
Journal of Cellular Biochemistry 33:117-126 (1987) 
Growth Factors, Tumor Promoters, and Cancer Genes 35-44 

Mutations in the Ela Gene of Type 5 
Adenovirus Result in Oncogenic 
Transformation of Fischer Rat 
Embryo Cells 
Gregory J. Duigou, Lee E. Babiss, Wen-Shing Liaw, Stephen G. Zimmer, 
Harold S. Ginsberg, and Paul 6. Fisher 
Department of Microbiology (G.J. D., W-S.L., H.S.G., P. B.F.), and Department of Urology 
(G. J. D., P. B.F.), Comprehensive Cancer Center Columbia University, College of Physicians 
and Surgeons, New York, New York 10032, Rockefeller University, New York, New York 
10021 (L. E. B.), Department of Medical Microbiology and Immunology, University of 
Kentucky Medical Center, Lexington, Kentucky 40536 (S. G.Z.) 

Transformation of a specific clone of Fischer rat embryo (CREF) cells with wild- 
type 5 adenovirus (Ad5) or the Ela  plus E lb  transforming gene regions of Ad5 
results in epithelioid transformants that grow efficiently in agar but that do not 
induce tumors when inoculated into nude mice or syngeneic Fischer rats. In 
contrast, CREF cells transformed by a host-range Ad5 mutant, HShrl, which 
contains a single base-pair deletion of nucleotide 1055 in Ela  resulting in a 28-kd 
protein (calculated) in place of the wild-type 51-kd acidic protein, display a cold- 
sensitive transformation phenotype and an incomplete fibroblastic morphology but 
surprisingly do induce tumors in nude mice and syngeneic rats. Tumors develop 
in both types of animals following injection of CREF cells transformed by other 
cold-sensitive Ad5 Ela  mutants (H5dllOl and H5in106), which contain alterations 
in their 13s mRNA and consequently truncated 289AA proteins. CREF cells 
transformed with only the Ela  gene (04.5 m.u.) from H5hrl or H5d1101 also 
produce tumors in these animals. To directly determine the role of the 13s Ela  
encoded 289AA protein and the 12s Ela encoded 243AA protein in initiating an 
oncogenic phenotype in adenovirus-transformed CREF cells, we generated trans- 
formed cell lines following infection with the Ad2 mutant pm975, which synthe- 
sizes the 289AA Ela  protein but not the 243AA protein, and the Ad5 mutant 
H5d1520 and the Ad2 mutant H2dl1500, which do not produce the 289AA Ela  
protein but synthesize the normal 243AA Ela protein. All three types of mutant 
adenovirus-transformed CREF cells induced tumors in nude mice and syngeneic 
rats. Tumor formation by these mutant adenovirus-transformed CREF cells was 
not associated with changes in the arrangement of integrated adenovirus DNA or 
in the expression of adenovirus early genes. These results indicate, therefore, that 
oncogenic transformation of CREF cells can occur in the presence of a wild-type 
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13s Ela protein or a wild-type 12s Ela protein when either protein is present 
alone, but does not occur when both wild-type Ela proteins are present. 

Key words: integration of Ad5 DNA, primary transcription of Ad5 genes, CREF cells, cell 

Although it is well established that viral and cellular oncogenes can indepen- 
dently or cooperatively induce cell transformation in vitro and that certain transformed 
cell populations can induce tumors when injected into susceptible animals, the under- 
lying molecular mechanism(s) by which different transforming genes modulate the 
cellular phenotype have not been defined [1,2]. In the case of type 2 or type 5 
adenovirus, complete morphological transformation of both primary and established 
cell cultures requires the expression of the early region l a  (Ela) and l b  (Elb) viral 
transcriptional units [3-111. When a wild-type Ela  gene is transferred into primary 
baby rat kidney cells it can immortalize these cells [12-141, but the cells acquire an 
incomplete transformed phenotype; ie, cells display a fibroblastic as opposed to an 
epithelioid morphology, and transformed cells are nontumorigenic [ 121. In contrast, 
when primary baby rat kidney cells are cotransfected with a combination of Ela  and 
the Ha-ras (T24) oncogene, complete oncogenic transformation results [ 13,141. The 
ability of E la  to immortalize cells in culture and to cooperate with the Ha-ras 
oncogene in inducing oncogenic transformation is not unique to E 1 a since this 
function has been found with several other genes, including v-myc [ 151, c-myc [ 151, 
n-myc [16,17], polyoma large T-antigen [13,14], and the cellular tumor antigen p53 
[ 18-20]. These studies have led to the concept that transformation of cultured primary 
cells requires at least two cooperating gene functions, ie, those responsible for 
immortalization and those responsible for transformation [ 14,15,21,22]. 

Recent studies have demonstrated that the biological phenotype induced by a 
specific oncogene depends not only on the level of its expression [23] or the expres- 
sion of other cellular genes [24] but also on the target cell in which it is inserted 
[ 14,25,26]. For example, although a mutated or a normal Ha-ras gene transcription- 
ally activated by a long terminal repeat does not induce morphological transformation 
of primary rodent cells, these genes can immortalize primary cells [23]. Similarly, 
when c-myc or pS3-cDNA genes are linked to strong viral promoters, they can induce 
oncogenic transformation of cells without dramatically altering cellular morphology 
[18,25,27]. In the case of adenovirus Ela ,  different effects have been observed 
depending on the target cell, including the induction of morphological transformation 
[7,9,11,28], cooperativity with Ha-ras in inducing transformation [ 13,14,29] (Dui- 
gou, Liaw, Babiss, and Fisher, unpublished data), and tumorigenic conversion [25]. 
In the established REF52 rat cell line, the combination of Ela  and T24 Ha-ras genes 
was required to convert these cells to a tumorigenic phenotype [26], while in the 3T3 
cell line a wild-type Ad5 Ela  gene was sufficient to induce oncogenic conversion of 
these transformed cells [25]. In both REF52 and 3T3 cells insertion of Ela  was not 
associated with dramatic alterations in cellular morphology, whereas in CREF [9] and 
the established 3Y1 [7] rat cell lines Ela  induced morphologically transformed foci, 
but clones generated from these foci were not tumorigenic [26]. In contrast, when the 
Ad5 E la  289 or 243AA protein is expressed alone in 3T3 cells [28] or when the 
levels of Ad2 Ela  proteins are increased by substituting the strong promoter from the 
mouse metallothionein gene in place of the Ad2 Ela  promoter [30], morphological 
changes are induced in NIH 3T3 cells. These studies demonstrate that the Ela  gene 
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of Ad5 can do more than just immortalize cells, and they emphasize the importance 
of defining appropriate target cells and endpoints for analyzing the immortalization 
and/or transformation (morphological and/or oncogenic) potentials of specific genes 
or sets of genes. 

In order to facilitate analysis of the mechanism by which adenovirus genes 
induce transformation, we have isolated and characterized a specific clone of Fischer 
rat embryo cells, called CREF [31,32], in which complete adenovirus virions [8- 
11,26,3 1-33] as well as transfected adenovirus transforming genes transform at high 
frequencies [9,11,34]. The CREF cell line has now been utilized for adenovirus 
transformation studies in several laboratories and has been shown to be valuable in 
defining the functions of specific areas of the Ela and Elb genes of adenovirus in 
regulating both the initiation and the maintenance of the transformed phenotype 
[10,11,33,35,36]. The CREF cell line, although immortal, exhibits many of the 
properties of normal rat embryo cells, including a high degree of contact inhibition, 
an inability to form macroscopic colonies when grown in agar suspension, and the 
inability to form tumors when inoculated into nude mice or syngeneic Fischer rats 
[26,32]. In the present study, we investigated the role of the 13s Ela encoded 289AA 
protein and the 12s Ela encoded 243AA protein in regulating the expression of the 
tumorigenic phenotype in transformed CREF cells. 

MATERIALS AND METHODS 
Cell Cultures 

CREF cells [3 1,321 and the transformed CREF clones described in Table I were 
grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 5 % fetal bovine 
serum. The isolation and subsequent cloning of the cell lines used in these studies 
(Table I) have been described previously [8,9,26,32]. The Ad2 and Ad5 mutants and 
the plasmids containing various Ad5 transforming genes used in these studies have 
been described previously [8-111. 

Tumor Induction in Nude Mice and Syngeneic Fischer Rats 

The ability of cloned Ad5-transformed CREF cells to form tumors in 4-week- 
old Balb/c nude mice and 6-9-week-old immunocompetent Fischer 344 rats was 
determined by injecting 2 x lo6 cells per animal. Monolayer cultures of tumor cells 
were established by trypsinization of excised tumors, and these are referred to as nmt 
(nude mouse tumor) or imm (immunocompetent rat tumor) cells. 

DNA Analysis 

High molecular weight DNA was isolated from the adenovirus-transformed 
CREF cell lines as previously described [37]. The presence of viral sequences within 
each cellular genome was determined by DNA filter hybridization analysis as previ- 
ously described [31,38-40]. 

RNA Analysis 
The in vitro nuclear run-off assay described by Hofer and Darnel1 [41] and 

Weber et a1 [42] was used to label nuclei from adenovirus-transformed CREF cells. 
The transcription assay utilized approximately lo7 nuclei, which were incubated in 
the presence of 200 pCi of [32P]-UTP (3,000 pCi/mmol) for 15 min at 30°C. Nuclear 
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TABLE I. Tumorigenic Properties of Wild-Type and Mutant Type 5 Adenovirus-Transformed 
CREF Cells 

Tumorigenicity 
Cell line Transforming agenta Nude mice Fischer rats 

C R E F ~  None 019 016 
wt3Ad H5wt 119 (90)‘ 016 
C2d H5wt 0-15.5 m u .  013 013 

d2d H5wt 0-15.5 m.u. 016 016 

hr 1 A2d H5hrl 616 (18) 616 (42) 
g8td H5hrl 0-15.5 m u .  919 (44) 016 

s 2  H5d1101 0-15.5 m.u. 313 (24) 212 (91) 

(Ela +Elb) 

(Ela + Elb) 

(Ela + Elb) 

(Ela + Elb) 
d3td H5hrl 0-4.5 m.u. (Ela) 616 (14) 313 (95) 
O l d  H5d1101 0-4.5 m.u. (Ela) 616 (27) 616 (157) 
975-6 pm975 (No E la  12s) 213 (78) 013 
975-8 pm975 (No E la  12s) 313 (30) 212 (113) 
520-1 H5d1520 (No E la  13s) 313 (34) 013 
520-2 H5d1520 (No E la  13s) 113 (39) 013 
520-4 H5d1520 (No Ela  13s) 313 (44) 313 (105) 
1500-2 H2d11500 (No Ela  13s) 313 (76) 212 (87) 
1500-6 H2d11500 (No Ela  13s) 313 (25) 212 (128) 
1500-10 H2d11500 (No Ela  13s) 313 ( 1 1 )  212 (71) 
1500-11 H2d11500 (No Ela  13s) 313 (19) 212 (108) 

aH5wt: wild-type 5 adenovirus; H5wt 0-15.5: transfected CREF clone containing Ela  and E lb  (0-15.5 
m.u.) of H5wt; H5hrl: host range mutant of Ad5 (contains a 1bp deletion of nucleotide 1055); H5hrl 
0-15.5: transfected CREF clone containing E la  and E lb  region of H5hrl; H5d1101 0-15.5: transfected 
CREF clone containing E la  and E l b  region from H5d1101 virus (contains one 5bp deletion of nucleotides 
1008-1012); H5hrl 0-4.5: transfected CREF clone containing E la  region of H5hrl; H5d1101 0-4.5: 
transfected CREF clone containing Ela  region of H5d1101; pm975: host range mutant of Ad2 that lacks 
12s E la  mRNA and the 243AA protein encoded by this mRNA; H5d1520: host range mutant of Ad5 
that lacks a 13s E la  mRNA and the 289AA protein encoded by this mRNA; H2d11500: host range 
mutant of Ad2 that lacks a 13s E la  mRNA and the 289AA protein encoded by this mRNA. 
bFour-week-old BalbIC nude mice or 6-8-week-old Fischer 344 rats were injected with 2 X lo6 cells. 
Results indicate No. of animals with tumors1 No. of animals injected, and bracketed No. indicates the 
average latency time in days, ie, first appearance of a palpable tumor. Nude mice were observed for 
tumor formation for 180 days, and syngeneic rats were observed for tumor formation for >270 days. 
‘This tumor developed late, was very small, and with further time it regressed. 
dTumorgenicity studies on these cell lines have been reprinted in [26]. 

RNA was isolated by the guanidinium isothiocyanate method of Ulrich et a1 [43], and 
prior to hybridization it was cleaved by treatment with 0.2 N NaOH for 15 min on 
ice [44]. The preparation of filters containing “dots” of denatured DNA was as 
described by Kafatos et al [45]. 

RESULTS 

CREF cells transformed by complete Ad5 virions or the Ela  and E lb  genes 
from wild-type Ad5 failed to produce tumors when injected into either nude mice or 
syngeneic Fischer rats [26] (Table I). In contrast, CREF cells transformed by the 
host-range cold-sensitive mutant H5hrl [8,46-49], or by similar mutants such as 
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H5dl101 and H5in106 [lo], induced tumors in both nude mice and syngeneic rats [26] 
(Table I). These data suggest that the ability of these mutant-virus-transformed CREF 
cells to induce tumors in animals results from the defined mutation in the unique 
region of the Ela  gene, which results in an altered 13s mRNA and consequently a 
truncated Ela  51-kd acidic polypeptide [47]. These results also indicate that tumori- 
genic transformation of CREF cells does not require Elb genetic information, since 
CREF cells transformed by only the Ela  gene from H5hrl or H5d1101 form tumors 
in both types of animals [26] (Table I). 

To determine directly the role of the two Ela proteins, the 289AA (encoded by 
the 13s Ela mRNA) and the 243AA (encoded by the 12s Ela mRNA) protein, in 
regulating expression of the tumorigenic phenotype of CREF cells we have utilized 
the Ad2 mutant pm975, which produces only the 289AA Ela protein [lo] and the 
Ad5 mutant H5d1520 [ll] and the Ad2 mutant H2dl1500 [lo], which produce only 
the 243AA Ela protein. Specific foci of CREF cells transformed by pm975 exhibited 
an epithelioid morphology similar to wild-type Ad5-transformed CREF cells but 
induced tumors in both nude mice and syngeneic Fischer rats (Table I). CREF cells 
transformed by H5d1520 and H2d11500 displayed a cold-sensitive transformation 
phenotype, as did HShr1-, H5d1101-, and H5inl06-transformed CREF cells [8,9,48], 
and were tumorigenic in both nude mice and syngeneic rats (Table I). In the case of 
H5d1520-transformed CREF cells, cell cultures established from two different trans- 
formed foci, 520-1 and 520-2, induced tumors in nude mice (100% tumor incidence 
for 520-1 and 33% tumor incidence for 520-2) but did not form tumors in syngeneic 
rats. In contrast, the 520-4 transformed cell line produced tumors (100% of animals) 
in both types of animals. A different situation was observed in H2dl1500-transformed 
CREF cells in which all four transformed lines produced tumors in 100% of the nude 
mice and Fischer rats (Table I). Differences in latency time were observed in the 
formation of tumors in nude mice (11-44-day averages) and syngeneic rats (71-128- 
day averages) inoculated with the two types of mutant-transformed CREF cells. No 
direct correlation was observed between the latency period for tumor formation in 
nude mice and either the ability to form tumors or the latency time for tumor 
development in Fischer rats; eg, 520-1 formed tumors in three of three injected nude 
mice with an average latency period of 34 days but did not form tumors in rats, 
whereas 1500-2 formed tumors in three of three injected nude mice with an average 
latency period of 76 days and formed tumors in two of two injected rats with an 
average latency period of 87 days. 

The process of tumor formation in both nude mice and syngeneic Fischer rats 
by the H5hr 1 -transformed CREF clone A2 was not associated with major alterations 
in the pattern of integration of viral DNA sequences, the number of integrated viral 
genomes, or the transcription rate of early viral gene regions, including Ela, Elb, 
E2a, E3, or E4 [26]. Similarly, the induction of tumors in nude mice and syngeneic 
rats by pm975-, H5d1520-, and H2dl1500-transformed cells also did not result in the 
rearrangement of integrated adenovirus DNA sequences (Fig. 1 and 2, and unpub- 
lished data). Subclones of H2d11500-transformed CREF cells derived from the same 
original transformed focus; ie, 10-1 and 10-2, and 11-1, 11-2, 11-3, and 11-4, 
displayed similar patterns of DNA integration but differed in their tumorigenic 
potential (unpublished data). 

To determine if tumor formation by H2dl1500 was associated with an alteration 
in the expression of viral genes other than Ela and Elb, the rate of transcription of 
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Fig. 1. Analysis of viral DNA in mutant adenovirus-transformed CREF cell lines. Cellular DNA (10 
pg) was digested with XbaI, size-fractionated through 0.6 % agarose, transferred to nitrocellulose filters, 
and probed using Ad2 DNA labeled with 32P by nick-translation. 10-1 represents DNA of a cloned cell 
line isolated from an expanded focus of H2dl1500-transformed CREF cells. 11 contains DNA of a cell 
line derived from a focus of H2d11500-transforrned CREF cells. nmt and imm denote cell lines derived 
from tumors produced after injection of the different transformants into nude mice (nmt) or immunocom- 
petent Fischer rats (imm). Std. contains lop5 pg of XhoI-digested Ad5 DNA and is included as a size 
standard. 

early viral genes was analyzed by labeling nascent RNAs from isolated nuclei with 
[32P]-UTP and hybridizing to appropriate dots of DNA immobilized on nitrocellulose 
filters [26,41-45]. This procedure is useful for determining differential rates of RNA 
transcription initiation [41] since chain initiation in isolated nuclei is an inefficient 
process, whereas chain elongation of previously initiated RNA by RNA polymerase 
I1 occurs faithfully. By applying similar amounts of total labeled RNA (isolated from 
approximately equivalent numbers of cell nuclei) from each nuclear sample, the 
hybridization assays permitted a determination of the rate of transcription of the 
defined genes in each cell type. As previously found with the H5hrl-transformed A2 
CREF clone, tumor formation by H2d11500-transformed CREF cells followed by 
reestablishment in culture did not result in dramatic alterations in the rate of transcrip- 
tion of early adenovirus genes (Fig. 3). The two- to threefold decrease in the 
transcription rate of the Ela  and E lb  genes observed for the clone 11 and 11-imm 
cells compared to 11-nmt cells was not observed in another experiment. This conclu- 
sion is further supported by the increased hybridization signal for actin in the 11-nmt 
cell line. 
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Fig. 2.  Analysis of viral DNA in E l a  13s minus Ad2- and Ads-transformed CREF cell lines. Cellular 
DNA (10 pg) was digested with EcoRI, size-fractionated through 0.6% agarose, transferred to nitrocel- 
lulose filters, and analyzed using 32P-labeled Ad2 DNA. 11 contains DNA of a cell line derived from a 
focus of H2d11500-transformed CREF cells. 3 7 4  represents DNA from a cell line expanded from a 
focus of H5d1520-transformed CREF cells. nmt and imm denote DNA from cell lines derived from 
tumors produced after injection of transformed CREF cells in nude mice (nmt) or immunocompetent 
Fischer rats (imm). Std. contains pg of EcoRI-digested Ad2 DNA and is included as a size 
standard. 

Fig. 3. Dot hybridization of in vitro labeled RNA isolated from cell lines clone 11, 11-nmt, and 11- 
imm. Nuclear RNA was labeled in vitro with 3ZP-UTP as described in the text, and RNA containing 
4 x lo6 cpm was hybridized to a dot containing 7 pg of E la  (0-4.5 mu.) ,  E l b  (7.9-9.6 m.u.), E2a 
(60.1-63 m.u.), J34 (93-100 m.u.), chicken actin cDNA, and pBR322 (pBR) DNA. 

DISCUSSION 

This study demonstrates that the 243AA protein encoded by the Ad5 E la  12s 
mRNA, when present alone or in combination with a truncated form of the 289AA 
protein encoded by a mutated Ela-derived 13s mRNA, in concert with or without 
other Ad5 genes is capable of eliciting a tumorigenic phenotype in CREF cells. In 
addition, tumorigenic CREF cells were also generated following transformation by 
the Ad2 mutant virus pm975 [lo], which expresses the Ela  289AA protein but not 
the E la  243AA protein. Tumorigenicity was not associated with major changes in the 
integration profile of Ad5 DNA sequences or in the transcription rates of several 
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early viral and cellular genes. In contrast, when both wild-type Ela  proteins, alone 
or in combination with E lb  and other Ad5 gene products, are expressed in CREF 
cells, transformed clones do not produce tumors in either nude mice or syngeneic 
Fischer rats. 

The mechanism is not known by which both wild-type Ela  proteins repress the 
oncogenic phenotype in CREF cells, while alterations in the types of Ela  protein(s) 
in CREF cells result in the tumorigenic conversion of these cells. Possible insights 
into this mechanism come from the observations that the Ela  proteins exert pleiotropic 
responses in cells [ 14,28,47,50-531 and the 13s and 12s gene products, when present 
separately, may differ in their ability to elicit specific responses in target cells 
[52,53,57-621. For example, it has been suggested that the 289AA Ela  protein is 
more effective than the 243AA protein in transcriptionally activating other early Ad5 
genes [47,50-531, such as E2, and nonviral genes [54-581, and that it is more active 
in inducing cell cycle progression [60]. In contrast, both the 13s and 12s gene 
products are similarly effective in immortalizing rodent cells [ 141, cooperating with 
the Ha-ras oncogene in inducing transformation in primary rodent cells [ 141, stimu- 
lating cellular DNA synthesis [lo], and transcriptionally activating other adenovirus 
genes when microinjected as purified proteins into cells [61]. The diversity of Ela  
effects in cells is emphasized by the observations by means of DNA transfection 
techniques that Ela  proteins can also inhibit transcription from the Ad2 Ela, SV40, 
and polyomavirus enhancers [62,63], and the E2A late promoter [64]. The 13s and 
12s gene products are similarly effective in suppressing transcription from the SV40 
early promoter [63]. No studies have yet addressed the question of regulation of the 
expression of the 289AA and 243AA proteins when the genes coding for these 
proteins are expressed singly by transformed cells. 

Recent studies by Schrier et a1 [65] and Bernards et a1 [66] demonstrate that 1) 
Adl2-transformed baby rat kidney cells lack at least two cellular proteins that are 
expressed in nononcogenic Ad5-transformed cells and in untransformed cells, and 
one of these proteins is encoded by the rat class I major histocompatibility complex; 
and 2) the product of the 13s mRNA of Ad12 may allow cells to escape T-cell 
immunity and may therefore be the mechanism by which these transformed cells 
induce tumors in syngeneic animals. Similarly, the importance of natural killer cells 
and macrophages in determining the tumorigenic potential of various DNA-virus 
transformed hamster and rat cells has been emphasized [67-721. Based on these 
studies, a possible mechanism by which various CREF transformants that contain 
mutated E la  genes induce tumors in animals may involve the suppression of specific 
cellular surface antigens that mediate tumor cell rejection. Since transformed cells 
expressing both E la  proteins fail to induce tumors, the present results suggest that 
the combination of wild-type Ad5 E la  proteins may be unable to suppress the cellular 
genes effecting tumor rejection, whereas expression or overexpression [30] of either 
the 289AA or the 243AA protein alone may result in changes in cellular gene 
expression resulting in cell surface alterations mediating tumor formation. Support 
for this hypothesis comes from studies indicating that CREF cells transformed by the 
Ad2 mutant pm975 [lo], which produces the 13s Ela-encoded 289AA protein and 
not the 12s Ela-encoded 243AA protein, as well as CREF cells transformed by the 
Ad2 mutant H2d11500 [lo] or the Ad5 mutant H5d1520 [ll],  which produce the 12s 
Ela-encoded 243AA protein and not the 13s Ela-encoded 289AA protein, are capable 
of inducing tumors in both nude mice and syngeneic rats (Table I). The present 
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challenge, therefore, is to determine the nature of the cellular alterations induced by 
various mutations in the Ela gene of Ad5 and Ad2 that result in expression of the 
tumorigenic phenotype by CREF cells. 
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