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Among oncogenic adenoviruses, human adenovirus type 9 (Ad9) is unique in eliciting exclusively estrogen-
dependent mammary tumors in rats and in not requiring viral E1 region transforming genes for tumorige-
nicity. Instead, studies with hybrid viruses generated between Ad9 and the closely related nontumorigenic virus
Ad26 have roughly localized an Ad9 oncogenic determinant(s) to a segment of the viral E4 region containing
open reading frame 1 (E4-ORF1), E4-ORF2, and part of E4-ORF3. Although subsequent findings have shown
that E4-ORF1 codes for an oncoprotein essential for tumorigenesis by Ad9, it is not known whether other E4
region functions may similarly play a role in this process. We report here that new results with Ad9/Ad26
hybrid viruses demonstrated that the minimal essential Ad9 E4-region DNA sequences include portions of both
E4-ORF1 and E4-ORF2. Investigations with Ad9 mutant viruses additionally showed that the E4-ORF1 protein
and certain E4-ORF2 DNA sequences are necessary for Ad9-induced tumorigenesis, whereas the E4-ORF2 and
E4-ORF3 proteins are not. In fact, the E4-ORF3 protein was found to antagonize this process. Also pertinent
was that certain crucial nucleotide differences between Ad9 and Ad26 within E4-ORF1 and E4-ORF2 were
found to be silent with respect to the amino acid sequences of the corresponding proteins. Furthermore,
supporting a prominent role for the E4-ORF1 oncoprotein in Ad9-induced tumorigenesis, an E1 region-
deficient Ad5 vector that expresses the Ad9 but not the Ad26 E4-ORF1 protein was tumorigenic in rats and,
like Ad9, promoted solely mammary tumors. These findings argue that the E4-ORF1 oncoprotein is the major
oncogenic determinant of Ad9 and that an undefined regulatory element(s) within the E4 region represents a
previously unidentified second function likewise necessary for tumorigenesis by this virus.

Human adenoviruses, which are classified into six subgroups
(A through F), cause a variety of human illnesses associated
with infections of the respiratory and gastrointestinal tracts, as
well as the eye (15). Although these viruses are not linked to
human cancers, a subset of them, including all subgroup A and
B viruses and two members of the subgroup D viruses, have the
capacity to promote tumors in rodents. Following subcutane-
ous inoculation of animals, the subgroup A and B viruses
induce undifferentiated sarcomas at the site of injection (13),
whereas the subgroup D viruses Ad9 (adenovirus serotype 9)
and Ad10 cause exclusively estrogen-dependent mammary tu-
mors (1, 2, 17). Furthermore, it has been established that
tumorigenesis by subgroup A and B viruses relies solely on
their E1 region-encoded E1A and E1B oncoproteins (37). On
the contrary, we have shown that tumorigenesis by subgroup D
virus Ad9 lacks such a requirement for E1 region-encoded
gene products and rather depends on the viral E4 region-
encoded open reading frame 1 (E4-ORF1) oncoprotein (20,
41). Thus, two classes of oncogenic human adenoviruses can be
distinguished based on the types of tumors they elicit in ani-
mals and the viral oncoproteins responsible for their tumori-
genic potential.

One rationale for studying DNA tumor viruses such as ad-
enovirus stems from the fact that such investigations have
contributed greatly to our understanding of mechanisms re-
sponsible for the development of cancer (9). For example, the
tumorigenic potentials of the nuclear adenovirus E1A and E1B
oncoproteins, as well as the nuclear simian virus 40 (SV40)
large T antigen, have been shown to depend in part on their
abilities to complex with products of the pRb and p53 tumor
suppressor genes (16, 31), two of the most commonly mutated
genes in human cancers. These findings, together with succeed-
ing studies of such interactions, have proven instrumental in
defining functions for these two remarkably important tumor
suppressor proteins.

While the mechanisms underlying the tumor-promoting ca-
pacity of the cytoplasmic Ad9 E4-ORF1 polypeptide have not
been determined, our results suggest that transformation by
this viral oncoprotein depends in part on its ability to complex
with a select group of cellular PDZ domain-containing pro-
teins, including DLG, MUPP1, and MAGI-1 (11, 23, 24, 44).
These types of cellular factors generally act as scaffolding pro-
teins in cell signaling (6, 8, 32), yet precise functions for the
Ad9 E4-ORF1-associated PDZ proteins are not known. Nev-
ertheless, DLG is a functional homologue of the Drosophila
discs large (dlg) tumor suppressor protein (25, 28, 42) and,
significantly, is likewise a cellular target for both the Tax on-
coprotein of human T-cell leukemia virus type 1 and the E6
oncoproteins of high-risk but not low-risk human papillomavi-
ruses (10, 21, 24, 40). These observations hint that important
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new mechanisms of oncogenesis may be uncovered through
studies of the Ad9 tumor model system.

A prior study of hybrid viruses generated between Ad9 and
the closely related nontumorigenic subgroup D virus Ad26 has
shown that an essential determinant(s) for Ad9-induced tu-
morigenesis is encoded somewhere within the Ad9 E4 region
DNA sequences encompassing E4-ORF1, E4-ORF2, and part
of E4-ORF3 (18). The experiments reported here were under-
taken to establish whether the genetic differences responsible
for the disparate tumorigenic phenotypes of Ad9 and Ad26
map to one or more of these three E4 region functions. In light
of the fact that the Ad9 E4-ORF1 oncoprotein, but not the
E4-ORF2 or E4-ORF3 protein, has been found to represent a
crucial determinant for Ad9-induced tumorigenesis (20), how-
ever, we anticipated that all pertinent genetic differences be-
tween Ad9 and Ad26 would be confined to E4-ORF1 DNA
sequences. We report that new results with Ad9/Ad26 hybrid
viruses unexpectedly demonstrated that such genetic differ-
ences actually localize within both the E4-ORF1 and E4-ORF2
coding regions. Additional findings presented in this study
indicated that although the E4-ORF1 protein is the principal
oncogenic determinant of Ad9, the essential E4-ORF1 and
E4-ORF2 DNA sequences also likely define a previously un-
recognized E4 region regulatory element(s) similarly necessary
for tumorigenesis by Ad9.

MATERIALS AND METHODS

Cells. Human 293 (ATCC CRL-1573) and A549 (ATCC CCL-185) cell lines
were maintained in culture medium (Dulbecco’s modified Eagle medium sup-
plemented with gentamicin [20 mg/ml] and 10% fetal bovine serum) under a
humidified 5% CO2 atmosphere at 37°C.

Construction of Ad5 recombinant vectors. E1 region-deficient, replication-
defective Ad5 recombinant vectors that express either Ad9 or Ad26 E4-ORF1
from a cytomegalovirus (CMV) promoter-driven cassette (dl327/9E4ORF1 or
dl327/26E4ORF1, respectively) were constructed as described previously (35).
Briefly, Ad9 or Ad26 E4-ORF1 coding sequences (nucleotides [nt] 471 to 855)
were first introduced into the BamHI and EcoRI sites of the CMV expression
cassette situated between the two correctly oriented Ad5 DNA fragments 0 to 1.3
and 9.3 to 17 map units (mu) within plasmid pACCMVpLpA (12). Ad5 recom-
binant vectors were generated by cotransfection of recombinant pACCMVpLpA
plasmids and BstBI-digested dl327Bstb-gal virion DNA into 293 cells. Resultant
viral plaques failing to stain blue in the presence of X-Gal (5-bromo-4-chloro-
3-indolyl-b-D-galactopyranoside) were isolated, and the cloned viruses were am-
plified and titrated on 293 cells. Virion DNAs were prepared from these viruses
as described previously (41) and subjected to restriction enzyme analyses to
verify proper genomic structures.

Construction of Ad9/Ad26 hybrid and Ad9 mutant viruses. Two different
two-step procedures were used to construct Ad9/Ad26 hybrid viruses. First, with
the use of common restriction enzyme sites or by PCR methods, Ad9/Ad26
hybrid E4 regions were assembled either within plasmid p26XbaIA (18), con-
taining the Ad26 DNA fragment XbaI-A (65 to 100 mu), or within plasmid
p26EcoRI(B1C), containing correctly oriented Ad26 DNA fragments EcoRI-C (0
to 7.5 mu) and EcoRI-B (89.5 to 100 mu). Second, for isolation of hybrid viruses
by overlap recombination (5), Ad9/Ad26 hybrid p26XbaIA plasmids were cotrans-
fected into A549 cells with plasmid p26EcoRI(A1C) containing the Ad26 DNA
fragment 0 to 89.5 mu (18). Alternatively, for isolation of hybrid viruses from
whole virus genome plasmids (41), the Ad26 virion-derived DNA fragment
EcoRI-A (7.5 to 89.5 mu) was introduced in the correct orientation into the
unique EcoRI site of Ad9/Ad26 hybrid p26EcoRI(B1C) plasmids, and resultant
infectious, whole virus genome p26EcoRI(A1B1C) plasmids were transfected into
293 cells.

For construction of Ad9 mutant viruses, E4 region-containing DNA fragments
were mutated either by disruption of appropriate restriction enzyme sites or by
PCR methods. With the use of convenient restriction enzyme sites, mutant E4
regions were subsequently introduced into plasmid p9EcoRI(B1C) (41), containing
correctly oriented Ad9 DNA fragments EcoRI-B (0 to 7.5 mu) and EcoRI-C (95
to 100 mu). The virion-derived Ad9 DNA fragment EcoRI-A (7.5 to 95 mu) was

subsequently introduced in the correct orientation into the unique EcoRI site of
p9EcoRI(B1C) mutant plasmids. For isolation of mutant viruses, resultant infec-
tious, whole virus genome p9EcoRI(A1B1C) plasmids were transfected into 293
cells.

Ad9/Ad26 hybrid and Ad9 mutant viruses were amplified and titrated in either
293 or A549 cells (19). A combination of limited sequence and restriction
enzyme analyses was used to verify the genomic structures of all viruses.

Tumor assays. One- or two-day-old male and female Wistar/Furth rats (Har-
lan Sprague-Dawley, Indianapolis, Ind.) were inoculated subcutaneously on both
flanks with the indicated dose of virus and then monitored for tumors over an
8-month period as previously described (19). Portions of tumors were either fixed
in 10% neutral-buffered formalin for histological examination or frozen at
280°C for DNA and protein analyses. Caring and handling of animals were in
accordance with institutional guidelines.

Antisera, cell extracts, and immunoblot assays. Ad9 E4-ORF2 coding se-
quences, PCR amplified with primers 59AGC TGG ATC CAT GCT TCA GCG
ACG CG39 and 59CGC GAA TTC TCA TAA TAG AAA CAG ATC C39, were
introduced between the BamHI and EcoRI sites of plasmid pGEX-2T (Pharma-
cia) in frame with the glutathione S-transferase (GST) gene. GST–Ad9 E4-
ORF2 fusion protein was expressed in bacteria, purified, and used as an antigen
to generate rabbit polyclonal antisera (39).

At 24 h postinfection, virus-infected A549 or 293 cells (10 PFU/cell) were
washed in ice-cold phosphate-buffered saline and lysed in sample buffer (0.065 M
Tris-HCl [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate, 10% [vol/vol] glycerol,
1% [vol/vol] b-mercaptoethanol, 0.0015% [wt/vol] bromophenol blue). Resultant
cell extracts were boiled and centrifuged (16,000 3 g, 10 min). Protein concen-
trations of these cleared cell extracts were determined by the Bradford assay (4).
For immunoblot analyses, proteins from cell extracts were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred to
polyvinylidene difluoride membranes, which were sequentially incubated with
blocking buffer (5% nonfat dry milk in TBST [50 mM Tris-HCl {pH 7.4}, 200
mM NaCl, 2% Tween 20]), with Ad9 E4-ORF1 antiserum (20) or Ad9 E4-ORF2
antiserum (1:5,000 in TBST), and then with horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G secondary antibodies (Southern Biotechnol-
ogy Associates). Membranes were developed by enhanced chemiluminescence
(Pierce).

PCR assays. Virion, cellular, and tumor DNAs were isolated by standard
methods (41). PCR amplifications were performed with Taq polymerase (Strat-
agene) as recommended by the manufacturer. Ad9 E4-ORF1 expression cassette
and Ad5 E1 region DNA sequences were PCR amplified with primer pairs Ad9
E4-ORF1 [nt 471-494] (59ATG GCT GAA TCT CTG TAT GCT TTC39)/SV40
cassette (59GCG GAA TTC TTC AGG GGG AGG TGT GGG AG39) and Ad5
[nt 2504-2525] (59GCA GCC AGG GGA TGA TTT TGA G39)/Ad5 [nt 3053-
3075] (59CCT CGC AGT TGC CAC ATA CCA TG39), respectively.

RESULTS

Tumorigenesis by Ad9 depends on DNA sequences located
within both E4-ORF1 and E4-ORF2. Our previous results with
Ad9/Ad26 hybrid viruses indicate that an approximately 1.2-kb
segment of the Ad9 E4 region encodes a determinant(s) for
tumorigenesis by Ad9 (Fig. 1A) (18). With the extreme right
end of the adenovirus genome defined as nt 1, this segment
extends from the NruI site at nt 299 to the MluI site at nt 1481
(Fig. 1B). These sequences either partially or completely code
for four separate functions, including the E4 promoter/59 un-
translated region, E4-ORF1, E4-ORF2, and E4-ORF3. Addi-
tionally, alignment of these Ad9 sequences with the corre-
sponding Ad26 sequences reveals a total of 74 nucleotide
differences distributed within all four functional elements con-
tained in the defined segment (Fig. 1B). Although this partic-
ular finding fails to aid more precise localization of the Ad9 E4
region oncogenic determinant(s), we have previously shown
that Ad9 E4-ORF1 codes for a transforming protein (20, 46)
and that expression of this polypeptide is required for Ad9-
induced tumorigenesis (20). From these observations, we pos-
tulated that specific nucleotide differences within the E4-
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ORF1 genes of Ad9 and Ad26 may be solely responsible for
the divergent tumorigenic phenotypes of these viruses.

We initially tested this idea by constructing the eight differ-
ent Ad9/Ad26 hybrid viruses (group 1 hybrid viruses) shown in
Fig. 2A. Seven of these viruses, 9/26-1 to 9/26-7, have an Ad26
genome in which specific blocks of the E4 region were replaced
by equivalent Ad9 sequences, whereas virus 9/26-8 has an Ad9
genome in which the 59 half of E4-ORF2 was replaced by
equivalent Ad26 sequences. To determine the tumorigenic po-
tentials of these viruses, we inoculated newborn rats subcuta-
neously with 7 3 107 PFU of each virus and then monitored

the animals for the development of tumors for 8 months. In
these assays, the hybrid viruses behaved identically to either
the tumorigenic parental virus Ad9, which generates solely
mammary tumors in 100% of infected female rats, or the
nontumorigenic parental virus Ad26 (18).

Among the wild-type tumorigenic hybrid viruses shown in
Fig. 2A, virus 9/26-4 contained the least amount of Ad9 E4
region DNA sequences, 622 bp, extending from the AccI site at
nt 447 to the NheI site at nt 1069 (Fig. 1B). This segment of the
E4 region contains the entire E4-ORF1 gene, a 40-bp noncod-
ing region between the E4-ORF1 and E4-ORF2 genes, and the

FIG. 1. (A) Illustration of the Ad9 E4 region showing the location of the 1.2-kb segment required for Ad9-induced mammary tumorigenesis.
ITR, inverted terminal repeat. (B) Alignment of E4 region DNA sequences of Ad9 (top) and Ad26 (bottom) extending from nt 299 to 1481. Within
the Ad9 DNA sequences, common restriction enzyme sites used to construct Ad9/Ad26 hybrid viruses, the E4 promoter TATA box, the initiator
methionine codons of E4 proteins, and a putative splice acceptor site at nt 868 used to generate E4-ORF2 mRNAs are highlighted. Shown below
the DNA sequences are the amino acid sequences of Ad9 E4 proteins, beneath which are indicated Ad26 amino acid residues differing from those
of Ad9. The mutations of viruses shown in Table 1 are also described. Asterisks denote nucleotide identity between the Ad9 and Ad26 DNA
sequences.
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59 half of the E4-ORF2 gene. For both Ad9 and Ad26, addi-
tional methionine codon-containing E4-ORFs having the ca-
pacity to code for peptides longer than 15 residues are absent
in this segment, with the exception of nonconserved Ad9 E4-
ORFa (nt 852 to 980, ORF1) which potentially expresses a
42-residue polypeptide (Fig. 2B). Whereas their 40-bp noncod-
ing regions exhibit 100% sequence identity, Ad9 and Ad26
display 39 nucleotide differences in E4-ORF1 and 10 nucleo-
tide differences in the defined portion of E4-ORF2, producing
9 amino acid differences in the E4-ORF1 protein and 4 amino
acid differences in the E4-ORF2 protein, respectively (Fig.
1B). It was also noteworthy that hybrid viruses 9/26-6 and
9/26-5, containing only the corresponding Ad9 E4-ORF1 or
Ad9 E4-ORF2 sequences of tumorigenic virus 9/26-4, respec-
tively, were nontumorigenic in rats (Fig. 2A), as these results
suggested that Ad9-induced tumorigenesis depends on two
separate E4 region functions. Furthermore, viruses 9/26-4,
9/26-5, and 9/26-6 similarly expressed wild-type levels of the
E4-ORF1 and E4-ORF2 proteins during lytic infections of
human A549 cells (Fig. 3).

Because it was surprising to uncover a requirement for E4-
ORF2 DNA sequences in tumorigenesis by Ad9, we performed
a deletion mutation analysis of the 220-bp region immediately
downstream of E4-ORF1, including the 40-bp noncoding re-
gion (nt 849 to 888) and the 59 half of E4-ORF2 (nt 889 to
1069). For this purpose, we engineered three different Ad9
deletion mutant viruses (Ad9Dnt852-1055, Ad9Dnt856-917,
and Ad9Dnt919-1070) (Fig. 4) which, consistent with their de-
letions, expressed approximately wild-type amounts of the E4-
ORF1 protein in A549 cells yet did not express the E4-ORF2
protein (Fig. 5). The results of experiments examining the
tumorigenic potentials of these mutant viruses showed that
both Ad9Dnt852-1055 and Ad9Dnt856-917 failed to elicit tu-
mors, whereas Ad9Dnt919-1070 exhibited a partially tumori-
genic phenotype in that it generated mammary tumors in only
60% of infected females (Fig. 4). In contrast, wild-type Ad9
invariably promotes mammary tumors in 100% of infected
females (Fig. 4) (17). Moreover, compared to wild-type Ad9-
induced tumors, the tumors elicited by virus Ad9Dnt919-1070
showed an extended latency period (4 to 5 months versus 3
months) and were also typically smaller (data not shown).
These results with mutant viruses provided further evidence
indicating that a previously unrecognized oncogenic determi-
nant for Ad9 is located within the 220-bp region immediately
downstream of E4-ORF1.

The Ad9 E4-ORF1 protein, but not the E4-ORF2 or E4-
ORF3 protein, is a critical oncogenic determinant for Ad9. As
the results described thus far demonstrated a requirement for
certain E4-ORF2 DNA sequences in Ad9-induced tumorigen-
esis, we were prompted to reevaluate a possible role for the
E4-ORF2 protein in this process. For this purpose, we con-
structed two different Ad9 mutant viruses specifically unable
to express a functional E4-ORF2 polypeptide. In the virus
Ad9/ORF2-MIT, the E4-ORF2 initiator methionine codon was
changed to a threonine codon, whereas in virus Ad9/ORF2-STOP,
stop codons in all three reading frames were inserted after
E4-ORF2 histidine codon 10 (Fig. 1B). It is also notable that
the putative 42-amino-acid residue product of Ad9 E4-ORFa
(Fig. 2B) was truncated to 22 residues in virus Ad9/ORF2-STOP.
As controls, we engineered three additional Ad9 mutant

viruses, Ad9/ORF1-N92I, Ad9/ORF1-F60L, and Ad9/ORF3-STOP.
Ad9/ORF1-N92I carries the N92I mutant E4-ORF1 gene, which
is transformation defective due to unstable protein expression,
whereas Ad9/ORF1-F60L carries the F60L mutant E4-ORF1
gene, which expresses a transformation-proficient protein (Fig.
1B) (43). In addition, Ad9/ORF3-STOP has a 4-bp deletion
within the MluI site at nt 1481, thereby truncating the 117-
residue E4-ORF3 polypeptide to a 68-residue amino-terminal
peptide (Fig. 1B). This mutation is identical to that of mutant
hybrid virus inMluI reported previously (20).

The results of experiments assessing the tumorigenic poten-
tials of these Ad9 mutant viruses are presented in Table 1. We
found that despite their inability to express the E4-ORF2 pro-
tein (Fig. 5), viruses Ad9/ORF2-M1T and Ad9/ORF2-STOP dis-
played wild-type tumorigenic phenotypes in rats. Sequencing
of E4-ORF2 genes PCR amplified from tumor DNAs con-
firmed that the tumors were caused by these mutant viruses
and that their mutations had not reverted (data not shown).
The findings with E4-ORF2 mutant viruses differed from those
obtained with virus Ad9/ORF1-N92I, in which a specific failure
to express the E4-ORF1 protein (Fig. 5) led to a nontumori-
genic phenotype. The latter result was specific because virus
Ad9/ORF1-F60L, which expressed wild-type levels of its transfor-
mation-proficient E4-ORF1 protein (Fig. 5), displayed wild-
type tumorigenicity in animals. Though Ad9/ORF3-STOP was
likewise tumorigenic in rats, mammary tumors promoted in
females by this virus arose with a shortened latency period
compared to tumors induced by wild-type Ad9 (2 months ver-
sus 3 months). Similar results have been reported for virus
inMluI (20). Interestingly, Ad9/ORF3-STOP also generated mam-
mary tumors in all of the male rats with a 5-month latency
period. Introducing an identical E4-ORF3 mutation into
Ad26, however, did not confer it with a tumorigenic phenotype
(data not shown). While exhibiting substantially enhanced tu-
morigenicity in rats, virus Ad9/ORF3-STOP expressed wild-type
rather than elevated levels of the E4-ORF1 protein in A549
cells (Fig. 5). These findings with Ad9 mutant viruses corrob-
orated and extended our previous results indicating a require-
ment for the E4-ORF1 protein, but not for the E4-ORF2 and
E4-ORF3 proteins, in tumorigenesis by Ad9 (20).

Evidence that an undefined regulatory element(s) repre-
sents a second E4 region oncogenic determinant for Ad9. As
results with hybrid viruses showed that tumorigenesis by Ad9
depends in part on DNA sequences within the 59 half of E4-
ORF2 (Fig. 2A), we were interested in identifying the crucial
nucleotide differences between Ad9 and Ad26 in this region.
For this purpose, we constructed five different Ad9/Ad26 hy-
brid viruses (group 2 hybrid viruses) having a wild-type tumor-
igenic virus 9/26-4 genome (Fig. 2A) in which specific segments
of the Ad9 E4-ORF2 sequences were replaced by equivalent
Ad26 sequences (viruses 9/26-9 to 9/26-13) (Fig. 6). In A549
cells, two of these hybrid viruses (9/26-11 and 9/26-12) ex-
pressed wild-type levels of the E4-ORF1 and E4-ORF2 pro-
teins, but the remaining three hybrid viruses (9/26-9, 9/26-10,
and 9/26-13) expressed lower levels of both polypeptides (Fig.
3). Despite expressing reduced amounts of the E4-ORF1 and
E4-ORF2 proteins, however, virus 9/26-9 showed wild-type
tumorigenicity following inoculation into rats, whereas the re-
maining four hybrid viruses were found to be nontumorigenic
(Fig. 6).
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The results with these group 2 hybrid viruses implicated two
separate E4-ORF2 segments, nt 850 to 916 and 932 to 993, in
tumorigenesis by Ad9. An important role for the nt 850–916
segment was demonstrated by the fact that replacing these Ad9
sequences of tumorigenic virus 9/26-4 with equivalent Ad26
sequences resulted in nontumorigenic virus 9/26-12 (Fig. 6). In
this 66-bp segment, Ad9 and Ad26 display four nucleotide and
three amino acid differences at the amino terminus of the
E4-ORF2 polypeptide (Fig. 1B). The nt 932–993 segment was
likewise important because replacing these Ad9 sequences of
tumorigenic viruses 9/26-4 and 9/26-9 with equivalent Ad26
sequences resulted in nontumorigenic viruses 9/26-13 and 9/26-
10, respectively (Fig. 6). Significantly, in this 61-bp segment,
Ad9 and Ad26 display two nucleotide differences (nt 969 and
993), both of which are silent with respect to the amino acid
sequence of the E4-ORF2 polypeptide (Fig. 1B).

A similar strategy was used to identify crucial nucleotide
differences between Ad9 and Ad26 within the essential E4-
ORF1 sequences. In this case, we constructed five different
Ad9/Ad26 hybrid viruses (group 3 hybrid viruses) having a
wild-type tumorigenic virus 9/26-4 genome (Fig. 2A) in which
specific segments of the Ad9 E4-ORF1 gene were replaced by

equivalent Ad26 sequences (viruses 9/26-14 to 9/26-18) (Fig.
7). After inoculation into rats, these hybrid viruses manifested
one of three distinct phenotypes, including wild-type tumori-
genicity (virus 9/26-14), partial tumorigenicity (viruses 9/26-15
and 9/26-18), or nontumorigenicity (viruses 9/26-16 and 9/26-
17) (Fig. 7). In addition, though possessing diminished tumor-
igenic potentials, the latter four viruses were found to express
wild-type amounts of the E4-ORF1 protein in A549 cells (Fig.
3).

The results with these group 3 hybrid viruses revealed in-
volvement of two separate E4-ORF1 segments, nt 596 to 780
and nt 780 to 850, in tumorigenesis by Ad9. The importance of
the nt 596–780 segment was shown by the fact that replacing
these Ad9 sequences of tumorigenic virus 9/26-14 with equiv-
alent Ad26 sequences resulted in nontumorigenic virus 9/26-16
(Fig. 7). The partially tumorigenic phenotype of virus 9/26-15
further suggested that crucial nucleotide differences within E4-
ORF1 are distributed both upstream and downstream of nt

FIG. 2. (A) Genomic structures and tumorigenic potentials of
group 1 Ad9/Ad26 hybrid viruses. Newborn rats were inoculated sub-
cutaneously on each flank with a total of 7 3 107 PFU of the indicated
virus, and the animals were monitored for tumor formation over an
8-month period. Filled and open genomic regions depict Ad9 and
Ad26 DNA sequences, respectively; restriction enzyme sites used to
construct these hybrid viruses are indicated. The two vertical dashed
lines delimit the segment of the Ad9 E4 region shown by results with
these hybrid viruses to be essential for tumorigenesis by Ad9. nd, not
determined; ITR, inverted terminal repeat. (B) ORF maps spanning
the E4-ORF1 and E4-ORF2 DNA sequences of Ad9 and Ad26. The
three reading frames (1, 2, and 3) of the E4 region sense strand are
shown. Darkly shaded regions highlight E4-ORF1 and E4-ORF2 cod-
ing sequences, whereas the lightly shaded region covers the 622-bp
essential E4 region segment extending from nt 447 to 1069. Vertical
lines segmenting each reading frame indicate stop codons, whereas
shorter vertical ticks denote methionine codons. Asterisks mark the
initiator methionine-codons of E4-ORF1 and E4-ORF2.
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672. In the defined 184-bp segment, Ad9 and Ad26 display 23
nucleotide and 7 amino acid differences in the middle of the
E4-ORF1 polypeptide (Fig. 1B).

The nt 780–850 segment, on the other hand, was implicated
by the fact that replacing these Ad9 sequences of tumorigenic
virus 9/26-4 with equivalent Ad26 sequences resulted in non-
tumorigenic virus 9/26-17 (Fig. 7). In this 70-bp segment, Ad9
and Ad26 display 12 nucleotide differences, three of which
produce two amino acid differences near the carboxyl terminus
of the E4-ORF1 polypeptide (Fig. 1B). Virus 9/26-18 was con-
structed to distinguish whether the three amino acid-altering
nucleotide differences (nt 829, 831, and 833) or the remaining
nine silent nucleotide differences in this segment of E4-ORF1
were important. In this regard, virus 9/26-18 is identical to
nontumorigenic virus 9/26-17 except that the three Ad26-de-

rived amino acid-altering nucleotides of virus 9/26-17 are con-
verted to the respective Ad9 nucleotides in virus 9/26-18. Con-
versely, virus 9/26-18 is likewise identical to wild-type
tumorigenic virus 9/26-4 except that the nine Ad9-derived si-
lent nucleotides of virus 9/26-4 are replaced with the respective
Ad26 nucleotides in virus 9/26-18 (Fig. 1B and 7). Therefore,
the fact that virus 9/26-18 exhibited a partially tumorigenic
phenotype in rats (Fig. 7) suggested that both amino acid-
altering and silent nucleotide differences in E4-ORF1 contrib-
ute to the divergent tumorigenic phenotypes of Ad9 and Ad26.

Collectively, our findings with group 2 and group 3 hybrid
viruses revealed that amino acid-altering nucleotide differ-
ences in E4-ORF1, as well as silent nucleotide differences in
both E4-ORF1 and E4-ORF2, are responsible for the diver-
gent tumorigenic phenotypes of Ad9 and Ad26. The observed
role for silent nucleotide differences, together with results
demonstrating that the E4-ORF2 polypeptide is dispensable
for tumorigenesis by Ad9 (Table 1), suggested that an unde-
fined E4 region regulatory element(s), rather than a protein
function, represents a second determinant for Ad9-induced
tumorigenesis (see Discussion).

The E4-ORF1 oncoprotein is the major oncogenic determi-
nant of Ad9. Compared with other oncogenic adenoviruses,
Ad9 is unique both in targeting tumorigenesis to the mammary
glands of animals and in having the E4-ORF1 protein as an
oncogenic determinant (17, 18, 20). Considering these obser-
vations, we hypothesized that the strict propensity of Ad9 to
promote mammary tumors may be largely due to unique ac-
tivities associated with its E4-ORF1 oncoprotein. This ques-
tion was addressed by examining whether an otherwise nontu-
morigenic subgroup C human adenovirus (Ad5) that is
engineered to express the Ad9 E4-ORF1 oncoprotein would
become tumorigenic and, if so, whether this virus would also

FIG. 3. Expression of E4-ORF1 and E4-ORF2 proteins by Ad9/
Ad26 hybrid viruses. Cell extracts were prepared from human A549
cells mock infected or lytically infected with the indicated virus (10
PFU/cell, 24 h postinfection) and then subjected to immunoblot anal-
yses with antisera raised against either an Ad9 E4-ORF1 or Ad9
E4-ORF2 fusion protein. The E4-ORF1 and E4-ORF2 proteins have
molecular masses of 14 and 14.5 kDa, respectively.

FIG. 4. Genomic structures and tumorigenic potentials of Ad9 deletion mutant viruses. Methods for determining the tumorigenicity of viruses
are described in the legend to Fig. 2A. Filled and hatched genomic regions represent Ad9 and deleted DNA sequences, respectively; locations of
restriction enzyme sites used to create these deletions are indicated. The two vertical dashed lines delimit the 220-bp region immediately
downstream of E4-ORF1 implicated in Ad9-induced tumorigenesis by results with group 1 hybrid viruses (Fig. 2A). ITR, inverted terminal repeat.
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acquire the unique capacity to elicit exclusively mammary tu-
mors in animals.

Because E1 region transforming functions of Ad9 are dis-
pensable for its tumorigenic potential (41), we chose to utilize
the Ad5 recombinant vector dl327Bstb-gal, in which the Ad5
E1 region genes are deleted and replaced by a lacZ expression
cassette (35). By replacing the lacZ cassette of this Ad5 vec-
tor with CMV promoter-driven Ad9 E4-ORF1 and Ad26
E4-ORF1 cassettes, we isolated viruses dl327/9E4ORF1 and
dl327/26E4ORF1, respectively (Fig. 8A). Because our main in-
terest was to investigate the E4-ORF1 protein determinant in
these experiments, the expression cassettes contained only
E4-ORF1 coding sequences and therefore lacked sequences
downstream of this gene. Using our Ad9 E4-ORF1 antiserum,
which reacts with subgroup D but not subgroup C adenovirus
E4-ORF1 proteins (45), we detected heterologous E4-ORF1
protein expression by both dl327/9E4ORF1 and dl327/26E4ORF1

but not by dl327Bstb-gal during lytic infections of human 293
cells (Fig. 8B), a cell line that complements the replication
defects of such Ad5 vectors by stably expressing Ad5 E1 re-
gion gene products (14). Also noteworthy was that the E4-
ORF1 protein levels observed for both dl327/9E4ORF1 and
dl327/26E4ORF1 in these assays are substantially higher than
those achieved by wild-type Ad9 after infection of 293 cells at
the same multiplicity of infection (data not shown).

Following subcutaneous inoculation of newborn rats with
7 3 107 PFU of each Ad5 vector, we found that dl327Bstb-
gal and dl327/26E4ORF1 failed to induce tumors, whereas
dl327/9E4ORF1 generated tumors in all of the females (3-month
tumor latency) and in one male (5-month tumor latency) (Fig.
8A). As somewhat lower E4-ORF1 protein expression was
observed for dl327/26E4ORF1 than for dl327/9E4ORF1 (Fig. 8B),
we also demonstrated that rats inoculated with a 10-fold-
higher dose of dl327/26E4ORF1 likewise failed to develop tu-
mors of any kind (Fig. 8A). More important, histological anal-
yses of the dl327/9E4ORF1-induced male and female tumors
indicated that they were exclusively mammary fibroadenomas,
identical to those generated by wild-type Ad9 (Fig. 9A) (17).
Virus dl327/9E4ORF1 rather than a wild-type Ad9 contaminant
promoted these tumors because, using primers specific for the
Ad9 E4-ORF1 cassette of dl327/9E4ORF1, we succeeded in
PCR amplifying the predicted 700-bp product from DNAs of
dl327/9E4ORF1-induced tumors but not from DNA of an Ad9-
induced tumor or CREF cells (Fig. 9B). Additional results also
showed that dl327/9E4ORF1-induced tumors express the Ad9
E4-ORF1 protein at levels slightly above those seen in wild-

type Ad9-induced tumors (data not shown). An inability to
PCR amplify a 540-bp Ad5 E1 region product from these
tumor DNAs also confirmed that the tumorigenic potential of
dl327/9E4ORF1 is not dependent on Ad5 E1 region functions
(Fig. 9C). These findings are significant in demonstrating that
an otherwise nontumorigenic E1 region-deficient Ad5 vector
that heterologously expresses the Ad9 E4-ORF1 oncoprotein
not only becomes tumorigenic but also promotes solely mam-
mary tumors like those induced by wild-type Ad9.

DISCUSSION

The work presented in this paper was undertaken to pre-
cisely define the E4 region DNA sequences that determine
mammary tumorigenesis by Ad9. Findings with Ad9/Ad26 hy-
brid viruses and Ad9 mutant viruses localized these essential
DNA sequences to portions of both E4-ORF1 and E4-ORF2
(Fig. 2A and 4). We also showed that abrogating E4-ORF1
protein expression by introducing a single nucleotide substitu-
tion into the E4-ORF1 gene of Ad9 abolished its tumorigenic
potential (virus Ad9/ORF1-N92I) whereas, conversely, maintain-
ing transformation-competent E4-ORF1 protein expression by
introducing a different nucleotide substitution into the E4-
ORF1 gene of Ad9 preserved its wild-type tumorigenic poten-
tial (virus Ad9/ORF1-F60L) (Fig. 5; Table 1). These results dem-
onstrate an absolute requirement for the Ad9 E4-ORF1
oncoprotein in tumorigenesis by Ad9. Results with Ad9/Ad26
hybrid viruses further suggested that certain amino acid differ-
ences between the E4-ORF1 polypeptides of Ad9 and Ad26
contribute to the dramatically divergent tumorigenic pheno-
types of these viruses (Fig. 7). Because Ad9 and Ad26 E4-
ORF1 expression plasmids display similar transforming poten-
tials in CREF rat embryo fibroblasts in vitro (unpublished
results) (18), we hypothesize that such amino acid differences
cause the Ad26 E4-ORF1 protein to have stability or perhaps
functional deficiencies specifically in cells of the rat mammary
gland. Alternatively, similar to the Ad5 E1A protein (22), the
Ad26 E4-ORF1 protein may provoke a strong inflammatory

FIG. 5. Expression of E4-ORF1 and E4-ORF2 proteins by Ad9
mutant viruses. Immunoblot analyses used to detect E4-ORF1 and
E4-ORF2 proteins in extracts of A549 cells mock infected or lytically
infected with the indicated virus (10 PFU/cell, 24 h postinfection) were
carried out as described in the legend to Fig. 3.

TABLE 1. The E4-ORF1 oncoprotein but not the E4-ORF2 or
E4-ORF3 protein is required for mammary

tumorigenesis by Ad9a

Virusb

No. of rats that developed
tumors/no. infected

Females Males

Wild-type
Ad9 3/3 0/2

E4-ORF1 mutants
Ad9/ORF1-N92I 0/5 0/4
Ad9/ORF1-F60L 4/4 0/3

E4-ORF2 mutants
Ad9/ORF2-M1T 5/5 0/5
Ad9/ORF2-STOP 13/13 0/3

E4-ORF3 mutant
Ad9/ORF3-STOP 3/3 3/3

a Methods for determining tumorigenicity are detailed in the legend to Fig.
2A.

b Mutations are described in Fig. 1B.
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response, leading to clearance of infected cells. With respect to
the essential Ad9 DNA sequences identified within E4-ORF2,
however, results with mutant viruses indicated that the E4-
ORF2 polypeptide is dispensable for Ad9-induced tumorigen-

esis (Table 1). Taken together, these findings argue that the
tumorigenic potential of Ad9 depends on two separate E4
region determinants, only one of which represents a protein
function.

FIG. 6. Genomic structures and tumorigenic potentials of group 2 Ad9/Ad26 hybrid viruses. Methods for determining the tumorigenicity of
viruses are described in the legend to Fig. 2A. Filled and open genomic regions represent Ad9 and Ad26 sequences, respectively; locations of
restriction enzyme sites or PCR primers used to construct these hybrid viruses are indicated. The two vertical dashed lines delimit the 220-bp region
immediately downstream of E4-ORF1 implicated in Ad9-induced tumorigenesis by results with group 1 hybrid viruses (Fig. 2A). ITR, inverted
terminal repeat.

FIG. 7. Genomic structures and tumorigenic potentials of group 3 Ad9/Ad26 hybrid viruses. Methods for determining the tumorigenicity of
viruses are described in the legend to Fig. 2A. Filled and open genomic regions represent Ad9 and Ad26 sequences, respectively; locations of
restriction enzyme sites or PCR primers used to construct these hybrid viruses are indicated. The two vertical dashed lines delimit the 403-bp
E4-ORF1 region implicated in Ad9-induced tumorigenesis by results with group 1 hybrid viruses (Fig. 2A). ITR, inverted terminal repeat.
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Supporting the existence of a nonprotein oncogenic deter-
minant in the Ad9 E4 region, results with Ad9/Ad26 hybrid
viruses revealed that silent nucleotide differences with respect
to the E4-ORF1 and E4-ORF2 polypeptides are also partly
responsible for the divergent tumorigenic phenotypes of Ad9
and Ad26 (Fig. 6 and 7). With respect to other potentially
important protein-encoding ORFs within the essential E4 re-
gion DNA sequences, Ad9 E4-ORFa is the only one, besides
E4-ORF1 and E4-ORF2, capable of encoding a peptide larger
than 15 residues (Fig. 2B). The fact that a stop codon inter-
rupted Ad9 E4-ORFa in tumorigenic virus Ad9/ORF2-STOP,
however, argues against a role for this ORF in Ad9-induced
tumorigenesis. Therefore, we postulate that the essential Ad9
sequences define a novel E4 region regulatory element(s)
which, like the Ad9 E4-ORF1 oncoprotein, is also necessary
for Ad9-induced tumorigenesis.

For tumorigenic virus 9/26-9, it was shown that only two
silent substitutions, at nt 969 and 993, in E4-ORF2 are re-
quired to produce nontumorigenic virus 9/26-10 (Fig. 6). This
finding indicates that these two nucleotides are critical for the
function of the proposed E4 region regulatory element. Con-
sequently, it was surprising that virus Ad9Dnt919-1070, in which
the segment extending from nt 919 to 1070 is deleted, dis-
played a partial tumorigenic rather than nontumorigenic phe-
notype (Fig. 4). The reason for this disparity is not known, but
a possible explanation could be that for virus Ad9Dnt919-1070,
DNA sequences immediately downstream of the deleted re-
gion are able to partially complement the missing component
of the regulatory element in a position-dependent manner,
thereby endowing this mutant virus with weak but measurable
tumorigenic potential.

A function for the proposed regulatory element(s) has not
been established, but we presume that it would act at the level
of transcription, mRNA stability, or splicing within the Ad9 E4
region transcription unit. It may be relevant, however, that the
crucial, silent nucleotide differences within E4-ORF1 and E4-
ORF2 flank both sides of a conserved 40-nt noncoding region
containing the putative splice acceptor site at nt 868 used to
generate E4-ORF2 mRNAs (Fig. 1B). Additionally, the re-
gions affected by these silent nucleotide differences have se-
quences and locations reminiscent of splicing branch sites and
exonic splicing enhancers, respectively (3). Recruitment of
splicing factors to such elements in pre-mRNAs facilitates
splicing through the formation of protein networks across in-
trons and exons. Further considering that alternative splicing
plays a central role in regulating gene expression by the ade-
novirus E4 region (36), we favor the idea that the proposed
element(s) functions to modulate splicing of certain E4 region
mRNAs. Perhaps related to this possibility, future studies will
examine whether reduced E4-ORF2 splice acceptor site selec-
tion during production of E4 region mRNAs is responsible for
the decreased E4-ORF2 protein expression observed for Ad9
compared to Ad26 in lytically infected A549 cells (Fig. 3).

While the proposed regulatory element(s) is expected to
directly control the abundance of specific E4 region mRNAs in
cells, this activity likely ultimately alters expression of one or
more E4 proteins. Two different models in which the element
either increases or decreases protein expression can be envi-
sioned. In our first model, the abundance of E4 proteins that
enhance tumorigenesis by Ad9 is increased. For example, an

increase in E4-ORF1 protein levels might result if the element
were to block conversion of the primary E4 region transcript,
which expresses the E4-ORF1 protein (7), into spliced mRNA
species coding for other E4 proteins. Although this idea is
appealing because the element and E4-ORF1 share overlap-
ping sequences, evidence for such an activity was not obtained
in experiments examining E4-ORF1 protein levels in A549
cells infected with hybrid or mutant viruses (Fig. 3). It must be
considered, however, that this postulated function for the ele-
ment may be restricted to specific cell types, such as those of
the rat mammary gland. Additionally, besides possibly increas-
ing accumulation of the E4-ORF1 oncoprotein in cells, the
proposed element could likewise potentially augment levels of
other adenovirus E4 proteins known to possess transforming
potential, including E4-ORF3 (30), E4-ORF6 (27, 29), and
E4-ORF6/7 (47). In our second model, we imagine that the
abundance of E4 proteins that suppress tumorigenesis by Ad9
is decreased by the proposed element. The E4-ORF4 protein,
which triggers programmed cell death (26, 38), and the Ad9
E4-ORF3 protein, which antagonizes tumorigenesis by Ad9
(see below), represent plausible candidates for this scenario.

Although the Ad5 E4-ORF3 protein has been reported
to possess transforming potential (30), our results with virus
Ad9/ORF3-STOP indicate that the Ad9 E4-ORF3 gene product
is dispensable for Ad9-induced tumorigenesis (Table 1). In
fact, compared to wild-type Ad9, Ad9/ORF3-STOP displayed en-
hanced tumorigenicity in rats, as revealed by the shortened
tumor latency period in females and by the occurrence of

FIG. 8. (A) Genomic structures and tumorigenic potentials of E1
region-deficient Ad5 recombinant virus vectors that express the LacZ
(dl327Bstb-gal), Ad9 E4-ORF1 (dl327/9E4ORF1), or Ad26 E4-ORF1
(dl327/26E4ORF1) protein. Methods for determining the tumorigenicity
of viruses are described in the legend to Fig. 2A. Asterisks indicate
results obtained after inoculating rats with 7 3 108 PFU of virus, as
opposed to the 7 3 107-PFU inoculum used with other rats in this
experiment. (B) E4-ORF1 protein expression by Ad5 vectors. Immu-
noblot analyses used to detect heterologous E4-ORF1 protein in ex-
tracts of 293 cells mock infected or lytically infected with the indicated
virus (10 PFU/cell, 24 h postinfection) were carried out as described in
the legend to Fig. 3.
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tumors in males. These results show that the Ad9 E4-ORF3
protein actually inhibits Ad9-induced tumorigenesis. Further-
more, the fact that Ad9/ORF3-STOP elicited mammary tumors in
males with 100% frequency is particularly noteworthy because
tumors induced by wild-type Ad9 are known to be absolutely
dependent on estrogen for growth and maintenance (1, 17).
Thus, our findings with Ad9/ORF3-STOP are significant in argu-
ing that the Ad9 E4-ORF3 protein is responsible, in part, for
the strict estrogen dependence of Ad9-induced mammary tu-
mors. In this regard, one interesting possibility may be that the
Ad9 E4-ORF3 protein possesses an activity that attenuates the
response of estrogen receptor to its hormone ligand in mam-
mary cells.

It is remarkable that the E1 region-deficient Ad5 vector
dl327/9E4ORF1, which heterologously expresses the Ad9 E4-
ORF1 protein, not only was tumorigenic in rats but also gen-
erated exclusively mammary tumors identical to those induced
by wild-type Ad9 (Fig. 8A and 9A). Expression of the Ad9 E4-
ORF1 oncoprotein is specifically required for this effect because

the Ad5 vector dl327Bstb-gal or dl327/26E4ORF1, which instead
heterologously expresses the Ad26 E4-ORF1 protein, was non-
tumorigenic in rats. Additional work is needed to determine
whether, in the context of the Ad5 vector, both silent and amino
acid-altering nucleotide differences are responsible for the inabil-
ity of Ad26 E4-ORF1 to promote mammary tumors. Considering
that the E1 region codes for the major transforming functions of
Ad5 (37), it is also notable that Ad5 E1 region genes were found
to be dispensable for tumorigenesis by virus dl327/9E4ORF1 (Fig.
9C). This observation is in agreement with our previous find-
ings showing that the Ad9 E1 region is likewise unnecessary
for mammary tumorigenesis by Ad9 (41). Nonetheless, be-
cause the Ad5 vector used in these studies possesses an
intact E4 region, it is feasible that Ad5 E4 proteins contrib-
ute to the tumorigenic potential of dl327/9E4ORF1. Regardless
of this possibility, however, the fact that virus dl327/9E4ORF1

and Ad9 display nearly identical oncogenic properties in rats
provides a compelling argument that the major oncogenic de-
terminant of Ad9 is its E4-ORF1 oncoprotein.

FIG. 9. (A) dl327/9E4ORF1-induced tumors are histologically identical to mammary tumors generated by wild-type Ad9. Female tumor 1
(FT#1), female tumor 2 (FT#2), and male tumor 1 (MT#1) are fibroademomas. The stromal portion of MT#1, however, is more sclerotic,
indicating higher collagen composition. (B) dl327/9E4ORF1-induced mammary tumors contain Ad9 E4-ORF1 cassette DNA sequences (C) but not
Ad5 E1 region DNA sequences. Tumor DNAs (2 mg) or virion DNAs (1 ng) were subjected to PCR amplification using primer pairs specific for
either the Ad9 E4-ORF1 cassette of virus dl327/9E4ORF1 or the Ad5 E1 region (see Materials and Methods). DNAs from three different
dl327/9E4ORF1-induced mammary tumors from females (FT#1, FT#2, and FT#3), as well as one from a male (MT#1), were examined. Water or
DNA from Ad5 virions, CREF cells, 293 cells, or an Ad9-induced tumor served as controls. PCR products were separated by agarose gel
electrophoresis and stained with ethidium bromide.
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The reason that Ad9 generates only mammary tumors in rats
has not been established. Its select tropism is unlikely due to
restricted infection of mammary cells in animals because Ad9
binds to the same widely expressed cellular receptor used by
Ad5 (33, 34). Additional findings also suggest that transcrip-
tion from the Ad9 E4 region is neither enhanced in nor limited
to estrogen receptor-expressing cells stimulated by hormone
(unpublished results; 19). Thus, the finding that the Ad5 vector
dl327/9E4ORF1, like Ad9, caused exclusively mammary tumors
in rats is significant because it indicates that certain activities
associated with the Ad9 E4-ORF1 oncoprotein serve to pro-
mote tumorigenesis by Ad9 selectively in cells of the rat mam-
mary gland. These observations lead us to hypothesize that in
rats inoculated with Ad9, a wide variety of cell types become
infected, yet only within certain mammary cells are the novel
activities of the Ad9 E4-ORF1 oncoprotein sufficient to induce
oncogenic transformation. With respect to this possibility, it
may be found that cellular PDZ protein targets of the Ad9
E4-ORF1 oncoprotein are particularly important regulators of
growth and proliferation in cells of the mammary gland in vivo.

In this study, we identified several different E4 region func-
tions that represent key factors in determining the unique
tumorigenic properties of Ad9, including the propensity to
elicit only mammary tumors and the strict estrogen depen-
dence of these neoplasms. Our results also suggest that Ad9-
induced tumorigenesis is governed by a complex interplay be-
tween these E4 region functions, which act both positively and
negatively to influence this process. This new information is
expected to lead to a more complete understanding of the
mechanisms responsible for tumorigenesis by Ad9.
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