre-
pared by resuspending the cells in lysis buffer (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM
Na3VO4, and 1 �g/ml each of aprotinin and leupeptin), followed by in-
cubation on ice for 20 min. Insoluble components were removed by top-
speed centrifugation, and the protein concentrations were determined
using a protein assay kit (Bio-Rad Laboratories, Carlsbad, CA). The cell
supernatants were filtered through a 0.45-�m-pore-size filter and immu-
noprecipitated with goat anti-FeLV gp70 (National Cancer Institute
[NCI], Frederick, MD) covalently conjugated with Dynabeads-protein G
according to the manufacturer’s instructions (Life Technologies, Carls-
bad, CA). Proteins were separated by electrophoresis on 7.5% or 10 to
20% gradient Tris-glycine minigels (Oriental Instruments) under reduc-
ing conditions (3.5 � 10�2 M 2-mercaptoethanol) and then transferred
electrophoretically to nitrocellulose filters for Western blotting with goat
anti-FeLV gp70 antibody (NCI) or mouse anti-� actin (Santa Cruz Bio-
technology, Santa Cruz, CA). Secondary antibodies were horseradish per-
oxidase-conjugated anti-goat IgG antibody (Santa Cruz Biotechnology)

TABLE 1 Expression plasmids constructed for this studya

Expression plasmid Template plasmid Forward primer Reverse primer

pFU�ss ON-C p44B peL Fe-130S Fe-50R
pFU�ss 44B pON-C Fe-130S Fe-50R
pFU�ss DC6 pCR4 ERV-DC6 Fe-130S Fe-126R
pFU�ss DC8 pCR4 ERV-DC8 Fe-130S Fe-126R
pFU�ss DC14 pCR4 ERV-DC14 Fe-130S Fe-126R
pFU�ss DC19 pCR4 ERV-DC19 Fe-130S Fe-126R
pFU�ss 4070A pCL-Ampho 4070A-2S 4070A-2R
pFU�ss FeLIX pCR-Blunt FeLIX FeLIX-1F FeLIX-1R
pFU�ss 3201-2D pCR-Blunt 3201-2D Fe-207S Fe-190R
pFU�ss 3201-2A pCR-Blunt 3201-2A Fe-209S Fe-187R

a Each DNA fragment was PCR amplified with the indicated primers and template
plasmid and then inserted into the pFU�ss expression vector. Primer sequences are
shown in Table 2.

TABLE 2 Sequences of primers used in this study

Primer Sequence (5=–3=)a
Cloning
site

Fe-44S CGGAATTCATCGAGATGGAAGGTCC EcoRI
Fe-130S CCGAATTCTRCACAAACCCAAAATGA EcoRI
Fe-184S CCTAGGRGCTTGGBTCCYAACATTTGGTG
Fe-205S GGATCCGGATCCATGAAACCCCCAGCGGGAAT BamHI
Fe-206S GGATCCGGATCCATGAAACCCCCAACAGGAAT BamHI
Fe-207S GGATCCGGATCCATGAAACCCCCAACAGGAAT BamHI
Fe-208S GGATCCGGATCCATGAGACCCTCAGCAAGAAT BamHI
Fe-209S GGATCCGGATCCATGAAACTCCCAACAGGAAT BamHI
Fe-219S GCCACGGTCATGAAAATAAAAA
FeLIX-1F CTGGATCCATGGAAGGTCCAACGCACCCAA BamHI
4070A-2S TCTGGCTAGCCATGGCGCGTTCAACGCTCTCAAA NheI
Fe-44R TGCAGACAGAACATACTGTGACAAA
Fe-50R TTGAATTCTCATGGTTGGTCTGGATCGTATTG EcoRI
Fe-126R CAGAATTCTCTCATTCCCCCATTTTCTTT EcoRI
Fe-168R GAAGRTAGGGTGGGGGTGTKTTAGTAAGCTA
Fe-184R GAATTCGAATTCTATTCGATTGTATCTGGCCTTT EcoRI
Fe-185R GAATTCGAATTCTTTAGGAGCCTATCTCCTGT EcoRI
Fe-186R GAATTCGAATTCTCATTCAATTGTATCTGGCCTTTCTG EcoRI
Fe-187R GGATCCGGATCCTCAAGAGGGGGAAGTTGAGTATC BamHI
Fe-188R GGATCCGGATCCTTAGGAGTCTGTCTCCCGTG BamHI
Fe-190R GGATCCGGATCCTCAGGTTGGGCCTACGGTTTGGG BamHI
Fe-196R GGATCCGGATCCTTAGGAGTCTGTCTCCCGTG BamHI
FeLIX-1R TAGAATTCTTAGCTGGGGTGAGGTATTACT EcoRI
4070A-2R TTATGCTAGCTATGGCTCGTACTCTATAGGCT NheI

a Restriction enzyme sites are underlined. The indicated enzyme site was used for the
construction of the expression vector shown in Table 1.
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or anti-mouse IgG antibody (GE Healthcare Japan, Tokyo, Japan), fol-
lowed by visualization using 20� LumiGLO (Cell Signaling Technology).

Pseudotyped virus preparation. Preparation of pseudotyped viruses
has been described previously (10). GPLac cells were transfected with each
env expression plasmid in order to produce LacZ carrying pseudotype
viruses. After culture with 200 �g of zeocin (InvivoGen, California)/ml
and 1 �g of puromycin/ml for �2 weeks, the supernatants were collected,
filtered through a 0.45-�m-pore-size filter, and stored at �80°C.

Viral interference assay. The viral interference assay has been de-
scribed previously (10, 12). Target cells were infected with each pseu-
dotyped virus in the presence of 8 �g of Polybrene/ml for �48 h and
stained with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyrano-
side). Single-cycle infectivity was titrated by counting blue-stained nuclei
under the microscope.

Viral infection assay in the presence of supernatants of cell cultures.
In order to determine inhibitory effects against viral infection by cell su-
pernatants, an infection assay was conducted in the presence of cell super-
natants. The cell supernatants were collected, filtered through a 0.45-�m-
pore-size filter, and stored at �20°C. An infection assay basically followed
that of the viral interference assay. Essentially, 250 �l of cell supernatants
and 250 �l of pseudotyped viruses were incubated with target cells
(HEK293T cells in 24-well plates). Alternatively, the cell supernatants
were incubated with goat anti-FeLV gp70 antibody or normal goat serum
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), conjugated with
protein G-agarose (Santa Cruz Biotechnology) for 1 h at room tempera-
ture. The supernatants without immune complexes removed by centrif-
ugation were also used for the viral infection assay in the same way. After
48 h of incubation in the presence of 8 �g of Polybrene/ml, the cells were
stained with X-Gal, and the single-cycle infectivity was titrated by count-
ing blue-stained nuclei under a microscope.

RT-PCR. The total RNA was isolated from cell lines and from each
Kyoto-SPF1 tissue sample using RNAiso Plus (TaKaRa, Tokyo, Japan),
and the extracted RNA was treated with recombinant DNase I (RNase-
free; TaKaRa). cDNA was synthesized with a PrimeScript II first-strand
cDNA synthesis kit (TaKaRa) using oligo(dT) primer. The expression of
ERV-DC was detected by a PCR using the primers Fe-184S and Fe-168R,
which were designed for the end of the 5= long terminal repeat (LTR) and
the start of the 3= LTR, respectively. PCR products were cloned into pCR-
Blunt (Invitrogen) and sequenced. The expression of �-actin was also
detected by reverse transcription-PCR (RT-PCR) as an internal control
using Hub-b-actin(DNA)s and Hub-b-actin(DNA)r (10).

Phylogenetic analysis. Nucleotide sequences of the ERV-DC and
FeLV-D env genes corresponding to the signal peptide and the surface unit
(SU) region (nucleotide positions 1 to 1444 of the ERV-DC8 env gene)
were used in this phylogenetic analysis. Multiple alignments of env genes
were generated by using CLUSTAL W (38, 39). Nucleotide substitution
models of Kimura two-parameter model (40) with discrete gamma-dis-
tributed rate variation (five categories [�G, parameter 	 0.6240]) were
selected using the Bayesian information criterion (41). A phylogenetic
tree was constructed by using the maximum-likelihood method with ro-
bustness evaluated by bootstrapping (1,000 times). All programs used in
the present study were packaged in MEGA5 (42, 43). ERV-DC6
(AB674450), ERV-DC7 from SPF cat-1 (AB807599), ERV-DC8
(AB674443), ERV-DC10 (AB674444), ERV-DC14 (AB674445), ERV-
DC16 from Kyoto-SPF1 (AB807600), ERV-DC19 (AB674448), FeLV-D/
ON-T (AB673426), FeLV-D/ON-C (AB673429), FeLV-D/Ty26 (AB673428),
and FeLV-D/44B (AB673430) were used for phylogenetic reconstruction.

Nucleotide sequence accession numbers. The sequences reported
here have been deposited in DDBJ/EMBL/GenBank under accession
numbers AB807599, AB807600, AB819753, and AB819754.

RESULTS
Interference groups of FeLV-D and ERV-DC. Our previous re-
sults have shown that 17 env sequences from ERV-DCs can be
separated into genotypes I, II, and III (groups I, II, and III) by

phylogenetic analysis (10). When env sequences from recombi-
nant FeLV-D strains such as 44B, ON-C, ON-T, and Ty26 (Fig.
1A) were genotyped in the same way, all four FeLV-D strains were
classified into ERV-DC genotype I (Fig. 1B). Thus, FeLV-D was
generated by transduction of the env gene from the ERV-DC ge-
notype I group. ERV-DC7 and ERV-DC16 belong to genotype II
and do not encode complete Env proteins because of the presence
of a stop codon at amino acids 252 and 298, respectively.

Our previous study showed that FeLV-D and ERV-DC10 be-
long to different receptor groups. In order to determine more
detailed interference groups among FeLV-D and ERV-DCs, viral
interference assays were conducted by using pseudotyped viruses.
In the present study, two env expression plasmids from FeLV-D/
44B and FeLV-D/ON-C and four env expression plasmids from
ERV-DC6, DC8, DC14, and DC19 were newly constructed. env
expression plasmids of ERV-DC10, FeLV-D/ON-T, and FeLV-D/
Ty26 have been reported previously (10). HEK293T cells were
transfected with each env expression plasmid. Western blot anal-
ysis showed that each Env protein from FeLV-D and ERV-DC was
detected with anti-FeLV gp70 antibody, which reacts with both
ERV-DC and FeLV Env proteins (10). The expression pattern
seemed to differ among Env proteins and two bands at �75 kDa in
cells expressing Env were detected in some lysates (Fig. 2A). To
determine whether each Env protein functions in cell entry, an
infection assay was carried out by producing pseudotyped viruses.
To prepare each pseudotype, GPLac cells were transfected with
env expression plasmids and supernatants of cells were used as a
virus source. As shown in Fig. 2B, two pseudotyped viruses of
FeLV-D/ON-C and FeLV-D/44B, as well as FeLV-D/Ty26 and
FeLV-D/ON-T, could infect uninfected HEK293T cells. ERV-
DC10 and DC18 are replication competent, and the pseudotyped
viruses could also infect HEK293T cells (10). Four newly pseu-
dotyped viruses of ERV-DC6, DC8, DC14, and DC19 could infect
the HEK293T cells (Fig. 2B). These results indicated that these env
genes were all functional for viral cell entry.

Next, we determined more detailed viral interference groups of

FIG 1 Structure and phylogenetic analysis of the env gene from FeLV-D and
ERV-DC. (A) Schematic representation of the env structure of FeLV-D and
ERV-DC. The recombination pattern of each env is indicated. White indicates
FeLV-A sequences, and gray indicates ERV-DC sequences. sp, signal peptide;
SU, surface unit; TM, transmembrane. (B) Best-maximum-likelihood tree
from phylogenetic analysis of env nucleotide sequences corresponding to the
signal peptides and surface units from FeLV-D and ERV-DC strains.
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FeLV-D and ERV-DCs strains. HEK293T cells expressing only
Env protein do not work in viral interference assays because the
expression may not be sufficient. Therefore, we constructed a chi-
meric replication-competent infectious virus, termed FeLV-D/
c33, by which the 5=LTR-gag-pol fragment from FeLV-D/ON-T
provirus was replaced with that of FeLV-A/clone33 provirus be-
cause FeLV-D/ON-T was not replication competent virus due to a
large deletion in the pol gene. HEK293T cells persistently infected
with FeLV-D/c33 (termed 293T/FeLV-D cells) were established
and FeLV-D/ON-T pseudotyped virus could not infect 293T/
FeLV-D cells. However, FeLV-A, -B, and -C, and ERV-DC10
could infect 293T/FeLV-D cells. Therefore, 293T/FeLV-D cells
were useful for evaluation of viral subgroups and were used for the
interference assay. 4070A pseudotyped virus derived from am-
photropic murine leukemia virus (MLV) 4070A was used as a
control. As shown in Fig. 2B, the 4070A pseudotyped virus showed
similar LacZ virus titer (104 IU/ml) in cells infected with FeLV-A/
clone 33, FeLV-B/GA, FeLV-C/Sarma, and FeLV-D (FeLV-D/
c33) and ERV-DC10. All four FeLV-D pseudotyped viruses (Ty26,
ON-T, ON-C, and 44B) could infect HEK293T cells preinfected
with FeLV-A, FeLV-B, FeLV-C, and ERV-DC10, but not cells in-
fected with FeLV-D. FeLV-A, FeLV-B, and FeLV-C pseudotyped
viruses could infect HEK293T/FeLV-D cells, but not HEK293T
cells infected with each virus of the same group. ERV-DC8,
-DC14, and -DC19 could infect HEK293T cells preinfected with
FeLV-A, FeLV-B, FeLV-C, and ERV-DC10 but not FeLV-D. In
contrast, ERV-DC6 and ERV-DC10 could infect HEK293T cells
preinfected with FeLV-A, FeLV-B, FeLV-C, and FeLV-D, but not

ERV-DC10. These results indicated that ERV-DC8, -DC14, and
-DC19 could be classified as the same interference group and were
distinct from the group of ERV-DC6 and DC10/18. Furthermore,
ERV-DC8, -DC14, and -DC19 could be classified as the same in-
terference group with FeLV-D strain, such as Ty26, ON-T, ON-C,
and 44B. Therefore, our data established that there were two in-
terference groups for FeLV-D and ERV-DC that correlate with
their genotypes. The interference group of ERV-DC genotype II,
such as ERV-DC7 and ERV-DC16, could not be determined be-
cause they encode defective and truncated Env proteins.

Presence of inhibitory factors in culture supernatant of fe-
line cells. T-lymphotropic of FeLV (FeLV-T) is a subgroup of
FeLV which requires a soluble cofactor, called FeLIX, for infec-
tion. FeLIX is a truncated Env protein of enFeLV corresponding to
a receptor-binding domain (RBD) (9). To determine whether
FeLV-D and ERV-DC belong to the FeLV-T subgroup, the super-
natant of 3201 cells as a source of a cofactor, FeLIX, for FeLV-T
was used in an additional viral infection assay. As shown in Fig.
3A, FeLV-T/NS33-4 (12) infects HEK293T cells only in the pres-
ence of supernatant of 3201 cells or FeLIX, which is derived from
the supernatant of HEK293T cells transfected with a FeLIX ex-
pression plasmid. Unexpectedly, FeLV-D/Ty26 infection of
HEK293T cells was inhibited by the supernatant of 3201 cells.
However, FeLIX did not inhibit FeLV-D/Ty26 infection. ERV-

FIG 2 Viral interference assay of LacZ pseudotyped viruses. (A) Western blot
analysis with anti-FeLV Env (gp70) antibody in HEK293T cells transfected
with env expression plasmids. Anti-actin antibody was also used as a control.
DC18 infection; HEK293T cells were infected with a replication competent
infectious virus of ERV-DC18. (B) env genes of FeLV-A/Glasgow-1, FeLV-B/
Gardner–Arnstein, FeLV-C/Sarma, FeLV-D/Ty26, FeLV-D/ON-T, FeLV-D/
ON-C, FeLV-D/44B, ERV-DC6, ERV-DC8, ERV-DC10, ERV-DC14, ERV-
DC19, and A-MLV (Ampho-MLV/4070A) were used for preparation of LacZ
pseudotyped viruses. HEK293T cells preinfected with no virus (gray), FeLV-
A/clone33 (red), FeLV-B/Gardner–Arnstein (GA; green), FeLV-C/Sarma
(purple), FeLV-D (FeLV-D/c33 chimeric virus; aqua blue), or ERV-DC10 (or-
ange) were used as target cells for the interference assay. X-Gal-positive cells
were counted as infectious units (I.U.) at 48 h postinfection.

FIG 3 Viral infection assay of lacZ pseudotyped virus in the presence of su-
pernatant of 3201 cells or FeLIX. (A) env genes from Ampho-MLV/4070A
(A-MLV/4070A), FeLV-D/Ty26, ERV-DC10, and FeLV-T/NS33-4 were used
for pseudotyped virus preparation. HEK293T cells were used as target cells for
the viral infection assay. The supernatant of 3201 cells (3201 Sup.; blue) or
HEK293T cells transfected with FeLIX expression vector (green) or empty
vector (Mock; red) was added in the culture when HEK293T cells were infected
with each pseudotyped virus. (B) Dose-dependent inhibition by the superna-
tant of 3201 cells in the viral infection assay. Supernatant of 3201 cells was
added to the culture and tested for infection using FeLV-D/Ty26 pseudotyped
virus. X-Gal-positive cells were counted as infectious units (I.U.) at 48 h
postinfection.
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DC10 and 4070A MLV infection was not inhibited by the super-
natant of 3201 cells or FeLIX (Fig. 3A). Thus, FeLV-D/Ty26 and
ERV-DC10 do not belong to the FeLV-T subgroup.

We determined whether supernatant from 3201 cells had a
dose-dependent inhibitory effect. As shown in Fig. 3B, infection of
HEK293T cells by FeLV-D/Ty26 pseudotyped virus was inhibited
in a dose-dependent manner. Therefore, the supernatant of 3201
cells contains inhibitory factors for FeLV-D/Ty26 pseudotyped
virus, and these factors are not FeLIX. We next determined the
effect of the supernatant of 3201 cells on viral strains. As shown in
Fig. 4A, infection of HEK293T cells by all four FeLV-D strains
(Ty26, ON-T, ON-C, and 44B) was completely inhibited by the
supernatant from 3201 cells. Furthermore, infection of HEK293T
cells by ERV-DC8, DC14, and DC19 was also inhibited by the
supernatant from 3201 cells. However, these inhibitory effects
were not seen for infection with ERV-DC6 or DC10, FeLV-A, -B,
or -C, or ampho-MLV/4070A (Fig. 4A). These results indicated
that Env-pseudotyped viruses derived from FeLV-D and ERV-DC
genotype I were affected by inhibitory factors but that other Env-
pseudotyped viruses were not.

Next, we tested the inhibitory effect by using the supernatant of
several cell lines such as human (HEK293T), canine (KwDM),
murine (NIH 3T3 and P3U1), and feline (MS4, AH927, FRM, and
CRFK) cells. FeLV-B, FeLV-D/Ty26, and ERV-DC10 Env-pseu-
dotyped viruses were used for the inhibition assay. As shown in
Fig. 4B, supernatants from feline cell lines showed complete inhi-
bition of infection with FeLV-D, but not FeLV-B or ERV-DC10.
Interestingly, supernatants from other cell lines, including hu-

man, canine, and murine cells did not inhibit FeLV-D, FeLV-B,
and ERV-DC10 infection. These results indicated that feline cells
produced inhibitory factors for which infection with pseudotyped
viruses from FeLV-D and ERV-DC genotype I were inhibited. We
termed this factor as Refrex-1 (restriction for feline retrovirus X).

Possible mechanism for the effect of Refrex-1. In order to
determine whether Refrex-1 has an effect on the target cells or on
the viruses, we carried out an infection assay by preincubation as
follows. The target cells or the viruses were pretreated with 10-
fold-diluted supernatant (50 �l) of 3201 cells for 30 s, 30 min, 1 h,
3 h, or 6 h at 37°C before viral inoculation. As shown in Fig. 5A,
FeLV-D/Ty26 pseudotyped virus was incubated with Refrex-1
(the supernatant of 3201 cells) at 37°C for 6 h, and each reaction
was inoculated into HEK293T cells. The infection titer of FeLV-
D/Ty26 showed an �10-fold reduction compared to the controls
(without supernatant). Preincubation of ERV-DC10 or Ampho-
MLV/4070A with Refrex-1 did not decrease the viral infection
titer (Fig. 5A). In contrast to preincubating Refrex-1 with viruses,
HEK293T cells were preincubated with Refrex-1 at 37°C for the
exposure time described above, washed with phosphate-buffered
saline (PBS), and then infected with FeLV-D/Ty26, ERV-DC10, or
Ampho-MLV/4070A. After 48 h, each titer of viral infection was
determined. As shown in Fig. 5B, infection titer of FeLV-D/Ty26
showed a dramatic reduction in an incubation-time-dependent
manner by 6 h. However, the inhibitory effect of this strategy was
not observed for ERV-DC10 or Ampho-MLV/4070A. These re-
sults suggest that Refrex-1 might interfere with viral entry medi-
ated by a receptor for FeLV-D extracellularly rather than viral
inactivation by Refrex-1.

Identification of Refrex-1 as a restriction factor. We at-

FIG 4 Viral infection assay of LacZ pseudotyped viruses in the presence of
supernatant from several cell lines. (A) Env-pseudotyped viruses FeLV-A/
Glasgow-1, FeLV-B/Gardner–Arnstein(GA), FeLV-C/Sarma, FeLV-D/Ty26,
FeLV-D/ON-T, FeLV-D/ON-C, FeLV-D/44B, ERV-DC6, ERV-DC8, ERV-
DC10, ERV-DC14, ERV-DC18, ERV-DC19, and A-MLV (Ampho-MLV/
4070A) were tested for infection in the presence of the supernatant of 3201 cells
(3201 Sup.; red) or medium (control; blue). HEK293T cells were used as target
cells in this assay. (B) Supernatant of 293T (HEK293T), KwDM, 3T3 (NIH
3T3), P3U1, MS4, AH927, FRM, and CRFK cells was added to the culture
when 293T cells were infected with each pseudotyped virus, FeLV-B/Gardner–
Arnstein (GA) (blue), FeLV-D/Ty26 (red), or ERV-DC10 (green). X-Gal-pos-
itive cells were counted as infectious units (I.U.) at 48 h postinfection.

FIG 5 Incubation of Refrex-1 with target cells before viral inoculation blocks
viral infection. (A) Each pseudotyped virus—A-MLV/4070A (Ampho-MLV/
4070A), FeLV-D/Ty26, or ERV-DC10 —was incubated with the supernatant
of 3201 cells or medium for 30 s, 30 min, 1 h, 3 h, or 6 h at 37°C before viral
inoculation. Each mixture was inoculated into HEK293T cells. X-Gal-positive
cells were counted as infectious units (I.U.) at 48 h postinfection. (B)
HEK293T cells were incubated with supernatant of 3201 cells or medium for
30 s, 30 min, 1 h, 3 h, or 6 h at 37°C. After incubation, the cells were washed
with PBS and infected with each indicated pseudotyped virus. X-Gal-positive
cells were counted as infectious units (I.U.) at 48 h postinfection.
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tempted to identify Refrex-1 based on a possible mechanism of
receptor-mediated interference as shown in Fig. 5. First, cDNAs
synthesized from RNAs of 3201 and CRFK cells were PCR ampli-
fied with specific primers, Fe-184S and Fe-168R, which were de-
signed for the end of the 5= LTR and the start of the 3= LTR. PCR
products were cloned and sequenced. Eight different clones of 1.0
to 6.5 kb in size were obtained. These were spliced forms of ERV-
DCs, which were classified into genotype II or III. Next, we con-
structed the expression plasmids of nine ORFs from eight cDNA
clones. The supernatants from HEK293T cells transfected with
each expression plasmid were tested for Refrex-1 activity by viral
infection assay. Two of these clones, 3201-2A and 3201-2D, were
positive for a screening experiment (data not shown). Therefore,
we further characterized these clones as candidates for Refrex-1.
As shown in Fig. 6A, 3201-2A and 3201-2D, which corresponded
to the env subgenomic gene of ERV-DCs, were isolated with an
approximate size of 2.5 kb. 3201-2A and 3201-2D encoded trun-

cated Env proteins of ERV-DCs that were 297 and 251 amino acids
long, respectively. 3201-2A and 3201-2D contained a stop codon
in the middle of the env ORF, which resulted in a point mutation
(CGA to TGA) and a frameshift due to a 1-bp deletion, respec-
tively (Fig. 6B). As shown in Fig. 6, 3201-2A and 3201-2D retained
the signal peptide and N-terminal region of SU, which is a putative
RBD, but it lacked the C-terminal region and TM. 3201-2A and
3201-2D had two or one putative N-linked glycosylation sites
(amino acid positions 169 and 283 in 3201-2A and 169 in 3201-
2D), respectively. Judging from their structures, 3201-2A and
3201-2D were secretory proteins.

Next, we determined in detail whether these proteins act as
Refrex-1 or not. As the sources of these proteins, the supernatants
of HEK293T transfected with the 3201-2A or 3201-2D expression
plasmids were used. As shown in Fig. 7A, 3201-2A and 3201-2D
specifically inhibited FeLV-D and ERV-DC genotype I, as did the
supernatant of 3201 cells. Furthermore, serially diluted superna-

FIG 6 Identification of Refrex-1 from 3201 cells. (A) Schematic representation of Refrex-1 structure from two clones, 3201-2D (ERV-DC7) and 3201-2A
(ERV-DC16), compared to ERV-DC14 Env. (B) Alignment of amino acid sequences of Env from ERV-DC and 3201-2D and 3201-2A. SU, surface unit; N-term,
N-terminal region of SU; C-term, C-terminal region of SU; TM, transmembrane unit; VRA, variable region A; VRB, variable region B; PRR, proline-rich region;
ISU domain, immunosuppressive domain; CXXC and CX6CC indicate sites of covalent interaction.
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tants of 3201-2A and 3201-2D inhibited FeLV-D/Ty26 in a dose-
dependent manner (Fig. 7B). Thus, we identified that 3201-2A
and 3201-2D functioned as bona fide restriction factors. On the
other hand, 3201-2A and 3201-2D did not enhance FeLV-T infec-
tion (Fig. 7A). This result indicates that 3201-2A and 3201-2D do
not work as cofactors for FeLV-T infection like FeLIX.

Refrex-1 is encoded by ERV-DC7 and ERV-DC16 loci. As
shown in Fig. 6B, amino acid sequences of 3201-2D and 3201-2A
completely corresponded to that of ERV-DC7 and ERV-DC16
loci, respectively. Each stop codon of 3201-2D and 3201-2A was
found at the same position in ERV-DC7 and ERV-DC16. There-
fore, we determined whether ERV-DC7 and ERV-DC16 worked
as Refrex-1 by an infection assay. Because ERV-DC16 provirus has
partially been isolated in our previous report, full-length ERV-
DC16 provirus was newly isolated in this experiment as described
in Materials and Methods. Schematic representations of struc-
tures of these proviruses are shown in Fig. 8A. ERV-DC7 and
ERV-DC16 encoded defective ORFs of gag, pol, and env. We do
not know whether ERV-DC7 and ERV-DC16 proviruses are inac-
tivated or not. To address this question, HEK293T cells were
transfected with provirus clones ERV-DC7, ERV-DC16, and
ERV-DC10 (10), and then total RNA was isolated and RT-PCR
was performed to detect subgenomic env genes by using primers
Fe-184S and Fe-168R. Approximately 2.5 kb of subgenomic env
gene was detected in cells transfected with each clone, but not in
HEK293T cells or reverse transcriptase negative samples (Fig. 8B).
Sequence analysis confirmed that a 2.5-kb fragment corresponded
to the env genes, indicating that ERV-DC7 and ERV-DC16, as well

as ERV-DC10, were not inactivated in transfected cells. Next, the
supernatants of the transfected cells were used in the infection
assay to assess whether or not they contained the biological activ-
ity of Refrex-1. As a control, we used ERV-DC10, which is repli-
cation competent and was confirmed to be expressed. As shown in
Fig. 8C, the supernatants of the cells transfected with ERV-DC7 or
ERV-DC16 proviruses specifically inhibited infection of FeLV-D/
Ty26; however, ERV-DC10 did not. These results indicated that
Refrex-1 is a soluble truncated Env protein encoded by provirus
loci, ERV-DC7, and ERV-DC16.

Detection of Refrex-1 in cell culture supernatant. To charac-
terize Refrex-1, ERV-DC7 and ERV-DC16 env expression plas-
mids were transfected into HEK293T cells, and cell lysates were
immunoblotted with goat anti-FeLV gp70. ERV-DC7 and ERV-
DC16 encoded �28- and �32-kDa proteins, respectively (Fig.
9A). When supernatants from transfected cells were immunopre-
cipitated with goat anti-FeLV gp70 antibody, extracellular forms
of ERV-DC7 and ERV-DC16 were detected as 30- and 40-kDa
proteins, respectively (Fig. 9A and B). This antibody weakly
bound to ERV-DC7 Env protein and seemed to have a predilec-
tion for ERV-DC16 Env, which may have been due to the speci-
ficity of the antibody or the protein stability. The difference in size
between the intracellular and extracellular forms of these proteins,
especially ERV-DC16 Env, may be due to modifications such as
glycosylation. We next carried out experiments to detect Refrex-1
in culture supernatants of feline cells. As shown in Fig. 9B and C,
a 40-kDa protein corresponding to ERV-DC16 Env was detected
in culture supernatants of 3201, CRFK, and AH927 cells. How-

FIG 7 Effect of Refrex-1 in the infection assay. (A) Supernatant of 3201 (blue) or 293T cells transfected with 3201-2D (green), 3201-2A (purple) or empty vector
(Mock; red) was added to the culture when HEK293T cells were infected with each indicated pseudotype virus. Empty vector is used as a control. X-Gal-positive
cells were counted as infectious units (I.U.) at 48 h postinfection. (B) Dose-dependent inhibitory effect of Refrex-1on viral infection. Supernatant of 3201 (blue)
or HEK293T cells transfected with 3201-2D (green), 3201-2A (purple) or empty vector (Mock; red) was diluted with medium, and each 250 �l of the supernatant
was added to the culture when HEK293T cells were infected with FeLV-D/Ty26 pseudotyped virus. X-Gal-positive cells were counted as infectious units (I.U.)
at 48 h postinfection.
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ever, there was a small difference in the size of the Env protein
expressed in some feline cell lines compared to cells transfected
with ERV-DC16. This could be due to a single-nucleotide poly-
morphism [GCT (alanine) or ACT (threonine)] in ERV-DC16
Env at amino acid position 274, which slightly altered the molec-
ular mass of the protein when two ERV-DC16 Env proteins were
analyzed in supernatants of HEK293T cells expressing ERV-DC16
(alanine at 274) or ERV-DC16 (threonine at 274) (Fig. 9C and D).
We could not detect ERV-DC7 Env in the culture supernatants of
feline cells. This might have been due to the antibody specificity,
the expression (low or none), or the stability of ERV-DC7 Env.
The transcript of subgenomic env gene from ERV-DC7 was de-
tected in 3201 cells, but was not detected in AH927 and CRFK cells
(data not shown).

To confirm the presence of Refrex-1 activity in culture super-
natants of feline cells, Refrex-1 was depleted from the superna-
tants using goat anti-FeLVgp70 antibody, and Refrex-1 activity
was tested. To test whether the depletion analysis worked, the
culture supernatants from HEK293T cells stably expressing ERV-
DC7 or ERV-DC16 Env were immunoprecipitated with goat anti-
FeLV gp70 antibody or normal goat serum. After removing the
immune complexes by protein G-agarose, the supernatants were
tested for Refrex-1 activity by viral infection assay with FeLV-D.

As shown in Fig. 10, depletion of ERV-DC7 and ERV-DC16 by
anti-FeLV antibody reduced Refrex-1 activity in a dose-depen-
dent manner compared to the effect of normal goat serum, indi-
cating that the depletion analysis successfully worked in transfec-
tants. To determine the effect of Refrex-1 in feline cells, Refrex-1
was depleted from the culture supernatants of 3201, AH927, and
CRFK cells. Depletion of Refrex-1 from the culture supernatants
of feline cells reduced the effect of Refrex-1 in a dose-dependent
manner, similar to the transfectants. These results confirmed that
Refrex-1 was present in the culture supernatant of feline cells and
that it was, at least, a truncated soluble Env protein from ERV-
DC16.

Expression of ERV-DC7 and ERV-DC16 env genes in feline
tissues. We determined the expression of ERV-DC7 and ERV-
DC16 env genes in feline tissues. As mentioned above, a 2.5-kb
subgenomic RNA corresponding to spliced env genes was ampli-
fied by RT-PCR with primers Fe-184S and Fe-168R. The 2.5-kb
fragments were cloned and sequenced. Table 3 summarizes the
env expression pattern of ERV-DCs. Many tissues express env
genes of ERV-DC7 and ERV-DC16, but no detection was ob-
served in the liver, bone marrow, small intestine, skeletal muscle,
and ocular structures. The expression pattern of ERV-DCs differs
among tissues, suggesting that the LTR from ERV-DC may show
tissue-specific promoter activity. ERV-DC7 and ERV-DC16 are
widely expressed in tissues.

DISCUSSION

Our previous study showed that FeLV-D could not interfere with
replication-competent viruses ERV-DC10/DC18 on receptor us-
age (10). In the present study, we clearly identified two receptor
interference groups among ERV-DC and FeLV-D, which were
distinct from FeLV-A, FeLV-B, FeLV-C, FeLV-T, and amphotro-
pic MLV/4070A subgroups. Receptor interference groups among
ERV-DC and FeLV-D seemed to correlate with their genotypes of
env genes; one included ERV-DC genotype I, and the other in-
cluded ERV-DC genotype III. All FeLV-D strains were shown to
be generated by the transduction of ERV-DC env genes classified
into genotype I, and thus the receptor interference group of all
FeLV-D strains was similar to that of ERV-DC genotype I, such as
ERV-DC8 and ERV-DC14, but not genotype III, such as ERV-
DC10 and ERV-DC18. As shown in Fig. 6, amino acid differences
of Env proteins between ERV-DC genotype I (ERV-DC14) and
genotype III (ERV-DC10) were clustered in several regions that
correspond to the putative variable region A (VRA), variable re-
gion B (VRB), and proline-rich region (PRR) of FeLV. These re-
gions of ERV-DC may determine receptor specificity like those of
FeLV and MLV, and amino acid differences in these regions
among ERV-DC genotype I and genotype III may be reflected in
the differences of their receptor interference groups.

During the course of the receptor interference studies, we dis-
covered a soluble restriction factor, termed Refrex-1. Refrex-1 was
present in the supernatants from feline cell lines and specifically
inhibited infection of ERV-DC genotype I and FeLV-D. Refrex-1
is a truncated Env protein of ERV-DC and has the signal peptide
(SP) and N-terminal region of SU, which is a putative receptor-
binding domain (RBD), but it lacks the C-terminal region of SU
and TM because of a stop codon in the middle of the env gene.
Refrex-1 is efficiently secreted from cells and appears to cause
receptor interference extracellularly because of its structure. Such
a truncated Env protein lacking TM is not tethered to the cell

FIG 8 ERV-DC7 and ERV-DC16 loci encode Refrex-1. (A) Structures of the
genomes of full-length ERV-DC7 and ERV-DC16 in comparison to ERV-
DC10, which is a replication-competent virus. gag, pol, and env genes are
illustrated, together with the 5= and 3= LTRs and the positions of the gag and
env translational initiation codons (ATG). Asterisks indicate conserved stop
codons. Gag and Pol proteins may be synthesized as a large single polypeptide
precursor via termination suppression. Flanking 4-bp target site duplication
(TSD) sequences are shown for each provirus. (B) Detection of env sub-
genomic DNA by RT-PCR from total RNA from HEK293T cells transfected
with ERV-DC7, ERV-DC16, or ERV-DC10 provirus clones. RT� or RT�,
presence or absence of reverse transcriptase during cDNA synthesis. PCR
products were run on 1% agarose gel and stained with ethidium bromide. (C)
Supernatant from HEK293T cells transfected with ERV-DC7 (green), ERV-
DC16 (purple), ERV-DC10 (red), or untransfected HEK293T cells (control;
blue) was tested for viral infection using pseudotyped viruses Ampho-MLV/
4070A, FeLV-D/Ty26, or ERV-DC10. X-Gal-positive cells were counted as
infectious units (I.U.) at 48 h postinfection.
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membrane and is therefore effectively secreted from cells (44, 45).
It is not entirely clear how Refrex-1 inhibits viral infection. One
possible mechanism is that Refrex-1 competes with virus by bind-
ing to the viral receptor. It has been shown that FeLIX and a sol-
uble RBD artificially constructed from FeLV-B or MLV bind to
their receptor and inhibit the infection of cells (46, 47). Expression
of ERVs env genes can confer resistance to viral infection by a
receptor interference mechanism. Fv-4, Rmcf, and Rmcf2 in the
mouse inhibit the infection of ecotropic, polytropic, and xeno-
tropic MLV, respectively (20, 48, 49). Although these genes are
similar to Refrex-1, they encode full-length Env proteins, includ-
ing TM, and so they are mainly present on the cellular membrane
and protect the cells expressing them. On the other hand, Refrex-1
can protect not only the cell expressing it but also cells without
expressing it because Refrex-1 is a secreted protein and exerts its
effect on cells from the outside.

FeLIX is a truncated Env protein of enFeLV corresponding to
an RBD, and a large amount is secreted from 3201 cells (data not
shown). FeLIX is thought to play a role in natural resistance of
FeLV-B (46). Although our study showed that the culture super-
natant of 3201 cells slightly inhibited FeLV-B infection (2- to
5-fold inhibition [P 
 0.03]) (see, for example, Fig. 7A), it did not
result in a substantial reduction, as shown by others (9). Unlike

the effect of Refrex-1, FeLIX has a potential inhibitory effect
against FeLV-B, as previously described (47). It will be important
to elucidate the different effects between Refrex-1 and FeLIX if
Refrex-1 causes receptor-mediated interference. However, the
similarity of the structure and function of FeLIX and Refrex-1 and
their inhibition of retroviral infection indicate an example of par-
allel evolution of these molecules in domestic cats. We speculate
that it may be a consequence of retroviral endogenization or ret-
roviral infectious disease.

Full-length env that was similar to that of ERV-DC14 and that
belonged to genotype I slightly inhibited infection with FeLV-D
(data not shown). However, supernatant from HEK293T cells
transfected with the infectious molecular clone, ERV-DC10, did
not inhibit viral infection of ERV-DC10. This may be a reason why
full-length Env protein is not produced in great amounts in the
supernatant, although the full-length env gene is well expressed in
the cells.

Although there are two variants of Refrex-1, they seem to have
independently arisen from env genes which encode full-length
Env proteins, judging from the positions of their stop codons (Fig.
6A). These two variants of Refrex-1 are encoded by ERV-DC7 and
ERV-DC16 loci mapped on chromosomes X and A2, respectively,
according to the UCSC genome browser (http://genome.ucsc.edu/).

FIG 9 Western blot analysis of Refrex-1. (A) Detection of Refrex-1 in cell culture supernatants (left) and in cell lysates (right) from HEK293T expressing
Refrex-1. Cell culture supernatants were immunoprecipitated with goat anti-FeLV gp70 antibody. Immunoprecipitates of 10- and 4-ml supernatants, respec-
tively, from HEK293T cells transfected with ERV-DC7 or ERV-DC16 env expression plasmid, and cell lysates were immunoblotted with the same antibody.
Mock, HEK293T cells with no transfection. (B) Detection of Refrex-1 in the supernatants of feline cell lines, AH927 and CRFK. Immunoprecipitates of
supernatants (2 ml) from AH927 and CRFK cells were immunoblotted with goat anti-FeLV gp70 antibody. Portions (2 ml) of supernatant from HEK293T cells
transfected with ERV-DC7 or ERV-DC16 env expression plasmid were used for immunoprecipitation. Mock, HEK293T cells with no transfection. An asterisk
indicates the position of ERV-DC7 Env (faint band). (C) Comparison of ERV-DC16 Env from cell culture supernatants. Immunoprecipitates of supernatants
from indicated cells were immunoblotted with goat anti-FeLV gp70 antibody. ERV-DC16 env expression plasmid derived from 3201-2A was transfected into
HEK293T cells (HEK293T/DC16). (D) Comparison of two ERV-DC16 Env proteins in supernatants of HEK293T cells expressing ERV-DC16 (alanine at 274)
or ERV-DC16 (threonine at 274) derived from CRFK or 3201 cells, respectively. Immunoprecipitates of supernatants from indicated cells were immunoblotted
with goat anti-FeLV gp70 antibody. Immunoprecipitation was performed with goat anti-FeLV gp70 antibody.
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Interestingly, ERV-DC7 and ERV-DC16 are fixed loci in the genomes
of domestic cats (10), although most ERV-DCs exhibit insertion-
ally polymorphic integrations because they have been recently in-
tegrated into cat genomes (10). We hypothesize that ERV-DC7
and ERV-DC16 have acquired a function as Refrex-1 due to their
mutations, and they have been distributed among cats and be-
came fixed through virus-host coevolution. Fixation of these pro-
viruses in cat genomes may have contributed to the endogeniza-
tion of ERV-DC genotype I. Interestingly, they seem to not be
replication-competent viruses, even though ERV-DC8 and ERV-
DC14, classified into ERV-DC genotype I, contain intact ORFs of
gag, pol, and env genes. It is possible that Refrex-1 may prevent
reemergence of ERV infectious diseases and may also contribute
to inactivation of ERV-DCs. We currently plan to determine the
evolutionary diversity of ERV-DCs and Refrex-1 among Felis spp.
to understand their role in retroviral infectious diseases.

Refrex-1 inhibits ERV-DC genotype I infection but does not
inhibit that of ERV-DC genotype III because ERV-DC genotype I
(or FeLV-D) and genotype III use different receptors from each
other and Refrex-1 may interfere only with the receptor for geno-
type I. Although it is unknown whether or not Refrex-1 was al-
ready present in domestic cats when ERV-DC genotype III was
generated, ERV-DC genotype III seems to be an escape mutant
from Refrex-1, which was generated by acquisition of a novel re-
ceptor tropism. Moreover, replication competent viruses ERV-
DC10 and ERV-DC18 are not inhibited by Refrex-1 because they
belong to ERV-DC genotype III. Although it is unknown whether
these viruses horizontally transmit among cats, if they do not,
there may be other mechanisms of restriction against ERV-DC10
and ERV-DC18 in cats.

Interaction between virus and receptor can affect the physio-
logical function of the receptor. For example, interaction between
FeLV-A Env protein and its receptor, thiamine transporter

TABLE 3 Expression of Refrex-1 in various feline tissues from an
SPF cat

Tissue type

env expressiona

ERV-DC7 ERV-DC16

PBMC � �
Spleen � �
Thymus � ND
Tonsil � ND
Mandibular lymph node � �
Superficial cervical lymph node � �
Tongue ND �
Esophagus � �
Stomach ND �
Colon � ND
Uterus � �
Ovary � �
Cerebrum � ND
Pituitary gland � �
Cerebellum � ND
Medulla oblongata � ND
Diaphragm � �
Myocardium ND �
Thyroid gland � ND
Adrenal gland � ND
Pancreas � �
Mandibular gland ND �
Urinary bladder � ND
Subcutaneous tissue – –
Bone marrow – –
Liver – –
Small intestine – –
Ocular structures – –
Lung – –
Skeletal muscle – –
a �, Positive Refrex-1 expression; –, negative Refrex-1 expression. ND, Refrex-1
expression was not determined.

FIG 10 Depletion of Refrex-1 from cell culture supernatants. Culture supernatants from HEK293T, HEK293T expressing ERV-DC7 Env (HEK293T/DC7),
HEK293T expressing ERV-DC16 Env (HEK293T/DC16), and the feline cell lines 3201, AH927, and CRFK were treated with goat anti-FeLV gp70 antibody or
normal goat serum (control), and Refrex-1 was depleted from the supernatants. The remaining supernatants were diluted with medium, and 250 �l of each
supernatant was added to the culture when HEK293T cells were infected with FeLV-D/Ty26 pseudotyped virus. X-Gal-positive cells were counted as infectious
units (I.U.) at 48 h postinfection.

Ito et al.

12038 jvi.asm.org Journal of Virology

http://jvi.asm.org


(THTR1), blocks thiamine uptake mediated by THTR1 and in-
duces growth arrest of cells (50). It has also been shown that in-
teraction between FeLV-C Env protein and its receptor, FLVCR-1,
causes abnormal erythroid differentiation (51). Similarly, expres-
sion of truncated Env proteins encoded by ERV-DC7 and ERV-
DC16 may also affect the physiological function of their receptor,
and so they can possibly function like cytokines in addition to
causing viral interference as Refrex-1. In the present study, we
confirmed that Refrex-1 is expressed in a broad range of tissues in
cats. Interestingly, the LTRs of ERV-DC7 and ERV-DC16 might
exhibit tissue specific promoter activity. The physiological func-
tions of ERV-DC and Refrex-1will be elucidated with further
studies.

Finally, hosts have been invaded by retroviruses not only in
modern times but also in ancient times. These host-virus conflic-
tions have triggered the emergence and adaptation of restriction
factors. The newly discovered restriction factor, Refrex-1, re-
ported here may be an example of adaptive evolution, reflecting
the arms race that has taken place at the host-virus interface dur-
ing the evolution of species.

In conclusion, our findings provide evidence for the existence
of a novel retroviral restriction factor in the domestic cat and may
be a model case of the coevolution of the host and pathogen. Our
findings may provide a novel insight to develop an effective anti-
retroviral therapy.
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