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The expression as cytoplasmic RNA of integrated human adenovirus type 12
(Adl2) DNA in transformed and tumor cell lines and in revertants was investi-
gated. The transformed and tumor cells contained multiple copies of the viral
genome, 3 to 22 copies per cell in different cell lines. The integrated Adl2 DNA
molecules persisted intact or nearly intact and in most cases colinear with the
virion DNA. In the revertant cell lines, which were derived from cell line T637
(22 copies of Adl2 DNA per cell), all of the Adl2 DNA molecules were lost (line
F10) or only one copy and a fraction of a second copy persisted (line TR12). The
size classes and map locations of Adl2-specific cytoplasmic RNAs in three Adl2-
transformed hamster cell lines (T637, HA12/7, and A2497-3), in two revertant
lines (FlO and TR12), in one Adl2-induced hamster (CLAC3), and in one rat
brain tumor line (RBT12/3) were determined. Cytoplasmic RNA from uninfected
B3 hamster cells and from human KB cells productively infected with Adl2
served as controls. In the latter control experiments, the RNA was isolated early
or late postinfection. With respect to the amounts of Adl2-specific RNAs detected
in cytoplasmic RNA from various Adl2-transformed or Adl2-induced tumor cell
lines, we could not establish any correlations to the number of Adl2 genome
copies integrated into the cellular DNAs. Thus, the expression of the integrated
viral genomes in these lines was regulated by mechanisms more complicated than
simple gene dosage effects. Using cloned fragments ofAdl2 DNA as hybridization
probes, we analyzed the cytoplasmic RNAs from the cell lines mentioned by
electrophoresis on agarose gels, blotting, and DNA-RNA hybridization. For each
transformed and tumor cell line, except for the revertants, several size classes of
Adl2-specific cytoplasmic RNA were detected for the early El, E2, and E4 regions
of Adl2 DNA. Some of these size classes were similar but not identical to those
observed in cytoplasmic RNA isolated early from human KB cells productively
infected with Adl2. Only cell lines A2497-3, T637, and RBT12/3 contained several
size classes of cytoplasmic RNA homologous to the E3 region of Adl2 DNA.
Weak homologies to the El region of Adl2 DNA were also detected in the
revertant lines F10 and TR12. Late regions of Adl2 DNA were expressed as
cytoplasmic RNA in cell lines CLAC3 and RBT12/3. Weak homologies were
detected between certain segments of the Adl2 genome (the EcoRI-B, -C, and
-D fragments) and the cytoplasmic RNA from uninfected hamster cells. These
homologies had no apparent counterpart at the level of DNA, perhaps because
these homologies could be detected only due to an overrepresentation of RNA
sequences. In preliminary experiments, we failed to detect the expression as
cytoplasmic RNA of the so-called virus-associated RNA in transformed and
tumor cell lines. Virus-associated RNA represents a population of low-molecular-
weight RNAs that map at around 30 fractional length units on the viral genome.

The pattems of integration and persistence of tures emerge with respect to the integration
viral DNA in adenovirus type 12 (Adl2)-trans- patterns of Adl2 DNA. Multiple copies of the
formed hamster cells and of Adl2-induced ham- Adl2 genome are integrated in complex arrange-
ster and rat tumor cells have been investigated ments. A portion of the Adl2 DNA molecules is
in detail (8, 9, 13, 22, 26; I. Kuhlmann and W. inserted colinearly with virion DNA. However,
Doerfler, submitted for publication). Although within sequences close to the termini of the
each transformed and tumor line appears to Adl2 DNA, selective amplifications have been
have its specific properties, certain general fea- observed (22). Moreover, the persistence ofAdl2
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DNA in virus-induced hamster tumors is char-
acterized by the relative underrepresentation of
the terminal segments of Adl2 DNA. This un-
derrepresentation may merely reflect the ran-
dom distribution of the sites of integration of the
Adl2 genome (Kuhlnann and Doerfler, submit-
ted for publication). At present, we do not un-
derstand the mechanisms involved in viral DNA
integration. As a working hypothesis, we favor
the view that early in the interactions of the
virus and host genomes, one or a few copies of
Adl2 DNA are inserted intact and colinear with
the virion DNA. Subsequently, the viral DNA
and adjacent cellular sequences are amplified.
Deletions and rearrangements observed may oc-
cur during or may be somehow related to the
amplification events.

Limited information is available on the
expression of the adenovirus genome in trans-
formed and tumor cells. In some of the Adl2-
transformed hamster cell lines, only early genes
of Adl2 are transcribed into mRNA (16, 18). In
addition to early genes, some of the late genes
appear also to be transcribed into mRNA in
Adl2-induced rat brain tumor cells (13). Virus-
specific mRNA has been mapped in a number
of Ad2-transformed rat cells (20) and in rat cells
transformed by the left end of Ad7 DNA (31).

In a number of viral systems (4, 5, 12, 24, 25,
29), there is evidence for an inverse relationship
between the extent of DNA methylation at the
5'-CCGG-3' sites and the level of expression into
mRNA in specific segments of the viral DNA
(24, 25, 29). The possible role of specific patterns
of DNA methylation for gene regulation in eu-
caryotic systems has promoted a great deal of
research in this field (Doerfler, J. Gen. Virol., in
press). However, we are far from understanding
at a molecular level the significance of 5-meth-
ylcytosine as a possible regulatory signal. Viral
systems provide, however, a resourceful tool for
detailed studies on this topic.

In the present study, we analyzed by blotting
and DNA-RNA hybridization techniques the
size classes of Adl2-specific cytoplasmic RNAs
in a number of Ad12-transformed hamster cell
lines and of Adl2-induced hamster and rat tu-
mor lines. The different size classes of Adl2-
specific RNA were mapped on the viral genome.
Evidence is adduced for the existence of homol-
ogies between certain segments of the Adl2 ge-
nome and cytoplasmic RNA from uninfected
hamster cells.

MATERIALS AND METHODS
Cells and virus. Lines T637, HA12/7, and A2497-

3 were derived from hamster cells by transformation
with Ad12 in culture (26). Line CLAC3 (22) represents
cells from an Adl2-induced hamster tumor; these cells

were carried in passage 30 to 40 in culture. Line
RBT12/3 was established from an Adl2-induced rat
brain tumor (13). The morphological revertants F10
and TR12 arose spontaneously in cultures of T637
cells and were characterized earlier (9-11). All of these
cell lines were maintained in culture in Dulbecco mod-
ified Eagle medium (1) reinforced with 5% fetal calf
serum. Cells were passaged twice weekly.
The B3 subline of BHK-21 cells was carried in

Dulbecco medium containing 10% horse serum. Hu-
man KB cells were maintained in Eagle medium with
10% newborn calf serum. Human Adl2 (Huie strain)
was propagated on KB cells in monolayer or suspen-
sion cultures. The virus was purified as described
previously (6). In some experiments, cytoplasmic
RNAs were extracted and analyzed as controls from
Adl2-infected KB cells at 8 to 10 h postinfection (early
RNA) or at 45 to 48 h postinfection (late RNA). It was
shown previously that Adl2 DNA replication in KB
cells starts at 12 to 14 h postinfection (19).

Viral DNA and cloned viral DNA fragments.
Adl2 DNA was prepared as described elsewhere (7).
For all experiments, molecular clones of fragments of
Adl2 DNA (S. Vogel, M. Brotz, I. Kruczek, R. Neu-
mann, U. Winterhoff, D. Eick, and W. Doerfler, Gene,
in press) were used as hybridization probes. The frag-
ments BamHI-B and -D were cloned in pBR322 DNA
(3), fragment EcoRI-B was cloned in XgtWESAXB'
DNA (27), and fragments EcoRI-A* and -D were
cloned in pBR325 DNA (2). Fragment EcoRI-A* com-
prised about 5 kilobase pairs (kb) from the right-
terminal Adl2 DNA (Vogel et al., in press). The loca-
tions of individual DNA fragments on the Adl2 DNA
map are indicated in Fig. 2. The left terminal EcoRI-
C fragment (5.4 kb) of Adl2 DNA was cloned in
plasmid pBR322 and was a gift of A. van der Eb,
University of Leiden, Leiden, Holland.
Nick translation of DNA. Adl2 DNA or molecu-

lar clones of Adl2 DNA fragments were labeled with
[a-32P]CTP and [a-3P]TTP by the nick translation
procedure (17) as outlined elsewhere (28).

Preparation ofcytoplasmic RNA from infected
or transformed cells. Cells growing in monolayer
cultures were washed twice with ice-cold Tris-saline;
the plastic dishes containing the cells were placed on
crushed ice before the medium was removed. The cells
were then scraped off and suspended in 0.01 M NaCl-
0.01 M Tris-hydrochloride, pH 8.5-0.005 M MgC92.
The cells were pelleted by low-speed centrifugation,
suspended in 1 ml of 0.01 M NaCl-0.01 M Tris-hydro-
chloride, pH 8.5-0.0015 M MgCl2-0.5% Nonidet P-40-
0.05% deoxycholate per 2.5 x 107 cells, and allowed to
disintegrate on ice for 5 to 7 min. Subsequently, the
nuclei were pelleted by low-speed centrifugation, and
the supernatant was taken off and recentrifuged. An
equal volume of 0.1 M Tris-hydrochloride, pH 8.0-0.3
M NaCl-0.015 M EDTA was added. The RNA was
further purified by making the solution 1% in sodium
dodecyl sulfate and by three to five extractions with
equal volumes of phenol and chloroform. The phenol-
chloroform mixture was saturated three times with 0.1
M sodium acetate, pH 5.2. Chloroform was mixed with
isoamyl alcohol at a ratio of 24:1. Finally, the RNA
was ethanol precipitated (two to three volumes of
ethanol) and stored at -20°C. Before use, all buffers
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were treated with small amounts of diethyl pyrocar-
bonate and were subsequently autoclaved.
Agarose gel electrophoresis of RNA. Cytoplas-

mic RNA was analyzed in horizontal 0.67 to 1.5%
agarose slab gels in MOPS buffer (0.02 M morpholi-
nopropanesulfonic acid-5 mM sodium acetate-i mM
EDTA, pH 7.0). After melting the agarose and cooling
the solution to 60°C, one-sixth volume of 37% form-
aldehyde was added, and the gels were then poured.
Samples were suspended in 50% formamide and 2.2 M
formaldehyde in MOPS buffer containing about 1%
Ficoll and 0.2% bromophenol blue. Samples were
heated to 60°C for at least 5 to 10 min immediately
before being applied to the gel slots. Samples of 10 ,ug
of RNA per slot were used and were electrophoresed
at 50 V for 14 to 20 h at room temperature. In some
experiments, samples were electrophoresed at 150 to
180 V for 5 to 6 h at room temperature, and these
conditions seemed to improve resolution. As molecular
weight markers, Adl2 DNA cleaved with the restric-
tion endonuclease HindIII was coelectrophoresed on
all gels. The sample buffer described above was used
for Adl2 DNA fragments as well. The Adl2 DNA
fragments were denatured by this treatment. The de-
natured HindIII fragments of Adl2 DNA had sizes of
5.45 (A fragment), 4.79 (B), 3.24 (C through E), 2.39 (F
and G), 1.72 (H), 1.42 (I), and 1.12 (J) kb, respectively.

Transfer of RNA from gels to nitrocellulose
filters. After electrophoresis, the RNA was trans-
ferred to nitrocellulose filters (BA85; Schleicher &
Schuell Co., Dassel, West Germany) according to the
Southern technique (21). The gels were not pretreated;
nitrocellulose filters were prewetted in 1.5 M NaCl-
0.15 M sodium citrate (10x SSC), and the same solu-
tion was used for transfers that lasted 36 to 40 h.
DNA-RNA hybridization and autoradiogra-

phy. 32P-labeled Adl2 DNA or cloned restriction en-
donuclease fragments were used as probes in hybridi-
zation experiments. Experimental conditions are de-
scribed elsewhere (30). We modified the wash proce-
dure slightly. After the hybridization period (16 to 24
h), filters were washed three times for 5 min at room
temperature in 300 ml each of 2x SSC and 0.1%
sodium dodecyl sulfate and then three times for 2 h at
500C in 300 ml of 0.1x SSC and 0.1% sodium dodecyl
sulfate. After the filters were dried at 80°C, they were
autoradiographed at -800C on Kodak XR-5 film using
intensifier screens.

RESULTS
Survey of cell lines investigated for

Adl2-specific sequences in cytoplasmic
RNA. Integration patterns of viral DNA have
been determined for a large number of Adl2-
transformed cell lines or Adl2-induced tumors
and tumor cell lines. Representative cell lines
were selected for the analyses of Adl2-specific
cytoplasmic RNAs. The hamster cell line T637
has been obtained by transformation of BHK-21
cells (subline B3) with Adl2 (23). The morpho-
logical revertants F10 and TR12 have been iso-
lated from line T637 without pretreatment (10,
11). The revertant line F10 has lost all Adl2

DNA sequences; the revertant line TR12 has
lost all but one copy and a fragment of a second
copy of Adl2 DNA (9). Cell lines HA12/7 (32)
and A2497-3 (A. M. Lewis, Jr., personal com-
munication) have been derived from primary
hamster cells by transformation with Adl2 in
culture. Lines CLAC3 (22) and RBT12/3 (13)
have been established from an Adl2-induced
subcutaneous hamster tumor and an Adl2-in-
duced rat brain tumor, respectively. The ham-
ster cell line B3 was used as a control in all
experiments. In some experiments, RNAs from
human KB cells productively infected with Adl2
were isolated early or late postinfection and were
used as positive controls.
Adl2-specific cytoplasmic RNA in Adl2-

transformed lines and in Adl2-induced tu-
mor cell lines. Cytoplasmic RNA was isolated
from transformed, tumor, or control cells and
was analyzed by gel electrophoresis, blotting and
hybridization to Adl2 DNA or selected Adl2
DNA fragments. All DNA fragments used were
available as molecular clones in plasmid pBR322
DNA, in plasmid pBR325, or in bacteriophage
XgtWESAXB' DNA (Vogel et al., in press). The
data presented in Fig. 1 demonstrate that very
similar size classes of Adl2-specific cytoplasmic
RNA could be detected in lines CLAC3, A2497-
3, HA12/7, and RBT12/3. Similar results were
obtained with cytoplasmic RNA from line T637
(data not shown). Minor differences in the dis-
tribution ofRNA in different size classes existed.
The total amount of Adl2-specific RNA se-
quences varied from cell line to cell line when
the intensities of autoradiographic blackening of
the films were taken as an indirect measure.
Apart from low-molecular-weight material, no
homologies were detectable between Adl2 DNA
and the RNAs of the revertant lines or of B3
control cells.
A more detailed analysis of the expression of

Adl2 genes in transformed cells became feasible
with the availability of cloned fragments ofAdl2
DNA (Vogel et al., in press). It could be dem-
onstrated by blot analyses that the plasmid vec-
tors (pBR325 and hence pBR322) did not have
any homologies to cytoplasmic RNAs from the
cell lines investigated (data not shown). Thus,
cloned fragments of Adl2 DNA could be used as
highly specific probes in hybridization experi-
ments. Cytoplasmic RNAs from cell lines as
indicated (Fig. 2) were fractionated on horizontal
agarose slab gels, blotted onto nitrocellulose fil-
ters, and hybridized to the following cloned re-
striction endonuclease fragments which were la-
beled with 32P by nick translation: EcoRI-C (Fig.
2A), EcoRI-D (Fig. 2B), EcoRI-B (Fig. 2C),
BamHI-C (Fig. 2D), BamHI-B (Fig. 2E), and
EcoRI-A* (Fig. 2F). The locations of these frag-
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FIG. 1. Size distribution ofAdl2-specific cytoplas-

mic RNAs inAd12-transformed hamster cells (A2497-
3 and HA12/17), in revertants (FIO and TR12), and in

Ad12-induced tumor lines (CLAC3 and RBT12/3).
Cytoplasmic RNAs (10 pg/slot) from cell lines as

indicated were separated by electrophoresis on hori-

zontal 0.67% agarose slab gels and transferred to

nitrocellulose filters as described. Denatured DNA

fragments generated by cleavage ofAdl2 DNA with

the HindIII restriction endonuclease were used as

size markers (not shown). Their lengths are indicated

in kilobases. Adl2 DNA was labeled with 32P-labeled

deoxyribonucleoside triphosphates by nick transla-

tion and was used as hybridization probe. The

amounts of cytoplasmic RNA were determined by
measurements of optical density at 260 nm in a Zeiss

PMQII spectrophotometer. Hybridization and auto-

radiographic procedures are described in Materials

and Methods.

ments on the Adl2 genome and the approximnate
positions of the early viral DNA regions El, E2a,

E2b, E3, and E4 are indicated in the maps in

Fig. 2. Using the denatured HindIII fragments
of Adl2 DNA as size markers, the molecular

weights in kilobase pairs of the individual RNA

ban'ds were estimnated. Table 1 summarizes these

data. It was apparent that in most of the cell

lines, early functions of Adl2 DNA were repre-

sented among the cytoplasmic RNA molecules.

The cloned EcoRI-C fragment of Adl2 DNA

yielded very strong signals with cytoplasmic

RNA from cell lines CLAC3, A2497-3, HA12/7,
and RBT12/3; weak hybridization was observed
with cytoplasmic RNA from line T637, and none
was observed with cytoplasmic RNA from the
control line B3 and the revertant lines F10 and
TR12 (Fig. 2A). Table 1 shows the individual
size classes of Adl2-specific RNA discernible in
cytoplasmic RNA from the cell lines listed
above. In the RNAs from the transformed and
tumor cell lines, there were size classes of Adl2-
specific RNAs apparent that were of higher mo-
lecular weight than in the RNAs isolated early
from productively infected cells (Table 1). It is
not yet clear whether these classes of El RNA
in the transformed lines might have originated
by cotranscription from cellular and viral DNA
sequences or were due to differences in splicing
patterns between RNAs from transformed and
productively infected cells. The distribution of
size classes of RNA derived from the El region
of Adl2 DNA ranged from 2.36 to 0.65 kb. Since
rather sharp bands of Adl2-specific RNA were
observed, we considered it unlikely that any of
these size classes of RNA constituted degrada-
tion products. The Adl2-specific sequences of
2.4 kb in lines B3, F10, and TR12 (Table 1) were
not apparent in Fig. 2A but were seen as weak
hybridization signals in experiments not shown
here. One additional feature apparent in Fig. 2A
deserved comment: the El region of Adl2 DNA
was very poorly expressed in cytoplasmic RNA
of line T637, which contains about 22 copies of
intact or nearly intact Adl2 DNA molecules
(22). Line HA12/7, carrying about three copies,
and line CLAC3, carrying about five copies of
Adl2 DNA (22), showed very extensive expres-
sion of the El region of Adl2 DNA in cytoplas-
mic RNA. Thus, there was no apparent quanti-
tative correlation between the amount of viral
DNA persisting in transformed or tumor cell
lines and the extent of expression of viral DNA.
Obviously, one would expect other more com-
plex mechanisms of regulating gene expression
than a simnple gene dosage effect.
The cloned EcoRI-D and EcoRI-B fragments

of Adl2 DNA comprised the major late regions
and the E2b region. These fragments were used
as hybridization probes in the experiments pre-
sented in Fig. 2B and 2C. Several size classes
were observed (Table 1). The EcoRI-D fragment
hybridized about equally weakly to RNA from
all cell lines investigated (Fig. 2C), and the size
classes observed are again tabulated in Table 1.
It should be noted that low-molecular-weight
RNA, in particular in the size class of Adl2-
specific VA RNA, was not observed (Fig. 2B, C).
The EcoRI-B and EcoRI-D fragments also con-
tained the early region E2b, which mapped be-
tween about 16 and 34 units on the Adl2 ge-
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nome. Thus, part of the hybridization obtained
with these fragments might have been due to
the expression of the E2b region. In addition,
there seemed to exist some non-Adl2-specific
hybridization which will be commented on be-
low.
The E2a region of Adl2 DNA is located on

the BamHI-C fragment, which was used for
hybridization experiments presented in Fig. 2D
and Table 1. The same fragment would also
hybridize to RNA derived from the E3 region of
Adl2. In the experiment described in Fig. 2D,
cytoplasmic RNA from line CLAC3 did not an-
neal to the BamHI-C fragment. In other exper-
iments (not shown), very weak bands were ob-
served (Table 1).
The E3 region straddling the BamHI-C and

BamHI-B fragments was found to be expressed
as cytoplasmic RNA in cell lines A2497-3, T637,
and RBT12/3; the other cell lines did not contain
cytoplasmic RNA corresponding to this segment
of Adl2 DNA (Fig. 2E). It has been reported
previously that in line HA12/7 the E3 region is
not expressed asmRNA (16). Very strong signals

E ,. 0 m =

were, however, observed in lines A2497-3 and
RBT12/3 which corresponded to rather pre-
cisely the same size classes in all cell lines, in-
cluding the two size classes detectable in cyto-
plasmic RNA from line T637 (Fig. 2E). The
BamHI-C and BamHI-B fragments exhibited no
homology to cytoplasmic RNA from the B3 con-
trol line or from the two revertants analyzed.
When the right-terminal EcoRI-A* fragment

of Adl2 DNA (Vogel et al., in press) that con-
tained the entire E4 and part of the E3 region of
Adl2 DNA was used as the hybridization probe,
considerable differences in the Adl2-specific size
classes were observed in cytoplasmic RNA from
the different cell lines (Fig. 2F, Table 1), al-
though each band occurring in one cell line had
a counterpart of apparently identical size in the
cytoplasmic RNA of at least one other cell line.
The cytoplasmic RNA isolated from line B3,
F10, or TR12 showed no homology to the
EcoRI-A* fragment (Fig. 2F).
Although it appears obvious, it should be

stated here with respect to all size class compar-
isons in this report that similarities or even

Cl

c x m I c
kb

-2.39
-1t72
-1A2
-1.12

EA G D F E3 - El C
A G H D 1, F,i C B t.4BamHI,1-C D B .E F.

E3 -
A

E2b E2a

pBR322Bam HI-B

E2b E2a

pBR325 Eco RI -A
FIG. 2. Analyses of cytoplasmic RNAs from Adl2-transformed lines, from revertants, from Adl2-induced

tumor lines, from B3 cells, and from KB cells productively infected with Adl2 using cloned fragments ofAdl2
DNA as hybridization probes. Experimental conditions were similar to those described in Fig. 1 and in
Materials and Methods. The locations of the fragment probes used in each set of experiments are indicated
by closed bars in the maps in each figure. The vectors used are also designated. In panels B and C, analyses
of cytoplasmic RNAs isolated from KB cells productively infected with Adl2 at early (KB .Ad12E, 8 to 10 h)
and late (KB .Ad12L, 45 to 48 h) times postinfection were also included. The size scales (in kilobases) refer to
the locations of the single-stranded HindIII fragments ofAdl2 DNA.
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TABLE 1. Summary of hybridization data'
Adl2-specific RNA size classes (kb) with homologies to the following segments of Adl2 DNA

Cell lineb EcoRl-C (El) EoiD(2 cR-(2bBamHI-C (E2a) BamHI-B (E3) E 4CeDline' ~~EcoRI-D (E2b EcoRI-B (E2b EcoRI-A* (E3EcoRl-C(El) + L) + L) BaH- Ea aH- E) + E4)

KB.Adl2v 1.47, 0.67 3.33,1.2,, 0.26 2.15, 0.97 2.03, 1.2 2.75, 2.69, 1.57,
1.37

KB.Adl21. 0.94, 0.7, 0.41 2.42, 2.0, 1.33, 2.45, 2.27, 0.9, 2.55, 1.1. 1.36, 0.6A
1.18

0.88, 0.52, 0.26
CLAC3 2.15, 1.67-1.42, 1.1,, 4.48, 2.79 2.73, 1.19, 0.64 (2.36, 1.09) 2.3, 2.0,, 1.6,,

0.71-0.67 1.27, 1.0,6
A2497-3 2.12, 1.6,-1.42, 1.12, 2.73 2.73, 1.2, 2.27, 1.05 2.09,1.76, 1.4, 1.17, 1.7, 1.47, 1.24,

0.72-0.68 0-97 1.18
HA12/7 2.22, 2.0., 1.5-1.33, 4.18, 2.73 2.88, 1.27 2.33, 1.06 3.0 (1.94, 1.7,

1.1, 0.8, 0.69-0.65 1.0:3)
T637 2.34, 2.0, 1.45-1.36 4.18, 2.76, 1.94 2.82, 1.27 2.3,, 1.06 2.09, 1.74, 1.36, 1.19 (1.7, 1.4.r), 1.24,

1.06)
B3 (2.42) 4.1,, 2.7,, 2.0 2.97, 1.26
F10 (2.42) 2.73, 1.97 3.03, 1.3
TR12 (2.42) 4.48, 2.73, 1.9 2.82, 1.3
RBT12/3 1.99, 1.5,-1.35, 1.05, 2.82 2.67, 2.2,, 1.27, 2.53, 1.1 2.5, 2.1,, 1.85, 1.45, 2.4, 2.1,, 1.8r,

0.68-0.65 0.67 1.2, 1.02 1.7-, 1.47,
1.27, 1.08

Summary of the results presented in Fig. 2. Most of the data obtained with RNA from productively infected cells were not
included in Fig. 1 and 2. Numbers in parentheses indicate very weak bands in the autoradiograms. The locations of restriction
endonuclease fragments as indicated are shown in Fig. 2. The subscripts represent the second digit after the decimal point;
subscripts have been used to indicate that these latter figures are approximations. The smallest HindIII marker fragment used
was 1.12 kb, hence all values listed below that size class could be outside the linear range of the gel.

'KB-Adl2E and KB-Ad12,, refer to KB cells productively infected with Adl2. The cytoplasmic RNA was isolated early (8
to 10 h, KB Ad12E) or late (45 to 48 h, KB.-Ad121,) after infection.

identities in size of viral RNA products observed
in specific segments of the Adl2 genome do not
prove sequence identities. With this sensible
reservation in mind, one might also compare size
classes observed in cytoplasmic RNA from
transformed and tumor cells with those seen in
cytoplasmic RNA isolated early from produc-
tively infected KB cells (Table 1). In several
instances there was good congruence between
the two sets of size class tabulations, although
there was rarely a perfect match. Obviously,
with the methods used so far it could not be
expected that decisions about identities of dif-
ferent Adl2-specific RNA molecules isolated
from transformed and productively infected cells
could be reached. Further, more detailed analy-
ses will have to be performed.
Homologies between certain regions of

Adl2 DNA and cytoplasmic RNA from B3
cells. The data presented in Fig. 2B and 2C
demonstrated that homologies existed between
the EcoRI-B and -D fragments of Adl2 DNA
and cytoplasmic RNA from B3 cells. It could
also be shown that the amount of DNA hybrid-
ized at 50°C was considerably less than that at
42°C (data not presented). Cytoplasmic RNA
from primary hamster muscle cells did not ex-
hibit any homology to the EcoRI-D fragment
(data not shown). We also tested for a corre-
sponding homology by DNA-DNA hybridiza-
tion using the Southern blotting technique (21).
There was no evidence for hybridization be-

tween DNA from B3 cells and the cloned EcoRI-
D fragment of Adl2 DNA. We therefore con-
cluded that in B3 cells cytoplasmic RNA was
synthesized which exhibited homologies to the
major late regions or to the E2b regions of Adl2
DNA. This homology was not detectable at the
DNA level. It was previously reported that ho-
mologies between early and late regions of Ad2
DNA and the RNA from normal human tissues
were found (14). The significance of these results
had been somewhat uncertain, for viral DNA
probes were used which had not been cloned in
any of the known vector systems.

DISCUSSION
In each of the cell lines or tumor lines inves-

tigated, a characteristic set of Adl2-specific
RNA molecules is synthesized. These RNA mol-
ecules are derived mainly from the early seg-
ments of the Ad12 genome; in some cell lines
(CLAC3 and RBT12/3), cytoplasmic RNA is
also derived from late segments (13). The data
compiled in Table 1 summarize all of the results
obtained and list the size classes of Adl2-specific
RNAs identified in the cytoplasmic RNA ofeach
cell line. For comparison, the size classes in
cytoplasmic RNA isolated from productively in-
fected cells both early and late postinfection
have also been tabulated (Table 1). It has not
yet been determined whether an increased size
ofRNA molecules in transformed or tumor cells
as compared with productively infected cells
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suggests that these RNAs are cotranscripts de-
rived from both cellular and integrated viral
DNA sequences.

Aside from homologies to the EcoRI-B and
-D fragments of Adl2 DNA (Fig. 2B, C), which
are also found in BHK-2/(B3) cells, cytoplasmic
RNA from the revertant lines F10 and TR12
does not contain virus-specific RNA molecules.
These data confirm earlier findings (9) indicating
that the persisting Adl2 DNA sequences in re-

vertant cell lines are not expressed extensively
as cytoplasmic RNA.
The interpretation of the data on the expres-

sion of late regions of the Adl2 genome in trans-
formed and tumor cell lines is complicated by
the finding of homologies between the cytoplas-
mic RNA from B3 hamster cells and the EcoRI-
B and -D fragments. The extent of hybridization
between these Adl2 DNA segments and cyto-
plasmic RNA from B3 hamster cells and the
hamster lines investigated with the exception of
lines CLAC3 and RBT12/3 is markedly de-
creased when the temperature used in the an-

nealing experiments is raised from 42 to 50°C.
Weak homologies are still observed at the higher
temperature. Corresponding homologies have
not been detected by DNA-DNA hybridization.
We conclude that hamster cells produce cyto-
plasmic RNA sequences with weak sequence
homologies to the EcoRI-B and -D fragments of
Adl2 DNA. The paradox of apparent homolo-
gies between cytoplasmic RNA from control B3
cells and sequences in the EcoRI-B and EcoRI-
D fragments of Adl2 DNA and the failure to
detect corresponding homologies at the DNA
level might be explained by one or both of the
following possibilities: (i) at the DNA level, these
homologies might be restricted to very short
sequences and might not register in DNA-DNA
hybridization, which is known to be less efficient
than DNA-RNA hybridization; (ii) these homol-
ogies might be detectable in DNA-RNA hybrid-
izations, because the corresponding RNA mole-
cules might be markedly overproduced even in
uninfected control cells, whereas at the DNA
level these sequences might be represented once

per cell. In any event, the nature of these se-

quences has not yet been elucidated.
Homologies between certain segments of the

Ad2 genome and RNA from a variety of normal
human tissues have been reported previously
(14). In contrast to our studies, however, these
authors have not reported using viral DNA frag-
ments that had been cloned in suitable plasmid
or bacteriophage vectors. As a note of caution,
we should like to mention the results of experi-
ments (M. Westphal and W. Doerfler, unpub-
lished data) in which apparent homologies be-
tween Ad2 DNA and KB cell DNA were ob-

served. These homologies decreased when the
Ad2 virions used for DNA extraction were
treated with DNase and were repurified before
the viral DNA was extracted. Moreover, cloned
Ad2 DNA fragments did not reveal homologies
to KB cell DNA (15). We therefore conclude
that observations of apparent homologies be-
tween viral and cell DNA may be misleading
when these homologies are derived from exper-
iments in which uncloned viral DNA has been
used.
In cell lines CLAC3 and RBT12/3, several

distinct size classes of Adl2-specific cytoplasmic
RNA are detectable which hybridize to the
EcoRI-D, the EcoRI-B, or the BamHI-D frag-
ment. These RNA molecules are clearly differ-
ent from the weak homologies described. Their
existence provides evidence for the expression of
late viral DNA segments in Adl2-induced ham-
ster and rat tumor lines and confirms earlier
results (13). The EcoRI-B and -D fragments of
Adl2 DNA also harbor the early region E2B,
which has not been precisely mapped. Prelimi-
nary results (H. Esche, unpublished data) sug-
gest this region to be located between approxi-
mately 16 and 34 map units on the Adl2 genome.
Thus, cytoplasmic RNA hybridizing to the
EcoRI-B and -D fragments might be derived
from the major late regions or the early region
E2b. It had been shown earlier (13) that cyto-
plasmic RNA from cell line RBT12/3 hybridizes
to the exclusively late fragment BamHI-D, and
data not shown here indicate that cytoplasmic
RNA from cell line CLAC3 also hybridizes to
this fragment. Thus, cell lines RBT12/3 and
CLAC3 seem to express late segments of the
persisting Adl2 genome.
Virus-associated RNAs comprise a set of low-

molecular-weight RNA molecules which are
synthesized in productively infected cells and
which map at around 30 fractional length units
on the viral genome. Preliminary results sug-
gested that Adl2-specific virus-associated RNA
was not detectable in the cytoplasmic RNA ex-
tracted from cell lines T637, HA12/7, A2497-3,
TR7, TR12, and B3. Adl2-specific virus-associ-
ated RNA was, however, found in cytoplasmic
RNA from KB cells productively infected with
Adl2 at both early and late times postinfection.

It was reported previously that the levels of
DNA methylation at the 5'-CCGG-3' sites in the
integrated Adl2 genomes persisting in revert-
ants of cell line T637 are very high (9). An
inverse correlation between the extent of ade-
novirus DNA methylation of integrated viral
genomes and the level of expression of specific
segments has been established (24, 25, 29). The
absence of Adl2-specific cytoplasmic RNA se-
quences in revertants of line T637 therefore pro-
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vides a further example of this inverse correla-
tion, which has since been confirmed in several
other viral systems (Doerfier, J. Gen. Virol., in
press). It remains unknown in what way the
signal of 5-methylcytosine might influence gene
regulation.
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