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The organization of the viral DNA sequences in 15 adenovirus-transformed cell
lines was analyzed by the Southern blotting procedure. The site of adenovirus
integration in the cellular genome was found not to be unique, and the viral DNA
sequences involved in integration were not confined to a specific region of the
adenovirus genome. Several cell lines showed simple integration patterns that
demonstrated the presence of large continuous stretches of viral DNA. In four
cell lines, containing sequences from both molecular ends of the viral genome, the
left- and right-hand-terminal sequences appeared to be linked to each other.

Transformation of rodent cells by adenovirus
types 2 and 5 (Ad2 and Ad5) involves integration
of viral DNA into the genome of the host cell.
The left-hand early region persists in all fully
transforned cells. Its expression is necessary for
initiation and maintenance of the transformed
phenotype (6-8).
Very little is yet known about the recombi-

nation processes leading to integration of viral
DNA into the cellular genome. In the case of
RNA tumor viruses, specific viral sequences ap-
pear to be involved in integration, although in-
tegrated viral sequences seem to occur at mul-
tiple sites in the cellular genome, if not at ran-
dom (3, 4, 17, 20). No such specificity has been
demonstrated for simian virus 40 (2, 10), but
more specific patterns of integration have been
observed in cells transformed by polyoma virus
under special conditions (12).

In cells transformed by adenovirus type 12
(Adl2) or by the Ad5 mutant H5ts125 at the
nonpermissive temperature, most or all of the
viral genome has been integrated. Moreover, the
viral inserts appear to exist in intact linear se-
quences (5, 19). On the other hand, cells trans-
formed by Ad2 or Ad5 wild-type virus often
contain only part of the viral genome (6, 7). It is
still a question whether these partial genomes
are also present in the form of large integrated
sequences colinear with the viral genome or
whether these sequences have been fragmented
upon integration.
To elucidate the nature of the viral inserts

and the possible existence of specific DNA se-
quences involved in adenovirus integration, we
analyzed the organization of the viral DNA se-
quences in 15 adenovirus-transformed cell lines.
The origin and tumorigenicity of these cell lines

are listed in Table 1; the DNA content is pre-
sented in Fig. 1. All cell lines are T-antigen
positive as measured by immunofluorescence (A.
Van der Eb, personal communication). Detailed
data will be presented elsewhere (M. W. van
Maarschalkerweerd, L. Visser, A. C. B. Reemst,
A. D. C. Wassenaar, and T. H. Rozijn, manu-
script in preparation).
Using the Southern blotting procedure (15)

and specific restriction enzyme fragments as la-
beled probes, we were able to construct integra-
tion maps for seven of these cell lines. In all of
these cases, one or two large insertions covering
the left-hand part of the viral genome were
observed. Many other cell lines contained mul-
tiple insertions. A close linkage between inte-
grated left-hand-end and right-hand-end viral
sequences is suggested for several cell lines.
A preliminary report of some of the data pre-

sented here has been published elsewhere (22).

MATERIALS AND METHODS

Cells. The origin of the cell lines studied is de-
scribed in Fig. 1.

Preparation of cellular and viral DNA. Cellular
DNA was isolated either as described by Botchan et
al. (2) or by Jeffreys and Flavell (9). In the latter case,
treatment with methoxyethanol and further purifica-
tion were omitted. Both methods result in highly
purified high-molecular-weight DNA. The DNA was
diluted in 20mM Tris-hydrochloride (pH 7.5)-0.5 mM
EDTA to a concentration of about 1 mg/ml. Ad2 and
Ad5 DNAs were purified from virus grown in KB cells
as described previously (18, 21).

Restriction endonucleases and cleavage maps.
The restriction endonucleases BamHI, EcoRI,
HindIII, and SmaI were purchased from Boehringer
Mannheim Corp. Figure 2 shows the cleavage maps of
Ad2 and Ad5.
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TABLE 1. Origin of cell lines

Line Cell type Transforming agent Tumori-

BHK297-C43 Baby hamster kidney Fragmented Ad5 DNA 5/5
BHK297-C131 Baby hamster kidney Fragmented Ad5 DNA _b
BHK268-C31 Baby hamster kidney Fragmented Ad5 DNA 5/5
BRK424-C1 Rat kidney Fragmented Ad5 DNA 0/5
5RK-12 Rat kidney UV-irradiated Ad5 virus 2/5
5RK-15 Rat kidney UV-irradiated Ad5 virus 0/5
5RK-20 Rat kidney UV-irradiated Ad5 virus 5/5
RKCVI Rat kidney HindIII-G fragment of Ad5 0/5
5RKRIA Rat kidney EcoRI-A fragment of Ad5 5/5
RE254-C5 Rat embryo Ad5 DNA NT
RE254-2 Rat embryo Ad5 DNA 5/5
5RE-2 Rat embryo UV-irradiated Ad5 virus 2/2
ND4-HK-A1678 (ND4) Hamster kidney Ad2+ND4 _C
A2/HLREF/F1/T2C4(A2T2C4) Rat embryo Ad2 virus _d
Ad2-HK-A2325 (Ad2) Hamster kidney Ad2 virus _C

a Number of tumors/number of animals. A total of 2 x 106 to 5 x 106 cells were injected subcutaneously into
4-week-old nude mice. Animals were observed weekly for a maximum period of 100 days. The mean latent
period was 18 days, except for the cell line 5RK12, where the first visible tumors developed at about 3 months
after inoculation. NT, Not tested.

b Tumorigenic in nude mice (A. J. van der Eb, personal communication).
Tumorigenic in baby hamsters (S. R. Ross, personal communication).

d Tumorigenic in nude mice (P. Gallimore, personal communication).
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B F I Isolation of viral restriction fragments. After
730 891 972100 separation in 0.7% agarose gels, fragments were iso-

lated by electrophoresis into a dialysis bag as described
by Steenbergh et al. (16).

_ Labeling of viral DNA. Radioactive labeling of
_ viral DNA fragments obtained after digestion ofDNA
_ with the restriction endonucleases HindIII, EcoRI,

and SmaI, respectively, was performed by using nick
translation by DNA polymerase I (Boehringer Mann-
heim) as described by Rigby et al. (14), except that
digestion with DNase I was omitted. DNAs with a
specific activity of more than 2 x 105 cpm/,g were
obtained by using [a-32P]dGTP with a specific activity
of 2,000 to 3,000 Ci/mmol (The Radiochemical Centre,
Amersham). Nonincorporated [a-3P]dTGP was re-
moved by Sephadex G-100 gel filtration followed by
ethanol precipitation.

Restriction endonuclease digestion, gel elec-
trophoresis, blotting and filter hybridization of

_ cellular DNAs. Ten micrograms of DNA was di-
gested overnight in 50 p1 containing 40 to 50 U of
restriction endonuclease, 5,ug of bovine serum albumin
(heated at 60°C for 30 min), and the prescribed incu-
bation mix. After addition of 10 p1 of bromophenol
blue in 50% sucrose, the samples were loaded into slots
(10 by 2 by 4 mm) in horizontal 0.7% agarose slab gels
(18 by 18 by 0.4 cm; Bio-Rad Laboratories). Gels were
run at room temperature at 20 mA, using an electro-

_ phoresis buffer containing 40 mM Tris-hydrochloride,
5 mM sodium acetate, and 1 mM EDTA, pH 7.8.

Transfer ofDNA to nitrocellulose filters (Sartorius)
denovirus-trans- and filter hybridizations were carried out according to
vies of each viral the modification of Jeffreys and Flavell (9) of the
)me equivalent is Southern technique, including the low-salt wash in
is. One scale unit 0.015 M NaCl-0.0015 M sodium citrate for 30 min.
'oid cell genome Probes were used several times and, before reuse,

denatured by adding NaOH to a final concentration of
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FIG. 2. Map of the positions at which Ad2 and Ad5 DNA are cleaved by several restriction enzymes. The
data were taken from the compilation of V. Mautner (personal communication).

0.3 N NaOH and neutralization with HCl 10 min later.
Filters were autoradiographed by exposure for 3 to 30
days to Fuji-RX medical films used in conjunction
with an Ilford intensifying screen at -80°C.

Subeloning of cell lines. Subclones were estab-
lished by the cloning procedure for anchorage-depend-
ent cells as described by Reid (13). After dilute plating,
cells were grown in medium that was conditioned upon
half-confluent monolayers of the corresponding cell

line for 2 days and filter sterilized afterwards.

RESULTS

To investigate the arrangement of the inte-
grated viral DNA sequences, we digested the
DNAs of the transformed cell lines with several
restriction endonucleases. The DNA fragments
obtained were separated by agarose gel electro-
phoresis and blotted onto nitrocellulose filters
as described by Southern (15). As a reference,
we used Ad5DNA that was similarly fragmented
in the presence of calf thymus DNA and co-

electrophoresed in each gel. Viral DNA se-

quences were located on the filters by hybridi-
zation with 32P-labeled DNA of the entire viral
genome or with viral restriction fragments, fol-
lowed by autoradiography.
The results allowed us to construct rather

simple maps of the integrated viral DNA se-

quences for seven cell lines, i.e., 5RK12,
BHK297-C43, BHK297-C131, BHK268-C31,
5RKIA, 5RE2, and 5RK20. The other cell lines,
however, showed more complex integration pat-
terns which could not be interpreted so easily.
Some cell lines contain one or two major

viral insertions. (i) 5RK12. The DNA of

5RK12 contained only sequences derived from
the left-hand Ad5 HindIII-G, -E, and -C frag-
ments (Fig. 1). When digested with HindIII,
three fragments appeared that hybridized with
32P-labeled viral DNA (Fig. 3). Fragments 1 and
3 specifically hybridized with the Ad5 restriction
enzyme fragment HindIII-C and the left-hand-
terminal fragment SmaI-K, respectively, but did
not comigrate with the corresponding HindIII
fragments (Fig. 4 and 5). This indicates the
presence of cellular sequences joined to the hy-
bridizing viral sequences. Only fragment 2 hy-
bridized with the viral restriction enzyme frag-
ment HindIII-E and also comigrated with this
fragment (Fig. 6), which strongly suggests that
this fragment is present in intact form. These
data are best explained by assuming the pres-
ence of a single contiguous sequence of Ad5
DNA in 5RK12 (see Fig. 8).

(ii) 5RE2. A single insertion of viral DNA was
also present in the cell line 5RE2. This cell line
contained sequences derived from the left-hand
50% of the Ad5 genome (Fig. 1). Digestion of
5RE2 DNA with HindIII generated four visible
fragments which contained viral DNA (Fig. 3).
Fragment 1 hybridized with the Ad5 HindIII-C
fragment and showed comigration in agarose
gels with this fragment (Fig. 5). Relatively weak
hybridization of this fragment could be observed
with a viral HindIII-E probe due to impurity of
this probe (Fig. 6). Fragment 2 specifically hy-
bridized with the viral HindIII-E fragment and
comigrated with this fragment (Fig. 6). Hybrid-
ization with the labeled SmaI-K probe was de-
tected for fragment 3 (Fig. 4), and this fragment

BamH I

Bgl I

EcoR I

Hind l
Hsu I

SmiaI
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0''A restriction fragment of Ad5 DNA and therefore
u;;t;M0>({0+A*f:0;0;contained the left-hand terminal sequences (Fig.

4). The other major fragment (no. 4) hybridized
ft+XX;*S00WC0-00 0^0 with the viral HindIII-E restriction fragment

and comigrated with this fragment in agarose
gels (Fig. 6), indicating the presence of an entire
HindIII-E fragment in these cell lines. One of
the minor fragments of each cell line probably
contains a DNA sequence derived from a region
of the viral genome which is located just to the
right of the HindIII-E fragment. The remaining
mior bands represent small insertions which

may be derived either from the left-hand end of
the viral genome or from the HindIII-H-D re-
gion. Sequences of this region have been de-
tected in these lines by reassociation kinetics
analysis (Fig. 1). No clear-cut differences be-
tween the two cell lines, generated in one single
transfection experiment (F. Graham, personal

t0V'>communication), were observed.
The map constructed for these cell lines is

shown in Fig. 8.

FIG. 3. Fragment patterns of adenovirus DNA m (iv) BHK268-C31. The cell line BHK268-C31
the genomes of seven cell lines, as revealed after resembles to some extent BHK297-C43 and
cleavage ofthe cellularDNA with HindIII restriction -C131 in that it contains sequences derived from
endonuclease, blotting, and hybridization with 32p- the Ad5 HindIII-G and -E fragments (Fig. 1).
labeled Ad5 DNA. This figure is a composition of
three films. In all gels, bromophenol blue was run
approximately the same distance.

I I I

therefore must contain the left-hand-terminal t a4
viral sequences. Fragment 4 showed comigration X0 3c s W i

with the Ad5 HindIII-H fragment and is proba- 4 0 a* In In 0u in <
bly identical to this fragment (Fig. 3). The intact
presence of this fragment should result in the
generation of a fifth viral DNA-containing frag-
ment which was not reproducibly visible. This
can be explained by assuming the presence of
only a very short stretch of viral DNA in this
fragment. The presence of a single continuous
insertion of Ad5 DNA, which is suggested by
these data (see Fig. 8), was confirmed by the
observation that only one viral DNA-containing
fragment was generated by digestion of 5RE2
DNA with EcoRI, a restriction endonuclease G41
that has no cleavage site within the left 50% of
the viral genome (Fig. 7).

(iii) BHK297-C43 and BHK297-C131.
BHK297-C43 and BHK297-C131 contained pre-
dominantly viral DNA sequences derived from
the left-hand 17% of the viral genome, i.e., the
region covered by the Ad5 HindIII restriction
fragments G and E (Fig. 1). Analysis of a HindIII FIG. 4. Fragment patterns of adenovirus DNA in
digest of the DNA of these cell lines by the the genomes of seven cell lines, as revealed afterSouesthe blofttiDNgotechn e revalined for bthecleavage ofthe cellular DNA with HindIII restriction
Southern blotting technque revealed for both cendonuclease, blotting, and hybridization with the
lines the presence of two major and some minor 32P-labeled SmaI-K fragment ofAd5 DNA. This fig-
fragments that hybridized with a 32P-labeled ure is a composition of two films. In both gels, bro-
viral DNA probe (Fig. 3). One of the major mophenol blue was run approximately the same dis-
fragments (no. 1) hybridized with the SmaI-K tance.
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4 contained the left-hand-terminal sequences, was
clearly smaller than that of the left-hand-ter-

W
z minal HindIII-G fragment of Ad5 DNA (Fig. 3).
.n)-< This means that fragment 4 contains only part

of the HindIII-G sequences. Sequence analysis
of the viral DNA-containing EcoRI fragment
cloned in Charon 4A showed the absence of the
left-hand 572 base pairs of Ad5 from this insert
(Westin et al., manuscript in preparation). On
the other hand, reassociation kinetics analysis of
the terminal HpaII fragments of Ad5 (188 base
pairs) in the presence of BHK268-C31 DNA
revealed these terminal sequences in the cellular
DNA (22). This suggests that the other insertion
contains the sequences of the terminal 200 base
pairs. Thus, the two viral insertions are not
identical.
We reported previously that only one viral

DNA-containing fragment was generated upon
cleavage with the restriction endonuclease
Bam. FFrom this we concluded that the two
viral DNA insertions were located close to each
other (22). However, a more careful analysis

FIG. 5. Fragment patterns of adenovirus DNA in
the genomes of three cell lines, as revealed after
cleavage ofthe cellular DNA with HindIII restriction t s
endonuclease, blotting, and hybridization with the N| 3o
32P-labeled HindIII-C fragment of Ad5 DNA. This i N

figure shows a rearranged film. I£ K0 x
4** m -D * 0 4-A

Digestion of the DNA with the endonuclease
HindIII, followed by hybridization with the en-
tire viral probe, yielded the fragment pattern 17z
shown in Fig. 3. The cellular DNA showed four
HindIII fragments containing viral sequences,
none of which comigrated with the HindIII left- A
hand marker fragments G and E. This indicates
that each fragment contains viral DNA se- B
quences joined to cellular DNA. Two of the
fragments (no. 2 and 4) contained sequences
from the left-hand end of the viral genome, since
they hybridized with the 32P-labeled SmaI-K
fraginent (Fig. 4). The other two fragments hy-
bridized with the labeled viral HindIII-E frag-
ment (Fig. 6). Digestion of BHK268-C31 DNA
with EcoRI, an endonuclease that has no cleav-
age site within the left-hand 75% of the viral
genome, yielded two viral DNA-containing frag-
ments (Fig. 7). These data taken together indi- FIG. 6. Fragment patterns of adenovirus DNA in
cate the presence of two insertions of viral DNA the genomes of seven cell lines, as revealed after
in this cell line. Restriction enzyme analysis of cleavage ofthe cellular DNA with HindIII restriction
one of the two viral DNA-containing EcoRI endonuclease, blotting, and hybridization with the32P-labeled HindIII-E fragment of Ad5 DNA. Thisfragments, cloned in Charon 4A, showed that figure is a composition of two films. In both gels,
the HindlIl fragments 3 and 4 are located in the bromophenol blue was run approximately the same
same EcoRI fragment (Westin et al., manuscript distance. The two lanes containing Ad5 DNA show
in preparation). contamination ofthe 32P-labeled HindIII-E fragment
The mass of the HindIII fragment 4, which with the larger HindIII fragments.
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FIG. 7. Fragment patterns of adenovirus DNA in
the genomes of three cell lines, as revealed after
cleavage of the cellular DNA with EcoRI or BamHI
restriction endonuclease, blotting, and hybridization
with 32P-labeled Ad5 DNA. This figure is a compo-
sition of three films. In all gels, bromophenol blue
was run approximately the same distance, except for
the BamHI digest ofBHK268-C31, which gel was run
three times as long.

revealed the presence of an additional BainHI
fragment containing viral sequences (Fig. 7),
which had been overlooked in previous studies.
Its large size might have been responsible for a
poor transfer from the agarose gel to the nitro-
cellulose filter. This would explain the weak
hybridization with Ad5 DNA obtained for this
fragment. This finding leaves only the possibility
of two viral insertions, present in the DNA of
this cell line, which are not closely linked and
rules out the model we have proposed previously
(22). A new model is depicted in Fig. 8. Double
digests of cellular DNA with BamHI, HindIII,
and EcoRI and data obtained from analysis of
the EcoRI fragment, cloned in Charon 4A, con-
firmed this model (data not shown).

(v) 5RKRIA. DNA of the cell line 5RKRIA
contained sequences of the left-hand 32% of the
viral genome (Fig. 1). Upon digestion with the
restriction endonuclease HindIII, 5RKRIA
DNA yielded five fragments hybridizing to la-
beled viral DNA of the entire genome (Fig. 3).
Fragments 2, 4, and 5 hybridized with the Ad5
HinduI-C, HindIII-E, and SmaI-K fragments,
respectively (Fig. 4-6). Moreover, fragments 2
and 4 comigrated with the corresponding viral
fragments. This suggested the presence of a ma-

jor contiguous viral insertion, ranging from the
left-hand end past the HindIII cleavage site at
32% of the Ad5 map. Digestion with the restric-
tion endonuclease EcoRI generated two major
fragments hybridizing with Ad5 DNA (Fig. 7).
Since no EcoRI recognition site was present in
the viral sequences detected in this cell line, this
shows the presence of an additional viral insert.
The two remaining HindIII fragments, 1 and 3,
probably represent sequences originating from
this second viral insert.
The cleavage map is shown in Fig. 8.
(vi) 5RK20. The viral sequences integrated

in 5RK20 were organized in a peculiar way. This
cell line contained sequences derived from both
left- and right-hand-terminal regions of the viral
genome (Fig. 1). Cleavage of 5RK20 DNA with
HindIII generated five visible fragments con-
taining viral DNA (Fig. 3). Fragments 1 and 4
specifically hybridized with the right-hand Ad5
EcoRI-B restriction fragment and comigrated
with the viral HindIII fragments B and F, re-
spectively, which share sequences with the Ad5
EcoRI-B fragment (Fig. 9). Fragment 2 hybrid-
ized with the viral HindIII-E fragment but did
not comigrate with this fragment (Fig. 6).
Fragment 3 hybridized with both the 32P-la-

beled EcoRI-B fragment and the SmaI-L frag-
ment of Ad5 DNA, the latter covering the right-
hand 2% of the viral genome (Fig. 9). This frag-
ment should therefore contain Ad5 HindIII-I
sequences. However, fragment 3 was also the
only fragment that hybridized with the 32P-la-
beled Ad5 SmaI-K probe (Fig. 9). A similar
fragment, likewise hybridizing with both the
SmaI-K and -L probes, was generated upon
cleavage of 5RK20 DNA with BglII (data not
shown). This observation cannot be ascribed to
cross-hybridization due to the inverted terminal
repetitions (15), since in the control digests con-
taining Ad5 DNA only the HindIII-G and -I
fragments became visible upon hybridization
with the 32P-labeled SmaI-K and -L probes,
respectively (Fig. 9). Rather, it is likely that in
this cell line the integrated sequences derived
from both the left- and right-hand viral genome
termini are closely linked, as depicted in Fig. 8.
Fragment 3 was just about the size of the Ad5
HindIII-G and -I fragments together. This
means that the terminal viral sequences inte-
grated in this cell line are located very close to
each other, possibly separated by only a short
stretch of cellular DNA. That the integrated
viral sequences are not contiguous but indeed
separated from each other by cellular DNA se-
quences could be deduced from the presence of
an EcoRI cleavage site in between them (data
not shown). Similar observations were made for
some other cell lines as discussed below.
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FIG. 8. Restriction enzyme maps of Ad5 DNA insertions present in the DNA of seven transformed cell

lines. The maps were constructed by using the data shown in the preceding figures. Symbols: ( ? ) a cleavage
site ofHindIII; ( ) cleavage site ofEcoRI; (9T) cleavage site ofBamHI. The solid lines represent integrated
Ad5 DNA; the wavy lines represent flanking cellular DNA sequences. The dips at the junctions of viral and
cellular DNA represent segments of unknown origin. The length of these segments is not known accurately.

Multiple or rearranged DNA insertions
corresponding to various segments of the
viral genome are present in several cell
lines. HindIII digestion of the DNAs of the cell
lines BRK424-C1, RE254-2, 5RK15, RE254-C5,
A2T2C4, Ad2, and ND4, followed by hybridiza-
tion to a labeled probe ofthe entire viral genome,
yielded the fragment patterns shown in Fig. 10.
Some of the viral sequences containing HindIII
fragments, observed in the DNA of cell lines
BRK424-Cl, RE254-2, A2T2C4, Ad2, and ND4,
hybridized neither to the 32P-labeled HindIII-E
fragment (Fig. 10) nor to the SmaI-K fragment
(not shown). These fragments therefore con-
tained viral sequences that were not derived
from the left-hand-terminal region.

In general, the virus-specific fragments ob-
served did not comigrate with the Ad5 DNA
marker fragments. This indicates that in these
cell lines most of the integrated viral sequences

are arranged in a fashion not colinear with the
Ad5 genome DNA. An exception was formed by
the comigration frequently observed for the viral
HindIII-E fragment covering the nonterminal
part of early region 1. In four cases, i.e., for the
cell lines BRK424-C1, RE254-2, 5RK15, and
Ad2, comigration of fragments that specifically
hybridized with the viral HindIII-E fragment
was observed, which suggests the intact presence
of this DNA fragment (Fig. 10).
EcoRI digestion of DNA of the cell lines

A2T2C4 and ND4 generated virus-specific frag-
ments which comigrated with the viral Ad2
EcoRI-D and -F fragments in the case of A2T2C4
and with the EcoRI-F fragment in the case of
ND4 (Fig. 7). This finding suggests the presence
of larger intact sequences from the right-hand
part of the viral genome in these cell lines.
Whereas digestion of RE254-2 DNA with

HindIII endonuclease generated 12 virus-spe-

J. VIROL.
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FIG. 9. Fragment patterns of adenovirus DNA in
the genomes of three cell lines, as revealed after
cleavage ofthe cellularDNA with HindIII restriction
endonuclease, blotting, and hybridization with the
32P-labeled EcoRI-B, SmaI-K, or SmaI-L fragment of
Ad5 DNA. This figure is a composition ofthree films.
In all gels, bromophenol blue was run approximately
the same distance.

cific fragments, most of which did not comigrate
with HindIII marker fragments, a smaller num-
ber of fragments was obtained by EcoRI and
BamHI digestion (Fig. 7). This indicates either
that in this cell line viral DNA has been inte-
grated in the cellular genome at multiple sites,
which are, however, confined to a few narrow
regions of the cellular genome, or that extensive
rearrangements of viral sequences have taken
place after an original integration of one or more

large stretches of viral DNA.
Digestion of the DNA of the HindIII-G-trans-

formed cell line 5RKCVI with the endonucleases
HindIII, EcoRI, and BamHI led to the appear-
ance of eight, six, and four virus-specific frag-
ments, respectively (data not shown). Since none
of these enzymes recognizes the viral sequences
present in this cell line, in this case a clustering
of the viral sequences best explains this finding.
In some cefl lines integrated viral termini

are linked. A close linkage of integrated right-
and left-hand viral DNA sequences, similar to
that observed in 5RK20 DNA, was also sug-
gested by the hybridization data obtained for
the cell lines RE254-2 and Ad2. One HindIII
fragment of the DNA of these cell lines hybrid-
ized with both the SmaI-K and -L probes (Fig.
9). In the case of RE254-2, the size of these
fragments was approxiimately the sum of the two

terminal HindIll fragments of Ad5 DNA. A
similar fragment detected in the celhllar Ad2
DNA was larger in size and should therefore
contain a larger stretch of cellular sequences.
Using restriction enzyme BglII instead of
HindIII, this linkage phenomenon was con-
firmned (data not shown). Preliminary experi-
ments also suggested this linkage for the cell line
A2T2C4.

Stability and homogeneity of viral DNA
sequences in transformed cells after pro-
longed subcultivation and subeloning. To
investigate whether the viral DNA sequences
remained stably integrated during subcultiva-
tion, we cloned cells of the cell lines BRK424-
Cl, RE254-2, 5RK12, 5RE2, and 5RK20 after
prolonged subculturing. Four subclones of each
cell line were grown. DNA of each subclone was
digested with HindIII, blotted, and hybridized
to labeled viral DNA. Except for BRK424-C1,
fragment patterns detected were identical to
those obtained with the DNA of the parental
lines.
The cell line BRK424-C1 exhibited a less sta-

ble viral integration pattem. Reassociation ki-
netics analysis on DNA isolated after approxi-
mately 100 passages in vitro revealed the loss of
most of the viral DNA sequences from the mid-
dle region of the viral genome between map
positions 20 and 70. Coinciding with this loss of
integrated viral DNA sequences, cells with a less
transformed, more fibroblastic morphology
made their appearance in the population
BRK424-C1 cells. Clones of these apparently
less transfonned cells contained no viral DNA
as determined by blotting experiments and by
reassociation kinetics analysis.

DISCUSSION
In our cell lines, the viral DNA is present in

relatively low amounts, ranging from one to four
copies of the various viral DNA segments per
diploid quantity of transformed cell DNA (Fig.
1). These cell lines are therefore very suitable
for studying the arrangement of the integrated
viral DNA sequences. For 7 of 15 cell lines, we
were able to construct maps of the integrated
viral sequences.
The data obtained with the Southern blotting

technique clearly indicate that the arrangement
of the integrated adenovirus DNA sequences is
quite different in independently isolated clones
oftransformed cell lines. No correlation between
integration pattern and either cell type, trans-
forming agent, or tumorigenicity could be de-
duced.
The HindIII fragments of transformed cell

DNA that contain left-hand-end viral sequences
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FIG. 10. Integration patterns of adenovirus DNA in the genomes of eight cell lines, as revealed after
cleavage of the cellular DNA with HindIII restriction endonuclease, blotting, and hybridization with either
32P-labeledAd5 DNA or the 32P-labeled HindIII-E fragment ofAd5 DNA. This figure is a composition offour
films. In all gels, bromophenol blue was run approximately the same distance.

joined to cellular DNA sequences vary in length
in the different cell lines. This indicates that the
cellular integration site is not identical in the
different transformed cell lines. Similar obser-
vations are reported by Sutter et al. (19) for
Adl2-transformed cell lines, by Dorsch-Hasler
et al. (5) for cell lines transformed by Ad5 ts125
at the nonpermissive temperature, and by J.
Sambrook and by L. Vardimon and W. Doerfler
for Ad2-transformed cell lines (both personal
communication).

Five cell lines, BHK297-C43, BHK297-C131,
5RK12, 5RE2, and 5RKRIA, apparently contain
one major insertion, consisting of a contiguous
stretch of viral DNA, ranging from the left-hand
viral genome terminus to map positions between
15 and 50 map units. A sixth cell line, BHK268-
C31, contains two such insertions, which are not
identical. In several other cell lines, no such
colinearity of larger stretches of viral DNA ap-
pears to exist, as judged from the absence of
comigration with viral marker fragments in
HindIII digests of DNAs of these cell lines.
The absence of comigration observed to some

extent in the cell lines Ad2 and T2C4, which are
transformed by virus, may be explained in two

ways. This finding may reflect the presence
either of large but noncolinear viral insertions
resulting from secondary rearrangements of the
integrated sequences or of multiple independent
insertions of viral sequences ofrandom segments
of the viral genome. A similar explanation can
be given for the observed fragment patterns in
cell lines generated by transfection with intact
viral DNA (e.g., RE254-2).

If multiple independent viral insertions are
present in the genome of RE254-2, our data
suggest that these insertions are clustered. Such
a clustering is also suggested for the cell line
5RKCVI, which was transfected by the Ad5
HindIII-G fragment. In this way, the arrange-
ment of the viral sequences in these cell lines
might be similar to the arrangement of exoge-
nous DNA sequences in the cells described by
Perucho et al. (11), which were also transfected
by DNA. They demonstrated that exogenously
acquired sequences can be genetically linked and
that their flanking sequences derive primarily
from the carrier species rather than the host
species.
Our studies bear only on the final arrangement

of the viral insertions in the transformed cell
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genome. Hence, it is difficult to say whether
multiple independent insertions or secondary
rearrangements within the integrated viral se-
quences have caused the absence of comigration
observed in the above-mentioned cell lines. As
a result, it remains unclear whether the left-
hand early region which encompasses the trans-
forming genes or the molecular ends of the viral
genome as the origins of replication are neces-
sarily or preferentially involved in some step of
the integration process.
Four cell lines, 5RK20, RE254-2, Ad2, and

A2T2C4, exhibit a peculiar integration pattern.
In these cell lines, which containDNA sequences
derived from both the left- and right-hand-ter-
minal region of the viral genome, these se-
quences appear to be linked to each other, pos-
sibly separated by a short stretch of cellular
DNA. Similar findings are reported by Sam-
brook and by Vardimon and Doerfler (personal
communication). Such an arrangement might be
purely accidental, being the product of two in-
dependent insertions very close to each other.
But the occurrence in 4 of 15 transformed cell
lines makes it tempting to think ofan integration
event in which a circular form of adenovirus
DNA, perhaps stabilized by the terminal pro-
teins, is involved.
Taken together, our data on the arrangement

of integrated viral DNA sequences imply that
the site of adenovirus integration in the cellular
genome is not unique and that the viral DNA
sequences present are not confined to a specific
region of the adenovirus genome. Moreover,
most of these integration patterns are stable and
do not change during subcultivation as judged
by subcloning. However, one of the cell lines
shows partial to total loss of the integrated viral
sequences.
At present, we are using recombinant DNA

techniques to clone the integrated viral DNA
and its flanking cellular sequences from several
transformed cell lines. We will use these clones
to determine the sequences that join the viral to
the cellular DNA and to study the molecular
organization of the integrated viral sequences in
more detail.
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