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The epigenetic status of integrated adenovirus type 12 (Ad12) DNA in hamster cells cultivated for about 4
decades has been investigated. Cell line TR12, a fibroblastic revertant of the Ad12-transformed epitheloid
hamster cell line T637 with 15 copies of integrated Ad12 DNA, carries one Ad12 DNA copy plus a 3.9-kbp
fragment from a second copy. The cellular insertion site for the Ad12 integrate, identical in both cell lines, is
a >5.2-kbp inverted DNA repeat. The Ad12 transgenome is packaged around nucleosomes. The cellular
junction is more sensitive to micrococcal nuclease at Ad12-occupied sites than at unoccupied sites. Bisulfite
sequencing reveals complete de novo methylation in most of the 1,634 CpGs of the integrated viral DNA, except
for its termini. Isolated unmethylated CpGs extend over the entire Ad12 integrate. The fully methylated
transgenome segments are characterized by promoter silencing and histone H3 and H4 hypoacetylation.
Nevertheless, there is minimal transcriptional activity of the late viral genes controlled by the fully methylated

major late promoter of Ad12 DNA.

A major part of mammalian genomes is made up of re-
petitive DNA, and viral retrotransposons comprise a sub-
stantial part of it. Little is known about the stability or
numerical plasticity of the repetitive sequences. Repetitive
DNA in mammalian genomes is heavily methylated (for
recent reviews, see references 6, 29, and 47), possibly as a
defense against the potential activity of foreign genes in an
established genome (5, 50). The degree of methylation, par-
ticularly of the repetitive cellular DNA sequences, is subject
to alterations in cells with integrated foreign DNA in the
genome (13, 32). Transgenomes are frequently generated
and exploited in experimental and applied molecular biol-
ogy. Their structure and the effects of their insertion on the
stability and functionality of the recipient genome require
more detailed studies.

In a model system, we have investigated the stability as well
as the methylation and transcriptional profiles of integrated
adenoviral genomes in hamster cells. The transformed cell line
T637 has been generated by infecting baby hamster kidney cell
line BHK21 (40) with human adenovirus type 12 (Ad12) (41).
The genomes of T637 cells carry about 15 copies of Ad12 DNA
integrated at a single chromosomal site (18, 35, 39). Upon
continuous cultivation of cell line T637, morphological rever-
tants, from epitheloid to more fibroblastic, arose spontane-
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ously (10). In one of these revertants, TR12, only one copy and
a fragment of a second copy of Ad12 DNA persist stably (7).

The genomes of human adenoviruses are always chromo-
somally integrated and hypermethylated in Ad12-transformed
cells and in Ad12-induced hamster tumor cells (26, 42, 43).
Virion DNA or free intracellular adenoviral DNA is not meth-
ylated (11, 17). The integrated Ad12 genomes in the revertant
cell line TR12 are more extensively methylated than those in
the parental cell line, T637 (27). Hence, hypermethylation of
transgenic DNA might be related to its stability in the recipient
genome.

Cell lines T637 and TR12 offer the advantage of analyzing
foreign DNA integrates of about 15 copies and 1 copy plus a
3.9-kbp fragment of Ad12 DNA, respectively, at the same
chromosomal site and at the same time after insertion. By
using the bisulfite genomic sequencing technique, we have
determined the complete methylation map of a total of 1,634
CpG dinucleotides in the 34.1- plus 3.9-kbp stable Ad12 inte-
grate in the TR12 revertant cell line. We have also compared
this methylation pattern to that in selected Ad12 DNA seg-
ments in the original T637 cell line. DNA hypermethylation
and absence of histone H3 and H4 acetylation as well as
histone H3 lysine 9 trimethylation correlate with transcrip-
tional inactivation. However, the hypermethylated state of
the major late promoter (MLP) of Ad12 DNA still permits
minimal residual activity of the late Ad12 structural genes in
both cell lines. Conceivably, the transiently hemimethylated
state following DNA replication in growing cells or even the
completely methylated state of the MLP is compatible with
low levels of transcription. The E1 genes of Ad12 are tran-
scribed in cell line T637 and at a very low level in the
revertant. The cellular DNA at the site of transgenome
insertion exhibits increased sensitivity towards micrococcal
nuclease digestion compared to the unoccupied insertion



5350 HOCHSTEIN ET AL.

site. The viral transgenome itself is organized around nu-
cleosomes.

MATERIALS AND METHODS

Cells and virus. Propagation of cell lines T637 and TR12 and of Ad12 virions
was described previously (15).

Standard methods of molecular biology were employed for Southern blotting
(19, 37), DNA-DNA hybridization, DNA in vitro manipulations, transformation,
DNA sequencing of integrated Ad12 DNA, and PCR amplification. For cloning
and subcloning, the plasmid vectors pBS(+) (Stratagene, La Jolla, CA) and
pGEM-T (Promega, Madison, WI) were used.

Characterization of the integration patterns of Ad12 DNA in T637 and TR12
cells and subcloning of Ad12 DNA fragments. The viral-cellular and interviral
DNA junctions of integrated viral genomes in T637 and TR12 cells were char-
acterized (i) by hybridization of the restriction endonuclease-cleaved genomic
DNA with a-*?P-labeled specific DNA probes on Southern blots; (ii) by sub-
cloning DNA fragments from the identified off-size bands that include junction
sequences; and (iii) by PCR amplification, subcloning, and/or sequencing of
junction fragments. Off-size viral DNA fragments do not correspond in length to
authentic Ad12 DNA restriction fragments and are due to viral-cellular DNA
junctions or rearranged viral DNA.

Quantitative reverse transcription-PCR of total RNA from cell line T637 or
TR12. Total RNA was extracted from T637 or TR12 cells that grew in exponen-
tial phase and had reached about 70% confluence. Genomic DNA was quanti-
tatively removed by treating the total RNA samples twice with “on-column”
DNase I (QIAGEN, Hilden, Germany) and subsequently with RQ1 DNase I
(Promega, Madison, WI). For unidirectionally transcribed Ad12 regions (E1A,
E1B, E4, B-actin), total RNA was reverse transcribed to cDNA using random
hexamers. For regions known to be bidirectionally transcribed (hexon, penton,
and endoprotease), cDNAs were generated using gene-specific primers. All
quantitative PCRs (qPCRs) were performed in an Applied Biosystems 7500
real-time PCR system and by using SYBR-Green incorporation into double-
stranded DNA for amplicon detection. Standard curves were generated with
PCR products that were slightly longer than the qPCR amplicons. cDNA gen-
erated from 0.1 ng (B-actin) or 100 ng total RNA (Ad12 genes) was used in the
qPCRs, which were all performed at least in duplicate. Amplification of possibly
contaminating genomic DNA was excluded by running the gPCR with samples
that had been generated by mock reverse transcription in the absence of reverse
transcriptase. qPCR signals were not obtained under these conditions. The
specificity of SYBR-Green incorporation was validated by generating melting
curves and by separating the amplicons by electrophoresis in agarose gels. As an
internal control, the amount of B-actin mRNA that was strongly transcribed in
cell culture was determined.

Bisulfite protocol for the genomic sequencing technique. A published proce-
dure (3, 9) was slightly modified. DNAs from cell lines T637 and TR12 were
isolated using standard procedures and were dialyzed for 3 days against several
changes of Tris-EDTA (TE) buffer. Genomic DNA was sheared by 10 passes
through a 23-gauge needle. In a single conversion reaction, 2 ng of sheared
genomic DNA was bisulfite treated as follows. Fifty microliters of the DNA
solution was denatured in 0.3 M NaOH for 15 min at 37°C and for 2 min at 95°C
and quenched on ice. The bisulfite solution (8.5 g sodium bisulfite [Sigma catalog
no. S9000] in 20 ml double-distilled water and 2.25 mM hydroquinone, pH 5) was
always prepared freshly in degassed water. Five hundred microliters of the
bisulfite solution was added to the denatured DNA, and the reaction was carried
out for 17 h at 50°C in the dark. The DNA solution was then purified in a
Micrococon YM-100 spin device (1). Alkali desulfonation was carried out di-
rectly in the spin device by addition of NaOH to a final concentration of 0.3 N
and incubation for 20 min at 37°C. Bisulfite-treated DNA was eluted in 50 wl TE
buffer; 1 wl was usually enough for PCR. Primers to amplify bisulfite-treated
DNA were designed with the MethPrimer program (21). Nested PCRs in 25 pl
were performed with 1 ul of bisulfite-treated DNA, 1.5 mM MgCl,, 200 uM
deoxynucleoside triphosphates, 1.25 unit of Tag (Sigma, St. Louis, MO), and 0.2
M primers or by using 2X Ampli7Tag Gold PCR master mixture (PE Applied
Biosystems, Foster City, CA) in a PerkinElmer GeneAmp PCR System 2400
with the following cycle conditions: 95°C for initial denaturation (5 min); 25
to 45 cycles at 95°C (1 min), 50°C (2 min), and 72°C (2 min); and final
extension at 72°C (10 min). Nested PCR was performed under the same
conditions with 1/10 of the reaction volume of the first PCR. Amplicons were
agarose gel purified and cloned into the pGEM-T vector (Promega, Madison,
'WI) for the analysis of single DNA molecules. Sequencing was performed on
an ABI Prism 377 DNA sequencer with the Taq FS BigDye Terminator cycle
sequencing method.
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Safeguards in bisulfite sequencing and the interpretation of data. For all parts
of the Ad12 DNA in cell line TR12, at least three DNA clones obtained after
bisulfite treatment and PCR amplification of a certain DNA segment were
sequenced. In several instances, two or more independent bisulfite experiments
were performed to validate the data. Obviously, there was not absolute congru-
ence between independent determinations. PCR amplification and cloning might
bias in favor of distinct DNA sequences. Hence, even in heavily methylated
segments of the integrated Ad12 DNA, some variability has to be expected with
respect to the complete state of DNA methylation. Individual cells, depending on
their phase in the cell cycle, could differ in their state of methylation in the
integrated Ad12 DNA segments.

When applying the bisulfite sequencing technique, a number of precautions
have been taken. During the bisulfite reaction (3, 9), cytosine residues are
converted to uracils only in single-stranded DNA. Therefore, complete denatur-
ation of double-stranded DNA samples and prevention of DNA reannealing are
essential preconditions for reactions to go to completion. Robust denaturation
with 0.3 N NaOH for 15 min at 37°C followed by 2 min at 95°C and subsequent
rapid quenching at 0°C facilitate complete conversion. Possibly remaining unre-
acted cytosines would register as false-positive 5-mC residues, which might occur
either in blocks or randomly at single loci. The distribution of nonconverted C
residues can be both sequence dependent (12) and independent (30). To control
for complete conversion, we initially cleaved the cloned PCR amplicons at the
frequent Alul (AGCT) sites. Clones that carried unconverted cytosine resi-
dues in that sequence then contained an Alul site and could be cleaved by
Alul; these clones were not used further. Differentially methylated DNA
molecules will generate molecules with various cytosine contents. Some of
these molecules might be preferentially amplified in the PCR (46). To avoid
a possible PCR bias, cycle numbers were kept as low as possible. PCR
amplicons were subsequently cloned into the pGEM-T vector, and at least
three clones were sequenced for each amplicon. In further control experi-
ments, the bisulfite sequencing reactions and PCRs were repeated with the
same or with different primer pairs that targeted the same DNA segments. In
some experiments, the MethylEasy kit (Human Genetic Signatures, Sydney,
Australia) was used.

Micrococcal nuclease treatment of cells after lysolecithin permeabilization. A
published procedure (2) was modified. BHK21 cells as the nontransgenic control,
T637 cells, or TR12 cells, in each case about 6.6 X 10° cells in a 1-ml suspension,
were first permeabilized by treatment with 250 wg of lysolecithin and subse-
quently treated with increasing amounts of micrococcal nuclease (MBI Fermen-
tas, Vilnius, Lithuania) at 20 to 100 units per 6.6 X 10° cells at 16°C for 15 min
(see Fig. 5). Subsequently, DNA was isolated, and fragments were separated by
electrophoresis on a 1% agarose gel, transferred by Southern blotting to a
positively charged nylon membrane (Hybond XL; Amersham Biosciences, Pis-
cataway, NJ), and hybridized to Ad12 DNA, to different segments of Ad12 DNA,
or to the flanking cellular DNA segment F5 (for map positions, see Fig. 5D). The
extent of degradation in different parts of the genome has been interpreted as an
indicator of chromatin structure.

ChIP. Chromatin immunoprecipitation (ChIP) analyses were performed fol-
lowing established protocols (Upstate, Lake Placid, NY) with some modifica-
tions. Cells were grown to 90 to 95% confluence, and proteins were cross-linked
by adding formaldehyde directly to the cell culture medium at a final concen-
tration of 1% and by incubation for 10 min at 37°C. After fixation, cells were
rinsed thoroughly with ice-cold phosphate-buffered saline without Ca** and
Mg>* and were scraped off the plastic support in micrococcal nuclease buffer
(150 mM sucrose, 80 mM KCl, 30 mM HEPES, pH 7.4, 5 mM MgCl,, 2.5 mM
CaCl,) at a concentration of 1 X 10° cells per ml. Cells were permeabilized with
lysolecithin at a final concentration of 250 pg/ml. Chromatin was digested to
nucleomonosomes by addition of 100 U of micrococcal nuclease (MBI Fermen-
tas, Vilnius, Lithuania) and incubation for 10 min at 37°C. The reaction was
stopped by adding 20 pl of 0.5 M EDTA. Cells were pelleted (700 X g, 5 min,
4°C) and resuspended in 200 pl lysis buffer (1% sodium dodecyl sulfate [SDS], 10
mM EDTA, 10 mM Tris-HCI [pH 8.1], 1 mM phenylmethylsulfonyl fluoride, 1
pg/ml aprotinin, 1 pg/ml pepstatin A), followed by incubation on ice for 10 min.
Cell debris was pelleted for 15 min at 5,300 X g and 4°C. The supernatant was
diluted 1:100 in dilution buffer (0.01% SDS, 1.1% Triton X-100, 167 mM NaCl,
1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1) containing protease inhibitors as
above. Two 20-pl samples were taken as input and reverse cross-linked by the
addition of 1 wl 5 M NaCl and incubation for 4 h at 65°C. Immunoprecipitation,
washing steps, and reverse cross-linking were done by following the manufactur-
er’s instructions (Upstate, Lake Placid, NY). A nonantibody control was included
to assess nonspecific antibody binding. DNA was recovered by phenol-chloro-
form extraction and ethanol precipitation. The DNA was resuspended in 50 .l
TE buffer; 1 to 2 pl of this solution was used for one qPCR.
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FIG. 1. Identification of the off-size fragment covering the junction between Ad12 DNA in TR12 cells (A) and localization of the DNA probes

within the Ad12 genome (B). (A) Lane 1, TR12 genomic DNA (30 pg),

Kpnl and Sacl cleavage; lanes 2 and 3, Ad12 DNA (100 pg), Kpnl and

Sacl (lane 2) and Kpnl (lane 3) cleavage; M, lambda DNA/Eco1301 (Styl) and Mlul, marker 17 (MBI Fermentas, Vilnius, Lithuania), 3" end
labeled with [a-*?P]dCTP. DNA was transferred to a positively charged membrane, hybridized to a mixture of probes R, 32, and 28, which were
labeled with [a-**P]dCTP by random priming. (B) Nucleotide numbering of the Ad12 genome is from reference 38. Kpnl and Sacl sites that are
relevant for mapping the integrated DNA are indicated. Filled bars beneath the map of Ad12 DNA show the positions of hybridization probes.
Inverted terminal repeats of Ad12 DNA are depicted by white arrowheads. (C) Description of the probes. Probe R was copied from the inverted
repeat sequence at the right end of Ad12 DNA; 153 bp (bp 12 to 164 of Ad12 DNA) are homologous to the left end, and 11 bp (bp 165 to 175
of Ad12 DNA) are nonhomologous. The fragments marked with an asterisk were expected to generate off-size bands due to Ad12 termini involved
in junctions with cellular DNA or with adjacent Ad12 DNA copies. The inverted terminal repeat of Ad12 DNA is 161 bp (38, 44).

RESULTS

Organization and sequence of the Adl12 transgenome in
revertant cell line TR12. We have analyzed in detail the struc-
ture of the Ad12 transgenome in the TR12 revertant, with a
limited amount of foreign DNA, instead of in the parent cell
line, T637, with a much more complex array of about 15 copies
of Ad12 DNA. The maps of the adenoviral genome in Fig. 1B
and 2 localize restriction sites and hybridization probes used
in the analyses of the integrated Ad12 DNA in cell lines T637
and TR12.

Kpnl and Sacl cleavage of TR12 genomic DNA identified
two Ad12-specific off-size DNA fragments (Fig. 1A) that hy-
bridized to a mixture of the R, 32, and 28 probes or of the 32
and R probes (not shown). Both in TR12 and T637 cells, the
~7-kbp off-size band (Fig. 1A, lane 1) most likely spans the
previously cloned and sequenced 5,250-bp cellular DNA frag-
ment from the right terminal junction of the integrated Ad12
genome (18). This DNA segment does not contain Kpnl or
Sacl sites. The origin of the ~4-kbp off-size band (Fig. 1A) was
not apparent from earlier data. None of the other probes
shown in Fig. 1B recognized the same off-size fragments (data
not shown).

The Kpnl and Sacl TR12 DNA fragments between 3.5 and
4.5 kbp were isolated and cloned into the pBS(+) plasmid
vector. Two colonies, among 150,000, that hybridized to Ad12

probes R and 32 and that proved to be identical upon sequenc-
ing were identified. The cloned fragment was 3.9 kbp and, as
shown by sequencing, comprised Ad12 DNA from bp 33507
(Sacl site at the right end) to bp 30196, the bridging sequence
ATCATC, and bp 8 to 589 (Kpnl site) from the left end of
Ad12 DNA (Fig. 2). In comparison to the published Ad12
DNA sequence (38), only three single-nucleotide exchanges
were observed, G to T in Ad12 DNA positions 32173 and
32229 and G to A in position 32254. These mutations were
localized in the 5'-terminal part of the coding sequence for the
Ad12 34-kDa E4 protein. Nucleotide sequencing revealed that
in TR12 cells both termini of the integrated Ad12 genome
represented right terminal sequences of the viral DNA that
were organized in flip-flopped repeats. Assuming that two
right-terminal Ad12 nucleotides were missing also on the left
end of the Ad12 transgenome, as shown for its right end (18),
the length of the right-terminal fragment of the viral sequence
in the transgenome was calculated to be 3,928 bp (Fig. 2).

A portion of 12.4 kbp from the integrated Ad12 genome was
resequenced by standard methods in order to investigate to
what extent the transgenomic DNA sequence might differ from
that of virion DNA. In the genome segment analyzed, only 10
nucleotide alterations (0.08%) were found compared to the
published nucleotide sequence of the virion DNA (38). Fur-
thermore, successful bisulfite sequencing (see Fig. 4) also im-
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FIG. 2. Scheme of the Ad12 transgenome and its integration site in cell line TR12. This map is based on a number of restriction endonuclease
and Southern blot hybridization experiments as well as partial nucleotide sequence determinations of recloned fragments of the integrated Ad12
DNA. Filled bars beneath the map of the transgenome show the positions of hybridization probes (see also Fig. 1B). Probe C, for the cellular DNA
flanking the integrated Ad12 genomes, was excised as a 1,165-bp Xbal fragment from the plasmid subclone F7 (18). Inverted terminal repeats of
Ad12 DNA are depicted by white arrowheads. The green bar represents a full-length copy of Ad12 DNA, and the red bar is a truncated second,
flip-flopped copy derived from the right terminus of Ad12 DNA. The cellular DNA segments of at least 5.2 kbp adjacent to the transgenome seem
to be identical on both flanks and palindromic. Numbers refer to nucleotides in the authentic Ad12 DNA sequence (38) or in the adjacent cellular
DNA (18). At the bottom, the magnified structure and sequence of the A-A junction (jagged line) are presented in comparison to the authentic

sequence at the 5" end of Ad12 DNA.

plies that the Ad12 sequence in the integrate is identical to that
of virion DNA. Of course, in bisulfite sequencing the conver-
sion of all unmethylated cytosines to thymidines limits inter-
pretations of the original Ad12 sequence.

We conclude that in the revertant cell line TR12 the one
complete Ad12 genome, from nucleotides 8 to 34123, repre-
sents genuine Ad12 DNA. The few nucleotide exchanges might
be considered natural fluctuations in adenoviral genomes. The
first three nucleotides of the integrated complete adenoviral
DNA copy differ from the original virion sequence. In addi-
tion, the seventh nucleotide of the virion sequence is missing in
the integrated Ad12 DNA (Fig. 2, scheme at bottom). Nucle-
otide 1 of the full-length copy of Ad12 DNA is linked to
nucleotide 30196 of a flip-flopped right terminal fragment from
Ad12 DNA with a length of 3,928 nucleotide pairs, an authen-
tic palindrome of the Adl2 sequence. Both termini of the
integrated adenoviral DNA then represent bona fide right ter-
minal Ad12 sequences that are linked to cellular DNA (Fig. 2).

Structure of the junction between hamster genomic DNA
and Ad12 DNA in TR12 cells. An Ad12 DNA-cellular DNA
junction from cell line T637 had been cloned and sequenced
earlier (18). Nucleotide sequencing data on the junction se-
quence in cell line TR12 demonstrated that this sequence was
identical to the previously published one from cell line T637.
Hence, the site of Ad12 DNA integration had remained un-
changed in cell line TR12. We now tried to characterize the
opposite cellular DNA-Ad12 DNA junction in TR12 cells (Fig.
3) and to validate data on the unchanged integration site.

When TR12 genomic DNA was cut with Pvull and the
fragments were hybridized with the R probe (Fig. 3A), only
two bands, instead of three as to be expected for three different
junctions (C-A, A-A, and A-C), were apparent. The lengths of
the hybridizing fragments agreed with the calculated lengths of
the fragments due to the sequenced interviral (A-A) and viral-
cellular DNA (A-C) junctions. In all experiments, the signal of
the latter Pvull fragment was about twice as strong as the
former. Hence the right and left terminal junctions (A-C and
C-A) might be identical and therefore yielded twice the
amount of the junction Pvull fragments (1,270 bp; Fig. 3A)
and double-strength signals with the R probe. Restriction anal-
yses of TR12 DNA with BglIl, BstEII, BstXI, EcoRI, Kpnl,
Sacl, and Swal (data not shown) followed by hybridization with
probes C and R supported the notion that the cellular DNA
flanking the Ad12 transgenome on either side represented
identical inverted repeats. Probe C is part of the previously
cloned cellular DNA (18). This model was further tested by
comparative hybridization experiments with probes R and K
(Fig. 2 and 3). For more-detailed analyses, restriction enzymes
that cut within the previously sequenced part of the flanking
cellular DNA and in the Ad12 genome but not in the inverted
repeat of the transgenome were selected. Probe K (Fig. 1C)
hybridized to the fragments that spanned junctions A-A and
C-A but not to the A-C junction. Probe R annealed to frag-
ments from all three junctions (Fig. 2). In TR12 DNA, probe
K hybridized to an EcoRI/Munl fragment with a calculated
length of 6,685 bp (Fig. 3B) and probe R to the same fragment
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and 7,563 bp, respectively. This calculation was based on the assumption that the cellular preinsertion site sequence is duplicated and inverted on
the left side of the Ad12 transgenome. The observed fragment sizes are in agreement with these calculations. (C) DNA probe R. Lanes 1 and 2
show results for TR12 genomic DNA (30 pg), with EcoRI and Munl (lane 1) and Xbal (lane 2) cleavage. In addition to the C-A and A-A fragments
(Fig. 2), probe R hybridized to an 11,227-bp EcoRI/Munl fragment and a 5,321-bp Xba fragment from the A-C junction (marked with asterisks).
The lengths of these fragments were derived from the previously published sequence (18). (D) DNA probe C. Lanes 1 and 2, BHK21 genomic
DNA (30 pg); lanes 3 to 6, TR12 genomic DNA (30 wg); lane 7, T637 genomic DNA (30 pg). Lanes 1, 3, 6, and 7 show results for Sacl cleavage;
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17 (MBI Fermentas, Vilnius, Lithuania), 3’ end labeled with [a->*P]dCTP. The lengths of the marker fragments are indicated on the right.

and to a longer one of 11,227 bp (Fig. 3C). Similarly, probe K
recognized an Xbal fragment with a calculated length of 7,563
bp and probe R the same fragment plus a shorter one of 5,321
bp (Fig. 3B and C).

These data indicate that in cell line TR12 at least 1,781 bp
(EcoRI site in the flanking cellular DNA) (18) are derived
from the cellular preinsertion site sequence duplicated and
inverted on both sides of the Ad12 transgenome.

Sacl restriction of TR12 genomic DNA and hybridization of
the DNA fragments with probe C indicated that the inverted
part of the cellular genome on both sides of the Ad12 integrate
probably exceeded 5,200 bp (Fig. 3D). Sacl did not cut in this
sequence. An ~10-kbp Sacl DNA fragment and a 2,283-bp
EcoRI fragment hybridized to the C probe also in DNA from
the nontransgenic BHK21 cell line (Fig. 3D). The same 10-kbp
Sacl DNA fragment was found in the T637 and TR12 genomes
(Fig. 3D). Apparently, Ad12 DNA remained integrated at the
same site of the preintegration sequence after excision of the
majority of the viral genomes. Only one additional 7-kbp Sacl
band was detected with probe C in the genomic DNA from
T637 and TR12 cells (Fig. 3D, lanes 3, 6, and 7), and this band
yielded a stronger hybridization signal than the 10-kbp band in

BHK21 DNA. The double intensity of this hybridization signal
and the absence of additional off-size fragments supported the
interpretation that the integration of the viral genome was
accompanied by the duplication and inversion of a cellular
DNA stretch of at least 5.2 kbp in the preinsertion region.

In earlier work on the cloning and sequencing of the junc-
tions between Ad12 DNA and cellular DNA in cell line T637,
all attempts to clone a left terminal Ad12 DNA fragment with
an abutting cellular DNA segment had failed (18). It is now
apparent that a left terminal Ad12 DNA fragment linked to
cellular DNA does not exist in cell lines T637 and TR12. Thus,
the cellular DNA sequence of at least 5,251 nucleotides with
only 13 CpG dinucleotides appears to be linked to a right
terminal Ad12 DNA segment on either side of the integrate in
both cell lines (Fig. 2).

The data then support a model of multiple copies of Ad12
DNA being arranged continuously in the T637 genome with
linkage of an identical, palindromic cellular DNA sequence to
the right termini of Ad12 DNA sequences at either end of the
integrate. It is unknown exactly how the multiple copies of
Ad12 DNA are internally arranged in cell line T637. The data
from previous studies suggest that the 15 copies of Ad12 DNA
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might be separated from one another by short segments of
cellular DNA or of rearranged viral DNA (35, 39). Possibly,
the bulk of the integrate was excised exactly at the site of
junction between the left terminus of one “intact” Ad12 ge-
nome linked to cellular DNA and the right terminus of the
flip-flopped Ad12 genome at the opposite end of the entire
integrate. The cellular DNA sequences flanking the Ad12
DNA integrate in cell line TR12 represent inverted identical
repeats with a length of at least 5.2 kbp.

Methylation profile in the transgenomic Ad12 DNA in the
revertant cell line TR12. The patterns of methylation in the
integrated Ad12 DNA in cell line TR12 were determined by
using the bisulfite sequencing method (3, 9), which recognizes
all 5-mC residues in a DNA sequence irrespective of the pres-
ence of methylation-sensitive restriction sites. We also com-
pared the methylation profiles in selected segments of the
integrated Ad12 DNA in cell line TR12 with those in the
parent cell line T637.

The Ad12 genome contains 1,500 CpGs, and the inverted
3.9-kbp fragment derived from the right terminus of Ad12
DNA carries 134 CpGs (38). All 1,634 CpGs in cell line TR12
have been analyzed for their methylation status. The scheme in
Fig. 4 presents a summary of the data. Each numbered square
stands for a CpG and its methylation status. The numbers have
been assigned to CpGs and are not related to the nucleotide
numbers of Ad12 DNA (38). Except for 118 unmethylated
sites, all CpGs in the Ad12 DNA in cell line TR12 are meth-
ylated; 81 CpGs have remained partly unmethylated. The latter
CpGs appear to be mosaic, i.e., methylated in some cells,
unmethylated in others. The unmethylated CpGs are located
in blocks mainly at the termini of the integrated DNA. How-
ever, there are individual, consistently unmethylated CpGs,
sometimes occurring in clusters inside the main part of and
spread over the entire integrated Ad12 genome (Fig. 4).

Micrococcal nuclease sensitivity of Ad12 transgenomes and
their vicinity in cell lines T637 and TR12. It was of interest to
investigate the micrococcal nuclease sensitivity of the Ad12
integrates and of their flanking cellular sites in intact T637 and
TRI12 cells. BHK21 cells as the nontransgenic control, T637
cells, or TR12 cells in suspension were first permeabilized by
treatment with 250 pg of lysolecithin and subsequently treated
with micrococcal nuclease at between 20 and 100 units per
6.6 X 10° cells at 16°C for 15 min (Fig. 5). DNA fragments
were isolated and analyzed by electrophoresis on a 1% agarose
gel, Southern blotting, and hybridization to different segments
of Ad12 DNA or to flanking cellular DNA segment F5 (map
positions are in Fig. 5D). The extents of degradation in differ-
ent parts of the genomes were interpreted as a reflection of
certain aspects of chromatin structure and stability. Signal in-
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tensities of nucleomonosomes in F5 cellular DNA generated
with 20 units of micrococcal nuclease in cell lines T637 and
TR12 were comparable to those elicited with 60 to 80 units in
BHK?21 cells (Fig. 5A). The F5 cellular DNA sequence that
adjoins the Ad12 integrate thus proved to be more sensitive to
digestion with micrococcal nuclease in transgenic cell lines
T637 and TR12 than in the parent cell line, BHK21. When
Ad12 DNA probes were used to assess the extent of micrococ-
cal nuclease digestion in cell lines T637 and TR12, a distinct
nucleosome arrangement was equally discernible also in the
Ad12 integrate (Fig. 5B and C).

We conclude that the Ad12 transgenome shows nucleosome
arrangement in both cell lines. The adjacent nonrepetitive F5
cellular DNA sequence in the Ad12 transgenic cells exhibits
increased micrococcal nuclease sensitivity due to altered nu-
cleosome structure compared to the progenitor BHK21 cell
line. Foreign DNA insertion thus seems to have affected the
chromatin structure at the insertion site.

Methylation profiles in selected segments in the trans-
genomic Ad12 DNA in cell line T637. Earlier analyses with the
methylation-detecting restriction endonuclease pair Hpall and
Mspl had shown the integrated Ad12 DNA in cell line T637 to
be less heavily methylated than in the revertant cell line TR12
(27). For selected segments of the integrated Ad12 DNA in
cell line T637, methylation profiles were now also assessed by
bisulfite sequencing. Juxtaposition of the data from cell lines
T637 and TR12 revealed that Ad12 DNA in the TR12 rever-
tant was indeed more intensely methylated in Ad12 genome
segments E1A, E1B, and E4 than in cell line T637. Methyl-
ation levels in the MLP region were about the same in both cell
lines (Fig. 6A). We cannot distinguish between the possibility
of all 15 copies in cell line T637 having been methylated to
similar extents or of only one or a few of these copies having
been hypermethylated and thus having been preserved in re-
vertant cell line TR12.

Transcription of integrated Ad12 genes and relation to DNA
methylation profiles in cell lines T637 and TR12. The E1A and
E1B promoter regions are almost completely methylated in all
CpG dinucleotides in revertant cell line TR12 but not methyl-
ated in cell line T637. The MLPs in both cell lines are practi-
cally completely methylated (Fig. 6A). The CpGs in the E4
promoter region in cell line T637 are not methylated and in
cell line TR12 are only partly methylated. In integrated adeno-
virus genomes, the levels of gene transcription and promoter
methylation are frequently inversely correlated (4, 25, 43, 45).
Hence, it was of interest to examine Ad12 gene transcription in
cell lines T637 and TR12.

Total RNA was extracted and reverse transcribed; cDNA
was then analyzed by qPCR. Transcriptional activities of the

FIG. 4. Methylation profile of the Ad12 transgenome in cell line TR12. The methylation pattern was investigated at single-CpG resolution using
the bisulfite conversion of genomic DNA. Both ends of the adenoviral integrate are unmethylated, and the remainder of the integrated viral DNA
is heavily methylated with a small number of unmethylated CpG sites. Some CpG sites show variable methylation status. Unmethylated CpGs are
indicated by open squares and methylated ones by filled squares. CpG sites with variable methylation status are assigned diagonally half-filled
symbols. The results of all PCR clones that were sequenced are shown. Each horizontal array of symbols corresponds to one PCR clone. Individual
CpGs are numbered; on top of these numbers Ad12 genome nucleotide positions of the PCR fragments are shown. Ad12 gene groups are indicated
with gray bars. The methylation status of the rightward-transcribed strand of the transgenome has been determined throughout. Since the right-
and left-terminal transgenome segments containing 134 CpGs are in inverted orientations, the primers employed for PCR encompass both DNA

complements in these regions.
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FIG. 5. Chromatin organization in Ad12 transgenomes and their vicinity. The degree of chromatin condensation was determined by assessing the
susceptibility to micrococcal nuclease (see Materials and Methods) (A) in the F5 cellular DNA segments of BHK21, T637, and TR12 cells and in the
Ad12 region MLP (B) and E4 promoter (C) in cell lines T637 and TR12. Micrococcal nuclease units sufficient to generate nucleomonosomes were
marked with asterisks. (D) Map positions of hybridization probes. As the amounts of Ad12 DNA integrates present in cell lines T637 and TR12 differ
by a factor of about 15, signal intensities are expected to be different when Ad12 hybridization probes are used. The data in Fig. SA demonstrate that
adequate amounts of TR12 DNA had been employed in the experiments shown in this figure. In the panel A experiments, an F5 hybridization probe
from hamster cellular DNA was used. TR12 and T637 DNAs contain the same equivalents of cellular DNA segments, like F5, but differ by a factor of
about 15 in the content of Ad12 DNA sequences. Therefore, the blots of TR12 DNA are expected to exhibit weaker Ad12 DNA signals (B and C).
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Ad12 genes were related to the amounts of B-actin mRNA
present in cell lines T637 and TR12. Except for the E4 region,
which continued to be transcribed at moderate levels in cell
line TR12, all other Ad12 genes investigated were almost com-
pletely silenced in cell line TR12, although tiny amounts of
RNA from the regions E1A, E1B, hexon, penton, and endo-
protease could reliably be detected by the very sensitive qPCR
method (Fig. 6B). In agreement with the absence or low levels
of DNA methylation in the Ad12 segments E1A, E1B, and E4

in cell line T637, substantial amounts of RNA were transcribed
from these regions, although considerably less than from the
cellular B-actin gene (Fig. 6B). The ratio of 18:1 in the
amounts of E4 RNA transcribed from the unmethylated and
hypomethylated promoters in both cell lines T637 and TR12,
respectively, might be explained by differences in gene dosage.
Cell line T637 carried about 15 copies versus 2 copies of the E4
region in the revertant cell line TR12.

In cell line T637, the unmethylated E1A, E1B, and E4
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FIG. 6. Juxtaposition of methylation patterns in selected Ad12 promoter segments (A) and adenoviral transcription levels in cell lines T637 and TR12
(B). (A) The methylation patterns of Ad12 promoter regions E1A, E1B, major late, and E4 in cell lines T637 and TR12 are depicted. Unmethylated CpGs
are indicated by open squares and methylated ones by filled squares. CpG sites with variable methylation status are assigned diagonally half-filled symbols.
Curved arrows indicate the difference (n-fold) in transcription levels between the two cell lines. Percentages are transcription levels in comparison to
B-actin levels. (B) Transcription levels of selected Ad12 genes have been calculated as percentages of B-actin levels as determined by qPCR.

promoter regions allowed the efficient transcription of these
segments from the integrated Ad12 DNA (Fig. 6B). The
sensitive qPCR technique revealed very small amounts of
late transcripts from the Ad12 hexon, penton, and viral
endoprotease genes (Fig. 6B) in cell line T637. These late

genes were previously thought to be silenced in cell line
T637 and in several other Ad12-transformed or Ad12-in-
duced tumor cells (28, 34).

Histone modifications in the integrated Ad12 genomes. By
applying the ChIP technique as described in Materials and
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FIG. 7. Chromatin immunoprecipitation of modified histones in Ad12 promoter regions in cell lines T637 and TR12. Binding of modified
histones to selected Ad12 promoter regions (E1A, E1B, E4, and major late) and the housekeeping B-actin gene was assessed by ChIP. Cross-linked
chromatin was precipitated with antibodies against acetylated histone H3 (A), acetylated histone H4 (B), histone H3 trimethylated at lysine 9 (C),
and histone H4 trimethylated at lysine 20 (D). The extent of histone binding to promoter regions was determined by qPCR and displayed as percent

precipitation of input chromatin.

Methods, we determined histone modifications in the E1A,
E1B, E4, and MLP regions in the Ad12 integrate in T637 and
TR12 cells. The cellular B-actin gene served as an internal
control (Fig. 7). Two histone markers were chosen for active
genes, acetylated histones H3 and H4 (33), and two for inactive
genes, histone H3 trimethylated at lysine 9 and histone H4
trimethylated at lysine 20 (20). Histone H3 and H4 acetylation
levels of promoter regions corresponded to gene activities in
cell lines T637 and TR12 (Fig. 7A and B), although exact
quantitative comparisons cannot be drawn between levels of
transcription and extent of histone acetylation. Histone H3
acetylation could not be detected for the viral E1A, E1B, and
major late promoters in cell line TR12, and histone H4 acet-
ylation was more prominent in cell line T637 than in line TR12.
Histone H3 was acetylated in the E4 promoter region of both
cell lines to about the same extent (Fig. 7A).

Frequently, the trimethylation modifications lysine 9 on his-
tone H3 and lysine 20 on H4 correlate with inactive genes (20).
In the housekeeping B-actin gene, histone H3 lysine 9 (Fig. 7C)
and H4 lysine 20 trimethylation was undetectable (Fig. 7C and
D). In cell line T637, the E1A, E1B, E4, and major late pro-
moters were devoid of histone H3 lysine 9 trimethylation, and
these promoters were active, with minimal activity of the MLP.
In the revertant cell line TR12, E1A, E1B, and MLP were
inactive, while the E4 promoter showed some activity (Fig.
6B). Significant histone H3 lysine 9 methylation levels in these
promoters corresponded to their state of inactivity, except for
the E4 region, which retained some activity (Fig. 7C). Inter-
estingly trimethylated histone H4 lysine 20 status could be

observed only for the E4 promoter region in both cell lines
(Fig. 7D), although this promoter was active in both cell lines.

DISCUSSION

Foreign DNA insertion into mammalian genomes has im-
portant consequences for genome stability as well as for the
methylation and transcription profiles of the transgenomes.
Foreign DNA integration plays a major role in many fields of
molecular biology and medicine, in gene therapeutic experi-
mental regimens of cells and organisms, in knock-in and
knockout experiments, and in the generation of transgenic
organisms. Aside from the obvious effect of DNA sequence
perturbations at the site of foreign DNA integration, other less
frequently considered effects on the recipient genome have
been observed. The insertion of retroviral (16) or adenoviral
DNA (23) leads to alterations of DNA methylation in the
cellular DNA sequences immediately abutting the foreign
DNA integrate. However, alterations in methylation patterns
are not restricted to the targeted recipient site. Changes in
DNA methylation patterns in cellular genes, and particularly in
endogenous retrotransposons, have been described also at loci
remote from the immediate region of foreign DNA integration
(13, 24, 32).

Structure of integrate: palindromic viral plus adjacent cel-
lular sequences. In some of the Ad12-induced hamster tumor
cell lines or in Adl12-transformed cell lines, Ad12 DNA was
localized in the vicinity of repetitive cellular DNA sequences,
e.g., the IAP (internal A particle) retrotransposons (22). Inte-
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gration of Adl12 DNA into repetitive DNA might not be
detrimental to cell survival, since essential cellular functions are
less likely to be affected by this insertion, while targeted unique
sequences could lead to gene inactivation upon integration.
Cells with essential transcription profiles intact might then be
selected for survival in culture. The following results argue for
a palindromic array of both integrated Ad12 and recipient
cellular DNA sequences in cell lines T637 and TR12: (i) re-
striction/Southern blot data for adjacent cellular DNA (Fig. 3)
and (ii) the flip-flop structure of the second right terminal
fragment of Ad12 DNA (Fig. 2).

Excision of transgenic Ad12 DNA sequences. The excision
mechanism acting on foreign transgenomes is unknown. There
is evidence that palindromic sequences might be involved in
the excision of amplified viral DNA from cell line T637. The
excision of viral DNA from cellular DNA, as it occurs during
reversion, has been successfully mimicked by autoincubation of
isolated nuclei from T637 cells (8). Could this excision appa-
ratus have discerned between more heavily and less completely
methylated transgenomic DNA? The cellular DNA at either
flank of the Ad12 DNA integrate presents a palindromic DNA
sequence of at least 5.2 kbp (Fig. 2 and 3). When cell line TR12
was generated from line T637, by the excision of a large part of
the viral integrate (Fig. 2), the abutting cellular DNA se-
quences appeared to remain unaltered.

De novo methylation and stability of foreign genomes. De
novo methylation of integrated Ad12 DNA sequences was
detected early in the course of studies on viral DNA integra-
tion patterns (42, 43, 45). The Ad12 transgenomic sequence is
more extensively methylated in the revertant TR12 than in its
parent cell line, T637 (27) (this study). Thus, the most stably
integrated parts of the transgenome are hypermethylated. The
Ad12 DNA sequences still persisting in the revertant TR12
could have been hypermethylated already in cell line T637 or
could have assumed this hypermethylated status following the
excision of the bulk of the Ad12 genomes. Obviously, in cell
line T637, we cannot separately identify the methylation profile
of individual integrated Ad12 DNA molecules. The possibility
exists that hypermethylated DNA, perhaps due to its altered
degree of compaction, could resist excision from and reside
more stably in the recipient genome.

De novo methylation is of interest beyond integrated viral
genomes. The state of foreign transgenomes in long-term-cul-
tivated mammalian cells might be comparable to the state of
repetitive DNA sequences. During mammalian development,
methylation patterns are erased and subsequently reestab-
lished (31) by a mechanism akin to de novo methylation.

Selectivity of de novo methylation. Upon insertion into a
mammalian genome, foreign DNA frequently becomes de
novo methylated by an unknown mechanism. The nucleotide
sequence of the integrate, its transcriptional activity related to
promoter strength (14), and the cellular DNA sequences in the
environment of the foreign integrate could be decisive factors
that affect de novo methylation. In cell line T637 and in its
revertant TR12, the E4 regions, both in the intact viral genome
and in the inverted right terminal segment, remain hypomethyl-
ated or even unmethylated. Since both sequences are palin-
dromic and also abut the same cellular DNA sequence due to
the latter’s inverted repeat structure, either the inserted viral
DNA sequences or the CpG-poor (18) cellular DNA se-
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quences adjacent to the site of integration might be responsible
for the de novo methylation of the integrated Ad12 DNA. Of
course, the absence of methylation and continued genetic ac-
tivity of parts of a transgenome can be explained biologically by
the requirement for the products from these viral gene seg-
ments and the selective advantage they bestow upon the trans-
formed cell line in culture.

Even in the most completely methylated Ad12 DNA seg-
ments in cell line TR12, islands of consistently unmethylated
CpGs have remained (Fig. 4). There is no obvious explanation
for this topical absence of 5-mC residues in a sea of completely
methylated CpG dinucleotides. Local structural parameters
and/or altered interactions with specific proteins could be plau-
sible speculations.

Sensitivity to micrococcal nuclease: chromatin structure. In
this study, total Ad12 DNA, selected Ad12 DNA fragments,
and the F5 segment of cellular DNA adjacent to the insertion
site (18) have been used as probes in micrococcal nuclease-
treated cells upon their permeabilization by lysolecithin treat-
ment. In the hamster cell lines T637 and TR12, the F5 cellular
DNA is more susceptible to micrococcal nuclease digestion
than in BHK21 cells (Fig. SA). Apparently, upon the insertion
of viral DNA, the cellular chromatin structure becomes desta-
bilized, as can be determined by this method to a certain
extent. In both Ad12 transgenic cell lines, Ad12 DNA (data not
shown) and in particular its E4 and MLP fragments (Fig. 5B
and C) appear equally digestible with micrococcal nuclease.
The micrococcal nuclease data demonstrate that the integrated
Ad12 DNA has assumed nucleosome structure in cell lines
T637 and TR12.

Low levels of transcription in hypermethylated Ad12 DNA
segments. Hypermethylation of the E1A and E1B regions in
the integrated Ad12 DNA in the revertant TR12 cells (Fig. 6A)
is associated with and may cause their transcriptional down-
regulation. For the E1A and E1B regions of the integrated
Ad12 DNA, the amount ratios of transcripts in cell lines T637
and TR12 are 4,962:1 and 4,633:1, respectively (Fig. 6B). On
the basis of gene dosage effects alone, a ratio of 15:1 would
have been expected. Thus, gene silencing in cell line TR12
must be largely due to the epigenetic modifications of com-
plete DNA methylation (Fig. 4 and 6) and increased histone
deacetylation (Fig. 7A and B) in these regions. Gene dosage,
however, could be the explanation for the larger amounts of E4
transcripts in cell line T637 compared to TR12. Results for
histone modifications (Fig. 7) are in qualitative agreement with
the transcriptional profiles of the Ad12 genes in both cell lines.

Even under the control of the completely methylated MLP
in cell lines T637 and TR12, spurious amounts of Ad12 hexon,
penton, and endoprotease transcripts were detected in cell
lines T637 and TR12 (Fig. 6B). Late Ad12 gene transcription
from the hypermethylated MLP might be attributable to tran-
sient hemimethylation of the MLP in the Ad12 integrates dur-
ing DNA replication and cell division or to residual activities of
fully methylated promoters that can be detected only by the
very sensitive methods employed here.

Persistent activity of genes from the Ad12 E4 region. In the
adenovirion genome, E4 is located between map units 91.3 and
99.1. It has been predicted that the E4 sequence encodes seven
different polypeptides, and six of these have been found in
infected cells. E1A activates the E4 promoter, which remains
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active also in the late phase of infection. Information available
on the E4 functions comes mainly from work on Ad2 and AdS.
Many E4 proteins are multifunctional viral regulators. Al-
though the activity of the E1 genes in the Ad12 transgenome
integrated in the revertant cell line TR12 has been reduced to
a minimum, the E4 genes continue to be transcribed at about
the same level as in the parent cell line, T637. Adenovirus E4
genes have been shown to modulate transcription, the cell
cycle, cell signaling, and DNA repair. The E4 functions are
also thought to affect transgene persistence, RNA splicing and
processing, late protein synthesis, and the transition from the
early to late stages of infection (48, 49). The influence of the
E4 genes on transgene persistence is not understood; never-
theless, E4 activities may have played a role in stabilizing the
residual Ad12 transgenome in cell line TR12 and/or in excising
the majority of the Ad12 DNA from the genome of cell line
T637. There is evidence that the E4 gene products from Ad12
have transformation potential; the E1 gene products alone
are not sufficient to induce tumors in newborn hamsters
(36). Thus, the availability of E4 functions would help in
maintaining the transformed phenotype of cell line TR12
and contribute to the selection for viability of this revertant
cell line.
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