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Plasmids containing the El region of Ad12 DNA can transform certain rodent cells 
into oncogenic cells. To study the role of the Ela subregion in the process of oncogenic 
transformation, Ad12 region El mutants carrying deletions in the Ela region were con- 
structed. Deletion mutants pR7 and pR8 affect only the 13 S mRNA species encoded by 
region Ela, whereas deletion mutants pRl1 and pR15 damage both the 12 S and 13 S 
Ela mRNA. All four mutants have lost their capacity to transform primary cultures of 
baby rat kidney cells, indicating that the Ela gene product encoded by 13 S mRNA is 
essential for transformation. It was further found that the mutated Ela regions of both 
pR7 and pRl1 can induce expression of region Elb, which implies that the transformation 
deficiency of these mutants is not due to the inability to activate Elb expression. Sur- 
prisingly, the transforming capacity of pR7 and pRl1 is restored when these mutant El 
regions are covalently coupled to the SV40 “enhancer” region. Cells transformed by these 
hybrids plasmids, however, were not tumorigenic in nude mice. 

INTRODUCTION 

Human adenoviruses have the capacity 
to transform certain rodent cells in vitro 
into tumor-like cells (Flint, 1980). The on- 
cogenicity of the transformed cells depends 
on which serotype is used as the trans- 
forming agent. Primary rat cells trans- 
formed by adenovirus 12 (Ad12) are on- 
cogenic after injection into syngeneic rats 
and into athymic nude mice, whereas cells 
transformed by Ad5 are nononcogenic in 
syngeneic rats, although they are weakly 
oncogenic in nude mice (Bernards et al, 
1983). 

The transforming activity of all human 
adenoviruses analyzed so far has been 
mapped in early region 1 (El), which 
stretches from about 1.5 to 11.5% of the 
viral genome. This region consists of two 
transcriptional units, Ela and Elb (see Fig. 
1). In transformed cells, Ela encodes two 
coterminal mRNAs of 12 S and 13 S which 
differ in the amount of RNA removed by 

1 To whom reprint requests should be addressed. 

splicing. At least two coterminal proteins 
are synthesized from these mRNAs. Region 
Elb encodes a 22 S mRNA which directs 
the synthesis of two proteins, a 19- and a 
60-kDa protein (for review see Flint, 1980). 

In vitro mutagenesis studies with Ad12 
region Ela DNA showed that the 19-kDa 
Elb protein and the carboxy-terminal part 
of the 60-kDa Elb protein are not essential 
for transformation. Cells transformed by 
such mutant plasmids carrying deletions 
in the genes coding for these proteins are 
not tumorigenic in nude mice, which dem- 
onstrates that the Elb gene products have 
an important role in determining the on- 
cogenicity of transformed cells (Jochemsen 
et aL, 1982; Bernards et aL, 1983). This is 
further confirmed by our finding that the 
degree of oncogenicity in nude mice of cells 
transformed by Ad5 or Ad12 is determined 
by the identity of the Elb 60-kDa protein 
(Bernards et al, 1983). 

Less is known about the role of the Ela 
region of Ad12 in oncogenicity due to the 
lack of mutants of this serotype. Studies 
with Ela mutants of Ad5 have shown that 
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FIG. 1. Physical maps of Ad12 region El mutants cloned in pAT153. (A) Schematic representation 
of the positions of the Ela deletions. Indicated are the first and the last base pair of a deletion. 
(B) Schematic representation of the position and orientation of the SV40 HindHI-C fragment after 
insertion into Ad12 El-containing plasmids. 

Ela gene products, and especially the pro- 
tein encoded by the 13 S mRNA, are in- 
volved in activation of expression of the 
Elb region (Berk et aL, 1979; Nevins, 1981). 
Activation of Elb expression cannot be the 
only function of Ela in transformation, 
however, since expression of region Elb 
alone, under control of a foreign promoter, 
does not result in morphological transfor- 
mation (Van den Elsen et a& submitted 
for publication). Furthermore, the Ad5 
mutant hr 440 carrying a mutation in the 
13 S transcript normally expresses Elb but 
is transformation defective, which shows 
that a gene product of the 13 S messenger 
is directly involved in transformation 
(Solnick and Anderson, 1982). Not all mu- 
tants in the 13 S messenger are transfor- 
mation-deficient, however. Ad5 hr 1, which 
carries a deletion at a similar position as 
hr 440, can transform baby rat kidney cells 
(Graham et al, 1978) and, at a slightly el- 
evated temperature, also other primary rat 
cells (Ho et aL, 1982). 

To extend the studies on region Ela to 
oncogenic adenovirus serotypes, we have 

constructed four Ela deletion mutants 
from plasmids containing the Ad12 El re- 
gion, two of which affect the 13 S mRNA 
only. In this paper we report that all four 
mutants are transformation-deficient, in- 
dicating that a gene product of the 13 S 
mRNA is required for this process. How- 
ever, ligation of the “enhancer” region of 
SV40 DNA to the mutated Ad12 El region 
resulted in the restoration of the trans- 
forming capacity of at least two of the four 
mutants. Although cells transformed by 
these hybrid DNAs normally expressed 
Elb tumor antigens, they were nononco- 
genie. 

MATERIALS AND METHODS 

Primary cultures of baby rat kidney 
(BRK) cells were prepared from kidneys 
of l-week-old WAG/RIJ rats, an inbred 
rat strain. Transformation of these cells 
with recombinant plasmids was performed 
as described by Van der Eb and Graham 
(1980). 

Cell labeling with [?S]methionine and 
subsequent immunoprecipitation was per- 
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formed as described previously (Schrier et TABLE 1 

al, 1979). 
The constru’ction of pAdl2 RIC (or pRIC) 

has been described by Bos et al, (1981). The 
Ad12 Ela mutants pR7, pR8, and pRl1 are 
derived from this plasmid by deleting the 
RruI site (AGTACT at position 1003) using 
standard recombinant DNA techniques. 
pR15 has been obtained by deleting the 
1005-bp EcoRI-Rrul fragment of pRIC (see 
Fig. 1). 

The chimeric SV40-El plasmids were 
constructed <as follows: The HindIII-C 
fragment of SV40 was cloned into the 
Hind111 site of pAT153. A plasmid con- 
taining the SV40 fragment in a counter- 
clockwise orientation was used as vector 
to clone the .EcoRI inserts of pRIC, pR7, 
pR8, pR11, or pR15. Clones in which the 
Ad12 segment was inserted clockwise were 
used in the transformation experiments. 

Sl nuclease analysis was carried out as 
described previously (Bernards et al, 1982). 

RESULTS 

Construction and Characterization 
of Ela Deletions 

Figure 1 shows the physical map of early 
region 1 of adenovirus 12. The Ela region 
encodes two coterminal mRNAs of 12 S 
and 13 S which differ by alternative splic- 
ing. We have constructed deletions in the 
Ela region of plasmids containing Ad12 
Ela DNA (pRIC) in vitro (Fig. 1A). Three 
mutant El plasmids, pR7, pR8, and pR11, 
were identified by the loss of the RruI site 
and further characterized by DNA se- 
quence analysis. pR7 has a single base pair 
deletion (1005) which results in a frame 
shift in the coding region of the 13 S mRNA 
only. The remaining open frame can encode 
a 17-kDa truncated product. pR8 has a 6- 
base pair deletion (1001-1006) resulting in 
the deletion of two amino acids of the 13 
S mRNA product. In both pR7 and pR8, 
the coding region of the 12 S Ela mRNA 
is unaffected. The third mutated hybrid El 
plasmid, pRl1, has a large deletion of 109 
base pairs (898-1006), affecting the coding 
frames of both the 12 S and the 13 S 
mRNAs. Fu:rthermore, it removes the do- 
nor splice point of the 12 S Ela messenger. 

TRANSFORMING ACTIVITY OF Ad12 REGION El-CON- 
TAINING PLASMIDS IN PRIMARY CULTURES OF BRK 
CELLS 

DNA Colonies/dish 

pRIC 2 
PRY 0 

pR3 0 
pRll 0 
pR15 0 

- 0 

Note. Ten 5-cm dishes were transfected with 3 pg 
of plasmid DNA each. 

In this case, the mutated Ela region can 
encode only a 15-kDa truncated product. 
A fourth deletion mutant of the Ela re- 
gion-pR15-has been obtained by deleting 
the left-terminal 1005 base pairs of the 
viral insert of pRIC. 

The four mutated hybrid El plasmids 
were transfected into baby rat kidney 
(BRK) cells and transformed colonies were 
screened after 10 weeks. As shown in Table 
1, none of the deletion mutants can trans- 
form BRK cells. Since two of the mutants 
were only affected in the 13 S mRNA, the 
result implies that a gene product of the 
13 S mRNA is essential for Ad12 trans- 
formation. 

Activation of Elb Expressim 

Region Ela is known to regulate expres- 
sion of region Elb and other early regions 
at the level of transcription (Nevins, 1981). 
Thus, the absence of transforming activity 
of the mutated El plasmids might be ex- 
plained by a lack of Elb expression. To test 
whether the mutated El regions have lost 
their capacity to activate the Elb pro- 
moter, mouse L tk- cells were transfected 
with mixtures containing one of the mu- 
tant El plasmids and an Elb-tk chimeric 
plasmid. In this Elb-tk plasmid the Elb 
promoter is linked to the coding frame of 
the tk gene (Fig. 2) and recent experiments 
have shown that expression of the Elb-tk 
gene requires the presence of Ela DNA 
(Bos and ten Wolde-Kraamwinkel, 1983). 
Table 2 shows that the number of tk+ col- 



396 BOS ET AL. 

Elb promoter reqon Tk gene 
I 

- 520 
+:y- RNA 

AUG 

FIG. 2. Schematic representation of the Elb-thymidine kinase fusion gene pElb-tk/-520. 

onies obtained depended on the nature of 
the Ela mutant used for cotransfection. 
Very few colonies were obtained with pR8 
and pR15, showing that these hybrid El 
plasmids have a defect in the activation of 
Elb expression. pR7, however, results in 
similar numbers of colonies as pRIC, while 
pRl1 gives an even threefold increase in 
the number of colonies. This implies that 
both pR7 and pRl1 can activate the Elb 
promoter, and thus that the transforma- 
tion defect is not due to a defect in the 
activation of Elb transcription. 

The Effect of the SV40 Origin-Promoter Re- 
gion on El Transformation 

In an attempt to obtain cells transformed 
by the mutated hybrid El plasmids, which 
in themselves were transformation-defi- 
cient, we have coupled the SV40 72-bp re- 
peat region to the Ad12 Ela mutants. This 
was achieved by inserting the SV40 
HindIII-C fragment containing the origin 
promoter region including the 72-bp repeat 
to the various mutants upstream from 
the El region (Fig. 1B). The resulting 
chimeric SV40-El plasmids (pSVRIC, 
pSVR7, pSVR8, pSVR11, and pSVR15) were 
transfected into BRK cells and screened 
for colony formation after 10 weeks (Table 

TABLE 2 

CONVERSION OF MOUSE L tk- CELLS BY THE Elb-tk 
FUSION GENE (pElb-tk/-520) IN THE PRESENCE OF 
Ad12 El MUTANT PLASMIDS 

DNA Colonies/dish 

pElb-tk/-520 0.5 
+pRIC 30 
+pR7 28 
+pR8 3 
+pRll 101 
+pR15 1 

Note. Five 5-cm dishes were transfected with 0.5 
pg pElb-tk/-520 and 1 pg Ad12 plasmid DNA. See 
Fig. 2 for a diagram of the Elb-tk plasmid. 

3). Surprisingly, it was found that some of 
the mutated El plasmids transformed BRK 
cells in combination with the SV40 se- 
quences. The efficiency of transformation 
was variable, however, and depended on 
the Ela deletion mutant. pSVR7 trans- 
formed with an efficiency similar to that 
of wild-type pRIC; pSVR8 also transformed 
but at a much lower level, while pSVR11, 
the mutant that affects the coding frames 
of both Ela mRNAs, transformed BRK 
cells with an efficiency five times higher 
than that of pRIC or pSVRIC. Mutant 
pSVR15 lacks most of the Ela region and 
showed no transforming activity. These 
results indicate that the SV40 origin pro- 
moter region can complement certain de- 
fects in the Ela region. 

An interesting correlation can be made 
between the transformation frequency of 
the various mutant hybrid El plasmids in 
the presence of SV40 sequences (Table 3) 
and the capacity of the mutants to activate 
the Elb promoter (Table 2). When the ca- 
pacity to induce Elb expression is high 
(pR11) then the transformation frequency 
in the presence of the SV40 sequence is 
also high, whereas when the capacity to 
induce Elb expression is low (pR8), then 

TABLE 3 

TRANSFORMING ACTIVITY IN CHIMERIC SV40-El 

PLASMIDS IN PRIMARY CULTURES OF BRK CELLS 

DNA Colonies/dish 

pRIC 2 
pSVRIC 2.5 
pSVR7 4 
pSVR8 0.5 
pSVRl1 12 
pSVR15 0 
PSV 0 

Note. Ten 5-cm dishes were transfected with 3 pg 
of plasmid DNA each. 
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the transformation frequency is also low. 
This correlation suggests that, to be com- 
plemented by the SV40 sequences, the Ela 
region should still have the capacity to ac- 
tivate the Elb promoter. 

Characterization of Cells Transfomned by 
Chime+ 5X40-El Plasmids 

To verify whether AdlZ-specific proteins 
are present in cells transformed by the 
mutant plasmids in the presence of SV40 
sequences, established cell lines were la- 
beled with C”5S]methionine and extracts 
were immunoprecipitated with rat anti- 
tumor serum. As shown in Fig. 3, cells 
transformed by pRIC, pSVRIC, and pSVR7 
(pSVR%transformed cells have not been 
established) contained the normal Ad12- 
specific T antigens: the 55- and 19-kDa Elb 
proteins and a 41-kDa protein which is 
thought to be encoded by Ela. In addition, 
a 53-kDa cellular protein is found. Cells 
transformed by pSVRl1 also contained the 
Elb tumor antigens but lack the 41-kDa 

41K - 

25K - 

19K ) 

FIG. 3. Polyacrylamide gel electrophoresis of T an- 
tigens precipitated from BRK cells transformed with 
pRIC, pSVRIC, pSVR7 (two different cell lines), 
and pSVR11. Elxtracts of the cells labeled with 
FSjmethionine were immunoprecipitated with normal 
rat serum (ni) and Ad12 anti-T serum. 

protein. Instead, a 25-kDa protein was ob- 
served which could be a truncated Ela 
product. The presence of the 41-kDa pro- 
tein in pSVR’7-transformed cell lines and 
its absence in pSVRll-transformed cell 
lines suggests that this 41-kDa protein is 
encoded by the 12 S Ela messenger. The 
striking difference between the apparent 
molecular weight of this protein and its 
predicted value (26-kDa) has been dis- 
cussed previously (Schrier et aL, 1979). In 
our experiments the product of the 13 S 
Ela messenger was not detected. 

We have further characterized the var- 
ious El-transformed cells by Sl nuclease 
analysis. The probe for Ela was a $-labeled 
NarI-Hind111 fragment from pRIC, which 
should give rise to Sl nuclease-resistant 
fragments of 575 and 482 nucleotides for 
pRIC, pSVRIC, and pSVR7 RNA (the sin- 
gle-nucleotide deletion in pSVR7 RNA will 
not be detected by Sl nuclease analysis) 
and to an Sl nuclease-resistant fragment 
of 404 nucleotides for pSVRl1 RNA (see 
diagram, Fig. 4). The Elb-specific probe 
was a 3’-labeled Hind111 fragment which 
should yield a resistant segment of 976 nu- 
cleotides. Both probes were hybridized as 
a mixture with cytoplasmic RNA from the 
various transformed cells. Figure 4 shows 
that all RNAs tested give the expected Sl 
nuclease-resistant segments. From the 
above results we conclude that cells trans- 
formed with the different chimeric SV40- 
El plasmids contain the expected T anti- 
gens and mRNA products. 

Test for Oncogenicity 

Cells transformed by Ad12 are oncogenic 
both in nude mice and in syngeneic rats. 
To identify whether deletions in the Ela 
region affect the oncogenic potential of the 
transformed cells we have injected the cells 
into nude mice. After a short latency pe- 
riod, both pRIC- and pSVRIC-transformed 
cells gave rise to tumors in all of the in- 
jected animals, whereas pSVR7- and 
pSVRll-transformed cells did not give tu- 
mors (Table 4). This implies that an intact 
Ela region and, more specifically, the 13 
S Ela mRNA, is essential for oncogenicity 
of AdlZtransformed cells. 
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FIG. 4. Sl nuclease mapping of viral RNA in transformed cells. 3’-End-labeled DNA fragments 
were hybridized to total cytoplasmic RNA from transformed cells. The hybrids were treated with 
Sl nuclease and separated on a 5% polyacrylamide- 7 M urea gel. To analyze expression of region 
El RNA a 1825-bp NarI-H&d111 fragment (493-2318) and a 1388-bp Hind111 fragment (2318-3706) 
isolated from pRIC were hybridized together to 25 pg RNA from cells transformed with pRIC (lane 
(RIC), with pSVRIC (lane SVRIC), or with pSVR7 (lane SVR’I), to 2.5 pg of RNA from cells trans- 
formed with pSVRl1 (lane SVRll) or to yeast tRNA (lane S). Lane I shows the untreated DNA 
probes; lanes M contain marker digests. Note that the amount of SVRll RNA used is 10 times 
lower than the amount of RNA applied in other lanes. 

DISCUSSION 

Region Ela of Ad12 has several distinct 
roles in the process of cell transformation. 
First, the Ela-encoded 13 S mRNA, or its 
translation product, is required for initi- 

TABLE 4 

ONCOGENICITY OF Ad12 El-TRANSFORMED CELLS IN 
ATHY~IC NUDE MICE’ 

Cell 
Number of animals with tumors/ 

number of injected animals 

RIC lO/lO 
SVRIC 616 
SVR’T-A O/6 
SVR7-C O/6 
SVRll O/6 

a Animals were injected with lo7 cells/animal. 

ation of transcription of the Elb region 
(Bos and ten Wolde-Kraamwinkel, 1983). 
Since Elb expression is essential for com- 
plete transformation (Jochemsen et aL, 
1982; Bernards et aL, 1983), it follows that 
the Ela activity which induces this 
expression is essential also. Several lines 
of evidence (Berk et aL, 1979; Jones and 
Shenk, 1979) indicate that expression of 
other early adenovirus genes is also con- 
trolled by region Ela. If the regulatory ef- 
fect of Ela is based on inactivation of re- 
pressor-like molecules, it would be reason- 
able to assume that Ela is also responsible 
for the activation of one or more cellular 
genes. Nevins (1982) has reported recently 
that Ad5 region Ela is responsible for the 
induction of a 70-kDa heat-shock protein 
in human cells. It might be that an im- 
portant function of Ela in transformation 
is the activation of cellular “transforming” 
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genes by a similar gene-activating func- 
tion. 

A second alctivity of the Ela region in 
transformation became apparent from the 
behavior of our Ela mutants which exhibit 
normal (pR’7) or increased (pR11) levels of 
Elb induction, but which nevertheless are 
deficient in transformation. A similar Ela 
activity has recently been described in a 
study on the Ad5 host range mutant hr 
440 which has a mutation in the Ela gene 
specifying the 13 S viral mRNA virus (Sol- 
nick and Anderson, 1982). This virus is 
transformation-deficient but expressed 
Elb normally. This shows that region Ela 
has a distinct role in morphological trans- 
formation which can be dissociated from 
its ability to induce Elb expression. This 
transforming activity also appears to be a 
function of the Ela 13 S mRNA or its pro- 
tein product(s). 

The transforming activity, which is lost 
in deletion mutants pR7, pR8, and pR11, 
is restored to a varying degree when the 
mutant DNAs are covalently linked to the 
HindHI-C fragment of SV40 (nucleotides 
5171-1046). This fragment contains the or- 
igin of DNA replication and, as part of the 
early promot.er, the 72-bp repeat or “en- 
hancer” region. Removal of the origin of 
replication (.HindIII-BgZII; 5171-1) does 
not affect th.e phenomenon (our unpub- 
lished observation). Several effects have 
been described for the 72-bp repeat. For 
instance, in certain cases it can enhance 
the frequency of transformation by DNA- 
mediated gene transfer. It has been sug- 
gested that this effect is due to facilitated 
integration of cotransfected genes into the 
host genome (Capecchi, 1980). Since the 
SV40 enhancer region did not cause in- 
creased transformation frequencies for in- 
tact region E:l, it seems unlikely that the 
effect described in this paper is caused by 
facilitated integration. An alternative 
possibility would be that the Ela deletions 
affect an adenovirus “enhancer” function. 
This is, however, unlikely, since this would 
imply that the deletion in pR8 does affect 
this enhancer element, whereas the over- 
lapping deletion in pRl1 does not (see 
Fig. 1). 

A second property of the 72-bp repeat 
is that it cart increase the level of activity 

of certain neighboring genes, such as the 
@globin gene (Banerji et aZ., 1981), Thus, 
increased expression of a partially defec- 
tive Ela region above a certain threshold 
level could result in restoration of biolog- 
ical activity. However, we did not observe 
a consistent increase in the level of Ela 
products in cells transformed by pSVRIC 
or pSVR7. The elevated concentration of 
El products in one SVRIC-transformed cell 
line (Figs. 3,4) is not found in SVR7-trans- 
formed cell line (Figs. 3,4) nor in two other 
SVRIC-transformed lines (results not 
shown). Only in cells transformed by 
SVRll a much higher concentration of 
Ela-specific RNA was found than in other 
transformed lines. We tentatively suggest 
that this may be attributed to an increased 
stability of the Ela 13 S mRNA due to the 
109-bp deletion. A greater stability of Ela 
RNA might also explain the increased ca- 
pacity of pRl1 to induce Elb expression 
as compared to RIC, and the high trans- 
forming activity of pSVR11. The obser- 
vation that the mutant-transformed cells 
are not oncogenic in athymic nude mice 
indicates that 13 S Ela RNA is also re- 
quired for oncogenicity. Since the two 
genes that are specified by the Elb region 
(19- and 60-kDa) are also both needed for 
oncogenicity (Jochemsen et al., 1982; Ber- 
nards et aZ., 1983), it follows that this prop- 
erty requires essentially the coordinated 
expression of the entire El region. 

In summary, the Ela gene which spec- 
ifies the 13 S mRNA has at least three 
distinct functions: a gene-activating func- 
tion, a role in morphological transforma- 
tion which can be complemented by the 
SV40 enhancer region, and an activity 
which plays a role in the oncogenicity of 
transformed cells. The fact that the trans- 
lation product of the 13 S Ela mRNA oc- 
curs in several distinct forms differing in 
their apparent molecular weights (Esche 
et al, 1980; Esche and Siegmann, 1982) may 
be relevant in this respect. Alternatively, 
the Ela polypeptide may have different 
functional domains encoded by the two ex- 
ons of the gene. Clearly, the gene-activat- 
ing function which is still present in pSVR7 
and pSVRl1 would then be encoded by the 
first exons. The location of the second ac- 
tivity cannot be inferred from our results. 
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However, the Ad5 mutant dl 311, which 
has lost part of the second exon of the Ela 
gene, is normal in transformation (Jones 
and Shenk, 1979), suggesting that this ac- 
tivity is also located in the first domain. 
The same conclusion can be drawn from 
the Ad5 hr 1 mutant, which has a frame 
shift mutation close to the 3’ end of the 
first exon, but which can transform nor- 
mally at a slightly elevated temperature 
(Ho et aZ., 1982). The oncogenic activity has 
not yet been mapped within region Ela. 

We have recently obtained evidence that 
region Ela may determine a fourth 
parameter in transformation, namely 
whether or not a transformed cell is rec- 
ognized by the immunocompetent host as 
a neoplastic cell and is rejected or escapes 
immune surveillance and develops out into 
a tumor. This activity will be described 
elsewhere in more detail. 
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