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We have constructed an adenovirus type 5 (Ad5) recombinant virus in which the early 
region lb (Elb) of the nononcogenic Ad5 is replaced by the Elb region of the highly 
oncogenic Ad12. Analysis of cells lytically infected with the recombinant virus showed 
that both the Ad5 Ela genes and the Ad12 Elb genes are faithfully expressed. The 
recombinant virus replicates efficiently in human embryonic kidney cells and in HeLa 
cells, indicating that the Ad12 Elb region can fully replace the Ad5 Elb region in lytic 
infection. Inoculation of the Ad5/Ad12 hybrid virus into newborn hamsters did not result 
in development of tumors. This shows that the Elb region of Ad12, previously shown to 
bc responsible for the high oncogenic potential of AdlZ-transformed cells in nude mice 
is not capable of converting the nononcogenic Ad5 into an oncogenic virus. 

INTRODUCTION 

Human adenoviruses vary in their po- 
tential to induce tumors in rodents. Some 
adenovirus serotypes are highly oncogenic 
(e.g., Ad12), while others are completely 
nononcogenic (e.g., Ad5) in newborn ham- 
sters (Flint, 1980). It is not known which 
gene(s) are responsible for this difference 
in oncogenic potential, mainly because of 
the lack of well-characterized mutants of 
the oncogenic serotypes. The genes that 
are most likely responsible for the differ- 
ence in oncogenicity among the adenovirus 
subgroups are those encoded by early re- 
gion 1 (El) which is situated at the extreme 
left end of the viral genome in all serotypes 
studied so far. This part of the viral genome 
is responsible for cell transformation in 
vitro (Graham et ul, 1974; Shiroki et cd, 
197’7) and also determines the oncogenic 
potential of region El-transformed cells, 
i.e., rat cells transformed by the nonon- 
cogenic subgroup C adenoviruses are non- 
oncogenic in the syngeneic host (McAllister 
et aL, 1969; Harwood and Gallimore, 1975), 
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while rat cells transformed by the highly 
oncogenic subgroup A adenoviruses are 
highly oncogenic in rats (Freeman et cd, 
1967; Harwood and Gallimore, 1975; Shi- 
roki et al, 1977; Mak et aL, 1979). Therefore, 
the difference in oncogenicity of the various 
adenovirus-transformed cells seems to be 
determined by functional differences in 
their early region 1 genes. 

The factors which influence the onco- 
genie potential of the virus might well be 
more complex than those determining the 
oncogenicity of adenovirus-transformed 
cells. For instance, the 19-kDa E3 glyco- 
protein which is known to be associated 
with class I proteins of the major histo- 
compatibility complex (Sign& et al., 1982), 
might be of importance in this respect. 

We have recently shown that the differ- 
ence in oncogenicity between Ad5- and 
AdlB-transformed cells in nude mice is 
specified by early region lb, one of the two 
subregions of the transforming region El 
(Bernards et ah, 1982; Van den Elsen et d, 
1982), and more specifically by the large 
Elb tumor antigen (Bernards et al, 1983a). 
To investigate whether the difference in 
oncogenicity between Ad5 and Ad12 vi- 
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ruses in newborn hamsters can also be ex- 
plained by functional differences in their 
Elb genes, we have constructed an Ad5 
virus in which the Elb region is replaced 
by the Ad12 Elb region. It will be shown 
that replacement of the Elb region of Ad5 
by that of Ad12 does not convert the hybrid 
to an oncogenic virus. 

MATERIALS AND METHODS 

CeuS and Viruses 

The Ad5 mutant dl 309 was grown on 
human KB cells. Large scale propagation 
of the recombinant virus was performed 
on KB or HeLa cells. KB and HeLa cells 
were grown in Eagle’s minimal essential 
medium (MEM) supplemented with 8% 
newborn calf serum. The 293 cells in MEM 
plus 10% fetal calf serum. Infected cells 
were incubated in MEM plus 2% horse 
serum. 

Preparation of Ad5 dl 309 XbaI A-F’rag- 
ment-Terminal Protein Complex 

Highly concentrated cesium chloride- 
purified Ad5 dl309 virus was lysed by add- 
ing an equal volume of 8 M guanidinium- 
HCl in TE-PMSF (10 mM Tris, pH 7.6, 1 
mM EDTA, 10e4 M phenylmethylsulfonyl- 
fluoride). The DNA-protein complex was 
subsequently loaded on a 5-20% sucrose 
gradient in 4 Mguanidinium-HCl and spun 
for 20 hr at 30,000 rpm in a Beckman SW41 
rotor. DNA containing fractions were 
pooled, BSA was added to 0.5 mg/ml and 
dialyzed against 3 X 1 liter of TE-PMSF. 
Dialyzed DNA-protein complex was di- 
gested to completion with XbaI and loaded 
on a second sucrose gradient as described 
above to separate the two cleavage prod- 
ucts. Fractions containing the X&I A 
fragment were pooled and dialyzed against 
TE-PMSF. The fragment was stored on ice 
until used. 

Isolation of Ads/Ad12 Recombinant Vi- 
?-lLses 

Human 293 cells were cotransfected with 
the DNA-protein complex of the XbaI A 
fragment of Ad5 mutant dl309 and EcoRI- 

linearized plasmid p5125Elb by use of the 
method described by Van der Eb and Gra- 
ham (1980). In a typical transfection assay, 
1 pg of sucrose gradient purified X&I A 
fragment (DNA-protein complex) was co- 
transfected with 5 pg of plasmid onto a 5- 
cm dish of 293 cells. Four hours after 
transfection the medium was removed, the 
cells were washed twice with PBS and were 
overlayed with 8 ml of MEM + 2% fetal 
calf serum containing 0.7% agar. After 5 
days another 4 ml of overlay medium was 
added. On Days B-10 the cells were stained 
with neutral red and individual plaques 
were picked. 

Virus Minilysate Procedure 

Individual plaques from the cotransfec- 
tion assay were picked. Freeze-thawed 
twice in PBS + 2% fetal calf serum and 
were subsequently used to infect 5-cm 
dishes of 293 cells. After the development 
of cytopathogenic effect (3-4 days post in- 
fection) cells were scraped off, centrifuged, 
and resuspended in 0.5 ml of 0.01 M Tris- 
HCL buffer, pH 8.2. After two cycles of 
freeze-thawing, cell debris was removed 
by centrifugation (5 min at 3000 rpm) and 
the supernatant was extracted with an 
equal volume of genentron. After centrif- 
ugation, the supernatant was removed and 
incubated with 100 rg/ml of Pronase in 
the presence of 0.5% SDS for 30 min at 
37”. The mixture was then extracted with 
phenol and precipitated with ethanol. On 
the average, 1 pg of viral DNA could be 
isolated in this way. 

Procedures for [3jS]methionine, cell la- 
beling, immunoprecipitation, and Sl nu- 
clease analysis have been previously de- 
scribed (Bernards et al, 1982). 

RESULTS 

The strategy followed to construct the 
Ad5/Ad12 recombinant virus was based on 
the procedure described by Stow (Stow, 
1981). First a hybrid early region 1 plasmid 
containing the Ela region of Ad5 and the 
Elb region of Ad12 was constructed. This 
plasmid was then cotransfected with a 
subgenomic fragment of the Ad5 mutant 
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dl309 (Jones and Shenk, 1979) to 293 cells, 
a human embryonic kidney line expressing 
the El region of Ad5 (Graham et al, 1977). 
In theory, virus plaques can only be formed 
if recombination has occurred between the 
hybrid El plasmid and the subgenomic Ad5 
DNA fragment. To obtain a viable recom- 
binant virus the hybrid El plasmid has to 
meet three requirements. First, it must 
have an intact or nearly intact Ad5 left- 
terminal repeat for proper replication of 
the virus (Stow, 1982). Second, to ensure 
proper insertion of the hybrid El region 
in the recombinant viral genome, the hy- 
brid plasmid should contain Ad5 sequences 
derived from the region directly flanking 
the El region to allow homologous recom- 
bination to occur between the hybrid El 
region and the subgenomic Ad5 DNA frag- 
ment. Third, the hybrid El region has a 
size limit: the length of the recombinant 
viral genome should not exceed 105% of 
the wild-type genome to allow proper 
packaging (K. Berkner, personal commu- 
nication). 

Figure 1 shows the exact structure of 
the Ad5/Ad12 hybrid plasmid and of the 
subgenomic Ad5 dl309 DNA fragment. The 
plasmid p5125Elb was constructed from 
an existing Ad5/Adl2 hybrid plasmid 
pAd512 (Bernards et aL, 1982), by use of 

standard cloning procedures described 
elsewhere (Bos et uL, 1981; Bernards et al, 
1982). The plasmid pAd5125Elb contains 
the Ad5 Ela sequences from nt 79 to 1574 
(HpuI site). This Ad5 Ela segment was 
joined via a BumHI linker to the Ad12 Elb 
fragment, extending from nt 1344 (Mb01 
site) to nt 3950 (RsaI site) of the Ad12 se- 
quence. The Ad12 Elb segment was joined 
via another BamHI linker at the RsuI site 
at nt 3950 to a BgZI.1 fragment of Ad5 (nt 
3328-8892). The viral sequences were in- 
serted into the plasmid vector pAT153 
(Twigg and Sherratt, 1980). Although the 
left terminal 78 bp were missing from the 
Ad5 inverted terminal repeat present in 
the plasmid, it was to be expected that this 
defect would be repaired in wivo after re- 
combination and replication (Stow, 1982). 
The subgenomic Ad5 DNA fragment used 
in the cotransfection was the X&I A frag- 
ment of the Ad5 mutant dl309 (3.8-100%). 
To increase the yield of recombinants we 
used sucrose gradient-purified XboI A 
fragment with the terminal protein co- 
valently linked to the right end of the DNA 
fragment. 

To obtain an intact hybrid viral genome, 
the hybrid plasmid was linearized with 
EcoRI and cotransfected with the dl 309 
XbaI A-fragment onto confluent cultures 
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Fro. 1. Schematic representation of the Ad5/Ad12 hybrid plasmid used for recombination with 
the Ad5 di 309 &I A-fragment. Top: positions of the major RNAs transcribed from region Ela 
and Elb of the adenovirus genome. Dotted lines represent intervening sequences. Bottom: structure 
of the Ad5 dl309 MxzI A-fragment and of the p&mid p5125Elb. Thick lines represent Ad5-derived 
sequences, thin lines AdlZ-derived sequences. 
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of human 293 cells by means of the calcium 
phosphate technique (Van der Eb and 
Graham, 1980). Four hours after transfec- 
tion the medium was removed from the 
cells and replaced by an agar overlay. The 
first plaques became visible 5 days after 
transfection with a maximum plaque count 
after 9 days. Plaque formation occurred 
only when the hybrid plasmid was co- 
transfected with the dl 309 XbaI A frag- 
ment. To screen for recombinants, indi- 
vidual plaques from the cotransfection as- 
say were picked and viral DNA prepared 
from virus minilysates were analyzed by 
restriction endonuclease digestion (see 
Materials and Methods). Ad5/Ad12 re- 
combinants were plaque-purified two more 
times on 293 cells and subsequently grown 
in large scale on HeLa cells. Viral DNA 

was isolated and subjected to digestion 
with restriction endonuclease SalI. The 
Ad5 mutant dl309 has four Sal1 sites (Fig. 
2). If the dl 309 &I A fragment has re- 
combined with the hybrid El plasmid, the 
resulting hybrid virus should have an ad- 
ditional S&I site, located in the Ad12 Elb 
region. This would result in two novel Sal1 
fragments and 11 and 15 map units, re- 
spectively. Two of the six plaques screened 
Rc613 and Rc621, showed the SalI digestion 
pattern expected for a recombinant virus. 
Additional fine mapping and Southern 
blotting experiments were all consistent 
with the structural organization of the re- 
combinant viral genome shown in Fig. 2, 
i.e., the Ad5/Ad12 hybrid El region po- 
sitioned at the extreme left end of the re- 
combinant viral genome (not shown). No 
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FIG. 2. Agarose gel electrophoresis of SalI digests of the recombinant viruses. Top: 0.5 pg of Ad12 
DNA (lane l), Ad5 dl 309 DNA (lane 2), Rc613 DNA (lane 3), or Rc621 (lane 4) was digested to 
completion with restriction endonuclease Sun. Fragments were separated on a 0.7% agarose gel. 
Bottom: Cleavage maps of Ad12 and Ad5 DNA with S&I and predicted cleavage map of the re- 
combinant viral genomes Rc613 and Re621. 
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differences in restriction pattern have been 
detected between the recombinants Rc613 
and Rc621. Although we cannot exclude 
minor differences between these two vi- 
ruses, we infer that they are both the prod- 
uct of a recombination event in the Ad5 
segment between nt 3328 and 8892. 

Expression of Early Region 1 Genes of the 
Recombinant VG-us in Infected Cells 

To test expression of the Ad12 Elb region 
present in the recombinant virus, cultures 
of human embryonic kidney cells were in- 
fected with the recombinants Rc613 and 
Rc621 at a m.o.i. of 100 PFU/cell and la- 
beled 12 to 16 hr postinfection with 
[35S]methionine. Figure 3 shows the au- 
toradiograph of the SDS-polyacrylamide 
gel used to separate T antigens precipitated 
with highly specific Ad5 and Ad12 anti- 
tumor sera from the Rc613- and Rc621- 
infected cells. The autoradiograph shows 
that the Ad12 Elb region of the recom- 
binant virus directs the synthesis of the 
two Ad12 Elb tumor antigens of 54 and 19 
kDa, respectively. The only Ad5 protein 
precipitated is a 14-kDa polypeptide, prob- 
ably derived from early region 4 (Downey 
et &, 1983). An extract from Ad&trans- 
formed cells was precipitated with the 
same sera to show that the anti-Ad5 serum 
indeed recognizes the Ad5 Elb tumor an- 
tigens of 58 and 19 kDa (lanes xhoc). 

Additional evidence for the correct 
expression of the Ad12 Elb region in the 
recombinant virus was obtained from Sl 
nuclease RNA mapping experiments. Total 
cytoplasmic RNA was isolated from human 
embryonic kidney cells, 12 hr postinfection 
with Ad12 or with the recombinant viruses. 
The Ad12 Elb probe used in the Sl ex- 
periment was a 5’-end-labeled PvuII frag- 
ment (nt 1901 to 3617). This probe will de- 
tect the transcript of the gene for the 
structural protein IX and the common 
splice-acceptor site of the two Ad12 Elb 
mRNAs of 1 kb and 2.2 kb, respectively 
(Fig. 4). RNAs from cells infected with ei- 
ther Ad12 or the recombinant virus both 
protect the expected segments of 267 nt 
and 249 nt of the DNA probe against Sl 
digestion. These data show that the Ad12 
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FIG. 3. Polyacrylamide gel electrophoresis of T an- 
tigens precipitated from cells lytically infected with 
recombinant virus. Human embryonic kidney cells 
were infected with the AdSEla/AdlZElb recombinant 
viruses Rc613 and Rc621 at a multiplicity of infection 
of 100 PFWcell and labeled 12-16 hr postinfection 
with [%]methionine. Labeled extracts were precip- 
itated with preimmuneserum (lanes ni), Ad5 anti-T 
serum (lanes 5) and Ad12 anti-T serum (lanes 12). 
The same sera were used to precipitate T antigens 
from labeled baby rat kidney cells transformed with 
the Ad5 .%%I C fragment (O-15%, lanes X/WC). The 
position of the molecular weight markers are indi- 
cated. 

gene for the structural protein pIX is ex- 
pressed in cells infected with the recom- 
binant virus. 

Likewise, Sl mapping was used to check 
expression of Ad5 Ela in cells infected with 
the recombinant virus. The probe used in 
this experiment was a 488-bp 3’-labeled 
NarI fragment derived from the Ad5 Ela 
region (nt 814 to 1302). The 12 S Ela mRNA 
can protect a segment of 160 nucleotides 
of this probe against Sl digestion, while 
the 13 S mRNA can protect a segment of 
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FIG. 4. Sl nuclease analysis of RNAs from the re- 
gions Ela and Elb in lytically infected cells. Total 
cytoplasmic RNA was isolated from human embryonic 
kidney cells 12 hr after infection (m.o.i. 100 PFU/ 
ceil) with Ad5 dl309, Ad12 or the recombinant viruses 
R&13 and R&21. The Ad5 Ela probe was a =P- 3’- 
end-labeled NurI fragment (nt 814-1302). The Ad12 
Elb probe was 1’716-bp Y-end-labeled PvuII fragment 
(nt 1901-3617). Twenty micrograms of RNA from in- 
fected cells was hybridized to the DNA probe and 
digested with Sl nuclease. Protected segments were 
separated on a 5% polyacrylamide ‘7 M urea gel. Lane 
1, The untreated Ad5 Ela probe; lane 2, the Ad5 Ela 
probe hybridized to tRNA; lanes 3,4, and 5, the Ad5 
Ela probe hybridized to Ad5 al309 lytic RNA, R&13 
lytic RNA, and Rc621 lytic RNA, respectively; lane 
6, the untreated Ad12 Elb probe; lanes ‘7, 8, 9, and 
10, the Ad12 Elb probe hybridized to tRNA, Ad12 
lytic RNA, Rc613 lytic RNA, and Rc621 lytic RNA 
respectively. For lanes 9 and 10 a fourfold shorter 
exposure is shown to resolve the two neighboring pro- 
tected segments. 

298 nt of the same probe. Figure 4 shows 
that both with Ad5 dl 309 lytic RNA and 
with RNA from cells infected with the re- 
combinant virus, segments of 160 and 298 
nt can be protected. This shows that the 

Ad5 Ela region in the recombinant virus 
is also faithfully expressed. 

The A&/Ad12 Recombinant Virus Does 
Not ShrvLo a Host Range Phenotype 

The Ad5 mutant dl309 has lost three of 
the four XbaI cleavage sites. At least one 
of these sites was lost due to a deletion of 
viral sequences between 83 and 85 map 
units (Jones and Shenk, 1979). Neverthe- 
less, this virus is viable in normal human 
cells. To test whether the recombinant vi- 
rus has an altered host range compared to 
the dl309 mutant, one of the recombinants, 
Rc613, was grown on 293 cells and serial 
dilutions of the virus stock obtained were 
plated onto replicate dishes of HeLa cells, 
293 cells and human embryonic kidney cells 
in a plaque assay. Ad5 dl 309 and Ad12 
virus stocks were also added to the exper- 
iment for comparison. 

The results of the plaque assay, pre- 
sented in Table 1, show that the plaquing 
efficiency of the recombinant virus is in 
the same order of magnitude on human 
embryonic kidney cells as on 293 cells. Like 
Ad12, the recombinant virus does not form 
plaques on HeLa cells. However, the hybrid 
virus could be grown to high titers in HeLa 
cells. We therefore conclude that the fail- 
ure of the recombinant virus to form 
plaques on HeLa cells is not due to its in- 
ability to replicate in these cells, but 
rather, like Ad12, to a poor capacity of the 
virus to lyse infected HeLa cells. 

Oncogenicity of the Recombinant Virus in 
Newborn Hamsters 

To test the oncogenic potential of the 
recombinant virus in newborn hamsters 

TABLE 1 

HOST RANGE PHMOTYPE OF THE 
RECOMBINANT VIRUS 

Titer (PFU) 

Virus 293 cells HEK cells HeLa cells 

Ad5 d1309 1. lo9 6.10’ 8.5.10s 
Ad12 3.2 * lo7 a.4 - lo7 - 

Rc613 1.109 9.10’ - 
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lo8 PFU of recombinant virus were injected 
subcutaneously into 24-hr-old Syrian ham- 
sters. Whereas all of the control animals 
injected with Ad12 developed tumors 
within 2 months, none of the animals in- 
jected with Rc613 or Rc621 have developed 
tumors up to 9 months postinjection (Table 
2). These results show that the modulation 
of the oncogenic potential of adenoviruses 
is brought about by either other or addi- 
tional genes than those encoded by the 
early region lb. 

DISCUSSION 

We have constructed an Ad5/Ad12 re- 
combinant virus in which the Elb region 
of the nononcogenic Ad5 is replaced by the 
homologous transcriptional unit of Ad12. 
We show that in human embryonic kidney 
cells, lytically infected with the recombi- 
nant virus, there is expression of the Ad5 
Ela and Ad12 Elb genes. 

It is difficult to estimate the level of 
expression of the Ad12 Elb region in the 
recombinant virus as compared to the 
expression of the Elb region in wild type 
Ad12. The reason for this is that the onset 
of expression of Elb in wild-type Ad12 lytic 
infection is later when compared to Ad5 
or the recombinant virus. It has been 
shown that Ad5 mutants with a defect in 
Elb show a 4 logs decreased plaquing ef- 
ficiency on HEK cells as compared to 293 
cells (Jones and Shenk, 1979). The best ev- 
idence that the Elb region in the recom- 
binant virus is expressed at normal or next 
to normal, levels, is therefore provided by 
the finding that the recombinant virus 
replicates nearly as efficiently on HEK cells 
as on 293 cells (Table 1). 

No plaques could be scored with the re- 
combinant on HeLa cells, however, the vi- 
rus does replicate efficiently on these cells 
since high virus yields could be harvested 
from infected HeLa cultures. These results 
show that the Ad12 Elb region can fully 
replace the Ad5 Elb region in lytic infec- 
tion. These results are in good agreement 
with those of others (Brusca and Chin- 
nadurai, 1981; Williams et al, 1981; Rowe 
and Graham, 1981) who found that Ad2 
and Ad5 Elb host range mutants could be 

TABLE 2 

TUMORWENICITY OF THE RECOMBINAKT VIRUS IN 

NEWBOKN HAMSTERS 

No. of 
No. of animals 

animals with Latent period 
Virus injected tumors (days) 

Ad12 10 9 30-50 
Ad5 d1309 10 0 - 

Rc613 12 0 - 

Rc621 10 0 

complemented by coinfection with wild- 
type Ad12. However, our results are con- 
flicting with those of Shiroki et al. (1982) 
who concluded that Ad12 Elb does not 
complement Ad5 Elb. 

Our present results also show that com- 
plementation between Ad5 and Ad12 is not 
restricted to the early region 1 gene block. 
This was demonstrated by the finding that 
the Ad12 gene for the intermediate early 
structural protein pIX was expressed in 
cells infected by the recombinant virus. 
Since the gene for protein IX is not ex- 
pressed in cells transformed with Ad5 or 
Ad12 early region 1 plasmids, we conclude 
that some Ad5 gene products, located out- 
side the El region, is capable of activating 
the Ad12 protein IX promoter in the re- 
combinant virus. 

Our interest in constructing the Ad5E- 
la/AdlBElbrecombinant virus was aroused 
by the difference in oncogenicity between 
Ad5 and Ad12. As mentioned earlier we 
have previously used an Ad5 Ela/AdlZ Elb 
plasmid in transformation studies with 
primary rat kidney cells. Cells transformed 
with this hybrid plasmid were highly on- 
cogenic when injected into nude mice (Ber- 
nards et aL, 1982). However, in the present 
study we find that if essentially the same 
plasmid is introduced into an intact virus 
genome of nononcogenic Ad5, this does not 
lead to a recombinant virus with oncogenic 
potential in newborn hamsters. This find- 
ing implies that gene product(s) other than 
the Ad12 Elb region are required to make 
a virus oncogenic. At this stage, it is dif- 
ficult to predict which gene products or 



additional gene product(s) are involved in 
viral oncogenici ty. 

12 early region lb tumor antigens in oncogenic 
transformation. Virology 127, 45-54. 

One possibility is that the identity of the 
Ela region is important in determining the 
oncogenic potential of a virus. We have 
recently found evidence for this hypothesis 
by showing that adenovirus-transformed 
rat cells expressing the Ad12 Ela region 
can escape the thymus-mediated immune 
surveillance of the syngeneic host, while 
cells expressing the Ad5 Ela region can 
not (Bernards et al, 1983b). Another pos- 
sibility is that early region 3 gene products 
are involved in the process of tumor in- 
duction by the virus. This region is par- 
tially deleted in our recombinant virus 
since we have used the adenovirus type 5 
mutant dl 309, which carries a lesion in 
the E3 region, for recombinantion with the 
hybrid plasmid. It has recently been shown 
that one of the glycoproteins specified by 
this region is closely associated with the 
class I major histocompatibility complex 
antigens (Sign& et czL, 1982). It is con- 
ceivable that this protein plays a role in 
modulating the T killer cell response 
against tumor cells. 
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