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Human adenovirus type 9 (Ad9) elicits exclusively estrogen-dependent mammary tumors in rats, and an
essential oncogenic determinant for this virus is Ad9 E4 open reading frame 1 (9ORF1), which encodes a
125-residue cytoplasmic protein with cellular growth-transforming activity in vitro. In this study, we engi-
neered 48 different mutant 9ORF1 genes in an attempt to identify regions of this viral protein essential for
transformation of the established rat embryo fibroblast cell line CREF. In initial assays with CREF cells, 17
of the 48 mutant 9ORF1 genes proved to be severely defective for generating transformed foci but only 7 of
these defective genes expressed detectable amounts of protein. To further examine the defects of the seven
mutant proteins, we selected individual cell pools of stable CREF transformants for the wild-type and mutant
9ORF1 genes. Compared to cell pools expressing the wild-type 9ORF1 protein, most cell pools expressing
mutant proteins displayed decreased growth in soft agar, and all generated significantly smaller tumors in
syngeneic animals. The altered amino acid residues of the seven mutant 9ORF1 polypeptides clustered within
three separate regions referred to as region I (residues 34 to 41), region II (residues 89 to 91), and C-terminal
region III (residues 122 to 125). By using indirect immunofluorescence, we also assessed whether the mutant
proteins localized properly to the cytoplasm of cells. The region I and region II mutants displayed approxi-
mately wild-type subcellular localizations, whereas most region III mutants aberrantly accumulated within the
nucleus of cells. In summary, we have identified three 9ORF1 protein regions necessary for cellular transfor-
mation and have demonstrated that C-terminal region III sequences significantly influence the proper local-
ization of the 9ORF1 polypeptide in cells.

Unlike other adenoviruses, subgroup D human adenovirus
type 9 (Ad9) elicits only estrogen-dependent mammary tumors
in female Wistar-Furth rats and is nontumorigenic in male rats
(1, 2, 13, 15). While both benign and malignant mammary
neoplasms arise in the Ad9-infected animals, benign fibroad-
enomas arise most frequently. Significantly, fibroadenoma also
represents the most common benign breast disease of women
(5). Therefore, studying Ad9-induced mammary tumors may
help to elucidate the molecular mechanisms underlying the
development of a common breast tumor of women and, in
addition, may reveal new principles for viral oncogenesis.

Besides its unique ability to generate mammary tumors in
animals, Ad9 is unusual among adenoviruses in requiring a
viral function located outside of the E1 region for tumorige-
nicity (10, 14). Specifically, studies with recombinant and mu-
tant viruses indicate that Ad9 E4 open reading frame 1
(9ORF1), encoding a 14-kDa polypeptide, is a key determinant
for Ad9 oncogenicity in animals (16). Moreover, the fact that
expression of the 9ORF1 protein alone in the established rat
embryo fibroblast cell line CREF induces both morphological
and growth transformation, including enhanced oncogenic po-
tential in vivo (28), demonstrates that 9ORF1 is an oncogene.
In these cells, the 9ORF1 polypeptide is distributed through-
out the cytosol in a punctate staining pattern and is usually
excluded from the nucleus (28). While the molecular mecha-
nisms responsible for 9ORF1-induced transformation are not
yet known, the predominantly cytoplasmic location of the
9ORF1 polypeptide may indicate that this viral oncoprotein
functions by perturbing cellular signaling pathways.

Recent studies suggest that human adenovirus E4 ORF1
genes encode a family of functionally related polypeptides be-
cause, like subgroup D 9ORF1, the subgroup A, B, and C
human adenovirus E4 ORF1s also possess cellular growth-
transforming potential in vitro (27). The degree of amino acid
sequence conservation among the different adenovirus E4
ORF1 polypeptides, approximately 45% identity and 65% sim-
ilarity (27), may further indicate that these viral proteins utilize
similar mechanisms for cellular transformation. Interestingly,
the human adenovirus E4 ORF1 proteins may be distantly
related to dUTP pyrophosphatases (dUTPases), essential cel-
lular and viral enzymes involved in dTTP biosynthesis and
DNA replication (27). The relatedness between E4 ORF1 and
dUTPase polypeptides is evidenced by these proteins having
both sequence and predicted structural similarity, as well as by
the fact that avian adenovirus CELO codes for a bona fide
dUTPase at a genomic location analogous to that of the human
adenovirus E4 ORF1 genes. Nevertheless, because E4 ORF1
proteins do not exhibit demonstrable dUTPase activity and,
conversely, transforming activity has not been detected for
dUTPases, it is not yet clear whether these related proteins
have a common function.

An important step toward understanding the unique mam-
mary oncogenicity of Ad9 would be to determine the molecular
mechanisms of the 9ORF1 transforming protein. Clearly, well-
characterized 9ORF1 mutant proteins are essential to accom-
plishing this goal. In this study, we report the first mutational
analysis of the 9ORF1 oncoprotein. Our results with mutant
9ORF1 polypeptides in CREF cells indicate that at least three
different protein regions (regions I, II, and III) are important
for transforming activity and, moreover, that C-terminal region
III maintains the proper cytoplasmic localization of the 9ORF1
protein.
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MATERIALS AND METHODS

Cells. CREF cells (8) were maintained as described previously (28) in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 6% fetal bovine
serum (FBS) and 20 mg of gentamicin per ml.

Mutagenesis. The gene constructs coding for truncated 9ORF1 proteins (dl1
to dl4) were obtained by several different approaches: mutant dl1 (residues 1 to
42) resulted from the formation of a stop codon at residue 43 during the random
PCR mutagenesis procedure described below; mutant dl2 (residues 1 to 55) was
described previously (16); mutant dl3 (residues 1 to 106) was engineered by
digesting the 9ORF1 gene with KpnI, removing overhanging ends with T4 DNA
polymerase, and religating; and mutant dl4 (residues 61 to 125) was made by
PCR amplification of wild-type 9ORF1 template sequences with the 59 oligonu-
cleotide 59CTC GGA TCC ATG GCC TTG AAT GAC TAC39 and a 39 9ORF1
oligonucleotide described previously (16).

The remaining 9ORF1 mutant gene constructs (mut1 to mut37, mutI-A,
mutII-A, mutII-B, and mutIII-A to mutIII-D) were generated by random mu-
tagenesis by PCR (20, 30), a method based on the ability of Mn21 to reduce the
fidelity of Taq polymerase. In four independent reactions with MgCl2 and MnCl2
concentrations ranging from 1.5 to 1.85 mM and 0.125 to 0.5 mM, respectively,
7.5 ng of template DNA was subjected to 30 cycles (the cycle parameters were
94°C for 30 s, 55°C for 30 s, and 72°C for 30 s) of PCR amplification in 13 Taq
PCR buffer (Promega Corp.) containing 1 mM each 59 and 39 9ORF1 oligonu-
cleotide primer; 0.2 mM each dATP, dTTP, dCTP, and dGTP; and 5 U of Taq
DNA polymerase (Promega Corp.). The template DNA plasmid, Ad9 XhoI-SpeI
(87 to 100 map units) in pUC19, and the 59 and 39 9ORF1 oligonucleotide
primers were described previously (16). After digestion with BamHI and EcoRI,
the resulting PCR products were cloned into plasmid pGEX-2TK (Pharmacia
Biotech, Inc.) for sequencing. Mutant 9ORF1 genes were subsequently direc-
tionally subcloned into the BamHI and EcoRI sites of expression plasmid pJ4V
(29) or blunt-end subcloned into the BamHI site of expression plasmid pCMV-
Neo-Bam3 (cytomegalovirus [CMV] plasmid) (12). Mutants mut6 and mut8 were
derived from mut5 and mut7, respectively, by subcloning the relevant C-terminal
mutation(s) into a wild-type 9ORF1 background.

In vitro transformation assays and generation of stable CREF cell pools.
Focus assays with CREF cells were performed as described previously (16).
Initial focus assays assessing the transforming proficiencies of the 48 mutant
9ORF1 genes were performed with CMV plasmid constructs. Cell pools of stable
CREF transformants were established by selection with G418 (18, 28), using 4 mg
of CMV plasmid as a selectable marker and 20 mg of either empty pJ4V (vector),
pJ4V encoding wild-type 9ORF1, or pJ4V encoding mutant 9ORF1 genes. The
CREF cell pool expressing lower levels of 9ORF1 protein (9ORF1-low) was
generated as described above, except that 2.5 mg of plasmid pJ4V encoding
wild-type 9ORF1 and 0.5 mg of CMV plasmid were used in the transfection. The
anchorage-independent growth of CREF cells was assessed as previously de-
scribed (16), with cells suspended in DMEM containing 3% FBS and 0.4% Noble
agar.

Immunoblot analyses. Cells lysates, prepared in RIPA buffer (150 mM NaCl,
1% [vol/vol] Nonidet P-40, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol]
sodium dodecyl sulfate, 50 mM Tris-HCl [pH 8.0]) and containing protease
inhibitors (300 mg of phenylmethylsulfonyl fluoride per ml and 6 mg each of
aprotinin and leupeptin per ml), were subjected to immunoblot analyses with a
9ORF1 polyclonal antiserum as described previously (16).

Tumor and histological analyses. Following trypsinization and suspension in
0.2 ml of DMEM, 105 viable CREF cells were injected via a 1-ml syringe and a
21-gauge needle subcutaneously above the right shoulder of 2-day old Fischer
344 rats (Harlan Sprague-Dawley). Animals were monitored for tumor forma-
tion by palpation every other day. At 34 days postinjection, the animals were
sacrificed and the tumor tissues were removed and weighed. The two-sample t
test for independent samples with unequal variances (Satterthwaite’s method)
was used for statistical analyses, and P values were determined with statistical
software (Minitab, Inc.). The results were considered statistically significant
when the P values were less than 0.05. For histological examination, all or a
portion of each tumor specimen was fixed in 10% neutral-buffered formalin.
Tumor sections mounted on slides were stained with hematoxylin and eosin.
Animal handling and care were performed in accordance with institutional
guidelines.

Indirect immunofluorescence assays. Cells were grown on glass coverslips,
fixed in 220°C methanol, blocked with 10% goat serum in TBS (200 mM NaCl,
50 mM Tris-HCl [pH 7.5]), and reacted with either pre-immune or 9ORF1-
immune polyclonal rabbit serum. After several TBS washes, the cells were re-
blocked with 10% goat serum, incubated with a goat anti-rabbit fluorescein
isothiocyanate-conjugated secondary antibody (Gibco BRL Life Technologies,
Inc.), and washed extensively with TBS. The coverslips were briefly soaked in a
0.5-mg/ml 49,6-diamidino-2-phenylindole (DAPI) solution and affixed to slides
with mounting medium (28). The cells were photographed on Kodak TMAX 400
black-and-white film with an Olympus Vanox-S microscope.

RESULTS

Generation of a large collection of 9ORF1 mutants. Mutant
9ORF1 proteins would greatly facilitate studies aimed at de-

ciphering the mechanisms for 9ORF1-induced cellular trans-
formation and oncogenicity. In hopes of obtaining multiple
transformation-defective proteins, we mutagenized 9ORF1 by
various approaches (see Materials and Methods) and isolated
48 different mutant genes. Based on the types of mutations, the
mutant 9ORF1 proteins were categorized into either a large
group of 44 polypeptides with primarily missense mutations
(Fig. 1A and B, and 2A) or a small group of 4 polypeptides
with extensive N- or C-terminal deletions (Fig. 1C). Collec-
tively, the former group of missense mutants had sustained 85
amino acid substitutions distributed over the entire length of
the 9ORF1 polypeptide, with individual proteins possessing
one to seven mutations. In addition, 59 of the 125 9ORF1
amino acid residues had been altered within this group of
mutant proteins, with changes observed at 13 of the 34 residues
conserved in adenovirus E4 ORF1 proteins (27).

Seven stably expressed 9ORF1 genes show defective focus-
forming potentials in CREF cells and define three protein
regions involved in cellular transformation. Following trans-
fection into CREF cells, an expression plasmid encoding a
wild-type 9ORF1 gene induces the formation of large numbers
of transformed foci on cell monolayers (16). In an attempt to
isolate transformation-defective 9ORF1 mutants with func-
tional rather than protein stability deficiencies, we used this
convenient and sensitive transformation assay to identify mu-
tant 9ORF1 genes unable to form foci on CREF cell mono-
layers and subsequently examined such transformation-defec-
tive mutants for their ability to express 9ORF1 protein in these
same cells.

Upon completion of this screening procedure for the 48
mutant 9ORF1 genes, it was found that 31 of the missense
mutants (mut1 to mut31 [Fig. 1A]) generated transformed foci
on CREF cells similar to wild-type 9ORF1 (data not shown).
Six other missense mutants (mut32 to mut37; [Fig. 1B]) and all
four deletion mutants (dl1 to dl4 [Fig. 1C]) failed to show
detectable focus-forming potential in CREF cells, but we were
unable to demonstrate protein expression for any of these
mutant 9ORF1 genes after transient transfection of expression
plasmids into CREF cells and immunoblot analysis with
9ORF1 antiserum (data not shown). This assay is capable of
detecting 9ORF1 protein expression to approximately 1/10
that of the wild-type protein. Our failure to detect these mu-
tant proteins was probably the result of unstable protein ex-
pression in these cells because, upon expression in bacteria,
these 10 mutant polypeptides did react with the 9ORF1 anti-
serum in immunoblot assays (data not shown). Therefore, due
to either proficient transforming activity (mut1 to mut31) or
lack of stable protein expression (mut32 to mut37 and dl1 to
dl4), these 9ORF1 mutant genes were not further examined.

Similar to the 10 transformation-defective mutants (mut32
to mut37 and dl1 to dl4) described above, the remaining 7
mutant 9ORF1 genes, containing mostly missense mutations
(Fig. 2A), also exhibited greatly reduced capacities for gener-
ating transformed foci on CREF cells (Fig. 2B). In such focus
assays, five of the mutants (mutI-A, mutII-A, mutII-B,
mutIII-A, and mutIII-B) showed no detectable transforming
potentials whereas mutIII-C and, to a lesser degree, mutIII-D
(data not shown) displayed weak transforming activities by
producing fewer and smaller foci than did wild-type 9ORF1.
Significantly, all seven of these transformation-defective genes
expressed detectable amounts of protein in CREF cells (data
not shown; see below), suggesting that these mutant polypep-
tides possessed specific functional deficiencies.

Inspection of sequences for the seven stably expressed
9ORF1 transformation-defective polypeptides revealed that
mutations clustered within three separate regions, designated
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region I, region II, and region III (Fig. 2A). Region I was the
portion of 9ORF1 containing the three missense mutations at
residues 34, 39, and 41 of mutI-A. Because transformation-
proficient mut9 possessed an identical mutation at residue 34

(Fig. 1A), region I may actually be limited to a smaller region
bounded by residues 39 and 41. Region II was the section of
9ORF1 including mutated residues 89 and 91 of mutII-A and
mutII-B, respectively. The facts that region II overlapped with

FIG. 1. Amino acid sequences of 9ORF1 mutant proteins. (A) Transformation-proficient 9ORF1 missense mutants, mut1 to mut31. (B and C) Transformation-
defective 9ORF1 missense mutants, mut32 to mut37 (B), and deletion mutants, dl1 to dl4 (C), neither groups of which expressed detectable amounts of 9ORF1 protein
by immunoblot analysis with 9ORF1 antiserum after transient transfection of expression plasmids into CREF cells (data not shown). The transforming capacities of
9ORF1 mutants were determined by transfecting subconfluent CREF cells with 20 mg of each CMV plasmid encoding a mutant 9ORF1 gene and, after 4 weeks,
quantitating the number and size of transformed foci (data not shown).
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a highly conserved region (9ORF1 residues 88 to 93) of the
adenovirus E4 ORF1 proteins (27) and that mut32, having a
single missense mutation at residue 92 (Fig. 1B), was not stably
expressed may indicate that region II plays important roles in
both the functional activity and structural integrity of the
9ORF1 polypeptide. The remaining four transformation-de-
fective proteins (mutIII-A to mutIII-D) had limited deletion,
addition, or missense mutations at amino acid residues 122 to
125, thereby defining this C-terminal region of 9ORF1 as re-
gion III.

Most CREF cell pools expressing mutant 9ORF1 proteins
display reduced growth in soft agar. To further assess the
transforming deficiencies of the seven 9ORF1 mutants, we
established pools of stable CREF cell transformants with ei-
ther the wild-type 9ORF1 gene or each mutant gene by selec-
tion with G418. In agreement with the results shown in Fig. 2B,
transformed foci formed within the G418-resistant cell colo-
nies selected for wild-type 9ORF1 and to a lesser degree for
mutIII-C and mutIII-D but not for the other 9ORF1 mutants
(data not shown). By immunoblot analysis with 9ORF1 anti-
serum, it was determined that four of the mutant proteins
(mutI-A, mutII-A, mutIII-A, and mutIII-C) were expressed at

relatively high levels in the cell pools whereas two others
(mutII-B and mutIII-D) accumulated to slightly lower levels
(Fig. 3). Because of this variation in protein expression, two
different wild-type 9ORF1 cell pools, expressing higher or
lower levels of 9ORF1 protein (9ORF1-high and 9ORF1-low)
(Fig. 3), were generated to provide suitable protein expression-
matched controls for the mutant cell pools in subsequent ex-
periments. The mutIII-B cell pool, however, expressed less
9ORF1 protein than did the 9ORF1-low cell pool.

We have previously shown that wild-type 9ORF1 increases
the ability of CREF cells to grow in soft agar (16, 28). Thus,
using the CREF cell pools described above, we wanted to
determine whether the transformation defects of the 9ORF1
mutants included reduced capacities for promoting anchorage-
independent growth in these cells. As expected, both of the
wild-type 9ORF1 cell pools (9ORF1-high [Fig. 4B] and
9ORF1-low [Fig. 4C]) showed significantly higher growth ac-
tivity in soft agar than did the vector cell pool generated with
an empty expression plasmid (Fig. 4A). In contrast to the
wild-type 9ORF1 cell pools, the mutII-B (Fig. 4F), mutIII-A
(Fig. 4G), and mutIII-B (Fig. 4H) cell pools displayed little
detectable anchorage-independent growth, similar to that of
the vector cell pool. The mutI-A (Fig. 4D), mutII-A (Fig. 4E),
and mutIII-C (Fig. 4I) cell pools, on the other hand, showed
some weak activities in the soft agar assays by growing more
efficiently than the vector cell pool yet significantly less well
than the wild-type 9ORF1 cell pools. Interestingly, even
though mutIII-D displayed barely perceptible focus-forming
activity (Fig. 2B and data not shown), the CREF cell pool
expressing this mutant protein grew nearly as well as the
9ORF1-low cell pool in soft agar (Fig. 4J), suggesting that
focus formation and anchorage-independent growth may be
separable properties of the 9ORF1 protein. Nevertheless,
taken together, the results of these soft agar transformation
assays indicated that in addition to reduced focus-forming po-

FIG. 2. (A) Amino acid sequences of the seven transformation-defective
9ORF1 mutants that expressed detectable amounts of protein. 9ORF1 protein
expression was assessed by immunoblot analysis with 9ORF1 antiserum follow-
ing transient transfection of expression plasmids into CREF cells (data not
shown). Boxes indicate 9ORF1 protein regions required for transformation (re-
gion I, residues 34 to 41; region II, residues 89 to 91; region III, residues 122 to
125). (B) Focus transformation assays in CREF cells for wild-type and mutant
(mutI-A, mutII-A, mutII-B, mutIII-A, mutIII-B, mutIII-C, and mutIII-D)
9ORF1 proteins shown above in panel A. Focus assays were performed as
described in the legend to Fig. 1, except that pJ4V expression plasmids were
used. The dish labelled VECTOR was transfected with empty pJ4V plasmid.
Note that mutIII-C showed weak focus-forming activity but the weaker trans-
forming activity of mutIII-D was not apparent in this experiment.

4388 WEISS ET AL. J. VIROL.



tential, most of the 9ORF1 mutants were also significantly
impaired for inducing anchorage-independent growth in the
CREF cells.

CREF cell pools expressing the mutant 9ORF1 proteins
exhibit decreased tumorigenic growth in animals. It has been
previously established that CREF cells expressing wild-type
9ORF1 elicit significantly larger tumors in animals than do
control CREF cells (28). Therefore, because the most perti-
nent measure of cellular transformation is oncogenicity, we
next sought to determine whether the seven mutant 9ORF1
proteins were restricted in the ability to increase the tumori-
genic growth of CREF cells. For this purpose, each cell pool
was injected subcutaneously into a small group of newborn
syngeneic rats and, at 34 days postinjection, the tumor masses
produced by the cell pools were quantitated by weight (Table
1). Consistent with previous results (28), the 9ORF1-low and
9ORF1-high cell pools formed large tumors with masses 190-
fold and 360-fold greater, respectively, than the small tumors
induced by the vector cell pool (P , 0.02). More important, all
the tumors generated by cell pools expressing any of the seven
mutant 9ORF1 proteins were significantly smaller (P , 0.03)
than those produced by either of the wild-type 9ORF1 cell
pools (Table 1). In fact, although decreased tumor latency
periods were frequently observed, most tumors produced by
the mutant protein-expressing cell pools were comparable in
mass to those generated by the vector cell pool. While the
mutIII-C and mutIII-D cell pools formed tumors slightly larger
than those made by the vector cell pool, these differences were
not statistically significant (P 5 0.052 and 0.056, respectively).
These results clearly demonstrated that all of the mutant
9ORF1 proteins exhibited significantly reduced capacities for
increasing the oncogenic growth of CREF cells in animals.

Besides their significantly larger sizes, tumors formed by
wild-type 9ORF1-expressing CREF cells also show more ma-
lignant histologies than do those produced by control CREF
cells (28). Therefore, tumors generated by the different CREF
cell pools were subjected to histological examination (Table 1).
From such analyses, we determined that tumors derived from
the vector cell pool were exclusively benign fibromas (Fig. 5A)
whereas tumors arising from the wild-type 9ORF1 cell pools
were entirely malignant high-grade fibrosarcomas exhibiting
nuclear pleomorphism, necrosis, large numbers of atypical mi-
totic figures, and high mitotic indices and nuclear-to-cytoplas-
mic ratios (Fig. 5C). As a group, the mutant protein-expressing
cell pools behaved heterogeneously in the animals by produc-
ing both benign fibromas and high-grade fibrosarcomas, as well
as low-grade fibrosarcomas with an intermediate tumor grade

(Fig. 5B). Nevertheless, mutant 9ORF1 proteins could be seg-
regated into two groups with respect to the histological grade
of the tumors generated. Specifically, five of the mutants
(mutI-A, mutII-A, mutII-B, mutIII-A, and mutIII-B) elicited
predominantly benign fibromas or low-grade fibrosarcomas
while the remaining two mutants (mutIII-C and mutIII-D)
generated exclusively high-grade fibrosarcomas (Table 1).
Thus, even though all the mutant proteins induced significantly
smaller CREF cell tumors than did wild-type 9ORF1 in ani-
mals, some mutants still produced malignant tumor histolo-
gies, indicating the retention of limited but measurable trans-
forming potential for these proteins.

The C-terminal region III of the 9ORF1 protein affects its
proper subcellular localization. Consistent with our previous
findings (28), the wild-type 9ORF1 protein expressed in both
9ORF1-high (Fig. 6B) and 9ORF1-low (Fig. 6C) cell pools
exhibited punctate cytoplasmic staining and exclusion from the
nucleus by indirect immunofluorescence whereas the negative-
control vector cell pool showed only low background staining
(Fig. 6A). By using this assay, we also examined the 9ORF1
mutant proteins to determine whether they were aberrantly
localized within cells. In these analyses, the subcellular loca-
tions of region I and II mutant proteins (mutI-A [Fig. 6D],
mutII-A [Fig. 6E], and mutII-B [Fig. 6F]) resembled that of
the wild-type 9ORF1 protein. In contrast, striking differences
were evident for most of the region III mutant proteins.
Whereas mutIII-C (Fig. 6I) showed an approximately wild-
type staining pattern in cells, the remaining region III mutant
proteins (mutIII-A [Fig. 6G], mutIII-B [Fig. 6H], and
mutIII-D [Fig. 6J]) aberrantly localized to the nucleus of cells.
The nuclear staining of mutIII-A was granular rather than
diffuse like that of mutIII-B and mutIII-D, but for all three of
these mutant proteins, both nuclear and cytoplasmic staining
coexisted in the majority of cells. Some cells, though, appeared
to have larger amounts of these 9ORF1 mutant proteins in the
nucleus than in the cytoplasm. These results suggested that
C-terminal region III sequences influenced the proper local-
ization of 9ORF1 protein within CREF cells.

DISCUSSION

In this study, we generated 48 mutant 9ORF1 genes and,
from this collection of mutants, identified seven transforma-
tion-defective mutant proteins, whose properties are summa-
rized in Table 2. In general, most of these mutant proteins
were expressed at approximately wild-type levels in CREF cells
but proved to be defective for inducing focus formation and
growth in soft agar, as well as for increasing the tumorigenic
growth of these cells. Further work, however, is necessary to
determine whether these mutant 9ORF1 genes, reconstructed
into Ad9 viruses, will also fail to promote mammary tumors in
animals. With regard to other DNA tumor virus transforming
proteins, the study of transformation-defective mutant pro-
teins has played a central role in revealing mechanisms in-
volved with their oncogenicity (references 6, 17, 21, and 23 to
25 and references therein). Because the seven 9ORF1 mutants
are incompetent for functions essential to transformation,
identifying their altered activities is expected to aid in revealing
the molecular mechanisms responsible for the tumorigenic ac-
tivity of 9ORF1.

Most DNA tumor virus oncoproteins are assemblages of
discrete functional domains acting cooperatively to mediate
transformation (6, 21, 24). From the locations of amino acid
changes within the seven mutant polypeptides, we discovered
that three separate protein regions (regions I, II, and III) were
essential for the growth-transforming activity of 9ORF1. Be-

FIG. 3. 9ORF1 protein expression in the stable CREF cell pools. Stable
CREF cell pools containing either empty pJ4V plasmid (vector), pJ4V encoding
wild-type 9ORF1 (9ORF1-high and 9ORF1-low), or pJ4V encoding mutant
9ORF1 genes (mutI-A, mutII-A, mutII-B, mutIII-A, mutIII-B, mutIII-C, and
mutIII-D) were generated by G418 selection. Cells were lysed in RIPA buffer
containing protease inhibitors, and 150 mg of total cellular protein was subjected
to immunoblot analysis with 9ORF1 antiserum. Protein bands were visualized by
chemiluminescence detection (Pierce).
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FIG. 4. Soft agar transformation assays with the stable CREF cell pools. The CREF cell pools tested were vector (empty pJ4V) (A), 9ORF1-high (B), 9ORF1-low
(C), mutI-A (D), mutII-A (E), mutII-B (F), mutIII-A (G), mutIII-B (H), mutIII-C (I), and mutIII-D (J). Growth in soft agar was determined by suspending 105 viable
cells in growth medium containing 3% FBS and 0.4% Noble agar. Cells were photographed 13 days after plating in soft agar. Magnification, 318.8.
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cause these mutational analyses were not exhaustive, however,
subsequent studies may reveal additional 9ORF1 protein re-
gions involved in transformation. Furthermore, the results do
not prove that the three identified 9ORF1 protein regions each
represent functional domains because the mutations of the
transformation-defective 9ORF1 mutants may be remote from
such domains and disrupt activity through conformational
changes in the polypeptide. The fact that the mutant 9ORF1
polypeptides were stably expressed in cells, however, favors the
idea that functional rather than structural elements were af-
fected. Even so, if the three identified protein regions were
located within functional domains, the actual number of such
domains within the 9ORF1 polypeptide may be less than three
because a complex domain may be assembled from multiple
protein regions distant from one another on the linear mole-
cule. Therefore, ascertaining the precise effects of mutations
within the transformation-defective 9ORF1 proteins and the
actual number of different functional domains within the
9ORF1 polypeptide must await the completion of further stud-
ies.

Because other human adenovirus E4 ORF1 genes besides
9ORF1 also possess cellular growth-transforming potential
(27), we were prompted to look for sequence conservation of
regions I, II, and III within these related polypeptides. These
analyses reveal that region II is highly conserved and therefore
may form part of a functional domain, because such domains
frequently exhibit high sequence conservation among related
proteins. Regions I and III, on the other hand, lie within
regions of lower sequence identity between the adenovirus E4
ORF1 proteins. This observation may indicate that these par-
ticular protein regions represent structural elements or parts of
functional domains that tolerate some sequence variation.
While it is also possible that regions I and III carry out distinct
functions for each of the different E4 ORF1 proteins, this
seems less likely, because all these polypeptides share the abil-
ity to transform cells. Mutational analyses of other adenovirus
E4 ORF1 proteins may help to clarify which of these possibil-
ities is correct.

In contrast to the acutely transforming retroviruses, DNA
tumor viruses normally encode oncoproteins that display only
limited regions of sequence similarity to cellular proteins (21,
22). Adenovirus E4 ORF1 transforming proteins, however, do
show sequence and predicted structural similarity to cellular
and viral dUTPase enzymes but possess neither dUTPase en-
zymatic activity nor any discernible cellular protein motifs (27).
Nevertheless, in addition to their conservation within adeno-
virus E4 ORF1 transforming proteins, sequences equivalent to
9ORF1 region II are relatively well conserved within most
eukaryotic dUTPases, hinting that E4 ORF1 proteins may
share an undiscovered activity with these enzymes. Interest-
ingly, in addition to its catalytic function, dUTPase has recently
been found to complex with and inhibit the activity of certain
cellular transcription factors (4). Perhaps adenovirus E4 ORF1
proteins mimic or perturb this novel activity of cellular dUTP-
ases. In contrast, sequences equivalent to 9ORF1 regions I and
III are not well conserved within dUTPases, possibly reflecting
the acquisition of novel activities by the 9ORF1 transforming
protein. Using the known crystal structure of the E. coli dUTP-
ase monomer as a structural model (3, 19), we predict that in
the native 9ORF1 molecule, regions I and II lie in close prox-
imity to one another whereas region III resides in a separate
part of the molecule. This finding may indicate that 9ORF1
possesses two different functional domains formed by regions I
and II and by region III. Such an idea is supported by the
results of indirect immunofluorescence experiments (Fig. 6),
which showed that both region I and II 9ORF1 mutant pro-

TABLE 1. Tumorigenicity of wild-type and mutant 9ORF1 protein-
expressing CREF cell poolsa

CREF
cell pool

No. of rats
with palpable
tumors/total
no. of rats

Mean tumor
latency

(days) 6 SDb

Tumor
mass (mg)

Tumor
histological

gradesc

Vector 3/4 20 6 4 8 Fibroma
10 Fibroma
20 Fibroma

9ORF1-high 4/4 12 6 2 1,980 High-grade
fibrosarcoma

2,070 High-grade
fibrosarcoma

3,038 High-grade
fibrosarcoma

11,516d High-grade
fibrosarcoma

9ORF1-low 3/3 20 6 4 2,020 High-grade
fibrosarcoma

2,690 High-grade
fibrosarcoma

2,770 High-grade
fibrosarcoma

mutI-A 3/3 15 6 1 82 Low-grade
fibrosarcoma

92 Low-grade
fibrosarcoma

284 High-grade
fibrosarcoma

mutII-A 4/4 16 6 3 27 Fibroma
42 Fibroma
73 Fibroma

336 Low-grade
fibrosarcoma

mutII-B 3/4 21 6 0 15 Fibroma
20 Fibroma
76 Fibroma

mutIII-A 4/4 20 6 2 17 Low-grade
fibrosarcoma

18 Fibroma
49 Fibroma
88 Low-grade

fibrosarcoma
mutIII-B 3/3 18 6 3 11 Fibroma

13 Fibroma
18 Fibroma

mutIII-C 3/3 12 6 2 210 High-grade
fibrosarcoma

389 High-grade
fibrosarcoma

497 High-grade
fibrosarcoma

mutIII-D 3/3 14 6 0 230 High-grade
fibrosarcoma

242 High-grade
fibrosarcoma

454 High-grade
fibrosarcoma

a Two-day-old Fischer 344 rats were given subcutaneous injections on the right
flank with 105 viable cells and were monitored for tumor formation for 34 days,
after which time the animals were sacrificed and the tumors were removed.

b The number of days postinjection when tumors first became palpable.
c Histological grades were assigned as follows: fibroma (zero to one mitotic

figure per 340 field, no necrosis, rare dying cells), low-grade fibrosarcoma (zero
to two mitotic figures per 340 field, focal necrosis, scattered dying cells), high-
grade fibrosarcoma (one to five mitotic figures per 340 field, atypical mitotic
figures, multifocal necrosis, numerous dying cells, increased nuclear-to-cytoplas-
mic ratio, and nuclear hyperchromasia).

d This unusually large tumor was excluded to calculate P values for pairwise
comparisons of mean tumor masses.
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teins exhibited wild-type subcellular localizations whereas most
region III mutant proteins behaved differently by localizing
aberrantly within cells. Also, considering that dUTPases form
homotrimers and that adenovirus E4 ORF1 proteins may also
have this property, we may find that the functional defects for
some 9ORF1 mutants result from failures to properly homo-
oligomerize. While much remains to be learned about the E4
ORF1 transforming proteins, comparisons with dUTPase en-
zymes may help to provide important insights into the structure
and function of these viral transforming proteins.

Tumorigenicity of transformed cells most often correlates
with an ability to grow in soft agar (9, 26). The cell pool
expressing mutIII-D, however, exhibited anchorage-indepen-
dent growth nearly identical to the cell pool expressing wild-
type 9ORF1 (compare Fig. 4C and J) yet produced signifi-
cantly smaller tumors in animals (Table 1). These results
suggested that for 9ORF1 expression in CREF cells, inducing
growth in soft agar per se is insufficient to promote wild-type

tumorigenic growth in animals. Instead, the focus-forming po-
tentials of the 9ORF1 proteins represented a better in vitro
indicator for oncogenic growth, since all 9ORF1 mutants dem-
onstrated severe deficiencies for both of these properties in
CREF cells. This correlation was further strengthened by tu-
mor histological analyses, which showed that mutant 9ORF1
proteins without perceptible focus-forming activities (mutI-A,
mutII-A, mutII-B, mutIII-A, and mutIII-B) produced benign
or low-grade malignant tumors whereas mutant 9ORF1 pro-
teins with weak yet detectable focus forming potential
(mutIII-C and mutIII-D) generated exclusively high-grade ma-
lignant tumors. In addition, the tumor growth of cell pools
expressing the leaky mutIII-C and mutIII-D mutants may have
been slightly elevated above that of the vector cell pool (Table
1), even though the small numbers of tumors analyzed did not
allow definitive conclusions to be drawn from these results.
Nevertheless, the results with these mutant proteins suggested
that limited 9ORF1 focus-forming activity in CREF cells leads

FIG. 5. Tumors generated by the stable CREF cell pools in syngeneic rats. Shown are representative hematoxylin-and-eosin-stained sections of a benign fibroma
(A), malignant low-grade fibrosarcoma (B), or malignant high-grade fibrosarcoma (C). See Table 1 for tumor grading criteria. Magnification, 348.6.

TABLE 2. Summary of relative protein expression levels, transforming activities, and subcellular localizations of wild-type
and mutant 9ORF1 proteins in CREF cells

CREF cell pool 9ORF1 protein
steady-state levelsa

Focus
formationb

Growth in
soft agarc Tumorigenicityd 9ORF1 protein

localizatione

Vector 2 2 2 1 NA
9ORF1-high 1111 11111 11111 11111 C
9ORF1-low 11 11111 1111 11111 C
mutI-A 1111 2 1 1 C
mutII-A 1111 2 2 1 C
mutII-B 11 2 1 1 C
mutIII-A 1111 2 2 1 C/N
mutIII-B 1 2 2 1 C/N
mutIII-C 1111 11 1 11 C
mutIII-D 11 1 1111 11 C/N

a Summary of results in Fig. 3. 1111, high 9ORF1 protein expression; 11, moderate 9ORF1 protein expression; 1, low 9ORF1 protein expression; 2, no 9ORF1
protein expression.

b Summary of results in Fig. 2B and data not shown. 11111, numerous large foci; 11, few small foci; 1, rare small foci; 2, no foci.
c Summary of results in Fig. 4. 11111, extensive growth; 1111, moderate growth; 1, minimal growth; 2, no growth.
d Summary of results in Table 1 and Fig. 5. 11111, large high-grade fibrosarcomas; 11, small high-grade fibrosarcomas; 1, small fibromas or low-grade

fibrosarcomas.
e Summary of results in Fig. 6. C, cytoplasmic localization; C/N, cytoplasmic and nuclear localization; NA, not applicable.
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FIG. 6. Subcellular localizations of wild-type and mutant 9ORF1 proteins in the stable CREF cell pools. Indirect immunofluorescence assays with a 9ORF1-specific
polyclonal antiserum were performed with the following CREF cell pools: vector (empty pJ4V) (A), 9ORF1-high (B), 9ORF1-low (C), mutI-A (D), mutII-A (E),
mutII-B (F), mutIII-A (G), mutIII-B (H), mutIII-C (I), and mutIII-D (J). Magnification, 3131.6.
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to small tumors with high-grade malignant histologies whereas
increasing this activity serves solely to enhance tumor growth.
Why tumors having identical malignant histologies showed
such profound growth differences is not known (e.g., compare
9ORF1-low and mutIII-C cell pools [Table 1]) but could be
due to different amounts of apoptosis, because this process
may significantly affect the growth of tumors (7, 11).

By indirect immunofluorescence, the subcellular localiza-
tions of region I and II 9ORF1 mutant proteins were similar to
that of the wild-type protein whereas most region III mutant
proteins exhibited aberrant staining patterns, most notably nu-
clear localization within some cells (Fig. 6G, H, and J). These
results indicated that the C-terminal sequences of the 9ORF1
protein serve to actively retain this viral protein within the
cytoplasm, perhaps through association with a cellular fac-
tor(s). Such a model, however, might predict that mutations
within region III would lead to 9ORF1 protein evenly distrib-
uted in the cytoplasm and nucleus of all cells. The fact that
region III mutant proteins were localized predominantly to the
nucleus of some cells may indicate that altered C-terminal
sequences unmask a latent capacity of the 9ORF1 polypeptide
for transport to the nucleus. As the 9ORF1 protein does not
possess an identifiable nuclear localization signal, such nuclear
localization might be indirectly mediated by interactions with
additional cellular factors that are themselves actively re-
cruited to the nucleus. Nonetheless, because the region III
mutant protein, mutIII-C, did localize properly within cells, it
must also be concluded that besides maintaining proper
9ORF1 protein localization, region III performs another func-
tion essential for transformation. Further studies will be
needed to identify this additional 9ORF1 C-terminal protein
activity.

Viral oncoproteins utilize numerous molecular mechanisms
to transform cells. In general, the transformation of cells by
viral oncoproteins is accomplished through functional domains
that perform a wide variety of activities, including intermolec-
ular interactions and enzymatic reactions (22). DNA tumor
virus oncoproteins, however, invariably physically associate
with cellular growth regulatory proteins, suggesting that
9ORF1 may also hetero-oligomerize with such cellular factors,
perhaps through 9ORF1 protein regions revealed in this study.
For these protein-protein interactions and other possible
9ORF1 functions, use of the mutant 9ORF1 proteins described
here should aid in identifying 9ORF1 protein activities that
correlate with transforming activity. The detection of novel
9ORF1 activities and their assignment to specific 9ORF1 pro-
tein regions is likely to provide significant insights into how
9ORF1 functions in transformation.
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