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Three polyadenylated RNAs, 9, 7.3, and 3.5 kilobases long, of a human endogenous retrovirus, ERV3, are
abundant in human placental chorion, representing about 0.03 to 0.05% of the total nRNA. We characterized
the structure of these mRNAs by Northern blot and S1 nuclease mapping analyses. We found that all three
RNAs were spliced mRNAs that lacked 5.9 kilobases of proviral sequence, including the gag gene and most of
the pol gene. In contrast to the transcription pattern usual for other retroviruses, the transcription pattern of
the ERV3 provirus did not include a genome-length mRNA. All three of the ERV3 mRNAs initiated
transcription at the same point in the 5’ long terminal repeat (LTR) and contained identical splice junctions in
the provirus. The 3.5-kilobase RNA was a typical subgenomic proviral mRNA, with its polyadenylation site in
the 3' LTR. The two larger ERV3 mRNAs, however, extended through the polyadenylation site in the 3" LTR
and were spliced at a second position approximately 370 nucleotides downstream from the 3' LTR. This finding
suggests that when the ERV3 retrovirus integrated at this genomic locus in an ancestor of humans, it integrated

within or adjacent to a cellular gene.

Human DNA contains multiple copies of endogenous
retroviral sequences related to mouse or primate retroviral
sequences. Several human endogenous provirus families
have been identified, and clones of each family have been
isolated from human recombinant DNA libraries (4, S, 8,
14-16, 18, 22, 23). Although three reports described RNA
expression of a human type C-related provirus family (11,
27, 28), these reports could not identify the expressed gene
locus because the provirus is present in 50 to 100 copies per
haploid genome. We previously described the structure of a
full-length human endogenous retrovirus, ERV3, which is
present in a single copy per haploid genome and is located in
chromosome 7 (21, 22). The nucleotide and encoded amino
acid sequences of ERV3 were found to be significantly
related to but distinct from those of Moloney murine leuke-
mia virus (Mo-MuLV), baboon endogenous virus, and the
human type C-related provirus family described previously
(16). We recently reported the isolation of an ERV3 proviral
cDNA clone from a human fetal liver library (6). In the
present study, we demonstrate that ERV3 mRNAs of 9, 7.3,
and 3.5 kilobases (kb) are expressed in the chorionic villi of
human first-trimester and full-term placenta. Northern blot
and S1 nuclease analyses revealed that these RNAs are all
spliced, env-containing forms that have initiated at the same
site in the 5’ long terminal repeat (LTR) and are missing
identical sequences from the gag and pol genes. Although
the 3.5-kb RNA is a typical subgenomic env-containing
mRNA that terminates in the 3’ LTR with a poly(A) tail, the
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9- and 7.3-kb ERV3 mRNAs have read through the 3’ LTR
and are spliced again at a site downstream from the 3’ LTR.

MATERIALS AND METHODS

Tissues. First-trimester human placentas were obtained
from routine elective abortions by vacuum suction at the
Department of Gynecology, Umea County Hospital, Umea,
Sweden. Gestational age was determined by known date of
conception or estimated from the date of the last menstrual
period. In all cases gestational age was also evaluated by
ultrasound investigation and from crown-rump length mea-
surements. After immediate washing of the abortus, placen-
tal chorionic villi and whole embryos were isolated under a
dissecting microscope. Full-term human placentas were ob-
tained from Frederick Memorial Hospital, Frederick, Md.
Tissues were immediately frozen in liquid nitrogen and
stored at —70°C until needed. ‘

RNA preparation. RNA was isolated from first-trimester
placental tissues by homogenization in guanidinium isothio-
cyanate, CsCl gradient centrifugation, phenol-chloroform
extraction, and ethanol precipitation (24). Total placental
RNA from term placenta was prepared by a modification of
the lithium chloride-urea procedure (1) as follows. Placental
tissue was homogenized in a solution containing 10 volumes
of 3 M lithium chloride-6 M urea, 50 mM Tris (pH 7.4), 5§
mM EDTA, 0.1 M mercaptoethanol, and 0.1% (wt/vol)
Sarkosyl by a Polytron homogenizer and then placed on ice
overnight. After centrifugation at 8,000 rpm for 90 min at
4°C, the pellet was quickly suspended in a solution contain-
ing 10 mM Tris (pH 7.5), 1 mM EDTA, 0.5% (wt/vol) sodium
dodecyl sulfate (SDS), and 200 pg of proteinase K per ml.
The RNA was treated with phenol and precipitated with
ethanol. After centrifugation the RNA was dissolved in 10
mM Tris (pH 7.5)-1 mM EDTA-0.5% (wt/vol) SDS, divided
into portions, and stored in 70% ethanol at —20°C until used.
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Northern blot hybridization. Total placental RNA (10 pg)
was heated at 65°C for 10 min in 20 wl of 50% (vol/vol)
formamide (Fluka)-2.2 M formaldehyde (Fisher Scien-
tific)-20 mM MOPS (morpholinepropanesulfonic acid, pH
7.0)-5 mM sodium acetate-1 mM EDTA-0.2% (wt/vol) SDS
and subjected to electrophoresis in a 0.8% agarose gel
containing 2.2 M formaldehyde for 15 h at 40 V in buffer
containing 20 mM MOPS (pH 7.0), 5 mM sodium acetate,
and 1 mM EDTA. RNA was transferred overnight to a
nitrocellulose membrane in 20X SSC (I1x SSCis 0.15 M
NaCl plus 15 mM sodium citrate) (32). The membrane was
baked in a vacuum oven at 80°C for 5 h and soaked in a
boiled solution of 20 mM Tris (pH 7.8) at room temperature
for 10 min. The membrane was prehybridized for S to 7 h at
42°C in 50% (vol/vol) formamide-5X SSC-5X% Denhardt
solution (1x Denhardt solution is 0.02% [wt/vol] Ficoll,
0.02% [wt/vol] polyvinylpyrrolidone, 0.02% [wt/vol] bovine
serum albumin)-80 pg of denatured yeast tRNA per ml-60
g of denatured salmon sperm DNA per ml-0.1% (wt/vol)
SDS. Nick-translated 32P-labeled DNA fragment (specific
activity 2 x 10% to 3 x 10® dpm/pg) was denatured by boiling
and added to the hybridization solution, which was identical
to the prehybridization solution except that the buffer con-
tained 0.9 M NaCl, 50 mM sodium phosphate (pH 7.7), and
10% (wt/vol) dextran sulfate. The membrane-bound RNAs
were annealed with probe (1.3 X 10% dpm/ml) for about 20 h
at 42°C. After hybridization, the membrane was washed two
times for 10 min each at room temperature in 2x SSC-0.1%
SDS and two times for 1 h each at 68°C in 1x SSC-0.1% SDS
or 0.1x SSC-0.1% SDS. Membranes were briefly dried and
exposed to Kodak X-AR-5 film at —70°C with an intensifying
screen. As molecular length ,markers, the RNA ladder
(Bethesda Research Laboratories) was utilized. ERV3 DNA
fragments used as hybridization probes were isolated from
agarose gels by electrophoresis and binding to NA-45 mem-
branes (Schleicher & Schuell) (35) and labeled with [a-
32p)dCTP (3,000 Ci/mmol; Amersham Inc.) by nick transla-
tion.

S1 mapping. The S1 mapping was performed as previously
described (9), with some modifications. Total human placen-
tal RNA (25 pg) or yeast tRNA (25 pg) as a negative control
was mixed well with 32P-end-labeled DNA fragments (50,000
cpm [about 0.5 ng]) in 10 pl of hybridization solution (80%
[vol/vol] formamide, 0.4 M NaCl, 40 mM HEPES [N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid] buffer
[pH 6.4], 1 mM EDTA) and heated at 85°C for 10 min,
immediately transferred to a suitable temperature estimated
from the G+C content of the DNA probe, and incubated at
that temperature overnight. This was followed by the addi-
tion of 0.3 ml of a 0°C solution containing S1 nuclease
(Boehringer Mannheim) (200 to 400 U/ml) in 0.28 M NaCl-50
mM sodium acetate (pH 4.6)—4.5 mM zinc acetate-20 pg of
denatured salmon sperm DNA per ml and incubated at 37°C
for 30 min unless otherwise specified. The reactions were
terminated by addition of 50 pl of a solution containing 4 M
ammonium sulfate and 0.1 M EDTA. Nucleic acids were
extracted and collected by ethanol precipitation. Samples
were subjected to electrophoresis in an 8% polyacrylamide
sequencing gel. Alternatively, protected fragments were
denatured by glyoxal and subjected to electrophoresis in a
2% agarose gel containing 5% (wt/vol) glycerol.

RESULTS

Hybridization analysis of ERV3 transcripts from placenta.
High levels of ERV3 env-containing RNAs were first iden-
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FIG. 1. Northern blot analysis of ERV3 mRNAs in human
placentas. Total cellular RNA was isolated from placental chorionic
villi (placentas) and embryos of individual first-trimester human
placentas of 8 to 11 weeks gestational age (placentas 84, 87, 88, 90,
85, 93, and 73) or from the chorionic villi of twin full-term placentas
(36 weeks plus 4 days) (placentas 22A and 22B). The hybridization
probe was the ERV3 pBR322 subclone pHP 1.7, containing frag-
ment j (Fig. 2).

tified in human first-trimester placental tissues (4.6 to 11
weeks gestational age) by dot blot hybridization analysis
(Pfeifer-Ohlsson et al., unpublished results). Because ERV3
is a single-copy human provirus, ERV3 env probes detect a
unique fragment in Southern blots washed at moderate
stringency (22). In Northern blot analysis of RNAs isolated
from the chorionic villi and embryos of human first-trimester
abortuses, hybridization with an ERV3 env probe revealed a
distinctive difference in transcription pattern (Fig. 1). Three
ERV3 env-containing mRNAs of 9, 7.3, and 3.5 kb were
detected in chorionic tissue; the 3.5-kb RNA was the most
abundant. The 9-kb RNA was most abundant in embryos
from these abortuses, with less of the 3.5-kb and almost none
of the 7.3-kb species. RNA isolated from term placental
chorion of twins (Fig. 1, lanes 22A and 22B) revealed a
transcription pattern identical to that of first-trimester
chorionic villi.

To identify regions of the provirus expressed in ERV3
mRNAs, we used isolated fragments from the ERV3 lambda
clone as probes in Northern blot hybridization to total RNA
of full-term chorionic villi. The map locations of all probes
used are shown in Fig. 2A. Probes b, ¢, i, j, k, I, m, n, o, and
p resulted in a strong hybridization signal to all three ERV3
RNAs even after a high-stringency wash (0.1x SSC, 68°C)
(Fig. 2B, lane 1). Probes d, e, f, g, and h failed to detect any
of the ERV3 mRNAs (Fig. 2B, lane 2). These results
suggested that the 9-, 7.3-, and 3.5-kb RNA species were all
spliced RNAs. Because probes ¢ and i detected the three
ERV3 RNAs, whereas probes d and h were negative, we
anticipated that all three RNAs would have the same splice
junctions, a splice donor site in region c and a splice acceptor
site in region i (region h excluded). Probes a, r, and s, which
originated from outside the ERV3 provirus, did not detect
the 9- or 7.3-kb (or 3.5-kb) RNAs, suggesting that the two
long RNAs were not simply readthrough products. Probe q,
however, detected the 9- and 7.3-kb mRNAs but not the
3.5-kb mRNA (Fig. 2B, lane 3). All three of the ERV3 RNAs
were found to be concentrated in the poly(A)-containing
[poly(A)*] RNA fraction (Fig. 3), indicating that the 9- and
7.3-kb RN As were not unprocessed precursors of the 3.5-kb
species. In this and other experiments (unpublished), the
9-kb RNA appeared as a doublet. Because probe r did not
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FIG. 2. Northern blot analysis of ERV3 mRNAs. (A) Map location of the probes in a human endogenous retroviral clone, ERV3.
Fragments a (Banl-Mnll, 0.1 kb), b (Banl-Xmal, 0.7 kb), ¢ (Xmal-Bglll, 1.4 kb), d (Bglll-Hpal, 0.6 kb), and e (Nrul-EcoRI, 1.3 kb) were
isolated from pRIS.0 plasmid DNA (22). Fragments f (BamHI-BamHI, 1.0 kb) and g (BamHI-EcoRI, 0.5 kb) were isolated from the ERV3
lambda clone. Fragments h (EcoRI-PstI, 0.3 kb), i (EcoRI-HindIll, 1.0 kb), j (HindIII-PstI, 1.7 kb), k (HindllI-Ahalll, 0.8 kb), |
(Ahalll-Ahalll, 0.6 kb), m (Kpnl-Pst1, 0.4 kb), n (Ahalll-Ball, 0.8 kb), o (BstNI-BstNI, 0.5 kb), p, (Hinfl-Hhal, 0.3 kb), and q (Ball-Hinfl,
0.3 kb) were isolated from pRI4.8 plasmid DNA. Fragments r (EcoRI-EcoRI, 0.8 kb) and s (BgllI-Bglll, 0.8 kb) were obtained from pRI0.8
and pRI2.7 plasmid DNAs, respectively. Bars with cross-hatching represent regions that were strongly detected after hybridization with
32p-labeled total human DNA, indicating that they contained highly repeated human sequences. Abbreviations: Ah, Ahalll; Av, Aval; B,
BamHI; Bg, Bglll; Bl, Ball; Bn, Banl; Bs, BstNI1; H, Hindlll; Hh, Hhal; Hi, Hinfl; Hp, Hpal; K, Kpnl; M, Mnll; N, Nrul; P, Pstl; R, EcoRlI;
X, Xmal. (B) Northern blot hybridization of human total placental RNA. Final washing condition was 0.1x SSC at 68°C (see Materials and
Methods for additional details). Lanes: 1, fragment o as probe; 2, fragment h as probe; 3, fragment q as probe. (C) Summary of Northern blot
analysis. +, Positive hybridization with the indicated probe.

hybridize to the ERV3 RNAs, these results suggested that 1502 3
the 9- and 7.3-kb RNAs either contained a second splice
donor site or were polyadenylated in the 3'-flanking se-
quence near region q.
Initiation site of ERV3 mRNAs. We used S1 nuclease
mapping to define the structure of ERV3 mRNAs which 9kb— &
were estimated by the Northern blot analysis. To determine 73kb— B
where the three ERV3 mRNAs initiated, we initially used a
1.6-kb EcoRI-Xmal fragment as an S1 nuclease hybridiza-
tion probe (Fig. 4A, bottom). In this experiment we could
not distinguish between protected probe and traces of re- 3.5 kb — —
maining undigested probe (not shown). Therefore, we re-
peated the analysis, using as probe a 2.0-kb fragment com-
posed of the 1.6-kb EcoRI-Xmal region plus 0.4 kb of
plasmid sequence (Fig. 4A, bottom). The fragment was
5'-end labeled at the Xmal site. The predicted site of ERV3
transcription initiation is 171 base pairs (bp) upstream from
the Xmal restriction site (21; unpublished results). If any of
the ERV3 env-containing RNAs had initiated transcription
upstream from the LTR, we would have expected to find
protected fragments of 1.6 kb or less in addition to the
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FIG. 4. S1 nuclease mapping analysis of ERV3 transcriptional initiation site. pRI5.0 plasmid DNA was digested with Xmal, dephosphoryl-
ated by bacterial alkaline phosphatase, and labeled at the 5’ end with [y-**PJATP (3,000 Ci/mmol) and polynucleotide kinase. The DNA was
recut with BamHI, releasing a 2.0-kb fragment (Xmal-BamH]I) containing 0.4 kb of plasmid sequence. The labeled fragments were isolated
by agarose gel electrophoresis. Thick bar at bottom corresponds to length of protected fragment in lanes 2 and 4. All S1 nuclease digests used
400 U of enzyme. (A) S1 nuclease-resistant fragments were detected by electrophoresis in a 2% agarose gel. Lanes: 1, yeast tRNA annealed
at 52°C; 2, human full-term placental RNA annealed at 52°C: 3, yeast tRNA annealed at S5°C: 4, human full-term placental RNA annealed
at 55°C. Lanes M1, **P 5'-end-labeled Hindlll-EcoRI fragments of DNA as length markers: lane M2, *P 3'-end-labeled Mspl fragments of
pBR322 DNA as length markers. (B) S1 nuclease-resistant fragments were detected by electrophoresis in an 8% polyacrylamide gel.
Sequencing ladders were run for accurate fragment size measurement (17). Lanes: 1, yeast tRNA annealed at 52°C: 2. placental RN A annealed
at 52°C; 3, yeast tRNA annealed at 55°C: 4, placental RNA annealed at 55°C: M. **P 3’-end-labeled Mspl fragments of pBR322 DNA used

as length markers.

FIG. 3. Northern blot analysis after selection by oligo(dT)-
cellulose. Poly(A)* RNA was isolated by one cycle of chromatog-
raphy on oligo(dT)-cellulose (2). Lanes: 1, total RNA (10 ng): 2.
poly(A)* RNA (5 pg): 3, poly(A)” RNA (10 pg). Autoradiographic
exposure, 8 h.

171-nucleotide (nt) fragment. Using electrophoresis under
conditions that clearly separated single-stranded DNA frag-
ments of 2.0 and 1.6 kb, we found protected fragments of
only 2.0 kb and approximately 170 nt (Fig. 4A). To obtain the
precise nucleotide sequence at which transcription began,
the protected DNA fragment was analyzed by electrophore-
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sis in an acrylamide sequencing gel. Following electropho-
resis, two S1 nuclease-resistant fragments of 170 and 171 nt
were detected (Fig. 4B). The 171-nt fragment corresponded
in length to a fragment beginning at the predicted first
nucleotide of region R in the 5' LTR (21). The 170-nt
fragment may be the result of overdigestion with S1 nucle-
ase. We then separated the 9- and 7.3-kb RNAs from the
3.5-kb RNA and repeated the S1 nuclease mapping with the
fractionated placental RNAs. As before, two S1 nuclease-
resistant fragments of 170 and 171 nt were detected in both
RNA pools (data not shown). From these results we con-
clude that the three ERV3 mRNAs initiated at the same site
in the 5" LTR.

Splice donor site of the three ERV3 mRNAs. Hybridization
analysis suggested the existence of a splice donor site of the
ERV3 primary transcripts in region c (Fig. 2A). To deter-
mine the splice donor site, we used the Xmal-BglII fragment
(1.4 kb) as an S1 nuclease mapping probe (Fig. SA). The
fragment was 3'-end labeled at the Xmal site of the noncod-
ing strand and annealed to total full-term placental RNA.
After S1 nuclease digestion for 30 min, a major protected
fragment of 154 nt was detected (Fig. 5A, lane 2). Shorter
bands in lane 4 of Fig. SA are probably the result of
overdigestion with S1 nuclease. From a comparison with the
ERV3 nucleotide sequence in this region (see sequence
ladder of noncoding strand, Fig. SA), we inferred that the
splice donor site sequence is CA | GTAAGG (arrow denotes
splice point). This sequence was a close match to that of the
consensus splice donor site, AG | GTA/GAGT (19). This
site was located 224 nt downstream from the end of the 5’
LTR. Since the Xmal-Bglll fragment (probe c in Fig. 2)
hybridized to all three ERV3 mRNAs, we predict that this
site was used as the splice donor in the three ERV3 mRNAs.

Splice acceptor site of ERV3 mRNAs. The results of our
Northern blot analysis showed that the splice acceptor site
of all three ERV 3 transcripts could reside in region i between
the PstI and HindlIll sites because the three RNAs were
detected with probe i but not probe h (Fig. 2A). Thus, we
used two fragments from this region as probes in S1 nuclease
mapping of the splice acceptor site (Fig. 5B, bottom). First,
we used as probe a 0.51-kb Ddel-Ncol fragment labeled at
the 5’ end of the Ddel site. An S1 nuclease-resistant DNA
fragment of about 355 nt was detected (not shown), indicat-
ing that the splice acceptor site was located upstream from a
site previously suggested from the nucleotide sequence (6).
To determine the nucleotide sequence of the splice acceptor
site, we used as probe a 0.65-kb HindIII-PstI fragment
labeled at the 5’ end of the HindlII site. In this case, an S1
nuclease-resistant band of 190 nt was detected by polyacryl-
amide gel electrophoresis (Fig. 5B). This length exactly
corresponded to that estimated from the Ddel-Ncol probe
experiment. From the nucleotide sequence of this region (6),
we predicted that the splice acceptor site of the three ERV3
mRNAs is CCACTGTTGTTAAAG | T, which is located
precisely 190 nt upstream from the labeled HindIII end. The
splice acceptor site was located in the 3’ portion of the pol
gene 469 nt upstream from the putative start of the env gene
product (6).

Poly(A) addition site of 3.5-kb mRNA and second splice
donor site of 9- and 7.3-kb mRNAs. As shown in Fig. 2C,
probe p (Hinfl-Hhal) hybridized to the 9-, 7.3-, and 3.5-kb
ERV3 mRNAs, but probe q (Ball-Hinfl) hybridized to only
the 9- and 7.3-kb mRNAs. Thus, we anticipated that the
3.5-kb mRNA would terminate in the 3' LTR. Furthermore,
an ERV3 cDNA clone obtained from a human second-
trimester fetal liver library terminated at the estimated end of

J. VIROL.

region R in the 3’ LTR, 18 nt downstream from the
AATAAA signal sequence (6). Because all three ERV3
mRNAs contained the same transcriptional initiation, splice
donor, and splice acceptor sites (see above), and because
probe r (located 1 to 2 kb downstream from the 3’ LTR) did
not detect the 9- and 7.3-kb mRNAs, we predicted that these
two RNAs would contain a second splice donor site near
region q. Therefore, we chose the 1.2-kb Hhal-EcoRI frag-
ment and 1.1-kb Ball-EcoRI fragment as S1 nuclease map-
ping probes for identifying the poly(A) addition site and the
postulated second splice donor site (Fig. 6C). To increase
the sensitivity of the assay, we used poly(A)* RNA.

Results of the analysis confirmed our prediction. The
Hhal-EcoRI probe revealed a fragment of about 530 nt plus
several small bands (Fig. 6A and C). The latter included
major bands of 132, 131, and 130 nt and minor bands of 128
and 126 nt. The nucleotide sequence and termini of these
protected fragments are indicated in Fig. 6D (21). These
probably represent poly(A) addition sites since they were
located from 14 to 20 nt downstream from the AATAAA
polyadenylation signal sequence. Furthermore, the se-
quence of the 130-nt band corresponded to the poly(A)
addition site in the ERV3 cDNA clone (6). With the Ball-
EcoRI probe, an S1 nuclease-resistant band of about 430 nt
was detected (Fig. 6B). Smaller protected fragments were
not observed with this probe because the Ball site is only 31
nt distant from the polyadenylation site (6), and hybrids of
such a length were probably too unstable to be detected
under the conditions used. As shown in Fig. 6C, the end of
the 430-nt protected fragment exactly coincided with that of
the 530-nt fragment observed with the Hhal-EcoRI probe.
This result thus defines the position of a probable second
splice donor site for the 9- and 7.3-kb mRNAs, even though
the protected DNA fragment was not mapped to the precise
nucleotide position. The DNA sequence of the ERV3
lambda clone revealed two potential splice donor sites in this
region (unpublished data). The alternative possibility, that
this position represents the polyadenylation site of the 9- and
7.3-kb mRNAs, is inconsistent not only with the hybridiza-
tion and S1 nuclease data (see above) but also with the
absence of an AATAAA signal sequence in the adjacent,
upstream sequence.

DISCUSSION

A human endogenous provirus, ERV3, which has a long
open reading frame in the env region (6) is highly expressed
in placental chorion throughout gestation as mRNAs of 9,
7.3, and 3.5 kb. ERV3 is present as a stable, single-copy
provirus in the DNA of apparently all humans (over 20
individuals have been tested [22; N. Kato and M. Cohen,
unpublished results]). This contrasts with other human pro-
viruses, which are moderately or highly repetitive in human
DNA (5, 8, 14-16, 23). Thus, we were able to investigate the
detailed structure of the ERV3 mRNAs by using Northern
blot hybridization and S1 nuclease mapping analysis.

In this report we characterized the structure of the ERV3
subgenomic 3.5-kb mRNA, including the initiation site,
splice sites, and poly(A) addition site. We have determined
that the 9- and 7.3-kb mRNAs are unusual in that they
contain the same initiation and splice sites as the 3.5-kb
mRNA but extend through the 3’ LTR and are spliced again
about 370 nt downstream from the LTR. The probable
structures of the three ERV3 mRNAs are summarized in
Fig. 7.

A 5.9-kb gag-pol region was missing from all three ERV3
mRNAs, probably removed from the primary transcript by
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FIG. 5. S1 nuclease mapping analysis of ERV3 splice donor and acceptor sites. (A) Splice donor site. pRI5.0 plasmid DNA was digested
with Xmal and labeled at the 3’ end with [a-*?P]dCTP (3,000 Ci/mmol) by using the Klenow fragment of DNA polymerase I and then recut
with Bglll. The 1.4-kb fragment probe (Xmal-BglII) was isolated by agarose gel electrophoresis. Hybridization was done at 63°C. Thick bar
at bottom corresponds to length of major protected fragment in lane 2. S1 nuclease-resistant fragments were detected by 8% polyacrylamide
gel electrophoresis. Sequencing ladder of the same Xmal end-labeled fragment was run to provide the DNA sequence around the splice
junction. Lanes: 1, yeast tRNA, 400 U of S1 nuclease at 37°C, 30 min; 2, placental RNA, 400 U of S1 nuclease at 37°C, 30 min; 3, yeast tRNA,
400 U of S1 nuclease at 37°C, 90 min; 4, placental RNA, 400 U of S1 nuclease at 37°C, 90 min; M, 3?P-end-labeled Mspl fragments of pBR322
DNA as length markers. (B) Splice acceptor site. S1 nuclease mapping analysis of the ERV3 splice acceptor site. pSP65 plasmid DNA
containing PstI-Scal fragment (—100 to 1109 [6]), subcloned from pRI4.8 plasmid, was digested with HindIII, dephosphorylated, and labeled
at the 5’ end as described in legend to Fig. 4, and then recut with PstI. The labeled HindIII-PstI 0.65-kb fragment was isolated by agarose
gel electrophoresis. Thick bar at bottom corresponds to length of major protected band. S1 nuclease-resistant fragments were detected by
electrophoresis in a 8% polyacrylamide gel. Lanes: 1, yeast tRNA annealed at 54°C, 200 U of S1 nuclease; 2, placental RNA annealed at 54°C,
200 U of S1 nuclease; 3, yeast tRNA annealed at 54°C, 400 U of S1 nuclease; 4, placental RNA annealed at 54°C, 400 U of S1 nuclease; 5,
yeast tRNA annealed at 59°C, 200 U of S1 nuclease; 6, placental RNA annealed at 59°C, 200 U of S1 nuclease; 7, yeast tRNA annealed at
59°C, 400 U of S1 nuclease; 8, placental RNA annealed at 59°C, 400 U of S1 nuclease; M, 3P 5'-end-labeled Mspl fragments of pBR322 DNA
used as length markers.
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FIG. 6. S1 nuclease mapping analysis of the ERV3 polyadenylation site and second splice donor site. The Hhal-EcoRI 1.2-kb probe was
obtained as follows. pRI4.8 plasmid DNA was digested with Hhal and labeled at the 3’ end with [a-*?P]JdGTP (3,000 Ci/mmol) by using T4
DNA polymerase. After recleavage with EcoRI, the Hhal-EcoRlI fragment was isolated by agarose gel electrophoresis. The Ball-EcoRI 1.1-kb
probe was obtained similarly. The pRI4.8 plasmid DNA was digested with Ball and labeled at the 3’ end with the Klenow fragment of DNA
polymerase I and [a-*?P]dCTP (3,000 Ci/mmol). After recleavage with EcoRlI, the Ball-EcoRI 1.1-kb fragment was isolated by agarose gel
electrophoresis. (A) S1 nuclease-resistant fragments with the Hhal-EcoRI probe were detected by electrophoresis in an 8% polyacrylamide
gel. Sequencing ladders were run for accurate fragment size measurement (17). Lanes: 1, yeast tRNA annealed at 55°C, 400 U of S1 nuclease;
2, total placental RNA annealed at 55°C, 400 U of S1 nuclease; 3, placental poly(A)* RNA (10 pg) annealed at 55°C, 400 U of S1 nuclease;
M, 32P 3'-end-labeled Mspl fragments of pBR322 DNA as size markers. (B) S1 nuclease-resistant fragment with the Ball-EcoRI probe was
detected by electrophoresis in an 8% polyacrylamide gel. Lanes and markers same as in panel A. (C) Map of the probes and S1
nuclease-resistant fragments. Thick bars represent lengths of protected fragments. (D) ERV3 sequence surrounding the poly(A) addition
site(s). The arrows indicate the positions of polyadenylation.
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splicing (Fig. S). Figure 8A shows the proviral sequences
bounding the splice site of the ERV3 mRNAs. The intron
sequence of the splice donor site closely matched that of the
consensus sequence (19), although the exon ended with the
rare dinucleotide CA. In addition, the intron sequence
adjacent to the ERV3 splice acceptor site was unique. In
contrast to the usual pyrimidine in the position 3 nt upstream
from the splice acceptor site, ERV3 contained an adenosine.
An adenosine at this position has been noted in only 3.0% of
the published sequences (44 of 1,448 cases; data not shown)
and in several different species. Interestingly, an adenosine
in this position has also been found in the splice acceptor
sequence of Mo-MuLV (31), human T-cell lymphotropic
virus type I HTLV-I (29), and human c-myc intron 2 (26).
The boundary sequence of human c-myc intron 2 is most
homologous to the ERV3 splice acceptor site sequence (Fig.
8B). In the c-myc genes of chicken (34) and mouse (3),
however, the c-myc splice acceptor sequence contains a
cytosine at this position, and there is no evidence that

A
Splice Donor Site

58 75L 100 100 92 71 85 54

G*GTRAGT
A' GTAAGG

74 76 82 78 84 78 77 76 84 88 85

YYYYYYYYYYYNYAG
CCACTGTTGTTAAAG 'T

changes in this nucleotide affect the specificity or rate of
RNA processing.

The absence of an ERV3 genome-length mRNA is un-
usual. In contrast to the usual complete splicing of eucary-
otic gene introns (10), processing of retroviral mRNAs is
normally incomplete, resulting in cytoplasmic accumulation
of a genome-length mRNA and a spliced subgenomic mRNA
(33). ERV3is atypical because the gag-pol intron was absent
from all three mRNAs. This highly efficient ERV3 splice
could be due either to the presence of a positive-acting
cellular factor such as a small nuclear ribonucleoprotein or
to tertiary folding of the primary transcript that would allow
exceptional access to the splicing apparatus of the cell. Such
possibilities were suggested for splicing of the P-element in
Drosophila melanogaster (13).

An alternative explanation for the complete splicing of
ERV3 transcripts is that a negative control element has been
lost. The normal incomplete processing of retroviral tran-
scripts may be due to the presence of a factor that specifi-

Splice Acceptor Site

95 100 100
Consensus

G

ERV3

CCACTGTTGTTAAAG | T &
GCCCCTCTCTCCAAG *C
TGGTATTATTITCAAG *C
TTTCCTTTCTTAAAG 'A *

ERV3
MoMulLV
HTLV-I
Human c-myc

Intron 2

FIG. 8. Comparison of the ERV3 splice junction sequences with those of other genes. (A) Underlining: homologies between the ERV3
sequence and that of the consensus splice junction sequence of other genes (26, 29, 31). Numbers above and below sequences indicate the
percentage of the known splice junctions containing that nucleotide at that particular position. (B) Underlining: splice acceptor site (S.A.)

homology between ERV3 and other genes.
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cally inhibits retroviral splicing. The absence of such a factor
could explain why mammalian cells transformed with avian
sarcoma virus expressed predominately a spliced src
mRNA, whereas permissive avian cells expressed mainly
the genome-length mRNA (25). From the experiments de-
scribed in this report, it is not possible to decide whether
splicing of the ERV3 gag-pol intron is controlled by a
positive or a negative regulatory element, or whether the
highly efficient splicing is simply a result of proviral muta-
tions that have optimized splice site recognition.

We have precisely determined the poly(A) addition site of
the 3.5-kb RNA species. In our S1 nuclease analysis (Fig. 6),
three major S1 nuclease-resistant fragments were observed,
the shortest of which (130 nt) mapped to the same location as
the poly(A) addition site found in a cDNA clone isolated
from a library made from RNA of a second-trimester human
fetus (6). This site was 18 nt downstream from an AATAAA
signal sequence. The two other major bands were equivalent
to positions 19 and 20 nt downstream from the AATAAA
sequence. Although multiple poly(A) addition sites may
actually be present in the 3.5-kb ERV3 mRNA, the several
S1 nuclease-resistant fragments may have originated from
artifacts of the S1 nucledse digestion. Analysis of additional
cDNA clones should resolve this question.

Poly(A) addition site analysis of the ERV3 mRNAs re-
vealed a second splice donor site in the 9- and 7.3-kb
mRNAs about 530 nt downstream from the Hhal-labeled end
and 370 nt downstream from the 3’ LTR (Fig. 6A and C). A
second S1 nuclease probe revealed a fragment that mapped
to the identical location (Fig. 6B). This site cannot be the
polyadenylation site of the 9- and 7.3-kb mRNAs because
both species initiated at the same position as the 3.5-kb RNA
and lacked the same 5.9-kb region, a result of splicing in the
gag-pol genes. Thus, processing of the ERV3 primary tran-
script is different from that of the endogenous avian retrovi-
rus, ev-1, that produces mRNAs polyadenylated 100 to 200
nt downstream of the normal poly(A) addition site in the 3’
flanking region (7). The ERV3 mRNAs, therefore, should
contain an additional 5.5 or 3.8 kb of human sequence,
respectively (the difference between 9 or 7.3 kb and 3.5 kb).
If, in a human ancestor, the ERV3 provirus integrated in the
coding sequence of an existing gene, the two large ERV3
mRNAs might be expected to contain several exons in the
remaining sequence. Alternatively, a new splice donor site
might have been fortuitously generated after integration.

Recently, novel processing of retroviral transcripts has
been reported in two cases in which retroviruses have
integrated within or adjacent to a cellular oncogene: avian
leukosis virus (ALV)-induced erythroblastosis (12, 20) and
Mo-MuL V-induced tumors (30). In the former case, integra-
tion of ALV into the c-erbB locus resulted in expression of
different, spliced c-erbB mRNAs. One of these initiated in
the 5’ LTR of the provirus and linked ALV gag sequences to
the c-erbB gene, bypassing the 3’ LTR. Another mRNA
which initiated in the 5’ LTR contained a double splice, from
gag into env and from env into c-erbB, again bypassing the 3’
LTR (12, 20). In Mo-MuLV tumors, novel c-myb mRNAs
initiating in the 5’ LTR of Mo-MuLV are spliced between the
gag gene and exon 1 of the c-myb gene, removing pol, env,
and the 3’ LTR (30). The 9- and 7.3-kb mRNAs of ERV3 are
different from these examples because although the ERV3
mRNAs were linked to cellular sequences, the 3’ LTR was
not bypassed via a splice.

This study demonstrates that ERV3 transcription is regu-
lated at two levels. ERV3 expression is controlled at the
level of transcriptional initiation or mRNA stability: ERV3

J. ViroL.

mRNA is significantly more abundant in the chorion than in
the embryo (Fig. 1). Secondly, ERV3 expression is regulated
at the level of RNA processing in two distinct ways: the
three ERV3 mRNAs lacked sequences in the gag-pol region
so that no genome-length mRNA was detected, and expres-
sion of the 9-kb and 7.3-kb mRNAs was regulated in the
placenta because chorionic villi expressed about equal levels
of these RN As, whereas embryos expressed the 9-kb mRNA
but almost none of the 7.3-kb form (Fig. 1). Although the
ERV3 9-kb mRNA was detected in many normal human
tissues, the 7.3-kb mRNA was observed primarily in the
placental chorion (N. Kato et al., unpublished results).
Because the two RNAs are apparently identical within their
proviral portions, they must differ in their cellular domains
as a consequence of alternative splicing or alternative
poly(A) addition site selection. Analysis of cDNA and ge-
nomic clones downstream from the provirus should resolve
the differences and make clear the significance of ERV3
mRNAs that contain human cellular sequences.
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