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Modification of Avian Sarcoma Proviral DNA Sequences in
Nonpermissive XC Cells but Not in Permissive Chicken Cells
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For the first time, we present evidence with restriction enzymes Hpall and
Mspl which indicates that the proviral DNA sequence of avian sarcoma virus is
modified by methylation in a nonpermissive rat cell line but not in permissive
chicken cells. Some of the endogenous viral sequences in the permissive cells were
also methylated. No 5-methylcytosine could be detected in the unintegrated viral

DNA.

Almost two decades ago, Svoboda (16) estab-
lished a cell line (XC) from a Prague C strain of
avian sarcoma virus-induced rat fibrosarcoma.
Varmus et al. (20) have shown that these cells
contain about 10 to 20 copies of viral genome per
diploid cell genome. Direct experiments with XC
DNA infection of permissive chicken cells indi-
cate the presence of some complete genomes (6,
17). Despite the fact that many viral DNA
(vDNA) copies are integrated in these cells,
fewer than 200 molecules per cell (fewer than 10
to 20 viral 35S RNA equivalents per DNA copy)
of viral RNA are synthesized (19), whereas in a
permissive cell as many as 5,000 to 10,000 copies
of viral RNA are transcribed per genome of
proviral DNA (5). No satisfactory explanation
for this differential level of transcription in these
two host cells is available at this time.

In an attempt to study the pattern of integra-
tion of viral genome in these XC cells, we have
made a surprising observation which indicates
that restriction enzymes such as Hhal and
Hpall fail to cleave proviral DNA sequences.
Since these enzymes do not cut DNA if the
cytosine residue in the recognition sequence is
methylated (2, 3, 9, 13, 21), we propose that
proviral DNA is methylated. In this report, we
present evidence for the occurrence of 5-meth-
ylcytosine in the proviral DNA of nonpermissive
XC cells but not in permissive chicken cells. The
implications of this finding are discussed.

XC cells and chicken embryo fibroblasts
transformed by the Prague C strain of avian
sarcoma virus (Pr.C-Ck), grown in minimal es-
sential medium and medium 199, respectively,
were harvested, and the DNA was isolated. Sam-

1 Present address: Bethesda Research Laboratories, Rock-
ville, MD 20850.
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ples of the DNA were digested with restriction
enzymes Hhal, Hpall, and Mspl and analyzed
on agarose gels. The gels were stained with
ethidium bromide, the DNA in the gels was
transferred to a nitrocellulose paper, and virus-
specific sequences were detected by hybridiza-
tion to **P-labeled virus-specific complementary
DNA (7, 8, 12, 14). The enzyme Hhal recognizes
the nucleotide sequence 5-GCGC-3’, and the
enzymes Hpall and Mspl cleave DNA at 5'-
CCGG-3’ (9). In contrast to Hhal and Hpall,
which do not digest at the recognition sequence
if the cytosine is methylated, Mspl cleaves DNA
regardless of methylation (3, 9). On the basis of
four-nucleotide recognition, we anticipate that
any given DNA should be digested extensively
to yield very small fragments of about 250 base
pairs.

In agreement with reports from other labora-
tories (3, 13, 15, 21), we found that both Hhal
and Hpall digested both rat and chicken DNAs
to an average size of about 15 to 20 kilobases,
whereas Mspl digested rat and chicken DNAs
to an average size of less than 2 to 4 kilobases.
Because the sites are not available to Hhal and
Hpall but are available to Mspl, we suggest that
a majority of the sites in the cellular DNA are
methylated in the cytosine residue.

When the DNA samples digested with Hhal
and Hpall were analyzed for viral sequences, we
found that in XC cells the majority of vDNA
was present in a form larger than 10 megadaltons
(Md) (Fig. 1). In contrast, Mspl converted the
viral sequences to small fragments ranging in
size from 0.12 to 0.8 Md. Parallel experiments
with unintegrated vDNA, purified from Prague-
C-infected quail cells, indicated that the viral
sequences were equally susceptible to all three
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F16. 1. Large-molecular-weight DNA was isolated
from XC and Pr.C-Ck cells as described previously
(4). Approximately 10 pg of XC DNA and 20 to 30 pg
of Pr.C-Ck DNA were digested with 40 to 80 U of
Hhal, Hpall, or Mspl under the conditions described
by the suppliers of these enzymes (Mspl and Hhal
from New England Biolabs and Hpall from Be-
thesda Research Laboratories). To monitor digestion,
2p _lgbeled adenovirus type 2 DNA was added to a
sample of the reaction mixture, and the digestions
were allowed to continue at 37°C for 2 to 3 h. The
enzyme was inactivated either by heating at 68°C for
5 min or by phenol extraction followed by precipita-
tion with ethanol at —20°C. The DNA digests, taken
up in Tris-EDTA containing bromophenol blue dye
marker, were applied in each slot of a 1% agarose
slab gel and electrophoresed at 40 V for 16 to 18 h.
DNA in the gel was denatured by alkali, transferred
to nitrocellulose filter paper (Millipore Corp.), and
hybridized with **P-labeled virus-specific comple-
mentary DNA by the method of Southern (14) with
some modifications (8). **P-labeled viral complemen-
tary DNA (300 X 10° to 500 x 10° cpm/pg) was syn-
thesized by the method of Taylor et al. (18), using calf
thymus DNA primer and avian myeloblastosis virus
reverse transcriptase (kindly supplied by J. Beard
through the Office of Logistics and Resources of the
National Institutes of Health). The hybridizations
were carried out for 24 to 30 h at 68°C in sealed
plastic bags containing 10 ng of **P-labeled comple-
mentary DNA per ml and 10 pg of HeLa cell rRNA
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enzymes and that the fragments ranged from
0.12 to 1.2 Md (Fig. 1). In reconstruction exper-
iments with **P-labeled DNA mixed with XC
DNA, we ruled out incomplete digestion or the
presence of nonspecific inhibitors in the XC
DNA preparations. Similar results were ob-
tained with two different clones of XC cells.
From these results we conclude that the major-
ity of the proviral DNA sequences in XC cells
but not the unintegrated vDNA contain 5-meth-
ylcytosine.

Another set of experiments lends additional
support to this conclusion. Instead of using
whole DNA, XC, Pr.C-Ck, and chicken embryo
fibroblast DNAs were first digested with the
restriction enzyme EcoRI and then with Hhal,
Hpall, or Mspl; the resulting fragments were
analyzed by the blotting method (7, 8, 12, 14)
and then exposed against X-ray film for longer
times to ensure against any incomplete digestion
by the latter enzymes. Earlier, we generated
cleavage maps of avian sarcoma vDNA for sev-
eral restriction enzymes. On that basis, EcoRI
should cleave vDNA at four sites to yield three
defined fragments of 2.5, 2.0, and 1.5 Md. Figure
2 clearly shows the expected three fragments
from both XC and Pr.C-Ck DNAs. In XC DNA
another fragment of about 0.8 Md was also evi-
dent. Our evidence indicates that this fragment
was generated by an additional EcoRI site which
is present in many of the viral copies in XC
DNA. In agreement with the data in Fig. 1,
digestion by Hhal and Hpall did not alter the
pattern, whereas Mspl completely digested the
DNA, as evidenced by the absence of all four
major bands. By contrast, in the Pr.C-Ck DNA,
both the 2.0- and the 1.5-Md fragments were
completely digested by all three enzymes, and
the intensity of the 2.5-Md fragment was greatly
reduced. Unintegrated vDNA, either digested
directly or after EcoRI digestion, showed com-
plete susceptibility to Hpall, Mspl, and Hhal
(Fig. 2), providing strong evidence for the ab-
sence of any 5-methylcytosine in the recognition
sequences for these enzymes. We have not yet
derived a complete map for the cleavage sites of
these enzymes, mainly because of a large number
of small fragments which can be easily missed
unless a very sensitive method is available.
EcoRI enzyme results, as well as data with sev-
eral enzymes such as HindIIl and Xbal, which

per ml (14). We have observed that if we include
rRNA during hybridization, no bands corresponding
to rDNA are detected. The filters were washed by the
method of Jeffreys and Flavell (8) with minor modi-
fications, dried, and exposed against a Kodak X-
Omat XR-1 film at —70°C with a Du Pont Cronex
intensifying screen. A HindIII digest of \DNA was
used as a marker.
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are not affected by methylation, strongly argue
against any possible artifacts in the restriction
enzyme digestion. Further, these results indicate
that the majority of the cytosine residues pres-
ent in the recognition sequences for Hhal and
Hpall are methylated.

When XC DNA, Pr.C-Ck DNA, chicken em-
bryo fibroblast DNA, and vDNA were digested
with Mspl, a smear of small fragments was ob-
" tained (Fig. 1). To demonstrate the disappear-
ance of EcoRI fragments and the appearance of
several different small fragments as a result of
Mspl digestion, we used a gradient agarose gel
system. In this case, not only large fragments
but also small fragments of up to 0.2 Md were
detected. These were identical to those obtained
with unintegrated vDNA (data not shown).
Hhal generated slightly different-size fragments
from vDNA and Pr.C-Ck DNA (Fig. 2).

Since the Pr.C-Ck DNA used in these experi-
ments was isolated from the infected-cell nuclei
and since the DNA was larger than 10 Md (Fig.
2), it is unlikely that the observed sensitivity of
this DNA to Hpall, Mspl, and Hhal was due to
the presence of contaminating unintegrated
vDNA, as there was no trace of 6.0-Md frag-
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ments in the uncleaved DNA (Fig. 2).

It should also be pointed out that EcoRI
released not only the three expected 2.5-, 2.0-,
and 1.5-Md fragments but also four other frag-
ments of about 13.0, 10.0, 6.0, and 5.2 Md from
the Pr.C-Ck DNA. In uninfected chicken em-
bryo fibroblast DNA, only the 13.0-, 10.0-, 6.0-,
5.2-, and 2.5-Md bands were detected (Fig. 2).
Two groups (1, 10) presented evidence for the
presence of three EcoRI fragments derived from
endogenous (Rous-associated virus type 0) viral
sequences which correspond to 10.0-, 6.0-, 5.2-,
and 2.5-Md fragments. In addition, McClements
et al. (10) have shown that the 13-Md band
contains sequences related to the endogenous
sarc gene. Therefore, it is very likely that the
10.0-, 5.2-, and a portion of the 2.5-Md fragments
are derived from endogenous Rous-associated
virus type O sequences. Since the 5.2-, and 2.5-
Md fragments were resistant to Hhal and Hpall
but completely susceptible to Mspl, we propose
that, unlike the exogenous viral sequences, some
of the endogenous sequences are also methyl-
ated. After Hpall digestion, another prominent
band of about 4.4 Md appeared. This might be
due to the removal of adjacent cellular se-
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F16. 2. Purified cellular DNA was first digested with EcoRI (Bethesda Research Laboratories) at an
enzyme-to-DNA ratio of about 8 to 10, phenol extracted, and precipitated with ethanol at —20°C. The
precipitates were collected by centrifugation and suspended in the appropriate buffer, and a sample was
subsequently treated with Hhal, Hpall, or Mspl. The DNA digests were electrophoresed on 1% agarose gels,
and virus-specific sequences were detected as described in the legend to Fig. 1. All chicken embryo fibroblast
(CEF) cells were prepared from 12-day-old embryos which were obtained from SPAFAS.
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quences present in the 13.0-, 10.0-, and 6.0-Md
fragments.

In summary, we have presented evidence for
the methylation of proviral DNA sequences in
a nonpermissive rat cell line as well as endoge-
nous viral sequences that are normally present
in chicken cells. In contrast, neither the uninte-
grated vDNA nor the integrated proviral DNA
from chicken cells exogenously infected by avian
sarcoma virus of different strains (Prague C,
Prague B, and B77) is methylated. The fact that
in both cases in which transcription was less
efficient the proviral DNA was methylated
whereas in chicken cells in which transcription
was occurring no such methylation could be
detected suggests, but does not prove, a corre-
lation between the level of transcription and the
degree of methylation. Also, the fact that the
2.0- and 1.5-Md EcoRI fragments, which lack 5-
methylcytosine, represent the end fragments of
the avian sarcoma virus genome and contain a
possible promoter site (Guntaka et al., unpub-
lished data) suggests a regulatory role for this
odd base. The evidence presented here and by
others (R. Sweet, personal communication) al-
lows us to postulate a possible modulating role
for 5-methylcytosine in gene regulation. McGhee
and Ginder (11) recently arrived at similar con-
clusions based on their results with the methyl-
ation of the B-globin gene and its expression in
different tissues. More experiments are neces-
sary to test such a modulatory role for 5-meth-
ylcytosine in gene expression. Nevertheless, we
believe that this is the first direct evidence for
structural modifications of proviral DNA se-
quences in different host cells.
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