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ABSTRACT Some epidemiological studies have suggested
a possible link between human cytomegalovirus (HCMYV)
infection and various malignancies, and HCMV has been
shown to transform cultured cells. However, viral DNA is not
detected in most transformants, and the mechanism by which
HCMYV might contribute to oncogenesis has remained ob-
scure. Here we show that the HCMV immediate early 7 and 2
genes can cooperate with the adenovirus E14 gene to generate
transformed foci of primary baby rat kidney cells. HCMYV gene
expression is transient and viral DNA is not present in clonal
cell lines derived from the transformed foci. We find that the
HCMYV immediate early proteins are mutagenic, and we
propose that HCMV has the potential to contribute to onco-
genesis through a “hit-and-run” mechanism, by inducing
mutations in cellular genes.

Serological and molecular studies have suggested a possible
association of human cytomegalovirus (HCMV) with the
development of human malignancies, including cervical car-
cinoma, colon carcinoma, and prostate cancer (reviewed in
refs. 1-5). A variety of laboratory observations demonstrate
that HCMYV has oncogenic potential, supporting the idea that
HCMYV might contribute to the induction of human tumors.
HCMV has been shown to induce cervical neoplasia in mice
(6), it can morphologically transform human (7, 8) as well as
other mammalian (9-11) cells in culture, and HCMV-
transformed cells can form tumors in experimental animals (6,
8). In vitro assays have identified three regions on the HCMV
genome with transforming activity (reviewed in ref. 5). How-
ever, if HCMYV infection does contribute to tumor induction in
humans, the mechanism underlying HCMV-induced oncogen-
esis is very likely different from that of DNA viruses that are
known to play a role in human malignancies. Whereas specific
viral genes are present and expressed in tumors induced by
agents such as Epstein—Barr virus and the human papilloma-
viruses, no specific HCMV DNA sequence element is reliably
present and often no viral DNA can be detected in cells
transformed by HCMV (reviewed in refs. 4 and 12).

We have previously reported (13) that the two most abun-
dantly expressed immediate-early gene products of HCMV,
IE1 and IE2 (reviewed in ref. 14), inhibit the induction of
apoptosis by tumor necrosis factor a (TNF-«) or the adeno-
virus E1A oncoproteins. The fact that the IE1 and IE2 gene
products are able to inhibit apoptosis raised the interesting
possibility that they might cooperate with the adenovirus E1A
oncoproteins to transform primary rodent cells, as do the
adenovirus E1B 19-kDa (E1B) protein and the cellular Bcl-2
protein, each of which can block apoptosis (15, 16). In this
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report, we show that the IE1 and IE2 gene products can,
indeed, cooperate with E1A to transform primary baby rat
kidney (BRK) cells. Unexpectedly, however, we find that
expression of the IE1 and IE2 proteins is transient; HCMV
proteins and DNA are not present in transformed cell lines
derived from the foci. The IE1 and IE2 gene products are
mutagenic, and we propose that they contribute to transfor-
mation at least in part by a mutagenesis-based “hit-and-run”
mechanism.

MATERIALS AND METHODS

Plasmids. The mammalian expression plasmids pPCMV-E1A
(17), pCMV-19-kDa (18); pCGN-IE1 (IE1) and pCGN-IE2
(IE2) (13) and their parental vector pCGN (19) have all been
described previously. pPuro-alE1 and pPuro-alE2 contain
IE1 and IE2 cDNAs, respectively, in an antisense orientation
in the pBabe-puro expression vector (20).

BRK Transformation Assay. BRK cells, which have been
used extensively to assay the transforming activity of adeno-
virus oncogenes (21, 22), were used to test the oncogenic
potential of the HCMV immediate early genes. Kidneys from
6-day-old Fisher rats were treated with 0.125% trypsin to
produce a uniform cell suspension. These cells were incubated
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal calf serum (FCS) for 4 days, then trypsinized and
frozen in aliquots in 90% FCS plus 10% dimethyl sulfoxide.
One day before transfection, aliquots of cells were thawed and
counted, and 1.6 X 10° viable cells were seeded per 100-mm
dish into medium containing 10% FCS. Transfection was by
the calcium phosphate precipitation method (23), with 5 ug
per dish of each of the expression plasmids. Parental vectors
were used to equalize the amount of plasmid DNA among
different transfections, and the total amount of DNA was
adjusted to 30 ug per dish with salmon sperm DNA. After 16
hr, DNA precipitates were removed, and cells were allowed to
recover in medium containing 10% FCS for 24 hr. Finally, cells
from each dish were split into three 60-mm dishes and incu-
bated in medium containing 5% FCS until foci appeared.
Some foci were cloned and maintained in DMEM containing
10% FCS. Others were visualized with 4% Giemsa stain.

Assays for Gene Expression. Immunoprecipitation of IE1
and IE2 proteins from 33S-labeled cell extracts was as described
(16) with monoclonal antibody mAB810 (Chemicon), which
interacts with the common amino-terminal domain shared by
the two immediate early proteins. Expression of E1A was
assayed by immunoprecipitation from unlabeled cell extracts
by using the E1A-specific monoclonal antibody M73 (24). The
immune complexes were resolved by electrophoresis on
SDS/8% polyacrylamide gels, transferred to nitrocellulose,
subjected to immunoblot analysis with antibody M73, and
visualized by using ECL reagents (Amersham).

Abbreviations: HCMV, human cytomegalovirus; BRK, baby rat kid-
ney; FCS, fetal calf serum; EMS, ethyl methanesulfonate.
*To whom reprint requests should be addressed.
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For analysis of protein expression by immunofluorescence,
BRK cells seeded on coverslips were transfected by the calcium
phosphate precipitation method (23) either with pPCMV-E1A
plus pCMV-19-kDa or with pCMV-E1A plus pCGN-IE1 and
pCGN-IE2. At appropriate times after transfection, two cov-
erslips were removed from each transfected culture, cells were
fixed in phosphate-buffered saline containing 4% paraformal-
dehyde, and the preparations were stored in phosphate-
buffered saline at 4°C. After coverslips were collected at all
time points, the cells on them were allowed to react with the
appropriate primary antibodies. For the two sets of coverslips
collected from cells transfected with vectors expressing the
E1A plus E1B-19-kDa proteins, one set was stained with
anti-E1A antibody (M73), and the other was stained with
monoclonal antibody to E1B-19-kDa (Oncogene Science).
Coverslips with cells transfected with vectors expressing E1A,
IE1, and IE2 proteins were allowed to react with either
anti-E1A (M73) or anti-HCMV IE1/2 (mAB810) antibody.
The samples were then stained with fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies and visualized with a
confocal microscope (Bio-Rad model MRC600). Each image
is from an independent coverslip.

Southern Hybridization. Total cellular DNA was prepared
from 1.5 X 107 cells of each cell line by using DNAzol (BRL).
A 15-pg sample of each DNA was digested with EcoRI and
BamHI (10 units/ug of DNA) for 12 hr and was resolved by
electrophoresis on a 0.7% agarose gel. Southern blotting and
hybridization were performed as described (16). The entire
IE1 and IE2 cDNAs were used as templates to make probe by
random-primed DNA synthesis.

Mutagenesis Assays. The D422 CHO cell line (25) was a
generous gift from L. A. Chasin (Columbia University). The
cells were maintained in medium (a-MEM) containing 10%
FCS. Subconfluent cultures of D422 were transfected by the
calcium phosphate precipitation technique (23) with 5 pg of
each expression plasmid per 100-mm dish. The total amount of
DNA was adjusted to 30 ug per dish with parental vector and
salmon sperm DNA. After transfection, cells were incubated
in nonselective growth medium for 4 days. Mutation frequen-
cies were determined by plating 2 X 10° treated cells into each
100-mm dish in medium containing 10% dialyzed FCS sup-
plemented with either 200 uM 2,6-diaminopurine (selection
for aprt mutants) or 20 uM 6-thioguanine (selection for Aprt
mutants). Drug-resistant colonies usually appeared within 7-8
days, and they were stained with 4% Giemsa solution. For each
culture, 200 cells were also plated in nonselective medium to
determine plating efficiency. As a control, D422 cells were
treated with 0.2 mg/ml ethyl methanesulfonate (EMS) for 18
hr and then incubated in nonselective medium for 8 days
before selection for drug-resistant colonies.

To assay for mutations in p53, immunoprecipitations were
performed from 3°S-labeled cell extracts as described (16),
using monoclonal antibody pAb240, which specifically recog-
nizes mutant p53. For DNA sequencing, the DNA-binding
domain of p53 (amino acids 113-301) was obtained from
selected BRK cell lines by reverse transcription followed by
PCR amplification using the Pfu DNA polymerase (Strat-
agene). Two independent reverse transcription/PCRs were
performed for each cell line. Amplified products were inserted
in PCR-Script cloning vector (Stratagene) and sequenced.

RESULTS

HCMYV IE1 and IE2 Can Cooperate with E1A for Trans-
formation. To evaluate the possibility that the HCMV IET and
1E2 genes might have transforming potential, we transfected
primary BRK cells with plasmids encoding the IE1 and IE2
proteins as well as the adenovirus E1A protein. IE1 or IE2
alone enhanced the focus-forming activity of E1A by a factor
of 2-3 (Fig. 14); while IE1 and IE2 together increased the
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transforming activity of E1A by a factor of about 8, a level
comparable to the activity of E1A plus the adenovirus E1B
protein (Fig. 1 4 and B) or Bcl-2 (15). As reported previously
(15), it was extremely difficult to clone the flat foci induced by
E1A alone. Of the 17 E1A-induced foci that were tested, only
one was recovered as a stable cell line (6%). In contrast, much
higher cloning efficiencies were obtained for the multilayered
foci induced by E1A plus E1B (9/12, 75%) or E1A plus IE1
and IE2 (12/18, 67%). These results clearly demonstrate that
the IE1 and IE2 genes have transforming potential, and they
show that there is cooperation between the two immediate
early genes. In the absence of E1A, IE1 and IE2 did not
produce any foci, nor did they complement activated Ras to
transform BRK cells (Fig. 14).

The morphological transforming regions of herpes simplex
viruses do not specify any identifiable polypeptide products,
and it was hypothesized that the DNA sequence itself is
responsible for HSV-2-induced transformation (reviewed in
refs. 12, 26, and 27). To determine whether this is also the case
in our system, we reversed the direction of the IE1 and IE2
cDNAs in the expression vectors so that they resided in an
antisense orientation relative to the promoter. These antisense
plasmids failed to cooperate with E1A to transform BRK cells
(Fig. 1C), suggesting that the IE1 and IE2 gene products are
required for transformation.

IE1 and IE2 Expression Is Transient During Transforma-
tion. To gain insight to the mechanism by which IE1 and IE2
contribute to oncogenicity, we examined the expression of the
transfected genes in a series of transformed BRK cell lines. In
cell lines derived by transfection with E1A plus E1B, both E1A
(Fig. 2C) and E1B (data not shown) proteins are readily
detected in all cell lines tested. Unexpectedly, however, IE1 or
IE2 protein was not detected in any of the E1A/IE1/IE2-
derived cell lines, either by immunoblot analysis (not shown)
or by immunoprecipitation of 3S-labeled cell extracts (Fig.
2A4). IE1 and IE2 DNA sequences were completely absent
from these cell lines, as judged by Southern blot analysis (Fig.
2B) or PCR amplification of DNA sequences located within
the cDNAs (data not shown). Furthermore, E1A protein
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Fi16. 1. The HCMYV IE1 and IE2 genes cooperate with the ade-
novirus E1A gene to transform primary BRK cells. (4) Representative
BRK transformation assay showing the number of foci that arise in
response to transfection with different combinations of expression
plasmids. (B) BRK transformation assays demonstrating that IE1 plus
IE2 cooperate with E1A for transformation. The number of foci
reported is the total from 10 plates assayed in four independent
experiments. (C) Representative experiment showing that IE1 and
IE2 cDNAs cloned in an antisense orientation (elE1 and oIE2) have
no transforming activity. The number of foci reported is the total from
three 100-mm plates. In all experiments, the gene products expressed
by transfected plasmids are listed below the bars. Cultures transfected
with pCGN containing no insert are designated vector.



Microbiology: Shen et al.

A - I B -
o5 £ o~ g2
- [y T e e THRIYES bl Py
(sdgdddaddas ¢ dd8lddaddagn 266
2232333223332 32 22323333332 SERERY
Sa0d
Ll _IE2
o8- aﬂllll.
1
43-
- 3.0-
.-
29- a 20—
1 2 3 4 5 6 7 8 9 101112 13 1.6~ ..
- w 2 L0
EIRE TPy
C 833332333332
200- 0.5~
97- 0.4-
68- 0.3
43
ElA
1“-‘ - - 1234835067 8901000121304151817

18-
1 2 3 4 8 6 7 8 9% 012D

Fic. 2. HCMV [E] and IE2 genes and their products are not
present in transformed BRK cell lines. (4) Lack of expression of the
IE1 or IE2 protein in transformed BRK cell lines when assayed by
immunoprecipitation of 33S-labeled cell extracts using monoclonal
antibody mAB810. A-1is a cell line established by transfection with the
E1A-expressing plasmid alone. A/1/2-1 to A/1/2-10 are cell lines
transformed by E1A plus IE1 and IE2. Lanes designated HCMV INF
display immunoprecipitates from HCMV-infected human foreskin
fibroblasts; lane 13 is an exposure % as long as that presented for lanes
1-12. Numbers to the left of the gel mark the positions of marker
proteins whose sizes are indicated in kDa. (B) Southern blot analysis
showing the lack of IE1- or IE2-specific DNA in E1A/IE1/IE2-
induced transformants (lanes 1-10). A/B-1 and A/B-2 are cell lines
transformed with E1A and E1B-19-kDa. HeLa, 293, and HP1.14 (a
derivative HeLa cells expressing IE1) are included as controls. pCGN-
IE1 and pCGN-IE2 are IE1 and IE2 expression plasmids, respectively,
in amounts equivalent to the rest of the samples, assuming they contain
one copy of each of the HCMV genes per cell. Numbers to the left of
the gel are marker DNA sizes in kb. (C) Expression of E1A protein
as determined by immunoprecipitation followed by immunoblot anal-
ysis, both with monoclonal antibody M73 to E1A. Lanes are labeled as
in A and B. Numbers to the left of the gel are marker protein sizes in
kDa. Autoradiograms were scanned and cropped using Photoshop and
figures were prepared using Freehand software.

expression was detected only in a subset of such cell lines (Fig.
20).

A time course experiment was performed to examine the
expression of the transforming proteins after cotransfection
into BRK cells. As shown in Fig. 3, the IE1 and IE2 proteins
initially accumulated to high levels as judged by immunoflu-
orescence, but their expression tapered off rapidly. By day 5
after transfection, virtually no IE1 or IE2 protein was detected
by immunofluorescent staining, even in cells that had begun to
form foci. The faint fluorescence evident in cells assayed for
IE1 and IE2 expression on days 5, 13, and 19 is a nonspecific
background signal. In contrast, the E1B protein was detected
in cells transformed by the E1A plus E1B proteins throughout
the entire 27-day time course, and the E1A protein was
detected throughout the time course in cells transformed by
E1A/IE1/IE2 or by E1A/E1B. Even though the IE1 and IE2
proteins disappeared rapidly, their transforming activity was
evident: a similar number of foci formed whether the cells were
transfected with E1A/E1B or with E1A/IE1/IE2 in the time
course experiment (data not shown).

IE1 and IE2 Exhibit Mutagenic Potential. These results are
difficult to fit into the conventional theory of viral oncogenesis,
where the continuous expression of an oncogene is generally
required to sustain a transformed phenotype. Rather, they are
consistent with a “hit-and-run” model (reviewed in ref. 27) in
which the HCMV genes act transiently to induce a transformed
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Fic. 3. The IE1 and IE2 gene products are expressed transiently
during the transformation of BRK cells. BRK cells seeded on cover-
slips were transfected with expression plasmids for E1A and E1B-19-
kDa (Left) or plasmids for E1A and IE1 and IE2 (Right). At 2, 5, 13,
and 19 days after transfection, two coverslips from each transfection
were fixed and kept in phosphate-buffered saline until coverslips for
all time points were collected. Expression of the transfected genes was
examined by indirect immunofluorescent staining with appropriate
monoclonal antibodies. Anti-E1A, anti-E1B-19-kDa, and anti-IE1/2
identify the antibodies used for the immunofluorescent staining.
Images are from independent coverslips. The images from days 13 and
19 display transformed foci whose cells were positive for EIA and
E1B-19-kDa proteins, but completely negative for IE1 and IE2 protein
expression. (X50).

state. Several earlier reports indicating that HCMYV infection
results in cellular chromosome damage (28-31) prompted us
to ask whether IE1 and IE2 might cause a “hit” by inducing
mutations in cellular genes. To test this possibility, we exam-
ined whether the IE1 and IE2 proteins could alter the mutation
rates of aprt and hprt, two cellular genes that are often used as
indicators of mutation frequency. A CHO-derived cell line,
D422, which is hemizygous for both aprt and hprt loci, was
chosen as the indicator cell (25). As shown in Fig. 4, when IE1
and IE2 expression plasmids were introduced into D422, the
frequency of mutations at the aprt and hprt loci increased by
a factor of 4 to 10 over the background level, whereas
transfection with the expression plasmid for E1A or the vector
with no insert did not significantly change the mutation
frequency. These results demonstrate that IE1 and IE2 have
the capacity to induce mutations. In fact, considering that
about 10% of the cells were transfected (data not shown), the
actual mutation frequencies induced by the IE1 and IE2
proteins appear to be comparable to that induced by EMS, a
chemical mutagen used in the experiments as a positive control
(Fig. 4).

Since mutant p53 alleles are known to cooperate with the
adenovirus E1A protein to transform rodent cells (32), we
tested whether the p53 gene was altered in the E1A/IE1/IE2
transformants. Immunoprecipitation with an antibody
(pAb240) that recognizes some mutant p53 alleles but not
wild-type p53 revealed that at least 6 of 10 transformed cell
lines contained mutant p53 (Fig. 54). The p53 DNA-binding
domain was amplified and sequenced in three of the transfor-
mants, and each was found to contain a missense mutation
(Fig. 5B). It seems likely that the p53 mutations result from the
temporary expression of the IE1 and IE2 gene products, since
mutant p53 alleles arise only rarely in BRK cells receiving the
E1A gene alone (33). As a result, the presence of mutant p53
alleles is consistent with a mutagenesis-based “hit-and-run”
model for transformation. Further, since mutant p53 alone
does not transform BRK cells (32), we anticipate that the cells
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F1G. 4. The IE1 and IE2 gene products increase the frequency of
mutation within the aprt (4) and hprt (B) genes. D422 cells were
transfected with expression plasmids (identified below bars). After an
incubation period of 4 days, aprt—/— and hprt—/— mutants were
selected by the addition of 200 uM diaminopurine or 20 uM 6-thio-
guanine, respectively, to otherwise purine-free medium. The frequen-
cies of mutation at the two loci for cells exposed to 0.2 mg/ml EMS
for 18 hr are also shown.

lacking E1A protein (Fig. 2C) contain additional lesions in
cellular genes that contribute to the transformed phenotype.

DISCUSSION

The two most abundant immediate-early products of HCMV,
IE1 and IE2, can cooperate with the E1A oncoprotein to
transform primary BRK cells (Fig. 1). The IE1 and IE2
products are present only transiently during the transforma-
tion process (Figs. 2 and 3), and they promote the accumula-
tion of mutations (Figs. 4 and 5). The HCMYV genes are lost
after mutations arise that promote cell growth, presumably
because continued mutagenesis would be deleterious to cell
survival. Thus, the IE1 and IE2 proteins cooperate with E1A
to sponsor “hit-and-run” transformation.

Earlier reports have documented the transforming potential
of both herpes simplex virus and HCMV DNAs and have
demonstrated that viral DNA is often not retained in trans-
formed cells and tumor samples (4, 12, 26, 27, 34-38). Further,
several studies have indicated that infection with herpesviruses
or transfection with viral DNA induces mutations in cellular
genes (12, 39-45). It has been hypothesized (12, 26) that
herpesvirus DNAs might cause mutations by movement of
insertion sequence-like elements present in the viral genomes.
Our results demonstrate that the HCMV IE1 and IE2 coding
regions do not have transforming potential when they are
positioned in an antisense orientation relative to the promoter

Proc. Natl. Acad. Sci. USA 94 (1997)
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Fi1G.5. BRK cells transformed by E1A, IE1, and IE2 often contain
mutant p53 alleles. (4) Immunoprecipitation of 3S-labeled cell ex-
tracts with a mutant p53-specific antibody, pAb240. 10(1)val5@39°C
indicates 10(1) cells harboring a temperature-sensitive form of p53
cultured at 39°C. The left-most lane displays marker proteins whose
sizes in kDa are indicated to the left of the autoradiogram. (B)
Identification of missense mutations in three E1A/TE1/IE2 transfor-
mants. Two independent PCR amplifications of the central DNA-
binding domain of p53 were performed for each cell line, and two
clones were isolated and sequenced from each amplification reaction.
The A/1/2-3 and A/1/2-10 cell lines contain both mutant and
wild-type p53 sequences, indicating that only one allele is mutated
within the DNA-binding domain. All clones from A/1/2-8 contained
a mutation, indicating that both alleles might be altered in these cells.

(Fig. 1C); transient expression of the immediate early gene
products is required for transformation. As yet, we can only
speculate on the mechanism by which the IE1 and IE2 products
induce the accumulation of mutations. They might increase the
error frequency of cellular DNA polymerases or interfere with
cellular DNA repair processes. The latter possibility is intrigu-
ing because defects in mismatch repair genes play a role in
some common human cancers (reviewed in ref. 46).

The finding that many of the transformed BRK cell lines
contain mutated p53 alleles suggests that mutation of p53
might be one of the mechanisms by which IE1 and IE2
contribute to transformation. In a similar vein, Boldogh et al.
(47) have shown that three different cell lines transformed by
HCMYV infection harbor an activating mutation in both alleles
in H-Ras. However, in both of these cases it is unclear whether
the mutations in H-Ras or p53 are a direct result of the
mutagenic activity of HCMV gene products. The mutations
could arise as the transformants are selected for growth in
culture.

Given the mutagenic activity of IE1 and IE2, it is puzzling
why they do not transform primary cells in the absence of E1A
(Fig. 1A4). A plausible explanation for this observation is that
mutagenesis by IE1 and IE2 might require active DNA rep-
lication, which rarely happens in primary BRK cells unless
E1A is present to stimulate DNA replication and cell cycle
progression (48). In the established D422 cells used to assay
mutation frequencies, however, active cell division might
bypass the need for E1A.

Could the mutagenic activity of IE1 and IE2 contribute to
cancer in humans? Cell cycle progression is inhibited in
productively infected cells (49-52), and most infected cells are
eventually killed as HCMV completes its replication cycle.
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However, defective virus particles arising spontaneously in an
infected individual could infect cells in the absence of wild-
type virus, and they could express a subset of the viral genes,
including IE1 and IE2. Alternatively, the wild-type virus might
express only subsets of its genes in certain cell types, as has
been suggested for the interaction of HCMV with peripheral
blood mononuclear cells (53, 54). Nonproductive infections
could induce the accumulation of mutations in cellular growth
regulatory genes, which ultimately leads to cell transformation.
The induction of cervical neoplasia in mice by HCMV (4) is
likely an example of an oncogenic event resulting from an
abortive infection, because HCMV expresses a limited number
of its genes in rodent cells (55, 56). If cell growth is induced by
a nonproductive infection, then, as indicated above, the con-
tinued presence of mutagenic viral gene products would likely
be detrimental. This would select for malignant cells that have
lost the viral genome, and, as a result, it would be very difficult
to implicate the widespread pathogen in tumor induction.
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