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We characterized the structure of human endogenous retroviral env RNA transcripts by Northern blot
hybridization and cDNA cloning. Polyadenylated 3.0- and 1.7-kilobase env RNAs can be identified in placenta,
colon carcinoma, and breast carcinoma cells. We have obtained partial cDNA clones of both size classes of
RNAs. Both env RNAs contained putative gp7O coding sequences; the 1.7-kilobase species, however, lacked
sequences in the 3' env region which could specify a pl5E analog. Both cDNA clones contained in-frame
termination codons; thus, neither could encode full-length env proteins.

Mammalian cells contain multiple copies of endogenous
retroviral sequences (7, 22, 37, 39). In some species, such as
the mouse (8, 31, 32) or the baboon (2), a few of these
endogenous proviruses may be expressed as inducible infec-
tious retroviral particles. In other species, such as African
green monkeys or humans, no infectious endogenous retro-
viruses have been isolated, although their genomes contain
abundant retroviral sequences (22, 23). Even in animals not
producing intact retroviral particles, the endogenous retro-
viral DNA may be actively expressed in the form of mRNA
and proteins. The expression of retroviral mRNA and pro-
tein in the absence of virus production has been observed in
strains of mice that do not contain inducible murine leukemia
viruses (MuLVs) (10, 11, 17, 25, 40). In this regard MuLV
envelope protein gp70 has been detected on the surface of
cells of many mouse tissues, particularly lymphocytes (25,
40) and secretory cells such as the epididymis and colon in
virus-negative strains (10, 17). Secreted forms of the gp7O
molecule have been reported in mouse sera and epididymal
fluid (10, 11). Studies of MuLV envelope (env) mRNA in
normal mouse tissues have confirmed the presence of a
3.0-kilobase (kb) mRNA that comigrates with the 21S spliced
long terminal repeat (LTR)-env mRNA transcribed in
MuLV-infected cells (18). In addition to this endogenous 21S
env mRNA, several other MuLV env-containing mRNAs
have been identified in normal mouse tissues, including a
smaller 1.8- to 2.0-kb LTR- and env-hybridizing mRNA (3,
18).
We have previously obtained and characterized human

endogenous retroviral DNA segments related to type C
MuLVs and endogenous primate type C retroviruses (23,
30). These endogenous human proviruses are present at a
frequency of 50 to 100 copies per haploid genome and are
thus distinct from ERV-1 and ERV-3 (4, 26), endogenous
type C-related proviruses present as a single copy in human
DNA. They are also distinct from recently identified
multicopy retrovirus-like elements (19) and human type B-
and D-related retroviral segments (5, 6). We have examined
the expression of the env region of our cloned human
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proviruses in several human tissues (29) and have detected
RNA species that hybridized to labeled human LTR and env
DNA probes. In addition to a 3.0-kb LTR-env RNA, pla-
centa cells contained a 1.7-kb LTR-env-hybridizing RNA
that appeared to be similar in size to the 1.8- to 2.0-kb
species reported in the mouse. In this paper, we describe the
further characterization of human endogenous env RNAs by
Northern blot hybridization and cDNA cloning.

MATERIALS AND METHODS

Tissues, cells, and media. Full-term human placenta was
obtained at Caesarean section, quick-frozen in liquid
nitrogen, and stored at -70°C. The human colon carcinoma
cell line SW 1116 (16) was obtained from the American Type
Culture Collection and grown in Leibovitz-15 medium (16)
supplemented with 10% fetal calf serum (Quality Biologics),
penicillin, streptomycin, and glutamine (Microbiological
Associates). The human breast carcinoma cell line T47D (14),
was a generous gift of J. Zavada. The cell line was grown at
370C in Dulbecco minimal essential medium with 10% fetal
calf serum.
RNA preparation and analysis. Total cellular RNA was

prepared by homogenization of tissue or cells in 8 M
guanidine hydrochloride (38) (International Biotechnologies,
Inc.), followed by precipitation with 0.1 M sodium acetate
and 1/2 volume of ethanol. Pellets were suspended in 6 M
guanidine hydrochloride and precipitated with 0.1 M sodium
acetate and 1/2 volume of ethanol two additional times. The
third pellet was suspended in 10 mM EDTA (pH 7.0),
extracted with chloroform-butanol (4:1), and finally precipi-
tated in 3 M sodium acetate at 4°C overnight. Polyadenylated
RNA was obtained by one cycle of chromatography on
oligo(dT)-cellulose columns (Collaborative Research, Inc.)
(1). Polyadenylated RNA was analyzed by blot hybridiza-
tion. Polyadenylated RNA (5 pLg) was subjected to electro-
phoresis in 1% agarose gels containing 6% formaldehyde as
a denaturing agent (15) and transferred to nitrocellulose
membranes in 20x SSC (lx SSC is 0.15 M NaCl plus 0.015
M sodium citrate). Membranes were baked at 80°C for 2 h
and prehybridized at 45°C for 5 to 16 h in hybridization
buffer. Hybridization was carried out for 16 to 20 h at 45°C in
50% formamide (Fluka)-5 x SSC-5 x Denhardt solution-0. 1
M Tris (pH 7.5)-10% dextran sulfate (Pharmacia Fine Chem-
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FIG. 1. Map location of human endogenous retroviral probes. The map positions of probes a through e are shown superimposed on a
schematic diagram of X 4-1, a full-length human endogenous provirus. The precise nucleotide coordinates of each probe are described in the
text. Line a is shown to indicate that the LTR probe, a, will hybridize to sequences derived from both the 5' and 3' retroviral LTR. A partial
restriction endonuclease map of X 4-1 indicating restriction sites used in the generation of subgenomic probes is shown by lettering above the
X 4-1 line. Abbreviations: T, TaqI; R, RsaI; H, Hindlll; B, BamHI, Bg, Bgll. The genetic organization of A 4-1, including the position of the
subcomponents of the LTR (U3, R, U5) gag, and pol and the two putative env genes ("gp7O" and "plSE") are indicated below the k 4-1 line.
The position of a putative human env mRNA splice acceptor at bp 5869 is indicated by an asterisk. The scale is in kilobase pairs.

icals)-300 ,ug of yeast RNA (Type 3, Sigma Chemical Co.)
per ml. 32P-labeled DNA was used at 5 x 105 cpm/ml of
hybridization mix. After hybridization, membranes were
washed two times for 10 min at 50°C in 2x SSC-0.1%
sodium dodecyl sulfate, two times for 15 min in 0.1x
SSC-0.1% sodium dodecyl sulfate, and two times for 5 min
in 2x SSC. Membranes were air dried and subjected to
autoradiography with Kodak X-AR film at -70°C with
intensifying screens. DNA segments used as hybridization
probes were purified from agarose gels and were radiola-
beled with 32P by nick translation (21) with DNase and T4
polymerase (Amersham Corp.).
The positions of the DNA sequences used as probes are

shown in Fig. 1; map positions numbered as described by
Repaske et al. (30): probe a, a TaqI fragment, base pairs (bp)
0 to 540, encompassing the entire 5' LTR and 40 bases of
adjacent pre-gag sequence; probe b, a HindIII-BamHI frag-
ment, bp 5329 to 6088, containing 3' pol sequences, including
sequences 3' to a putative env mRNA splice acceptor site at
bp 5869 (indicated by asterisk); probe c, a BamHI-HindIII
fragment, bp 6088 to 7312, encompassing 5' env sequences
(putative gp7O); probe d, a RsaI fragment, bp 7346 to 8010,
containing sequences analogous to 3' gp7O and 5' pl5E of
MuLV; probe e, a BglI fragment, bp 7702 to 8176, encom-
passing the 3' putative plSE sequences and approximately
50% of the 3' U3 LTR (30, 36).

Size fractionation of RNA. Polyadenylated placental RNA
(200 ,ug) in 0.01 M Tris (pH 7.6)-0.1 mM EDTA was heated
at 68°C for 5 min, chilled on ice, and then loaded on a 5 to
20% sucrose gradient. Gradients were centrifuged at 35,000
rpm in the SW 41 rotor (Beckman Instruments, Inc.) for 17
h at 4°C. After centrifugation, 0.33-ml fractions were col-
lected, sodium acetate was added to a 0.3 M final concen-
tration, and the fractions were precipitated with 2.5 volumes
of cold ethanol at -20°C for 16 h. RNA pellets were
suspended in H20 and analyzed by Northern blot hybridiza-
tion.
cDNA cloning procedures. cDNA cloning was performed

by a modification (13) of the Okayama and Berg method (27).
The primer plasmid was tailed as previously described (41)
and annealed to approximately 8 ,ug of size-selected
polyadenylated RNA. Reverse transcription was carried out
in a total volume of 50 ,ul with 21 U of reverse transcriptase
(Life Sciences, Inc.), 30 U of RNasin (Promega Biotech) and
50 mg of actinomycin D (Sigma Chemical Co.) per ml and
incubated at 37°C for 30 min. The RNA-DNA hybrid was

tailed with deoxycytidine residues by incubation with 10 U
of terminal transferase (P-L Biochemicals, Inc.) at 37°C for 5
min. Cyclization of linker and primer was carried out in the
presence of T4 ligase (Bethesda Research Laboratories,
Inc.) and replacement of RNA by DNA was performed as
described previously (13), using T4 ligase, RNase H (P-L
Biochemicals), and DNA polymerase Klenow fragment
(Boehringer Mannheim Biochemicals). Recombinant plas-
mid molecules were introduced into Escherichia coli K-12
RRI rendered competent by pretreatment with CaCl2 (20).
Transformed bacteria were plated on LB agai plates con-
taining 50 jig of ampicillin per ml. Bacterial colonies were
transferred to nitrocellulose, lysed in situ (12), and hybrid-
ized with 32P-labeled human endogenous retroviral seg-
ments.

Analysis of cDNA clones. Restriction endonucleases
(Bethesda Research Laboratories, Boehringer Mannheim
Biochemicals, New England Biolabs, Inc.) were used as
described in the recommendations of the manufacturers.
Nucleotide sequences were determined by the chemical
degradation method of Maxam and Gilbert (24), using iso-
lated restriction enzyme fragments end labeled ([-y-32P]ATP,
3,000 Ci/mmol; Amersham) with T4 polynucleotide kinase
(P-L Biochemicals). The cDNA insert of pPL1 was se-
quenced on both strands. The computer prograrn of Queen
and Korn (28) was used for translation to amino acids and
determination of sequence homology.

RESULTS
Hybridization analysis of human endogenous env tran-

scripts. Our previous study of polyadenylated RNA from
two human placentas and a human colon carcinoma cell line
has shown that these tissues contain several discrete RNA
species that hybridized to human endogenous env DNA
segments (29). The most prominent species was a 3.0-kb
LTR- and env-related RNA that comigrated with the 3.0-kb
21S spliced LTR-env mRNA present in MuLV-infected
cells. A second major RNA species of 1.7 kb as well as minor
species of 2.2 and 3.6 kb was also detected. To characterize
the content of thse env RNAs in greater detail, a series of
subgenomic segments spanning the env and LTR regions of
the prototypic full-length human endogenous retroviral clone
A 4-1 (29, 30) was isolated and used as hybridization probes
in further Northern analyses. The positions of thse probes
(described in Materials and Methods) are shown in Fig. 1.

Figure 2 shows Northern blot hybridizations of poly-
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FIG. 2. Northern blot hybridization analysis of human endogenous retroviral RNA in placenta (lanes 1), colon carcinoma (lanes 2), and

breast carcinoma (lanes 3) cells. Polyadenylated RNA (5 ,ug per lane) was electrophoresed through formaldehyde-agarose gels, transferred
to nitrocellulose membranes, and hybridized with the five 32P-labeled DNA probes shown in Fig. 1. Panels A through E show hybridization
results obtained with probes a through e, respectively. Sizes in kb were determined by comparison with the 8.2- and 3.0-kb mRNAs ofMuLV
electrophoresed on the same gel and identified by hybridization to MuLV probes.

adenylated RNA derived from human placenta (lanes 1),
colon carcinoma cell line SW1116 (lanes 2), and breast
carcinoma cell line T47 (lanes 3). Each of the RNA prepa-
rations was hybridized with the human retroviral probes a
through e described above and shown in panels A through E,
respectively.

All three tissues contain several similar LTR- and env-
hybridizing RNA species including prominent 3.0- and
1.7-kb species as well as additional RNAs of 3.6, 2.2, and 1.3
kb. The 3.0-kb RNA present in all three tissues has been
previously shown to comigrate with 21S 3.0-kb spliced
LTR-env mRNA present in MuLV-infected cells (29). If this
transcript represents a human retroviral 21S envelope
mRNA, it would be expected to hybridize to probes derived
from the LTR as well as sequences 3' to the putative env
mRNA splice acceptor. The 3.0-kb RNA hybridized to all
five probes (Fig. 2A through E) and failed to react with
human gag or 5'pol probes (data not shown), thus exhibiting
the hybridization properties predicted for a spliced retroviral
env mRNA. Alternatively, a 3.0-kb RNA with similar hy-
bridization properties could be transcribed from a defective
provirus lacking gag and pol sequences.
A second prominent env-containing RNA, 1.7 kb in

length, was also present in the three cell types examined. In
the colon and breast cell lines, the 1.7-kb RNA was the
predominant env-reactive RNA species (Fig. 2C). This RNA
annealed to probes spanning the LTR, 3' pol (including the
potential env mRNA splice acceptor), and putative gp7O
coding regions (Fig. 2A and C). However, the 1.7-kb RNA
failed to hybridize to probes encompassing the 3' "gp7O"
sequences, putative pl5E sequences, or the 5' 150 bp of the
3' LTR (Fig. 2D and E). To further characterize the endog-
enous env RNAs present in human cells, cDNA cloning was
carried out with size-selected polyadenylated RNA derived
from human placenta.
cDNA cloning of human placental endogenous env RNA.

Polyadenylated RNA (200 ,ug) was isolated from a human
placenta expressing env RNAs and size fractionated by
centrifugation through a 5 to 20% sucrose gradient. Individ-

ual fractions were analyzed by Northern hybridization to
identify the presence of the various species of retroviral env
RNAs. The hybridization pattern of unfractionated placental
polyadenylated RNA (Fig. 3, lane a) was compared with that
seen in sucrose gradient fractions 8 and 11 (lanes b and c).

ab C
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FIG. 3. Sucrose gradient separation of the 3.0- and 1.7-kb env
RNAs of human placenta. Aliquots of fractions collected from a 5 to
20% sucrose gradient after a rate-zonal centrifugation were analyzed
by Northern blot hybridization with a human endogenous retroviral
env probe (probe c from Fig.1). Lane a, unfractionated placental
polyadenylated RNA; lane b, sucrose gradient fraction 8; lane c,
sucrose gradient fraction 11.
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FIG. 4. Schematic representation of human endogenous retroviral DNA sequences present in two cDNA clones. The structure of cDNA
clones pPL1 and pPL4 is compared with the full-length endogenous provirus 4-1. A potential env splice acceptor (SA) for A 4-1 is shown
at bp 5869, and the boundaries of the putative major env glycoprotein and transmembrane protein genes ("gp7O" and "plSE") and the U3,
R, and U5 regions of the 3' LTR are shown. Restriction endonuclease sites are drawn above each clone. Abbreviations: A, AccI; Av, AvaIl;
B, BamHI; Bg, BglI; H, HindlIl; S, Sacl.

Fractions 8 (lane b) and 9 (not shown) contained env RNA
species of 3.0 to 3.6 kb; fraction 11 (lane c) contained only
the 1.7-kb env RNA. Separate cDNA libraries were prepared
by the method of Okayama and Berg (27) from the RNA
present in gradient fraction 9 (containing the 3.0-kb RNA)
and gradient fraction 11 (containing the 1.7-kb RNA). Plas-
mids containing cDNA inserts were introduced into E. coli
RR1 and screened by colony hybridization with a mixture of
env and LTR probes. Sixteen thousand colonies from both
the fraction 9 and the fraction 11 libraries were screened, and
one env-hybridizing clone was identified from each library.

Characterization of env-cDNA clones. cDNA clones pPL1,
derived from the fraction 11 library, and pPL4, derived from
the fraction 9 library, were initially characterized by restric-
tion endonuclease digestion and nucleic acid hybridization
with probes derived from the LTR and env regions of 4-1
(29). The deduced restriction endonuclease maps and ar-
rangement of retroviral sequences for these clones (addition-
ally defined by nucleotide sequencing studies presented
below) were compared with the env region of the prototype
full-length human endogenous clone, X 4-1 (29) (Fig. 4).
pPL1 contained a 1.1-kb cDNA insert that hybridized to
probes a and c, including LTR and putative gp70 sequences,
respectively (Fig. 1). pPL1 weakly hybridized to probe d and
did not hybridize to probe b or to probe e, the latter
encompassing putative piSE sequences (data not shown). In
addition, clone pPL1 was missing many restriction enzyme
sites found in genomic clones of human endogenous retro-
viral sequences such as the HindIII site at bp 7312 and the
AccI and Sacl sites located within the LTR (29). The 5' end
of the pPL1 insert mapped 3' to the putative env mRNA
splice acceptor site at bp 5869 in A 4-1 (30). Thus, pPL1,
which was derived from the gradient fraction containing the
env-reactive 1.7-kb transcript, appeared to be a partial
cDNA clone of the 1.7-kb RNA. It possessed hybridization
properties similar to those of the 1.7-kb RNA (i.e., it
contained LTR and gp70 regions but no piSE region se-

quences).
By contrast, clone pPL4, which was derived from a

gradient fraction containing the 3.0-kb env RNA, hybridized
to probes encompassing the putative gp70 and plSE region
as well as LTR sequences (data not shown). This clone
contained a 2.2-kb cDNA insert and possessed several
restriction enzyme sites characteristic of human endogenous

retroviral sequences (29), including the HindlIl site at bp
7312 and the AccI and SacI sites present in the LTR. The
retroviral sequences present in pPL4 did not extend to the
putative env mRNA splice acceptor; thus, pPL4 was also a
partial cDNA clone of one of the env RNA species present in
fraction 9 (either the 3.6- or 3.0-kb RNA). This clone
contained putative gp7O and plSE regions as well as 3' LTR
sequences.
To further characterize the structure of the 1.7-kb env

RNA, the complete DNA sequence of the 1.1-kb cDNA
insert of pPL1 was determined by the method of Maxam and
Gilbert (24) and compared with corresponding segments of k
4-1 (30) (Fig. 5). The nucleotide and deduced amino acid
sequences of the env region are presented in Fig. SA. The
first base of pPL1 corresponds to position 6464 of the
8,809-bp DNA sequence of k 4-1 (30). This location is 595 bp
3' to a putative env mRNA splice acceptor site present in K

4-1 (at a position analagous to the env mRNA splice acceptor
site of Moloney MuLV) and is within the putative gp7O
region of the human endogenous sequence. With the excep-
tion of a 222-bp in-frame deletion in pPL1 with respect to K

4-1 (K 4-1 map positions 7205 to 7427; Fig. 4 and 5A), pPL1
exhibits colinear nucleic acid sequence homology with K 4-1
through most of the "gp7O" coding region extending to
position 7582. Over this region, pPL1 exhibits 94% nucleic
acid identity and 87% deduced amino acid identity with the
genomic sequences. pPL1 contains three termination codons
within this region at positions 6473, 6767, and 7166. Each of
these stop codons differs by a single nucleotide from the
coding sequence present in A 4-1 at these positions. Con-
versely, K 4-1 contains a termination codon at position 7520
which encodes tryptophan in pPL1.
pPL1 is missing env sequences 3' to position 7582 (Fig. 4

and SA). The RNA corresponding to pPL1 would therefore
lack 45 bp of putative carboxy-terminal gp7O sequences as
well as the entire pl5E region (beginning at position 7582;
Fig. 4). In fact, the deletion in pPL1, relative to 4-1,
extends into the U3 region of the 3' LTR (Fig. 4 and SB).
LTR sequences in pPL1 begin at position 8519, 207 bp into
the U3 region (30). The nucleic acid sequence of pPL1 over

the remainder of the U3 and R portions of the LTR is 90%
homologous to that of K 4-1 (36) and terminates in a

polyadenylation sequence at position 8766. Thus, as is
shown schematically in Fig. 4, pPL1 is missing a large
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A 655914-1 GGA AAT GAC CGA CCT GAT GTG TGT TAT AAC CCA TCT GAG CCT CCT GCA ACC ACC ATT TTT GAA ATA AGA ATA AGA ACT GGC CTT TTC CTA GGT GAT
GLY ASN ASP ARG PRO AsP VAL CYs TYR ASN PRO SER GLU PRO PRo ALA THR THR ILE PHE GLU ILE ARG ILE ARG THR GLY LEU PHE LEU GLY AsP

pPL1 GGA AAT GAC TGA CCT GAT GTG TGT TAT AAC CCA TCT GAG CCC CCT ACA ACC ACC AGT TTT GAA ATA AGA TTA AGA ACT GGC CTT TTC CTA GGT GAT
* *END * * * * * * * * * * *THR * *SER * LEU

6655
A4-1 ACA AGT AAA ATA ATA ACT AGA ACA GAA GAA AAA GAA ATC CCC AAA CAA ATA ACT TTA AGA TTT GAT GCT TGT GCA GCC ATT AAT AGT AAA AAG CTA

THR SER Lys ILE ILE THR ARG THR GLU GLu LYs GiU ILE PRO LYs GLN ILE THR LEU ARG PHE AsP ALA CYs ALA ALA ILE ASN SER Lys LYs LEU
pPLi ACA AGT GAA ATA ATA ACT AGA ACA GAA GAA AAA GGA ATC CCC AAA CAA GTA ACT TTA AGA TTT GAC GCT TGT GCA GCC ATT AAT AGT AAC AAG CTA

* GLU * * * * * * * * * * * * *VAL * * * * * * * * * * * *ASN *

6751A4-1 GGA ATA GGA TGT GAT TCT CTT AAC TGG GAA AGG AGC TAC AGA ATA AAA AAT AAA TAT GTT TGT CAT GAG TCA GGG GTT TGT GAA AAT TGT GCC TAT
GLY ILE GLY CYs AsP SER LEu ASN TRP GLu ARG SER TYR ARG ILE LYs ASN Lys TYR VAL CYs His GLU SER GLY VAL CYs GLu ASN CYS ALA TYR

pPL1 GGA ACA GGA TGT GGT TCT CTT AAC TGG GAA AGG AGC TAC AGA GTA GAA AAT AAA TAT GTT TGT CAT GAG TCA GGG GTT TGT GAA AAT TGT GCC TTT
* THR * *GLY * * * * * * * * *VAL GLU * * * * * * * * * * * * * * *PHE

6847
A4-1 TGG CCA TGT GTT ATT TGG GCT ACT TGG AAA AAG AAC AAA AAG GAC CCG GTT TAT CTT CAG AAG GGG GAA GCC AAC CCC TCC TGT GCT GCT GGT CAC

TRP PRO CYS VAL ILE TRP ALA THR TRP LYS LYs ASN LYs LYs AsP PRO VAL TYR LEu GLN LYs GLY GLu ALA ASN PRO SER CYs ALA ALA GLY HIS
pPL1 TGG CCA TGT GTT ATT TAG GCT ACT TGG AAA AAG AAC AAA AAG GAC TTG GTT CAT CTT CAG AAA GGG GAA GCC AAC CCC TCC TGT GCT GCC AGT CAC

* *END LEU * HIS SER *

6943A4-1 TGT AAC CCA CTA GAA CTA ATA ATT ACC AAT CCC CTA GAT CCC CAT TGG AAA AAG GGA GAA CGT GTA ACC CTG GGG ATT GAT GGG ACA GGG TTA AAC
CYs ASN PRO LEu GLU LEU ILE ILE THR ASN PRO LEu AsP PRO His TRP LYs LYs GLY GLu ARG VAL THR LEu GLY ILE AsP GLY THR GLY LEu ASN

pPL1 TGT AAC CCA CIA GAA CTA ATA ATT ACC AAT CCC CTA GAT CCC CAT TGG AAA AAG GGA GAA TGT GTA ACC CTG GGG ACC AAA GGG ACA GGG TTA AAC

7039A4-1 CCC CAA GTT GCC ATT TTA ATT AGA GGG GAG GTC CAC AAG TGC TCT CCC AAA CCA GTA TTT CAA ACC TTT TAT AAG GAG CTG AAT CTG CCA GCA CCA
PRO GLN VAL ALA ILE LEU ILE ARG GLY GLU VAL His LYs CYS SER PkO LYs PRO VAL PHE GLN THR PHE TYR LYs GLU LEu ASN LEU PRO ALA PRO

pPL1 CCC CAA GTT GCC ATT TTA GTT CAA GGG GAG GTC CAC AAG CAC TCT CCC AAA CCA GTG TTT CAA ACC TTT TAT GAG GAG TTA AAT CTG CCA GCA CCA* * *VAL GLN HIS GLU

7135
A4-1 GAA TTT CCA AAA AAG ACA AAA AAT TTG TTT CTC CAA TTA GCA GAA AAT GTA GCT CAT TCC CTT AAT GTT ACT TCT TGT TAT GTA TGC GGG GGA ACC

GLU PHE PRO LYs LYs THR LYs ASN LEU PHE LEu GLN LEu ALA GLu ASN VAL ALA His SER LEu ASN VAL THR SER CYS TYR VAL CYs GLY GLY THR
PL 1 GAA CTT CTG AAA AAG ATA AAA AAT TTG TTT CTC CAA TTA GCA GAA AAT GTA GCT CAT TCC CTT AAT GTT ACT TCT TGT TAT ATA TGC GGG GGA ACC

* LEU LEU * *I LE * * * * * * * * * * * * * * * * * * * * *ILE* * *

7444
A4-1 ACT ATC GGA GAC CGA TGG CCT TGG GAA GCC CGA GAG TTG GTG CCT ACT GAT CCA GCT CCT GAT ATA ATT (222 BP) TGG GCT CAT CCA GAA TCT

THR ILE GLY AsP ARG TRP PRO TRP GLu ALA ARG GLu LEU VAL PRO THR ASP PRO ALA PRO AsP ILE ILE TRP ALA His PRO GLU SER
pPL 1 ACT ATC AGA GAC CGA TGG CCT TGG GAA GCC TGA GAG TTG GTG CCC ACT GAT CCA GCT CCT GAT ATA ATG 1111 GGG GCT TGT CCA GGA TCT

ARG END PIET GLY * CYs * GLY *

7540
A4-1 CAT CAG GAC TGG ATG GCT CCC GCT GGA CTA TAC TGG ATA TGT GGG CAC AGA GCC TAC ATT CGG TTA CCT AAT AAA TAG GCA GGC AGT TGT.GTT ATT

His GLN AsP TRP MET ALA PRO ALA GLY LEu TYR TRP ILE CYs GLY His ARG ALA TYR ILE ARG LEU PRO ASN LYs END ALA GLY SER CYS VAL ILE
pPL 1 CAT CAG GAC TGG ATG GCT CTC GCT GGA CTA TAC TGG ATA TGT GGG CAG AGA GCC TAC ATT CAG TTA CCT AAT GAA TGG GCA GAC AGT TGT GTT ATT

*** * * ~* LEU * * * * * * * * GLN * * * * GLN * * *GLU TRP * ASP* * *

A4-1 GGC ACT ATT AAG TCG TCC TTT ITC TTA TTA CCC ATA AAA ACA (727 BP)
GLY THR ILE LYs SER SER PHE PHE LEu LEu PRO ILE LYs THR

pPL 1 GGC ACT AT AAG CCA TCC TTT TTC TTA TTA CCG ATA AAA ACT ///D PRO* * . .
B 8437A4- 1 TATGGTATGAGGTCGCCACTTCT CCTGTTGTCCTTCTCAGTTTCTCCCCAACCTCCCCTTTTCCCTAGTTTATAAGACAGGAGAAAAGGGAGAAAGCAAAAAGTTGAAAAGAAACAGAAGTAAGAT

pPL1 ------------------------------------------------------------------------------------------------------------------------------
8563A4- 1 AAATAGCTGGACGACCTTGGCACCACCACCTGGCCCTGGTGGCTAAAATAATAATAATAl-I ATTAACCCCTGACCAAAACTATTGGTGTTATCTGTAAATTCCAGACACTGTATGAGAAAATACTG

pPL 1 ---------------------------------------------------------------------------------ACTGGTACTATCTGTAAATTCCAGACATTGTATGAGAAAGCACTG
8688A4- 1 TAAAACTTTTTGTTCTGTTAGCTGATGTATGTAGCCCCCAGTCATGTTTCTCACGCTTACTTGATCTATTATGACTTTTTCATGTAGACCCCTTAGAGTTCTAAGCCCTTAAAAGGGCAAG AATT

8809A4-1 TCTTTTTCGGGGAGCTCGGCTCTTAAGACACGAGTCTGCCAATGATCCCGGCCGAATAAAAAACCTCTTCCTTCTTTAATCTGGLGTCTGAGGAGTTTTGTCTGCGACTCATCCTGCTACA
pPL 1 TCTTTTTGGGGGAGCTTGGCTCTTAAGACATGAGTCTGCCAATGCTACCGGCCAAATAAAA ACCTCTTCCTTCTTTAAAAA(A)n

FIG. 5. Nucleotide and deduced amino acid sequences of cDNA clone pPL1, compared with corresponding sequences of the integrated
provirus, X 4-1. (A) Comparison of the env region of pPL1 and X 4-1. Amino acid identities are identified by asterisks. Two deletions are
present, a 222-bp deletion at bp 7,205 to 7,7427 and a deletion of the last 727 bp of env that extends into the LTR. (B) Comparison of U3 and
R nucleotide sequences of X 4-1 and pPL1. The first 207 bp of U3 are deleted in pPL1 relative to A 4-1.

segment of retroviral sequence, including the carboxy- Partial DNA sequence data obtained from pPL4 (not
terminal coding sequence of the putative human gp7O pro- shown) has confirmed that it contains putative gp7O and
tein, the entire coding region for the potential human pl5E pl5E sequences as well as the complete U3 and R regions of
equivalent, and 5' U3 LTR sequences. These DNA sequence the 3' LTR as shown schematically in Fig. 4. The nucleotide
data correlate with the Northern blot hybridization data, and deduced amino acid sequences of pPL4 are very similar
thus confirming that the 1.7-kb env RNA is deleted in 3' env to those of X 4-1 and pPL1. However, pPL4 contains at least
sequences. one termination codon (position 6893) not present in X 4-1.
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TA AAAACAG GTGAG CCAAAACTA TTGGTGT
TA AAAACGG GTGAG CCAAAACTA CTGGTGT
TA AAAAC __ TA CTGGTAC

AG'GTRAG Y-YYY-CAG'

FIG. 6. Comparison of nucleotide sequences forming the bound-
aries of the env-U3 deletion of pPL1 with corresponding sequences
of A 4-1 and pPL4, a cDNA clone with a nondeleted env and U3
region. A potential target duplication for homologous recombina-
tion, AAAAC, present in two copies in 4-1 and pPL4 but only one
copy in pPL1, is underlined. The consensus mRNA splice donor and
acceptor sequences (33) are shown on the bottom line in their best
alignment with the retroviral sequences.

Conversely, one termination codon present in A 4-1 encodes
a tryptophan in pPL4.

DISCUSSION
Human endogenous retroviral DNA sequences are tran-

scribed into polyadenylated RNA in a number of human
tissues. The transcription of human LTR and env sequences
is particularly prominent in placenta, colon carcinoma, and
breast carcinoma cells. In addition to a 3.0-kb LTR-env-
hybridizing RNA that comigrates with the spliced LTR-env
mRNA expressed in MuLV-infected cells, these human cells
contain a shorter, 1.7-kb LTR-env RNA species. We have
structurally characterized the human env RNAs by Northern
blot hybridization and cDNA cloning experiments. DNA
sequence analysis of a partial cDNA clone, pPL1, of the
1.7-kb RNA has revealed that in comparison with a cloned,
full-length, endogenous provirus, 4-1, pPL1 contains a

938-bp deletion involving 3' env region sequences as well as

a portion of the U3 LTR. A second, 222-bp deletion is
present entirely within the env region. The position of the
large deletion is in complete agreement with the Northern
blot analyses that showed the failure of the 1.7-kb RNA to
hybridize to probes derived from 3' env and U3 sequences.
Thus, the smaller size of the 1.7-kb RNA relative to the
3.0-kb LTR-env RNA can be explained by the deletions
present in the cDNA clone; additional small deletions in the
RNA 5' to sequences cloned in pPL1 cannot be excluded.
The large deletion involving 3' env and U3 LTR sequences

in pPL1 could have arisen either as a result of alternative
splicing of a 3.0-kb LTR-env RNA or transcription of a
deleted DNA provirus. An analysis of thse two possibilities
is presented in the DNA sequence comparison shown in Fig.
6. The DNA sequences surrounding the 938-bp deletion in
pPL1 have been compared with those present in the same

regions of K 4-1 and pPL4. These sequences are aligned with
each other and with the consensus nucleic acid sequence of
mRNA splice donor and acceptor sites (33). If the 1.7-kb
RNA arises as a result of RNA splicing of a larger env RNA
precursor, the sequences adjacent to the putative splice
junction in a potential RNA precursor such as pPL4 or in a

putative genomic template for such a precursor such as 4-1
should resemble deduced consensus splice donor and accep-
tor sequences. Alignment of 4-1 or pPL4 with pPL1 (Fig. 6)
reveals that both K 4-1 and pPL4 contain consensus splice
donor sequences adjacent to the 5' (env) breakpoint in pPL1.
However the 3' LTRs of K 4-1 and pPL4 contain no consen-

sus splice acceptor sequences, both having purine-rich re-

gions preceding TA codons instead of pyrimidine-rich re-

gions preceding AG codons.
An alternative explanation for the generation of the 1.7-kb

mRNA is that it is transcribed from a provirus containing an

extensive deletion in the env and U3 regions. X 4-1 and pPL4
both contain a duplicated 5-bp sequence, AAAAC, which
flanks the segment deleted from pPL1 (Fig. 6). pPL1 con-
tains a single copy of the 5-bp sequence, possibly the result
of homologous recombination between the repeated units
present in a primordial proviral DNA. Such a recom-
binational event would generate an altered provirus that
contains a deletion of the sequences between the duplica-
tion. Additional evidence for the existence of such a deleted
provirus has been obtained by Southern blot hybridization of
colon carcinoma DNA (SW1116 cells) with probe D from
Fig. 1 (data not shown). This experiment indicated the
existence of an AvaII fragment in the colon cells that
comigrates with the unique 518-bp Avall fragment present in
pPL1 (Fig. 4) encompassing the env deletion.
The sequences deleted in the 1.7-kb RNA include the 3'

env region and a portion of the U3 LTR. Although the
sequences of the putative human retroviral env gene do not
match the corresponding sequence of MuLVs, this region
contains a long open reading frame lying 3' to a potential env
mRNA splice acceptor analogous to the structure of murine
leukemia viruses. In the absence of definitive identification
of human retroviral env proteins, it is not possible to assign
gene products to the env segment. However, this region of
the human retroviral clones that would correspond to gp7O of
Moloney MuLV (34) contains multiple glycosylation sites
(30). A potential "gp7O-pl5E" proteolytic cleavage site can
be identified in the human clone which would give rise to a
"pl5E" gene region approximately equal in size to that of
Moloney MuLV (34) (as shown for A 4-1 in Fig. 4). The
putative human pl5E contains 40% deduced amino acid
homology to the 26-amino acid region of the Moloney MuLV
pl5E conserved in a wide range of retroviruses (9) and
contains a hydrophobic region that could serve as a
transmembrane anchor sequence. Thus, by analogy with
MuLV, the 1.7-kb human env RNA is missing approximately
100 bp of the 3' gp7O-analogous sequences as well as the
entire pl5E-analogous region, including potential trans-
membrane anchor sequences.
The DNA sequence of pPL1 contains three termination

codons within the env reading frame. pPL4 contains at least
one in-frame termination codon. The presence of these
termination codons has been confirmed by DNA sequencing
of each strand and cannot be due to ambiguities of nucleotide
sequencing. Errors of reverse transcription or second strand
synthesis could be responsible for artifactual conversion of
coding triplets to termination codons; however, it is more
likely that the polyadenylated RNA species from which the
cDNA clones were derived did, in fact, contain these stop
signals precluding their translation into env proteins.
Clearly, the two proviruses from which these nonfunctional
RNAs were transcribed had active promoter elements. Mul-
tiple additional copies of env-related genes exist in the
human genome (36), any one of which may be transcribed. If
one or more of these contain a completely open reading
frame, its transcription and translation could produce a
human env protein. It is of interest that a 1.8- to 2.0-kb
MuLV env mRNA has been identified in normal mouse
tissue (3, 18). This RNA apparently possesses a structure
similar to that observed for the human 1.7-kb RNA: it
hybridizes to 5' gp7O and LTR probes but appears to be
deleted in 3' gp7O and transmembrane-anchor pl5E se-

quences. This truncated MuLV env mRNA has been hypoth-
esized to encode a secreted form of gp7O. Secreted forms of
the gp7O molecule have in fact been identified in mouse

serum (11) and epididymal fluid (10). We are currently

5:

x 4-1
PPL4
PPL1
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attempting to identify membrane-bound and secreted human
env peptides by using antisera against synthetic oligo-
peptides predicted from the human env DNA sequence (35).
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