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Abstract To elucidate possible physiological functions of
human endogenous retroviruses (HERVs) and their role
in the pathogenesis of human diseases, we have developed
a strategy to identify transcriptionally active HERV genes.
By this approach, we have identified and isolated an active
HERV-E gene that was mapped to 17q11. Although the
gene was predicted to produce no intact viral particles due
to the presence of stop codons, long open reading frames
were retained in each gag and pol region. Northern blot
analyses revealed in the pancreas (and thyroid) two major
transcripts, 3.3 and 4.1kb in size, associated with 500- to
600-nucleotide-longer minor bands. Preferential expression
in pancreas and thyroid gland tissues may suggest a role
for this gene in physiological functions common to these
tissues.
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Introduction

Human retrotransposons or retroelements, prominent ex-
amples being the L1 and Alu families, have generally been
considered “junk.” Recent progress has revealed their evo-
lutionary role by demonstrating one after another their
functions, such as the remodeling of the genome through
transduction (Moran et al. 1999), formation of processed-
type pseudogenes (Esnault et al. 2000), and possible par-
ticipation in Alu retrotransposition (Boeke 1997). Most
notable is the insight that retrotransposon reverse tran-
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scriptase (RT) was recruited to acquire telomerase RT,
which in turn enabled eukaryotes to evolve from prok-
aryotes (Kazazian 2000, Nakamura and Cech 1998). Fur-
thermore, inherited diseases and cancers caused by
transpositions of L1 and Alu have been well documented in
hemophilia A (Kazazian et al. 1988), neurofibromatosis
(Wallace et al. 1991), and breast cancer (Miki et al. 1996), to
name a few examples (reviewed by Kazazian and Moran
1998 and by Miki 1998).

In contrast, no disease or physiological function was
known to be related to human endogenous retroviruses
(HERVs), one of three major groups of human
retrotransposons, until recently. Syncytin, a member of the
HERV-W family, is an exceptional example that has been
shown to mediate cell fusion and to be possibly involved in
directing placental morphogenesis (Mi et al. 2000). Com-
pared to the retrotransposons L1 and Alu, HERVs are in
a unique position in both evolutionary and biological re-
spects: they are not so old as L1 is, and are between viruses
and host genomes in their behaviors. This seems to result in
dual effects of HERVs on the host genome. Like the mouse
mammary tumor virus, IDDMK, ,22/HERV-K18 has been
shown to code for a superantigen and it may be implicated
in the pathogenesis of autoimmune diabetes (Conrad et al.
1997). On the other hand, the Friend murine leukemia
virus-resistant gene, Fvi, consists of the gag gene of the
mouse endogenous retrovirus L family (Best et al. 1996).

To elucidate the physiological, pathological, and evolu-
tionary roles of HERVs, we previously attempted to isolate
active HERVs and HER V-related genes, and we developed
a strategy to identify such genes (Sugimoto et al. 2001). In
the present study, we applied this approach to the HERV-
E family and identified an active HERV-E gene that
expressed abundant transcripts in normal pancreas and
thyroid tissues. Structural and Northern blot analyses sug-
gest that the gene may play a role in physiological functions
common to these gland tissues. In addition, while the activ-
ity of these retrotransposons is usually suppressed by DNA
methylation and/or other mechanisms, this active HERV-E
gene may serve as an appropriate control for investigations
of such mechanisms.
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Materials and methods

Nucleic acids

RNA was extracted from human placenta as described pre-
viously (Jinno et al. 1994). Poly (A)'RNA was isolated
using Oligotex-dT30(Super) (Takara, Kyoto, Japan).

Identification of active HERV-E genes by reverse
transcriptase-polymerase chain reaction (RT-PCR) and
subsequent sequencing of cloned products

Active HERV-E genes were identified following the strat-
egy employed by Sugimoto et al. (2001). Briefly, 4ug of
DNase I-treated poly(A)"'RNA was reverse-transcribed in
a 20-ul reaction volume, and 0.5ul of the reverse transcrip-
tion product or 50ng of genomic DNA was amplified by
PCR with 0.5uM of primers ENVA and ENV2 in 25ul of
standard reaction buffer for 26 cycles of 94°C, 30s/51°C,
30s/72°C, 30s extension. Two micro liters of the 10-fold-
diluted first PCR product was subjected to 16 cycles of
nested PCR using primers ENV1 and ENV3 in 50ul of the
same reaction buffer and under the same thermal cycle
conditions as for the first PCR. A parallel reaction was
carried out in the absence of reverse transcriptase to moni-
tor the residual DNA. Amplified products were separated
in a 4% polyacrylamide gel, and the 469-bp fragment was
eluted and cloned to the pGEM-T easy vector (Promega,
Madison, WI, USA). The env sequence was determined by
reading both strands with an automated DNA sequencer,
model IR4200L (Li-Cor, Lincoln, NE, USA). Primer
sequences were as follows: ENVA, 5'-CGAGAGTTGG
TGCCTACTGA; ENV2, 5'-CCYATARTACTGTATGA
TCCT; ENV1, 5-GCTCCTGAYATAATTCCART; and
ENV3,5-CCACTCATYATCTTTCCARTT.

Isolation of cosmid clones carrying the active HERV-E
gene and structural analysis

The full-length active HERV-E gene, ERVEI, was isolated
from a human cosmid library using an ERVEI-specific
antisense oligonucleotide probe, EOLP18 (AGCGGGAG
CTGCCCAGTC), that differed by at least two nucleotides
from other env sequences of RT-PCR and genomic PCR
clones. Hybridization was carried out for 18h at 55°C in a
solution containing 6X sodium saline citrate (SSC), 5X
Denhardt’s solution, 0.01 M sodium phosphate, 1 mM ethyl-
enediamine tetraacetate (EDTA), 0.5% sodium dodecyl
sulfate (SDS), and 100pg/ml denatured sheared salmon
sperm DNA. After hybridization, membranes were washed
in 6X SSC and 0.1% SDS three times for 15min each time at
room temperature and a final time with the same solution
for 20min at 55°C. Washed membranes were exposed to
X-ray film (Fuji, Tokyo, Japan) for 24h at 80°C. The se-
quence identity was confirmed by sequencing the PCR
products of the env region from the isolated clones. Cosmid
DNA containing the HERV-E gene was restriction-mapped

and subcloned into the pBluescript II vector (Stratagene,
LaJolla, CA, USA). Sequences of HERV-E and its flanking
regions were determined by reading both strands with an
automated DNA sequencer, model IR4200L (Li-Cor).

Expression analysis by Northern blot hybridization

Multiple Tissue Northern blots (Clontech, Palo Alto, CA,
USA) were used for Northern analyses.

Prehybridization and hybridization were carried out ac-
cording to the manufacturer’s instructions. Blots hybridized
with an oligoprobe (EOLP18) were washed using the same
procedure as for the cosmid library screening. Otherwise,
the membrane was washed three times at room temperature
with 2X SSC and 0.05% SDS for 15min and once at 55°C
with 0.1X SSC, 0.1% SDS for 30min and exposed to X-ray
film (Fuji) for 3 to 5 days. Probe DNA fragments were
prepared either directly from a plasmid clone (pol probe) or
by PCR amplification (env, gag, and LTR probes). Primers
and thermal cycle conditions were as follows: for the gag
probe, 5'-CACCAGTTGCTCATGTTCCT/5'-TTCYCTG
AATGACCTCAGAG, 94°C, 30s/51°C, 30s/72°C, 40s
extension; for the LTR probe, 5'-CTAGAYGACCTTGG
CRCCAC/5'-TAGCAGGAYRACYCACAGAC, 94°C,
30s/52°C, 30s/72°C, 40s extension. The env fragment was
amplified with primers ENV1 and ENV3 as described
above.

Results

Identification of an active HERV-E gene

Using poly(A) ' RNA extracted from a placenta, RT-PCR
was performed and the amplified product was cloned.
Among 29 clones sequenced, 19 had identical sequences in
the 428-bp fragment (excluding primer sequences) of the
env region, and 5 had one or two mismatches to their se-
quences at random sites. Because our previous study had
confirmed that 22% of the clones had a single mismatch
caused by reverse transcription, PCR, or sequencing errors
(Sugimoto et al. 2001), these 24 clones were considered to
derive from a single locus or multiple loci with an identical
sequence in the analyzed region. Database searches identi-
fied a draft sequence with accession number AC061975 that
showed 100% homology with these transcripts. This env
sequence differed by more than 6% from those of other
loci. Three clones seemed to be transcripts from another
locus found in a database sequence (GenBank accession no.
ACO087342). The remaining two clones corresponded to two
independent loci (AC079804 and AC010329) (Fig. 1).

In contrast, sequencing of 28 genomic PCR clones re-
vealed a variety of clones that seemed to represent at least
14 loci. Among them, 9 loci could be identified in database
sequences, including the major transcript and A4-1 loci
(AC061975 and ACO010329, respectively) (Repaske et al.
1985). Thus, the RT-PCR and subsequent sequencing
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19 TCAGAAGGCCCAAGCTAGCAACTTCTGGGTCCTAAAAACCTCAATTATTGGACAATACTGTATAGCTAGAGAAGGGAAAGTCTTTATCATCCCTGTAAGA 100

Fig. 1. Expression analysis by reverse transcriptase-polymerase chain
reaction (RT-PCR) and subsequent sequencing of cloned products.
The env region of HERV-E was reverse-transcribed from placental
poly(A) 'RNA, PCR-amplified, cloned, and sequenced. The 428-bp
env sequence of the major transcript is shown, and only substituted

analyses predicted the presence of only a single active locus
among members of the HERV-E family, at least in the
placenta.

Isolation and structural analysis of the active
HERV-E gene

From sequence comparison of RT-PCR and genomic PCR
clones, we prepared an anti-sense oligonucleotide probe
(oligoprobe) that differed from the others in two or more
nucleotides. Using this probe, we isolated cosmid clones
that carried the active HERV-E gene (ERVEI) and deter-
mined its primary structure and flanking sequences
(GenBank, AB062274). A full-length (8820bp) proviral se-
quence was demarcated by 4-bp direct repeats. The overall

nucleotides are indicated in the other transcripts. Clone numbers that
carried the indicated sequences are shown on the left, and clones
considered to derive from a single locus are semi-bracketed. As a
reference, the sequence of A4-1 (Repaske et al. 1985) is shown
(asterisk)

homology with A4-1 was 93%. While the poly(A) signal was
present in both long terminal repeats (LTRs), the 5" LTR
(495bp) was devoid of either a TATA box or a CAAT box
sequence. The many termination codons probably rendered
the provirus defective for replication. However, several
open reading frames (ORFs) were present (Fig. 2). Among
them, the long ORFs in the gag and pol regions coded for
417- and 572-residue proteins that shared 33% identity and
49% similarity (or positivity) with a feline leukemia viral
Gag polyprotein (Swissprot, P26803) and 53 % identity (and
66% similarity) with the Friend murine leukemia viral Pol
polyprotein (P26809), respectively. ORF3 and ORF4 corre-
sponded to sequences that code for the RNase H domain
and the Integrase C-terminal portion of the Pol polyprotein,
respectively. The env region was divided into three ORFs
(ORF5-ORF7) by termination codons. ORF6 and ORF7
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Fig. 2. Primary structure of ! 2654 / 6262 8820
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three frameworks are shown be-
low the gene. They are arbitrarily ORF1 ORF2 ORF3 ORF7
numbered in order from 5’ to 1 YV vvwy v v vy v
3" (ORFI-ORF7). Methionine
codons are indicated by triangles | . | . . . . . ,
0 1 2 4 5 6 7 8 9 (kb)
represented parts of the Env polyprotein homologous to @
those of various kinds of retroviruses. Putative proteins N L N N o 101112 13 1415 16 17 18 19 20
translated from ORFS5 shared no significant similarity with . —4d4- e i
any proteins in the database. However, close inspection 33 » - _ Gl -
revealed the presence of short stretches of amino acids ] T TR
that showed 57% similarity over 40 amino acid residues - 13- e
of CD1C (P29017) and 44% similarity over 90 amino &
acid residues deduced from a mouse expressed sequence ) &)
tag (EST) (BF159844). The homologous portion of CD1C b
corresponded to the class I MHC a3 domain that interacts -
with CD8. The mouse EST seemed to represent a part of 44— ]
mouse FK506 binding protein 4 (p59) mRNA (X70887), D

which is an immunophilin functioning as a molecular
chaperone.

The ERVEI gene was partially or fully contained in two
database sequences (one complete and one draft sequence:
AC002094 and AC061975, respectively). The gene was
inserted in the opposite direction in the spacer region
between the PPY2 (pancreatic polypeptide 2) and PYY2
(seminalplasmin) genes that were mapped to 17qll
(Couzens et al. 2000).

RNA expression analyses

The ERVEI gene-specific antisense oligoprobe detected a
3.3-kb major signal associated with a 3.9-kb faint signal in
the pancreas and thyroid. The expression of these tran-
scripts was uncertain in the placenta, but instead a very faint
signal with a smaller size (1.1kb) was recognized (Fig. 3a).
The PCR-amplified env-fragment probe demonstrated es-
sentially the same pattern. Thus, the Northern blot hybrid-
izations confirmed that the expression from the ERVEI
locus was tissue specific and suggested the presence of
spliced forms of transcripts. To examine whether the tran-
scripts derived from a single locus, the env region of a
pancreatic Marathon-Ready cDNA (Clontech) was ampli-
fied with the same primers used in the RT-PCR amplifica-
tion, cloned, and sequenced. Among 30 clones analyzed, 18
showed a perfect match with the env sequence of the
ERVE] locus, and 11 had only one (7 clones) or two (4
clones) mismatches at random sites. Thus, all but one clone
seemed to derive from the single ERVEI locus. Taken
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Fig. 3a-d. HERV-E expression in normal human tissues. Northern
blots (Clontech) were hybridized with an antisense oligonucleotide
probe in the env region (a), or with a DNA fragment from the pol
region (b) or the LTR (¢). The lower panel in (c) displays a blot probed
with B-actin. Approximate sizes are indicated beside the arrowheads.
Probes employed are shown as thick lines below the gene in (d). Based
on the combined data from the Northern blot and database (expressed
sequence tag) analyses, putative structures of transcripts are illustrated
in (d). A cryptic poly(A) signal is indicated with a vertical arrowhead.
RNAs were from pancreas (lane 1), adrenal medulla (lane 2), thyroid
(lane 3), adrenal cortex (lane 4), testis (lane 5), thymus (lanes 6 and 13),
small intestine (lanes 7 and 17), stomach (lane 8), brain (lane 9), heart
(lane 10), skeletal muscle (lane 11), colon (lane 12), spleen (lane 14),
kidney (lane 15), liver (lane 16), placenta (lane 18), lung (lane 19), and
peripheral blood leukocytes (lane 20) in a, and heart (lane 1), brain
(lane 2), placenta (lane 3), lung (lane 4), liver (lane 5), skeletal muscle
(lane 6), kidney (lane 7), and pancreas (lane 8) in b and ¢. RNAs are all
from adult tissues



together, we concluded that the env-containing transcripts
detected in the pancreas (and possibly in the thyroid) were
mostly and exclusively expressed from the ERVEI locus.

The pol-fragment probe also detected similar doublet
signals with approximate sizes of 4.1 and 4.6kb in the pan-
creas (Fig. 3b). Besides the two signals, a very faint band
3.9kb in size seemed to be present in the pancreas, but the
very weak intensity made the presence of this transcript
uncertain. The gag probe did not detect any signals at all
(data not shown).

An LTR probe revealed four signals that were consistent
in size with those detected with env and pol probes in the
pancreas (Fig. 3c). However, the signal intensities of the
larger doublet were quite weak when compared with those
of the smaller (env-containing) doublet. The env-containing
signals were clearly observed in the placenta in this blot,
and the 3.9-kb signal was faintly visible in the heart, brain,
and lung. Although it is likely that the 3.3-kb transcript in
the placenta is mostly expressed from the ERVE] locus, it is
not known whether the pol-containing transcripts in the
pancreas and the 3.9-kb transcript in other tissues were
products from the same single locus.

A database search detected 16 ESTs from the ERVE]
locus. Among them, 8 ESTs represented only a part of
the 3’ LTR sequence, 4 contained continuous env-3" LTR
sequences, and 2 were parts of the pol region. One EST
(AI417962) possessed a discontinuous pol and env sequence
(5404-5421 and 5997-6449). This may be a splicing product.
The other EST (AI741486) revealed an env sequence fol-
lowed by a 20-nucleotide poly(A) sequence 12bp down-
stream from a cryptic polyadenylation signal (6731-6736).
This may explain the pol-containing transcripts that were
not detected by env probes (oligoprobe, 7478-7495; env-
fragment probe, 7217-7685). Taking into consideration all
the above results, possible transcripts from the ERVEI
locus are schematically drawn in Fig. 3d.
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Fig. 4. Sequence comparison of 5 or solitary LTRs. The 5" LTR se-
quence of ERVE] was compared with eight 5" LTRs of distinct HERV-
E loci, and with ten solitary LTRs that showed more than 90%
homology with the ERVEI 5" LTR. Only portions of the 5" LTR are
depicted in which base substitutions resulted in consensus sequences
that were highly specific to ERVEI. Consensus sequences of gamma-
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5" LTR sequence comparison

To search for sequences that might confer on the ERVE]
locus tissue-specific enhancer and promoter activity and
differentiate it from other HERV-E loci, we picked up 8
full-length and partial or truncated HERV-E loci containing
at least the 5" LTR sequence from the GenBank database.
Homologies of these 5" LTR sequences with that of ERVE]
ranged from 67% to 95%. In addition, ten solo LTRs show-
ing more than 90% homology were selected and aligned
together with the eight 5" LTRs and the ERVEI 5" LTR
(Fig. 4). A total of seven substitutions in the 5" LTR of
ERVEI were found that differed from all the other LTRs.
Among them, two resulted in the generation of three con-
sensus sequences (CS) including the gamma interferon
responsive element (IRE)-CS (234A; CATTATAT), the
granulocyte macrophage-colony stimulating factor (GM-
CSF)-CS (234A; CATTA), and the eukaryotic transcription
factor GCN4-CS (319G; GATGACTCTT). In addition,
there was a G substitution at nucleotide 176 that gave rise to
the alpha-INF.2 site (AARKGA) in the 5' LTRs of ERVEI]
and an AC017104 locus. It remains to be examined whether
these sequences are critical to the tissue-specific expression
of the ERVEI gene.

Discussion

We previously reported a strategy to identify active HERV
genes (Sugimoto et al. 2001). In the present study, we have
applied this strategy to the HERV-E family and have iden-
tified an active locus that is expressed in normal pancreas
and thyroid tissues with enough transcripts for detection by
Northern blot hybridization. The expression of HERVs is
usually strictly suppressed in normal tissues, and has previ-

319
N . ..QC L0 L0, -
O R t..... t
.. | L= —_—
t. c.c. c... .. -
g. c. ... c...L .. E—
tg c.c .e..¢ a
. c .o

TETTTEFPETT

PP PP DD
o

IRE (WKKANNY), GM-CSF (CATTW), GCN4 (RRTGAYTSWY),
and alpha-INF.2 (AARKGA) are boxed and the ERVEI-specific
substitutions are shown with capital letters. Identical sequences are
depicted with dots, and deletions (or absences of corresponding
nucleotides) are indicated with hyphens



624

ously been primarily observed in various tumors and tumor
cell lines or predominantly in the placenta among normal
tissues (Kato et al. 1987; Kjellman et al. 1999; Lower et al.
1993, 1996). Therefore, this is, to the best of our knowledge,
the first report of predominant expression of HERV in
normal tissues other than placenta. It is highly likely that
HERV-E transcripts (at least the env-containing ones) in
the pancreas were exclusively derived from the ERVE]
locus, and we suggest that this is the only active locus among
HERV-E loci in the human genome in a normal state. Thus,
these results together with the results of the sequencing
analysis of RT-PCR clones from placental RNA, suggest
that it is possible that mRNAs detected with DNA probes
derived from A4-1, another distinct HERV-E locus, may
have been products from the ERVEI locus (Rabson et al.
1983). While there are examples of HERV-E contributing
to the expression of authentic genes as a tissue-specific pro-
moter of the salivary amylase gene (Ting et al. 1992) and
pleiotrophin (Schulte et al. 1996) and as an alternative pro-
moter and/or enhancer of the MID1 gene (AF041208), the
apolipoprotein CI gene, and the endothelin B receptor gene
(Medstrand et al. 2001), this is the first case in which the
mRNA consists of the HERV-E locus itself.

The ERVEI locus essentially expressed two kinds of
mRNAs in the pancreas: one containing pol and the other
containing env. The pol ORF possessed a full RT domain
that is highly homologous to those derived from a wide
range of retroviruses such as murine leukemia virus, gibbon
leukemia virus, and even human immunodeficiency virus.
The env-containing mRNA was devoid of pol and gag
sequences, and thus seemed to contain the entire env
sequence. The env region was divided into three ORFs
(ORF5-ORF7) by the presence of termination codons.
Both ORF6 and ORF7 contained parts of the Env
polyprotein, although their frameworks were different from
each other. Interestingly, ORFS revealed two portions that
possessed similarities, although of limited length, with the
immune-related protein CD1C and with FK506-binding
proteins. CD1C is a member of the CD1 family, which
belongs to the MHC superfamily and presents lipid antigens
(Blumberg et al. 1995). The portion of CD1C showing a
homology with ORFS5 corresponds to the CDS interaction
site of the Class I MHC a3 domain (Hansen et al. 2000). It
is tempting to speculate that the ORFS5 product competes
with CDS to interfere with the recognition of self-antigens
by T cells. FK506-binding proteins are immunophilins and
function in a wide range of cellular activities including in
such events as folding, assembly, and trafficking of proteins,
as well as mediate the immunosuppressant drug FK506 to
inhibit T cell activation (Pratt and Toft 1997). Alternatively,
it is conceivable that the ORFS5 product might function as a
molecular chaperone of proteins such as immunophilins
synthesized and secreted in the pancreas and thyroid. While
ERVEI is localized to 17q11, no autoimmune disease or
inherited disease has been linked to this chromosomal re-
gion. This might be due to the functional redundancy of the
gene.

More than 50 copies of HERV-E have been estimated to
exist in the human genome (Tristem 2000). However, the

present study suggests that the only active locus in normal
adult tissues may be the ERVE]I locus. Although it is pos-
sible, of course, that some loci are active in a limited tempo-
ral or spatial manner, or that the PCR primers employed
in this study resulted in a slightly biased amplification, this
locus could be a good control to investigate the regulating
mechanisms of retrotransposons. Although a quick inspec-
tion of HERV-E LTR sequences identified three consensus
sites that were present only in the ERVEI LTR in the
relevant places, it awaits further experiments to determine
whether they actually confer tissue-specific promoter/
enhancer activity on the locus. On the other hand, we have
found the PPY2 gene 8kb upstream of the ERVE] gene,
oriented in the opposite direction (AC002094). It is possible
that the PPY2 enhancer affects the activity of ERVE], but
this does not explain the expression of ERVEI in the thy-
roid. In addition, PPY2 is expressed in the liver and intes-
tine as well as in the pancreas. In a 167-kb sequence of
AC002094 that ends in the pol region of the ERVEI gene,
more than ten genes have been identified, and, further, the
PYY2 gene is also present oriented in the opposite direc-
tion 2.5kb downstream of the ERVEI 3’ end (AC061975).
This fairly gene-rich chromosomal context may allow the
ERVEI gene to evade suppressive mechanisms directed to
retrotransposons.

The activity of retrotransposons is usually more strictly
controlled in humans than in mice. Thus, we expect that
humans have acquired some mechanisms to regulate them
in addition to those common to both species, or have devel-
oped similar mechanisms that operate in different ways and
to different extents. Our present study is a successful ex-
ample of our strategy to identify active HERV genes, and is
a first step in the elucidation of such mechanisms as well as
the physiological and evolutionary roles of HERVs in the
human genome.
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