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The endogenous avian provirus ev-1 is widespread in white leghorn chickens.
Although it has no major structural defects, ev-1 has not been associated with any
phenotype and is ordinarily expressed at a very low level. In this report, we
describe a chicken embryo (Number 1836) cell culture containing both ev-1 and
ev-6 which spontaneously expressed the ev-1 provirus. This culture released a
high level of noninfectious virions containing a full complement of virion
structural (gag) proteins but devoid of reverse transcriptase activity or antigen.
These virions contained 70S RNA closely related to the genome of Rous-
associated virus type 0, but identifiable as the ev-1 genome by oligonucleotide
mapping. A fraction of the RNA molecules in the 70S complex were unusual in
that they were polyadenylated 100 to 200 nucleotides downstream of the usual
polyadenylation site. Eight sibling embryo cultures did not share this unusual
phenotype with 1836, indicating that it was not inherited. However, an identical
phenotype was inducible in the sibling cultures by treatment with 5-azacytidine,
an inhibitor of DNA methylation, and the induced expression was stable for more
than 10 generations. Analysis of chromatin structure and DNA methylation of the
ev-1 provirus in 1836 cells revealed the presence (in a fraction of the proviruses) of
both DNase I hypersensitive sites in the long terminal repeats and in gag and a
pattern of cleavage sites for methyl-sensitive restriction endonuclease not found
in a nonexpressing sibling. These results lend strong support to the role of DNA
methylation in the control of gene expression. Additionally, they explain the lack
of phenotype associated with ev-1 as due to a combination of its low expression

and defectiveness in pol and env.

The endogenous viruses of chickens, which
are inherited in chromosomal DNA, are closely
related to the exogenous avian leukosis provi-
ruses (for review, see 26). At least 13 distinct
endogenous proviruses have been identified by
DNA restriction endonuclease mapping (3, 18).
Although closely related to one another, provir-
uses at different endogenous virus (ev) loci differ
in DNA content and transcriptional activity.
Thus, they may provide a set of genes for the
study of elements, both viral and host, that
contribute to the control of gene expression.

The nondefective endogenous proviruses
have a structure similar to integrated proviral
DNA found after exogenous infection. That is,
they retain the gene order 5'-gag-pol-env-3' of
genome RNA and are flanked by two long
terminal repeat (LTR) sequences, consisting of
sequences derived from the 5’ (Us) and 3’ (Uj)

ends of viral RNA, as well as a sequence (R)
which is itself repeated at the termini of genome
RNA. Thus the overall structure is U;-R-Us-
gag-pol-env-U;-R-Us (17, 28; for review, see 6).
The Uj; region contains sequences important for
regulation of growth rate (39) and appears to
include the promoter for viral RNA synthesis
(10, 21, 50).

The ev-1 provirus is found in more than 99%
of white leghorn chickens (38) and does not
confer any characteristic virus-related pheno-
type on cells which contain it. Restriction endo-
nuclease mapping of the provirus has failed to
detect an obvious deletion or gross rearrange-
ment of proviral sequences relative to replica-
tion-competent endogenous proviruses (18, 35).
Cells which contain the inherited ev-1 provirus
are negative by conventional assays for produc-
tion of virion core proteins (product of the gag
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gene), viral reverse transcriptase, viral envelope
glycoprotein, and particle production (15). Al-
though no virus-related proteins are detectable
in ev-1-containing cells, low levels of RNAs
resembling complete genome and env mRNA
are found (4, 15). The estimated number of ev-1-
encoded RNA molecules is less than one copy
per cell; however, this low level of expression
alone does not explain the failure of ev-1-con-
taining cells to produce infectious virus. The
endogenous rate of ev-2 expression is lower, yet
infectious virus (Rous-associated virus type 0
[RAV-0], reference 2) can be isolated from ev-2-
containing cells (9).

In the present report, we describe a variant
chicken embryo, number 1836, which contained
ev-1 and ev-6 and spontaneously expressed the
ev-1 provirus. 1836 cells released noninfectious
virions containing RAV-0-related 70S RNA and
gag gene products, but devoid of reverse tran-
scriptase activity or antigens. ev-1-encoded par-
ticles also lacked envelope glycoproteins.

Examination of DNA from the spontaneously
expressing 1836 cells showed that the ev-1 provi-
rus contained DNase I hypersensitive sites in
both LTRs and its 5' flanking and gag gene
sequences and also contained a pattern of meth-
ylation different from that of inactive ev-1 DNA.
These data seem significant in light of recent
experiments (13) which have shown that growth
of ev-1-containing cells in 5-azacytidine leads to
induction of gag gene expression. 5-Azacytidine
treatment decreases levels of 5S-methyldeoxycy-
tidine in eucaryotic DNA (20). The finding of
specific sites in 1836 ev-1 DNA that are differen-
tially methylated only in expressed ev-1 DNA
suggests that a certain pattern of methylation
influences chromosomal activation.

MATERIALS AND METHODS

Cells and viruses. Chicken embryo fibroblasts were
prepared from fertilized eggs of embryos 1384 [C/0,
ev-1, (K(—)x15B)xK28], 1724 (C/0, ev-1,3), 1831 (C/
0, ev-1), 1837 (C/0, ev-1,6), and 1836 (C/0, ev-1,6).
Embryos 1831, 1837, and 1836 are sibling embryos
obtained after mating of a K18xXK(—) hen (number
$107, ev-1,6,8) with a K28 rooster (number R3, ev-1).
Endogenous proviral DNA content was originally de-
termined by S. Astrin (unpublished data). All chickens
were maintained at the Worcester Foundation for
Experimental Biology, Shrewsbury, Mass.

Turkey embryo fibroblasts were prepared from fer-
tilized eggs purchased from Orlopp Enterprises, Inc.
(Arosi, Calif.). SE21Q1b cells are a line of Rous
sarcoma virus-transformed quail cells which produce
noninfectious virions apparently due to a small dele-
tion near the 5’ end of the genome (22, 23). These cells
were used to provide a convenient set of marker
proteins in some experiments.

RAV-0 was isolated from line 100 cells (C/0, ev-2)
originally provided by L. Crittenden and has been
extensively analyzed in this laboratory (8). Prague
strain of Rous sarcoma virus subgroup B (Pr-RSV-B)
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has been described (8). Cells were maintained in
Imemzo medium with insulin (Associated Biomedic
Systems, Inc., Buffalo, N.Y.) plus 10% tryptose phos-
phate broth and 5% fetal calf serum.

For induction with 5-azacytidine, freshly plated
cells (2 x 10° cells per 100-mm culture dish) were
incubated in 3 M 5-azacytidine (Sigma Chemical Co.,
St. Louis, Mo.) in growth medium. After 24 h, mono-
layers were washed once, and growth medium without
5-azacytidine was added. Two days after removal of
the analog, cells were trypsinized and replated at 2 x
10° cells per 100-mm culture dish. Three days later,
cultures were labeled for analysis. Additional cultures
were passaged and analyzed at later times as indicated
in the text.

32p Jabeling and analysis of virion RNA. Labeling and
preparation of virion RNA for two-dimensional gel
analysis of T, oligonucleotides have been described
(7). Briefly, 70S virion RNA was purified from culture
supernatants after labeling confluent 100-mm cultures
of cells with a total of 5 mCi of 32PO per culture. RNA
was digested with RNase T,, and oligonucleotides
were separated by electrophoresis in two-dimensional
polyacrylamide gels. 3’ proximal RNA was purified on
polyuridylate Sephadex G-10 after partial alkaline hy-
drolysis to approximately 300-nucleotide fragments
before RNase T, digestion. Oligonucleotide maps
were prepared as described (7).

Labeling and analysis of virus-related proteins. For
labeling of virion or cellular proteins, 100-mm plates of
confluent cells were washed three times with buffered
salt solution, and [>*S]methionine was added in modi-
fied Eagle medium lacking methionine. Amounts of
[33SImethionine used are listed in the figure legends.
Cultures to be used for analysis of cell proteins were
incubated at 37°C with label for 2 h, washed once with
cold buffered salt solution, and stored at —70°C. For
virus labeling, cultures were incubated at 37°C for 12
h, and the supernatants were collected, centrifuged at
10,000 rpm for 10 min, and stored at —70°C. Growth
medium with methionine was added to cultures, and
supernatants were collected two additional times at 12-
h intervals. Harvested supernatants were pooled and
centrifuged in an SW 60 rotor at 55,000 rpm for 45 min
at 4°C through a 25% sucrose cushion. Pellets were
stored at —70°C.

Immunoprecipitation and gel electrophoresis. Cell
lysis and immunoprecipitation of viral proteins from
lysates and viral pellets was done essentially as de-
scribed (11). Immune complexes were precipitated
with IgGsorb (Enzyme Center, Boston, Mass.) which
had been resuspended according to the manufacturer’s
specifications and washed in antibody binding buffer
plus 1 mg of bovine albumin per ml before use. Pellets
were washed extensively according to published pro-
cedures before resuspension in electrophoresis sample
buffer and analysis in discontinuous sodium dodecyl
sulfate (SDS)-polyacrylamide slab gels.

The anti-gag serum was prepared in a New Zealand
rabbit against purified avian myeloblastosis virus gag
proteins and has been previously described (11). Rab-
bit anti-pol serum, raised against purified avian my-
eloblastosis virus polymerase (5), was a gift of
H. Temin. Anti-gp85 serum was provided by M. Linial
22).

Analysis of cell DNA. To determine the endogenous
provirus content of cells from embryos 1384, 1831,
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1837, and 1836, DNA was purified from cell cultures
by the following procedure. Monolayer cultures were
washed two times with buffered salt solution, and 2 ml
of NTE (0.15 M NaCl, 20 mM Tris-hydrochloride [pH
7.5}, 5 mM EDTA) per 100-mm culture dish plus 250
pg of Pronase per ml and 1% SDS were added, and the
dishes were rocked gently and then incubated at 37°C
for approximately 60 min. The viscous lysate was
extracted 5 to 10 times with an equal volume of
phenol—chloroform (1:1). Total nucleic acid was pre-
cipitated at —70°C with the addition of 0.1 M sodium
acetate (pH 5.4) and 2.5 volumes of ethanol and
collected by centrifugation at 10,000 rpm for 10 min at
4°C in an SS34 rotor. After lyophilization, pellets were
suspended overnight in 20 mM Tris-hydrochloride (pH
7.5)-5 mM EDTA and treated with RNase T, (10 to 15
UN07 cells) and pancreatic RNase A (4 pg/107 cells).
After phenol extraction and ethanol precipitation as
described above, the DNA was suspended in 10 mM
Tris-hydrochloride (pH 7.5), and the DNA concentra-
tion was determined by absorption at 260 nm. A 5-pg
amount of cellular DNA from each cell type was
digested with 10 U of Sacl or 8 U of BamHI (New
England Biolabs, Beverly, Mass.) in the manufactur-
er’s recommended buffer for 90 min at 37°C. Digested
DNA was precipitated with ethanol as described
above, collected by centrifugation, and suspended in
10 pl of 1x SB3 buffer (40 mM Tris base-5 mM sodium
acetate-1 mM EDTA; pH 7.9 with glacial acetic acid)
plus 2.5 pl of 5x sample buffer (1x sample buffer =
4% Ficoll, 16 mg each of bromophenol blue and xylene
cyanol per ml). Electrophoresis was in a 0.8% horizon-
tal agarose (Seakem) gel in SB3 buffer until the bromo-
phenol blue dye marker was 11 cm from the origin.
After ethidium bromide staining (0.5 pg/ml for 15 min)
and UV photography to verify complete digestion of
250 ng of bacteriophage A DNA added to each sample,
the gel was treated with acid and alkali as described by
Wahl et al. (45). DNA was transferred to nitrocellulose
(Schleicher & Schuell Co., Keene, N.H.; 0.45 pM)
which had been soaked in water and equilibrated with
10x SSC (1x SSC = 150 mM NaCl-15 mM sodium
citrate). After 20 h, the nitrocellulose was rinsed for 5
min in 10X SSC before baking for 2 h at 80°C in a
vacuum oven. The nitrocellulose filter was then rinsed
for 15 min in 3Xx SSC, sealed in a plastic bag, and
soaked for 60 min at 65°C in 3x SSC, 0.1% SDS, and
10x Denbhardt solution (1 x Denhardt = 0.02% [wt/vol]
each of bovine serum albumin, polyvinyl pyrrolidone,
and Ficoll). This solution was removed and replaced
with 3x SSC, 10x Denhardt solution, 50 pg of dena-
tured salmon sperm DNA per ml, 10 pg of polyadeny-
late per ml, 0.1% SDS, and 10% dextran sulfate (pre-
hybridization solution), which was incubated for 3 h at
65°C. Hybridization was in 10 ml of fresh pre-hybrid-
ization solution with a [*?P]cDNA probe. RAV-2 70S
RNA was used for cDNA synthesis as described (8)
except [*?P}dTTP (New England Nuclear Corp., Bos-
ton, Mass.) was used at 700 Ci/mmol to obtain a high
specific activity preparation. After hybridization at
65°C for 24 h, the nitrocellulose was washed at 65°C
for 15 min with 3x SSC, 10X Denhardt solution, and
0.1% SDS, and four times with 2x SSC, 0.1% SDS,
and 0.1% sodium pyrophosphate. A final rinse for 15
min at room temperature was done with 3x SSC
before autoradiography.

Preparation of nuclei, digestion with DNase I, and
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analysis with methyl-sensitive restriction endonucle-
ases were described by Stalder et al. (36) and in the
legend of Fig. 7.

RESULTS

An embryo with a novel endogenous virus
phenotype. In the course of analyzing endoge-
nous virus expression in fibroblast cultures from
sibling chicken embryos, we encountered an
unusual embryo, number 1836, which released
noninfectious particles that had the density ex-
pected for C type viruses (data not shown). This
finding was unexpected since preliminary ex-
periments showed that DNA from embryo 1836
contained the endogenous proviruses ev-1 and
ev-6 (S. Astrin and H. Robinson, unpublished
observations), neither of which has been associ-
ated with spontaneous virus production (3). Spe-
cifically, the ev-6 provirus contains a 2.5-kilo-
basepair (kbp) deletion which encompasses the
5’ LTR and most or all of the gag gene (15, 18),
and therefore cannot encode the gag gene prod-
ucts or full-size viral genome RNA. It is, how-
ever, associated with high-level production of
env mRNA and expression of biologically active
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FIG. 1. Endogenous virus loci in 1836 cells and in
cells from sibling embryos. DNA was extracted from
monolayer cultures, digested with Sacl, and subjected
to electrophoresis in 1% agarose gels. The DNA was
transferred to nitrocellulose and hybridized with RAV-
2 [*2P]cDNA (2.1 x 10° cpm). The filter was autoradio-
graphed with a Cronex intensifying screen at —70°C
for 10 days. The DNA was from embryos 1384 (lane 1),
1831 (lane 2), 1837 (lane 3), and 1836 (lane 4). Bacterio-
phage A DNA digested with HindIll, visualized after
ethidium bromide staining of the gel, was used for size
markers. The band of approximately 3 kb is an artifac-
tual fragment usually observed in hybridizations with
viral RNA or cDNA but not with cloned DNA probes.
Thi§ band may represent annealing to tRNA coding
regions.



VoL. 2, 1982

env gene products (4, 14, 15). ev-1 has not
previously been shown to confer a virus-related
phenotype on cells which contain it (4, 15).

To verify the endogenous virus content in
1836 cells and two sibling embryos which did not
have this phenotype, DNA was digested with
Sacl restriction endonuclease, subjected to elec-
trophoresis in agarose gels, transferred to nitro-
cellulose paper, and hybridized to a 3?P-labeled
probe. Figure 1 shows the resuit of this experi-
ment with sibling embryos 1831, 1837, and 1836,
as well as an unrelated embryo 1384, previously
found to contain only ev-1 (Astrin and Robinson,
unpublished observations). DNA of embryo
1831 as well as the 1384 control contained only
ev-1, marked by a band of approximately 10.7
kbp (16, 18). Embryos 1837 and 1836 contained,
in addition to ev-1, a band of about 18 kbp,
corresponding to the ev-6 locus (3, 18). Diges-
tion of DNA from these four embryos with
BamHI and EcoRI confirmed these assignments
(data not shown). No differences in digestion
products with these three enzymes were detect-
ed in the two embryos that contained ev-1 and
ev-6, indicating that the presence of additional
retrovirus-related information was not responsi-
ble for particle production from 1836 cells. For
this reason and others (see Discussion), we
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conclude that the particles produced by 1836
cells were due to spontaneous expression of the
usually silent ev-1 provirus.

Analysis of ev-1 expression. To analyze ev-1
expression, cultures of 1836 cells and particle
preparations purified from culture supernatant
fluids were assayed for the presence of gag, pol,
and env gene products. To compare spontane-
ous and induced ev-1 expression and to deter-
mine what role, if any, the ev-6 provirus played
in the 1836 phenotype, cultures of cells from
sibling embryos 1831 (ev-1) and 1837 (ev-1, 6)
were analyzed in parallel, before and after
growth in 5-azacytidine. It has recently been
shown that this cytidine analog induces expres-
sion of the ev-1 provirus in transformed chicken
lymphocytes (13). Figure 2A shows the gag-
related proteins immunoprecipitated from par-
tially purified supernatant fluids of [**S]methio-
nine-labeled cultures. As expected, untreated
cultures of 1831 (ev-1; Fig. 2A, lane 3) and 1837
(ev-1,6; Fig. 2A, lane 4) cells did not produce
any material precipitable with anti-gag serum.
1836 cultures (ev-1,6; Fig. 2A, lane 5) produced
significant amounts of virus-like particles that
contained the virion internal structural proteins
p27, p19B, p12, and p15. Particles containing the
same content of gag-related proteins were also

c 1234567891

op85( -« g : L] o
(
- - - S
-
- -

FIG. 2. Virion proteins in particles from 5-azacytidine-treated cells. Cell cultures were grown in 3 uM 5-
azacytidine for 24 h. Five days after removal of the analog, the cultures were labeled with 225 pCi of
(**SImethionine for 20 h, and harvests were prepared as described in the text. Aliquots of each
preparation were immunoprecipitated with anti-gag (A), anti-pol (B), and anti-env (C) serum. (A) SE21 (lanes 1,
10), RAV-0 (lanes 2, 9,), 1831 (lane 3), 1837 (lane 4), 1836 (lane 5), 1831 + S-azacytidine (lane 6), 1837 + 5-
azacytidine (lane 7), and 1836 + 5-azacytidine (lane 8). (B) SE21 (lanes 1, 9), RAV-0 (lanes 2, 8), 1831 (lane 3),
1837 (lane 4), 1836 (lane 5), 1831 + S5-azacytidine (lane 6), 1837 + S-azacytidine (lane 7). (C) As in (A).
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produced by 1831 and 1837 cells 5 days after 5-
azacytidine treatment (Fig. 2A, lanes 6 and 7).
The production by 5-azacytidine-induced 1831
cells of particles with an identical gag protein
content shows that the ev-1 provirus alone was
sufficient for this phenotype.

With the exception of p19, the ev-1-encoded
virion structural proteins were identical in mo-
bility to those of RAV-0 (Fig. 2A, lanes 2 and 9).
The more rapidly migrating form of p19, called
p19B, has previously been identified in some
recombinants involving endogenous viruses (31,
32), and was found in all ev-1-expressing cul-
tures. The identity of this protein in the virions
produced by 1836 cells was confirmed by tryptic
peptide analysis (data not shown). Virions which
contain p19f8 have also been found to contain
varying amounts of a related protein called p19a
(32). p19a was also found in particles obtained
from all ev-1-expressing cell cultures, although it
is visible only in lane 7 of the experiment shown
in Fig. 2A.

Lysates of [**S]methionine-labeled cell cul-
tures were also treated with anti-gag serum, and
the immunoprecipitates were analyzed by elec-
trophoresis in SDS-polyacrylamide gels. As ex-
pected from the compositon of particles pro-
duced by 1836 cultures, these cells contained
significant levels of the gag-encoded precursor
proteins (Fig. 3A, lane 7) (42, 43). The gag
precursor protein in 1836 cells migrated slightly
more rapidly than that of Pr-RSV-B (Fig. 3A,
lanes 3 and 15), a feature previously seen in
endogenous viruses and some recombinant vi-
ruses (Fig. 3A, lanes 4 and 14) (27, 32). This
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faster-migrating form is called APr76. Tryptic
peptide maps of APr76 immunoprecipitated from
1836 cells were prepared and confirmed its iden-
tity (data not shown). Although uninduced cul-
tures of 1831 (ev-1; Fig. 3A, lane 5) and 1837
(ev-1,6; Fig. 3A, lane 6) did not produce any
gag-related proteins, significant amounts of
APr76, which was identical in mobility to that
obtained from 1836 cells, were produced 5 and
10 days after growth in S-azacytidine (1831 is
shown in Fig. 3A, lanes 8 and 11, and 1837 is
shown in lanes 9 and 12). Note that a significant
increase in the level of APr76 was not detected in
1836 cells after treatment with S-azacytidine
(compare lane 7 with lanes 10 and 13, Fig. 3A).
As expected, turkey cells which do not contain
avian retrovirus-related DNA (34) did not pro-
duce virus-related proteins before or after
growth in S-azacytidine (Fig. 3A, lanes 1 and 2).
The variability in the content of lower-molecu-
lar-weight gag products in some cells (Fig. 3A,
lanes 8, 11, and 13) probably reflects somewhat
variable rates of processing of APr76; this phe-
nomenon is of uncertain significance.

Although particles produced spontaneously
by 1836 cells and by 5-azacytidine-induced 1831
and 1837 cells had an apparently normal comple-
ment of gag gene products, we could detect no
significant infectivity associated with them (data
not shown). Additionally, assays for reverse
transcriptase activity in concentrated superna-
tant fluid from 1836 and S-azacytidine-induced
1831 and 1837 cells were consistently negative.
Under our assay conditions, we could have
detected 1,000-fold less reverse transcriptase
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FIG. 3. Induction of viral protein production in chicken cells after growth in S5-azacytidine. Cell cultures
treated in parallel with those used for preparation of virions (Fig. 2) were labeled with 225 uCi of [**S]methionine
for 2 h, lysed, and treated with antiserum directed against gag proteins (A), reverse transcriptase (anti-pol) (B),
or envelope glycoprotein (anti-gp85) (C). Immunoprecipitates were analyzed by electrophoresis in 12.5% SDS-
polyacrylamide slab gels. (A) Anti-gag: turkey cells (lane 1); turkey cells + 5-azacytidine (5 days) (lane 2); Pr-
RSV-B-infected chicken cells (lanes 3, 15); SE21Q1B cells (lanes 4, 14); lanes S to 7, untreated—1831 (5), 1837
(6), 1836 (7) cells; lanes 8 to 10, + 5-azacytidine (5 days)—1831 (8), 1837 (9), 1836 (10) cells; lanes 11 to 13, + 5-
azacytidine (10 days)—1831 (11), 1837 (12), 1836 (13) cells. (B) Anti-pol: turkey cells (lane 1); turkey cells + 5-
azacytidine (5 days) (lane 2); chicken embryo 1724 (ev-3) (lanes 3, 15); SE21Q1b cells (lanes 4, 14). Lanes 5 to 13
as in (A). (C) Anti-gp85: turkey cells (lane 1); turkey cells + 5-azacytidine (5 days) (lane 2); SE21Q1b cells (lanes
3, 15); Pr-RSV-B-infected cells (lanes 4, 14). Lanes 5 to 13 as in (A). The apparent lower mobility of gPr90 in lane
13 is an artifact due to a defect in the gel. The antiserum used in this experiment also had variable reactivity with
gag proteins as well as with gp37.
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activity than that obtained from an equal volume
of supernatant from RAV-0-producing cells.

To determine whether cells that contained an
active ev-1 provirus produced reverse transcrip-
tase-related polypeptides, cell lysates and par-
ticle preparations were treated with anti-pol
serum, and precipitates were analyzed in SDS-
polyacrylamide gels. Figure 2B shows the com-
plete absence of the 92- and 58-kilodalton (kd) B
and a chains of reverse transcriptase in ev-1-
encoded virions, and Fig. 3B shows the absence
of the 180-kd gag-pol precursor protein in ev-1-
expressing cells. These proteins are clearly visi-
ble in virion preparations and cells lysates ob-
tained from virus-infected control cultures (Fig.
2B, lanes 1, 2, 8, and 9, and Fig. 3B, lanes 4 and
14). Furthermore, no pol- or gag-related protein
larger than 76 kd which would represent a de-
fective gag-pol gene product was detected in
lysates prepared from ev-1-expressing cells, al-
though we could precipitate the 120-kd gag-pol-
related protein produced in ev-3-containing cells
(reference 12, and Fig. 3B, lanes 3 and 15).

As expected for ev-6-containing cells (14, 29),
both uninduced and induced 1836 and 1837 cells
contained the glycosylated env precursor pro-
tein, gPr90 (Fig. 3C, lanes 6, 7, 9, 10, 12, and 13),
as detected with antiserum prepared against the
gp85 cleavage product. This protein was also
seen in control infected cell cultures. Varying
levels of gp85 were also found in these cells as
well as in virions from 1836 and S-azacytidine-
induced 1837 cells (Fig. 2C, lanes S, 7, and 8).
No env-related proteins were found in particle
preparations from uninduced 1837 cells (Fig. 2C,
lane 4), indicating that the ev-1 gag gene expres-
sion was necessary to produce sedimentable env
protein-containing particles. To allow determi-
nation of env gene expression from the ev-1
provirus, it was necessary to analyze 1831 cells
which contained only ev-1. Although env-related
proteins were not detectable in untreated 1831
cells (Fig. 3C, lane 5), a band comigrating with
gPr90 was evident in 1831 cells 5 and 10 days
after growth in 5-azacytidine (Fig. 3C, lanes 8
and 11). However, no gp85 could be found in
induced 1831 cells or in virions obtained from
these cells (Fig. 2C, lane 6). The reduced
amount of gPr90 in induced 1831 cells compared
to the other cells was probably due to the
absence of ev-6. Note that the amount of gPr90
attributable to ev-1 was greater than that due to
ev-6 alone as seen in the noninduced 1837 cells
(Fig. 3C, lane 6), where a substantial amount of
gp85 could be detected. Furthermore, no gp85
was visible in the lanes from 1831 cells even
after a fivefold longer exposure than that shown
in Fig. 3C (data not shown). We therefore con-
sider it highly improbable that the failure to
detect gPr90 cleavage products in 1831 cells was
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due to the reduced amount of gPr90, and con-
clude that ev-1 does encode the envelope glyco-
protein precursor but that this protein is not
processed normally.

The virion RNA. A number of experiments
were undertaken to determine the RNA content
of ev-1 encoded particles. 32P-labeled virion
RNA was prepared as described (7) from 1836 as
well as from S5-azacytidine-induced 1831 and
1837 particle-producing cultures. All samples
contained RNA that cosedimented in sucrose
gradients with 70S RNA from RAV-0 virions
(data not shown). This RNA was digested with
RNase T; and analyzed by two-dimensional gel
electrophoresis (7). Figure 4 shows fingerprints
of RNA isolated from RAV-0 virions (Fig. 4A)
and from particles from 1836 (Fig. 4B) and from
S-azacytidine-treated 1831 (Fig. 4C) cells. Only
those oligonucleotides that differed from RAV-0
are labeled in Fig. 4B and C. Fingerprints of
particle RNA produced by 1836 cells before and
after growth in 5-azacytidine were identical and
indistinguishable from those obtained from ei-
ther S5-azacytidine-treated 1831 (Fig. 4C) or 1837
cultures (data not shown). It is apparent from
these fingerprints that the particles contained a
single major species of RNA closely related to
that of RAV-0.

The relationship between the genomes of
RAV-0 and ev-1 is displayed in the oligonucleo-
tide maps shown in Fig. 5. Although the ev-1
RNA was closely related to that of RAV-0 (24
common oligonucleotides), we can identify it as
the product of the ev-1 provirus. Three oligonu-
cleotides, 617, 613, and 612, have been identified
as unique markers for the ev-1 transcripts as
judged by fingerprints of recombinant viruses
isolated from cells which contain this provirus
(J. M. Coffin, P. N. Tsichlis, K. F. Conklin, and
H. L. Robinson, manuscript in preparation). In
addition, the DNA sequences which code for
oligonucleotide 612, which maps near the 3’ end
of the genome RNA, and 617, located at the 5’
end of the genome, have been located at the
appropriate sites in cloned ev-1 DNA (16). Two
oligonucleotides, labeled 617* and h1 were pres-
ent in less than molar yield in Fig. 4B and C. The
composition of 617* was identical to that of 617,
except that it did not contain the capping group
normally found on this oligonucleotide. All other
oligonucleotides were in approximately equimo-
lar yield, indicating a relatively pure class of
RNA. RNA attributable to the ev-6 provirus was
not detectable in these fingerprints, as deter-
mined by the absence of any oligonucleotides in
the RNA from ev-1, 6 cells not present in the
RNA from cells containing only ev-1. In addi-
tion, if ev-6-encoded RN A had been present, the
yield of the gag oligonucleotides should have
been decreased relative to env and pol markers
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because ev-6 does not contain the gag gene (15,
18).

Fingerprint analysis of short (about 300 nucle-
otides long) polyadenylated RNA molecules ob-
tained by partial alkaline hydrolysis of the 70S
RNA isolated from RAV-0 (Fig. 6A) and 1836
(Fig. 6B) particles showed that there were five
oligonucleotides present in the 3’ proximal por-
tion of ev-1 RNA not found in RAV-0 RNA.
Oligonucleotide 08 in RAV-0 is allelic to oligonu-
cleotide 612 from ev-1 (Coffin et al., manu-
script in preparation). The other four oligonucle-
otides (617*, h1, h2, and h3) appeared to derive
from RNA molecules which were longer than
usual at the 3’ end. Oligonucleotide 617 contains
about 20 nucleotides of the genome repeat se-
quence (R), and 3 nucleotides of the 5’ unique
sequences (Us). The R and U, regions are within
the LTR sequences and are therefore present
twice in proviral DNA, once at each end of the
provirus (see Fig. 5). Genome RNA molecules
typically contain the R sequences at both ends
but Us sequences only near the 5’ end. The
presence of 617* in the 3’ terminal region of the
ev-1-encoded particle RNA suggests that a frac-
tion of the ev-1 RNA was polyadenylated further
downstream than normal and therefore included
some Us sequences at the 3’ end. Analysis of the
h1, h2, and h3 oligonucleotides confirmed the
aberrant nature of the 3’ polyadenylation of the
ev-1 transcripts. Comparison of the composition
of these three oligonucleotides (data not shown)
with the DNA sequence of the host cell DNA
flanking the right-hand end of the LTR of ev-1
(16) disclosed DNA sequences which could code
for these oligonucleotides. The approximate
lengths and amounts of these longer RNA spe-
cies could be estimated from the fingerprints
shown in Fig. 4 and 6. Since the 5’ oligonucleo-
tide 617 had a greater intensity in the whole
genome than the 3’ oligonucleotide 617* (Fig. 4B
and C), not all of the RNA molecules contained
the unusual 3’ end. Since the yield of 617* was
roughly equal to that of h1 and h2 and much
greater than that of h3, the large majority of
these molecules must have had a 3’ terminus
between 120 and 200 nucleotides from the usual
polyadenylated site. From the presence of a
very small amount of oligonucleotide h3 (not
visible in the reproduction), perhaps 10% or
fewer of the molecules were more than 220
nucleotides longer than usual.

The RNA used for 3’ end analysis was orig-
inally isolated as 70S virion RNA, suggesting
that the host cell sequences were on extended
ev-1 transcripts and do not represent indepen-
dent molecules, although we cannot at this time
exclude the possibility that additional smaller
transcripts cosedimented with ev-1 70S RNA.

To confirm that the RNA identified as the

617

618
617"

612
402
613

25
yzed by two-dimensional polyacrylamide gel electrophoresis as described (7). The numbering is according to our

ligonucleotides was confirmed by RNase A digestion (not shown). Only those oligonucleotides which differ from RAV-0

22
23

-encoded RNA isolated from virions. 32P-labeled 70S RNA of RAV-0 (A), 1836 (B), and S-azacytidine-induced 1831 (C)
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FIG. 4. Fingerprints of RAV-0 and ev-1
previous convention (8). The identity of all o

particles was digested with RNase T,
are labeled in (B) and (C).
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FIG. 6. 3'-Proximal regions of RAV-0 and ev-1 virion RNA. Short (about 300 nucleotides long) polyadenylat-
ed fragments were prepared from RAV-0 and 1836 particle RNA, digested with RNase T,, and subjected to

electrophoresis as in Fig. 4.

transcript of the ev-1 provirus was capable of
coding for the protein detected in vivo, RNA
isolated from 1836 particles was added to an in
vitro translation system. Analysis of total reac-
tion productions on SDS-polyacrylamide gels
showed production of the APr76 protein (data
not shown).

Chromatin structure and methylation of Ev-1
DNA. Active chromatin may be distinguished
from inactive chromatin in several ways. Ex-
pressed genes are more sensitive to digestion by
DNase I, often displaying one or more ‘‘hyper-
sensitive”’ sites (46). In addition, expressed
genes are usually undermethylated at the dinu-
cleotide CpG (24). These characteristics have
been established for the endogenous provirus
ev-3 and the ev-1 provirus in S-azacytidine-
induced cells (13, and unpublished results). The
finding that 5-azacytidine induces ev-1 expres-
sion and results in concomitant undermethyla-
tion and generation of DNase I hypersensitivity
in ev-1 DNA strongly suggests that undermeth-
ylation is important in transcriptional regulation.
After S-azacytidine induction, ev-1 proviral
DNA is generally hypomethylated, with no ap-
parent site specificity (13, and unpublished re-
sults). The identification of 1836 cells, which
contained a spontaneously active ev-1 provirus,
allowed determination if all or only a subset of
the alterations seen after S-azacytidine treat-
ment was evident in these cells.

To analyze the relative DNase I sensitivity of
ev-1 DNA in 1836 cells, nuclei were isolated and
treated with increasing concentrations of DNase
I, and the DNA was purified. For comparison,
we also analyzed DNA from 1837 cells. After
digestion with EcoRlI, electrophoresis in 1%
agarose gels, and transfer to nitrocellulose, the
samples were hybridized with the gag-specific

probe shown in the bottom of Fig. 7. Without
DNase I digestion (0 DNase, Fig. 7A), both the
1836 and 1837 DNA yielded the 8.4-kbp, left-
hand ev-1-specific EcoRI fragment (18, 35). As
mentioned previously, both 1836 and 1837 DNA
contain ev-1 and another endogenous provirus,
ev-6. However, ev-6 is missing the 5’ LTR and
most or all of gag (15, 18). Thus, by using a gag-
specific probe, emphasized in heavy black in the
line drawing at the bottom of Fig. 7, we detected
only the 8.4-kbp, left-hand ev-1-specific frag-
ment and not the 7.0-kbp ev-6-specific 5’ EcoRI
fragment (18). After digestion with increasing
concentrations of DNase I, two prominent sub-
bands (2.15 and 1.25 kb) were evident in 1836
but not in the overexposed 1837 series. Assum-
ing that one end of these subbands corresponds
to the defined EcoRI restriction site in the gag
gene and the other end to a double-stranded cut
introduced by DNase I (49), the probable loca-
tions of the ev-1 hypersensitive sites in 1836
DNA were assigned to the 5’ LTR and to a site
in gag. Extensive mapping has confirmed these
locations and also revealed another hypersensi-
tive site in the 3' LTR of ev-1 in 1836 DNA (data
not shown). The DNase I hypersensitive site in
the gag gene of ev-1 from 1836 cells is not a
unique feature of this provirus. Such sites have
been detected in several active endogenous and
exogenous proviruses, although their presence
is more variable than those seen in the LTRs
(unpublished observations). The relatively
“low”’ intensity of the 1836 subbands and the
continued presence of the parental 8.4-kbp
EcoRI band at high concentrations of DNase 1
suggest that not all cells in the population con-
tain a copy of this locus in an active conforma-
tion.

To determine if the ev-1 provirus from 1836
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FIG. 7. Chromatin structure and methylation of the ev-1 provirus. (A) DNase I generated hypersensitive sites
in 1836, but not in sibling 1837 cells. Nuclei from 1836 and 1837 cells were treated with increasing concentrations
of DNase I at a DNA concentration of 1 mg/ml for 10 min at 37°C. DNA was isolated, digested with EcoRlI,
subjected to electrophoresis in neutral 1% agarose horizontal gels, transferred onto nitrocellulose filters, and
hybridized to a [3?Plgag probe subcloned from a clone of ev-1 DNA provided by A. Skalka (35) and containing
sequences indicated in heavy black on the map at the bottom of this figure. (The starting clone contained the 5’
end of ev-1 plus host flanking sequences; the provirus therefore extends to the right of the LTR as shown.)
Numbers at the top of each lane refer to concentrations of DNase I (in micrograms per milliliter). The locations of
the 1836 hypersensitive sites inferred from this experiment are indicated on the ev-1 map. (B) Methylation at CpG
dinucleotides in 1836 and 1837 DNA. DNA from 1836 and 1837 cells was isolated, digested sequentially with
EcoRI and then with either Mspl, Hpall, Aval, or Hincll. In addition, one sample was digested with only Aval.
After electrophoresis in horizontal 1.4 agarose gels, the DNA was transferred and hybridized as above. In most
cases, the 1837 lane is overexposed to demonstrate the lack of detectable limit digests. The map presented at the
bottom of this figure shows Aval and Hincll sites within the parental 5’ ev-1 8.4-kbp EcoRI fragment, and was
derived from our own work as well as that of Hishinuma et al. (16). The Aval* site is undermethylated in one
variant provirus of some 1836 cells, and the HincII* site is either absent or undermethylated in one 1836 variant.

cells contained a different pattern of methylation
relative to the inactive provirus in 1837 cells,
DNA was isolated from each cell type, digested
with the restriction endonucleases Mspl and

Hpall in combination with EcoRlI, run in neutral
agarose gels, and analyzed by hybridization with
the same probe.

The enzymes Mspl and Hpall are useful for
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specifically detecting methylation at the dinucle-
otide CpG. Both enzymes recognize the se-
quence 5'-CCGG-3’', but Hpall will not cut if
either C residue is methylated; Mspl is inhibited
only if the first C residue is methylated (44).
Therefore, digestion with Mspl will define the
presence of 5'-CCGG-3' sites, whereas Hpall
will allow determination of which of these sites
are methylated at CpG (41, 44). As evident in
Fig. 7B, digestion with EcoRI alone again yield-
ed only the 8.4-kbp ev-1 fragment from both
1836 and 1837 DNA. Digestion of 1836 and 1837
DNA with EcoRI and Mspl resulted in the
generation of three major bands of the same
apparent molecular weight in each sample (Fig.
7B), indicating identity of cleavage sites in both
DNAs. EcoRI and Hpall digestion of ev-1 DNA
from 1836 and 1837 cells gave a very different
pattern. First, many fragments smaller than the
EcoRI 8.4-kbp fragment were generated by
Hpall and were common to both 1836 and 1837
DNA. This result indicates that 1837 DNA and a
significant fraction of 1836 ev-1 DNA contained
regions of CpG hypomethylation. Because these
sites were hypomethylated in both cell types,
and because only the 1836 cells expressed ev-1,
these sites did not appear to be correlated with
transcriptional activity of the provirus. 1836 ev-1
DNA also contained two of the Mspl limit digest
products after Hpall digestion, indicating addi-
tional sites of hypomethylation in 1836 DNA
relative to 1837. No evidence of these fragments
was detected in 1837 DNA, even after prolonged
exposure. Although precise quantitation was not
possible, it is clear that only a relatively small
percentage of label was present in the 0.5- and
0.3-kbp fragments generated from 1836 DNA
after Hpall digestion. Thus only a fraction of
1836 DNA was unmethylated at these sites. If
differences in methylation patterns do correlate
with transcriptional activity, the low yield of
these fragments is consistent with the idea,
suggested by DNase I sensitivity data, that only
a fraction of 1836 cells contain an active ev-1
provirus.

Additional digestion of 1836 and 1837 DNA
with EcoRI and either Aval (5’-CPyCGPuG-3')
or Hincll (5'GTPyPuAC-3’) also generated dif-
ferent cleavage products from these two DNAs.
Based on the known restriction map of cloned
ev-1 DNA (16; Fig. 7), the observed differences
are most likely due to differential methylation at
some of these sites (see Discussion). Aval will
not cleave DNA if the C of CpG in its recogni-
tion sequence is methylated (25). Digestion of
cellular DNA with EcoRI and Aval showed that
ev-1 DNA from 1837 cells was missing a 1.2-kbp
fragment which was generated from 1836 ev-1
DNA either with EcoRI and Aval or with Aval
alone (Fig. 7B). Mapping studies have located
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the sites defining the ends of this fragment
within gag (16; see partial ev-1 map in Fig. 7),
with the 3'-most site (marked by an asterisk)
specifically unmethylated in ev-1 DNA from
1836 cells (Fig. 7; see Discussion). The other,
more 5' Aval site was variably modified in both
1836 and 1837 DNA, as evidenced by the pres-
ence of three shared bands after Aval and EcoRI
digestion. The 8.4-kbp fragment represents ev-1
DNA with both Aval sites methylated, whereas
the 6.7- and 1.7-kbp fragments correspond to an
ev-1 provirus with only the 5'-most Aval site
unmethylated. We feel that the simplest inter-
pretation of these results is that both 1836 and
1837 cells contain one chromosome in which ev-
1 is methylated at both Aval sites and a homolo-
gous chromosome in which ev-1 is not methylat-
ed at the 5'-most Aval site. We cannot
determine how these homologs are distributed in
the cell population. The unmethylated 3’ Aval
site in 1836 cells might then represent a develop-
mental ‘‘mistake’ generated and propagated in
this second allele sometime after fertilization
(see Discussion).

The recognition sequence of Hincll can also
contain CpG; however, sensitivity of this en-
zyme to methylation has not been established.
Interestingly, Humphries et al. (19) saw increas-
ing cleavage sites for Hincll in RAV-0 proviral
DNA which had been acquired after exogenous
infection relative to the inherited ev-2 provirus.
We therefore analyzed ev-1 DNA after digestion
with EcoRI and Hincll. Figure 7 shows that
DNA from both 1836 and 1837 cells generated a
3.5-kbp fragment. The generation of an addition-
al larger (4.2-kbp) fragment from 1836 cellular
DNA indicates that a fraction of ev-1 DNA from
these cells had a modified Hincll site (marked
by an asterisk in Fig. 7) relative to ev-1 DNA
from 1837 cells. These results suggest that some
of the 1836 proviruses have lost the more 3’
Hincll site or that this site contains a CpG in
which the C is methylated in one 1836 allele.

These data show that a significant fraction of
ev-1 proviral DNA from 1836 cells was distin-
guishable from that of 1837 by the presence of
DNase I hypersensitive sites, by decreased sites
of methylation, and by at least two DNA modifi-
cations, which may also be methylation differ-
ences. The observation that only a fraction of
the ev-1 DNA in 1836 cells contained these
characteristics associated with active DNA sug-
gests that not all cells in the population contain a
copy of the ev-1 locus in an active conformation.

DISCUSSION
A variant ev-1 provirus with a novel phenotype.
The ev-1 provirus, found in virtually all white
leghorn chickens (38), is usually relatively inac-
tive, coding for barely detectable levels of RNA
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and proteins (15), and has not previously been
associated with endogenous virus expression.
We report here a novel phenotype in chicken
cells, conferred by a variant ev-1 provirus. The
cells that contain this provirus, fibroblasts from
embryo 1836, produced high levels of the gag
gene product, APr76, which was cleaved into
virion structural proteins and assembled into
virions. Analysis of DNA from 1836 cells re-
vealed no additional avian leukosis virus-related
DNA relative to nonexpressing siblings and that
no gross alteration of proviral DNA had oc-
curred. Although our analyses would not have
revealed additional proviruses in a small minor-
ity of cells, a number of lines of evidence
exclude this possibility for the 1836 phenotype.
First, we were unable to detect the presence of
infectious virus from any of the cultures charac-
terized as positive for ev-1 expression, eliminat-
ing the possibility of accidental infection with a
replication-competent virus as the basis for the
1836 phenotype. Had a replication-defective vi-
rus been introduced alone, it would have been
unable to spread to a sufficient number of cells
to be detectable. Second, analysis of cellular
DNAs after digestion with EcoRI and BamHI,
which generate fragments from within the provi-
rus, did not reveal additional virus information
relative to the analysis with Sacl (data not
shown). Furthermore, no trace of a provirus
with an EcoRI cleavage site characteristic of
exogenous virus LTRs (17, 18) could be detect-
ed. Third, the identical phenotype could be
induced with 5-azacytidine from two sibling cul-
tures, one of which contained only ev-1, as well
as from chicken cells from a completely different
source (13). Fourth, fingerprint analysis of the
RNA released from 1836 and induced 1831 cells
revealed an identical composition which was
distinct from all other endogenous and exoge-
nous viruses that we have studied (Coffin et al.,
manuscript in preparation). This genome con-
tained many markers (such as oligonucleotides
01, 02, 03, etc.) common to most endogenous,
but not exogenous, viruses. Furthermore, some
characteristic oligonucleotides such as 613 and
617 have been previously found only in genomes
of recombinants generated by exogenous virus
infection of noninduced cells containing only ev-
1 (K. Conklin, Ph.D. thesis, Tufts University,
Boston, Mass., 1982). Analysis of two other
characteristic oligonucleotides, 617 and 612,
showed that they had the composition and mo-
bility predicted from the nucleotide sequence of
the LTR of ev-1 (16). Again, these characteristic
oligonucleotides have been found in no other
virus genome, save known recombinants with
ev-1. We therefore conclude that the phenotype
we are observing is a consequence of induction
of the provirus at the ev-1 locus.

EXPRESSION OF THE ENDOGENOUS VIRUS ev-1
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By restriction enzyme analysis, the ev-1 pol
gene appears intact (35). It was somewhat sur-
prising, then, that no protein related to the pol
gene product was detectable in cells or virions.
Recent results indicate that the gag and pol
genes are in different reading frames in the virus
genome (47; D. Schwartz, personal communica-
tion) and suggest that a spliced message is
generated which allows production of the gag-
pol fusion protein. ev-1, then, may be defective
in production of a functional pol mRNA. Alter-
natively, the pol gene may contain a mutation
near its 5’ end which leads to premature termina-
tion, generating a protein indistinguishable from
APr76 under our conditions. Resolution of the
pol gene defect will apparently depend on se-
quencing of this region.

Analysis of 5-azacytidine-induced cells that
contained only ev-1 allowed determination of the
env gene expression from this provirus. After
treatment with S-azacytidine, 1831 cells did not
produce the envelope glycoprotein precursor
protein (gPr90), yet we were unable to detect the
processed forms of this protein in either cells or
virions. No significant size difference was de-
tected between gPr90 from ev-1 cells and that
from cells containing ev-6, suggesting compara-
ble levels of glycosylation. The presence of
envelope glycoproteins in virions from ev-6-
containing cells implies that the defect in ev-1 is
within env and not in the ability of ev-1-encoded
virions to incorporate a functional envelope gly-
coprotein.

The RNA packaged in virions from 1836 and
induced ev-1, ev-6 cells was identical to that
isolated from virions of induced ev-1 cells. The
fact that ev-6 RNA was not packaged is not
surprising, since sequences located near the 5’
end of virion RNA appear to be required for
efficient incorporation into virions (33), and the
ev-6 provirus carries a deletion which includes
this region (15, 18). The ev-1-encoded virion
RNA contained heterogeneous 3’ ends that were
apparently generated from readthrough of provi-
ral sequences into host-flanking sequences and
polyadenylation at sites downstream of the nor-
mal site. This heterogeneity is similar to that
described for transcripts of some other eucary-
otic genes (30), and may represent the existence
of multiple polyadenylation sites which all give
rise to stable, functional mRNA’s.

ev-1 is widespread in white leghorn chickens
and could have contributed by complementation
or recombination to a number of previously
described genetic phenomena of avian leukosis
and sarcoma viruses. For example, we have
found that a virus with variant host range (BO1-
Pr-RSV) originally attributed to mutation (40)
contained oligonucleotide 618, and was there-
fore likely a recombinant with ev-1 (data not



650 CONKLIN ET AL.

shown). We have also found that RAV-0, after
repeated passage on ev-1-containing cells, ac-
quires a significant amount of genomes which
are recombinants with ev-1, as judged by the
appearance of ev-1-specific oligonucleotides in
its RNA (Coffin et al., manuscript in prepa-
ration). Thus, ev-1 is capable of contributing by
recombination to both exogenous and endoge-
nous viruses grown on cells which contain it.
Such recombination could also lead to viruses
which acquire specific defects. For example,
two recently described variants of Rous sarcoma
virus, SE521 (22) and PN3/2SR-D (37), have
defects in glycoprotein processing similar to
those in ev-1. We have found that the SES21
genome contains some ev-1-specific markers (K.
Conklin, unpublished results), although we can-
not conclusively state that the defect specifically
derives from ev-1. Similarly, the low-molecular-
weight p19 proteins seen in many recombinant
viruses (31) may in fact derive from recombina-
tion with the ev-1 gag gene which is character-
ized by a low-molecular-weight p19. Finally, it
should be noted that mutants whose functions
can be complemented or repaired by recombina-
tion with ev-1 might be expected to be very
difficult to isolate and maintain on ev-1-contain-
ing cells. Interestingly, very few temperature-
sensitive mutants of RSV with lesions in gag
have been isolated compared to the numbers of
src and pol. Clearly, the use of ev-negative birds
(1) is to be recommended for future attempts to
isolate such mutants.

Chromatin structure and methylation of ev-1
DNA. In attempting to understand the molecular
basis of ev-1 expression in the 1836 variant, we
have examined the chromatin structure and
DNA methylation patterns of ev-1-specific DNA
in these cells. Our results show that expression
of ev-1 in this variant is correlated with the
acquisition of DNase I hypersensitive sites in
both LTRs as well as in gag. We also observed
hypomethylation at the dinucleotide CpG as
detected with restriction endonuclease Hpall.
Specific differences in cleavage patterns of ev-1
DNA from 1836 and 1837 cells were also detect-
ed with Aval and Hincll.

Given the methyl sensitivity of Aval cleavage,
it is likely that the apparent absence of this site
in 1837 and a fraction of 1836 ev-1 DNA is
actually due to methylation. This notion is sup-
ported by the presence of this site in other ev-1-
containing cells after exposure to S-azacytidine
(unpublished observations). Cloned ev-1 DNA
also contains two Hincll sites in the 5’ host
flanking DNA. The apparent loss of one of these
sites in a fraction of 1836 cells represents either
methylation at this site or primary sequence
alteration. If the basis is methylation, this result
indicates that it may be the pattern of methyl-
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ation rather than methylation per se that influ-
ences transcription. We are currently cloning
and sequencing ev-1 DNA from 1836 cells to
determine if the observed difference in Hincll
digestion is due to primary sequence alteration.

Heterogeneity was observed in the products
obtained from ev-1 DNA after digestion with
Hpall, Aval, and Hincll. 1836 ev-1 DNA con-
tained the two ‘‘normal”’ ev-1 proviruses seen in
DNA from sibling embryos as well as a ‘‘vari-
ant” one. The most likely explanation for this
result is that 1836 and 1837 cells contain two
distinct ev-1 proviruses, one of which is marked
by methylation at both Aval sites and the other
by methylation only at the 5’ proximal site. The
novel Aval fragment generated from 1836 DNA
suggests the presence of an additional provirus,
present in a fraction of the 1836 population,
which is unmethylated at both of these Aval
sites. If this provirus represents the active ev-1,
it could account for the hypomethylated fraction
seen with Hpall digestion and the component
which is hypersensitive to DNase I digestion.
The obvious prediction from this model is that
1836 cells consist of a mixed population of ev-1-
silent and ev-1-expressing cells. This possibility
is currently under investigation. The event(s)
which gave rise to the ‘‘active’’ ev-1 provirus
appears to be unique to embryo 1836. Analysis
of eight sibling embryos of 1836 has failed to
reveal another ev-1-expressing individual (data
not shown), indicating that this phenotype was
not inherited from the parents. It is possible that
a novel pattern of methylation could arise during
development. The recent observation that meth-
ylation of CpG dinucleotides in transfected
DNA is not replicated with 100% fidelity (48)
may support this notion.

The finding that S-azacytidine induces ev-1
gene expression is strong evidence that methyl-
ation of DNA plays a role in endogenous retro-
virus gene expression. Although we have not
proven that undermethylation of ev-1 DNA itself
effects transcriptional activation, the fact that
the spontaneously active ev-1 provirus in 1836
cells contains an altered methylation pattern
provides strong support for this hypothesis.
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