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In contrast to most cells of mouse origin, cell lines derived from mouse epidermis are permissive for
replication of human adenovirus type 5. The extent of epidermal cell differentiation correlated with the level
of E1A expression and virus replication. Mouse epidermal cells may provide useful models for cancer therapy
using replication-competent human adenoviruses.

Human adenoviruses have great potential for human gene
therapy as replication-defective delivery vehicles or as replica-
tion-competent viruses for the treatment of cancer (6, 8, 13, 20,
23). These approaches would benefit from the availability of
suitable mouse models to test the efficacy of different thera-
peutic strategies. At present, there is no immunocompetent
mouse model to test replicating adenoviruses (2, 11) as previ-
ous work suggests that both the infectivity and productive
replication of adenoviruses in rodent cells are poor (4, 9). In
these model systems, although some evidence for limited rep-
lication has been obtained (12, 17, 18), a productive infection
leading to an efficient viral burst has not been seen. This
apparent block has been attributed to species-specific proper-
ties of mouse cells leading to repression of early viral protein
expression (7) or defects at other points of the viral life cycle
(5, 16).

We have investigated replication of adenovirus type 2 (Ad2)
in a series of mouse epidermal cell lines (3, 19, 22), together
with cells from a variety of mouse tissues (Table 1). A nonrep-
licating E1-deleted adenovirus with a lacZ reporter construct
(CMVlacZ virus) (14) was used to determine infectivity. The
percentages of b-galactosidase (b-Gal)-positive cells at multi-
plicities of infection (MOIs) of 10 and 100 PFU/cell for several
different rodent cell lines are shown in Table 1. Infectivity was
very high with specific tissue types, notably mouse epidermal
cells (Fig. 1), mouse kidney adenocarcinoma TCMK1 cells, rat
glioblastoma 9L-82 cells, rat thyroid carcinoma VH1 VRS2
cells, and rat Morris hepatoma cells. Infectivity was very low in
mouse Lewis lung carcinoma cells, rat colon carcinoma K12/
TrB cells, and 3T3 fibroblasts (21) (Fig. 1). Surprisingly, infec-
tivity was higher for many of the rodent cell types than for the
human ovarian cell line A2780Cp.

TABLE 1. Infectivity, relative E1A expression, CPE, and immunofluorescence for hexon protein of
wild-type adenovirus-infected rodent cell linesa

Cell line Species Tissue

Infectivity (% of b-Gal-positive
cells at 24 h [mean 6 SE])

at indicated MOI
Relative E1A

expression
(%)

CPEb IFb

10 PFU/cell 100 PFU/cell

A2780Cp70 Human Ovarian adenocarcinoma 14.8 6 0.9 40.4 6 1.6 ND 1 1
B16F1 Mouse Melanoma 0.7 6 0 4.8 6 0.8 30.8 2 2
Lewis Mouse Lung carcinoma 0.5 6 0.2 1.5 6 0.2 12.3 2 2
3T3 Mouse Fibroblasts 1 6 0 8.5 6 1.3 ND 2 2
K12/TrB Rat Colon carcinoma 3.5 6 0.6 8.3 6 1.1 48.9 1 1
TCMK1 Mouse Kidney adenocarcinoma 19.5 6 0.8 36.6 6 1.6 6.3 2 2
Morris Rat Liver hepatoma 59.6 6 4.1 100 6 0 100 2 2
9L-82 Rat Glioblastoma 36.7 6 2.4 100 6 0 19.2 2 2
VH1 VRS2 Rat Thyroid carcinoma 31.3 6 3.7 46.4 6 3.2 85.2 1 1
A5 Mouse Epidermal spindle cell carcinoma 22 6 1.8 63.5 6 1.9 11.3 1 1
B9 Mouse Epidermal squamous cell carcinoma 26.7 6 1.9 68 6 3 36.2 1 1
SN161 Mouse Epidermal spindle-squamous cell carcinoma 16.3 6 1.3 57.5 6 4.7 20.8 1 1
CarB Mouse Epidermal spindle cell carcinoma 23.8 6 2 49.8 6 4.3 14.8 1 1
P6 Mouse Epidermal papilloma 16.9 6 2.2 44.5 6 2.8 56.8 1 1

a Infectivity was determined with a nonreplicating adenovirus in which the E1 region was replaced with the lacZ gene under control of the cytomegalovirus promoter.
The percentage of b-Gal-positive cells was quantified by counting the number of blue-staining cells in five randomly selected high-power fields. E1A expression was
expressed relative to vinculin expression for each cell line by using densitometry and then expressed as a percentage relative to the cell line with maximum E1A
expression (Morris liver hepatoma cell line). CPE and immunofluorescence (IF) were determined at an MOI of 10 PFU/cell.

b Plus and minus symbols refer to the presence and absence of CPE or green fluorescent hexon protein-staining cells.

* Corresponding author. Present address: UCSF Cancer Center,
2340 Sutter St., San Francisco, CA 94143. Phone: (415) 502 4192. Fax:
(415) 502 6779. E-mail: abalmain@cc.ucsf.edu.

2895



Cytopathic effect (CPE) assays using wild-type Ad2 were
carried out at an MOI of 10 PFU/cell. Table 1 summarizes the
results showing that a clear CPE was found in all of the mouse
epidermal cells and to a lesser extent in the rat colon carci-
noma K12/TrB and thyroid carcinoma VH1 VRS2 cell lines.
All cell lines which showed positive CPEs were positive by
immunofluorescence for hexon protein, when IMAGEN ade-
novirus reagent containing a fluorescein isothiocyanate-la-
beled mouse monoclonal antibody to adenovirus hexon protein
was used. The cell lines 9L-82 and TCMK1, which were highly
infectable with the CMVlacZ virus, showed no CPE or pos-

itive immunofluorescence, indicating the presence of a specific
barrier to replication or late protein expression in these cells.

To determine if a productive infection could be produced in
mouse cells, burst assays were done with wild-type Ad2 (10).
The burst ratio was expressed as the concentration of virus at
72 h relative to the concentration of virus at 4 h postinfection.
Lysates were prepared by three cycles of freezing and thawing.
Titers of serial dilutions were determined on HEK293 cells.
Figure 2a shows the results of burst assays for cell lines B9 and
SN161 in comparison to those for the human ovarian cell line
A2780Cp. The burst ratio for A2780Cp is 50 times greater than

FIG. 1. Infectivity of rodent cell lines by Ad5. For details, see the legend to Table 1. The percentages shown correspond to the proportion of blue cells in the culture
after infection with the CMVlacZ virus. (Left panels) Control uninfected cells; (right panels) virus-infected cells.
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that in B9, and 25 times greater than that in SN161. Figure 2b
shows that the infectivities of each cell line are similar at 10
PFU/cell, as determined by using the LacZ adenovirus. These
results show that several mouse epidermal cell lines can pro-
duce a productive viral yield but generally at reduced efficiency
(25- to 50-fold less) in comparison to that produced by human
A2780cp cells.

Previous results with rodent fibroblasts have suggested that
the expression of adenovirus E1A is repressed following viral
uptake by the presence of a trans-acting transcriptional repres-
sor protein (7). To determine whether this mechanism is op-
erative in a wide range of rodent cell types, protein lysates were
made from cells 24 h after infection with Ad2 at an MOI of 100
PFU/cell. Equivalent amounts of protein were run on Western
blots with the mouse monoclonal antibody M73 (Oncogene
Science; dilution 1/1,000), which detects the E1A proteins. A
vinculin mouse monoclonal antibody (VIN-11-1; Sigma) was
used at a concentration of 1/1,000.

Figure 3 shows that all rodent cells were able to express the
early gene E1A proteins after infection. E1A expression was
expressed relative to vinculin expression for each cell line by
densitometry (Table 1) and then expressed as a percentage
relative to the cell line with maximum E1A expression (Morris
liver hepatoma cell line). There was no obvious correlation
between E1A expression and infectivity or ability to support
virus replication. Overall, the levels of E1A expression did not
differ markedly between cells that showed no evidence for virus
replication and those that showed either a weak CPE and
low-level hexon staining (the colon cell line K12/TrB and the

FIG. 2. Burst assay and infectivity assay of mouse epidermal cell lines in comparison to the human ovarian cell line A2780Cp. (a) Simultaneous burst assays were
determined for the human A2780 cells (gray column), squamous B9 cells (black column), and SN161 cells (white column). Burst ratio is shown on a log scale on the
left. (b) Infectivity was determined by using the CMVlacZ adenovirus at an MOI of 10 PFU/cell for each of the cell lines.

FIG. 3. Western blots of E1A expression of Ad2-infected rodent cells. (a) A
number of epidermal cell lines were infected with Ad2 at an MOI of 10 PFU/cell
and harvested 24 h later. Western blotting was carried out with the anti-E1A
monoclonal antibody M73. Vinculin was used as a control for protein loading. (b)
A range of cell lines from various mouse tissues (see Table 1) was infected and
adenovirus E1A levels were assessed as described above.
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thyroid cell line VH1 VRS2) or a strong CPE and substantial
hexon expression (the epidermal cell lines). This indicated that
there was a block to late-phase protein expression in most
tissue types with the exception of mouse epidermal cells.

Although these experiments did not reveal any correlation
between infectivity, E1A expression, and replication across a

panel of different cell types, within the series of epidermal cell
lines we found a relatively good correlation with the degree of
cell differentiation. We compared E1A expression levels in two
independent pairs of well-differentiated squamous cell lines
(B9 and E4) with their undifferentiated spindle counterparts
(A5 and H11, respectively). In each of these pairs of cells, the
spindle variant was derived from the same primary tumor as
the squamous cell (3, 19, 22; J. Liddell and A. Balmain, un-
published data). Figure 4 shows that E1A expression corre-
lated with the degree of cellular differentiation, with poorly
differentiated H11 and A5 cells showing reduced expression.
The more-differentiated cells also were more permissive for
replication, as shown by the relatively increased staining with
anti-hexon protein antibodies. Preferential replication of Ad2
in more-differentiated cell populations has also been reported
for human keratinocytes (1, 15). Our results on squamous and
spindle carcinoma cells would also indicate that replication is
better in the more-differentiated cell phenotype, although the
mechanistic basis for these observations is unclear. Previous
work by others (7) has shown that fibroblasts produce a trans-
acting transcriptional repressor which suppresses the activity of
the E1A promoter. Indeed, we have shown that the expression
level of this nuclear factor, fAP3, a zinc finger-containing
DNA-binding protein related to the GLI-Kruppel protein (7),
is approximately 20-fold higher in the spindle phenotype (data
not shown), and this may account for the lower E1A levels in
the spindle cells.

We have shown that a series of restriction points that control
the ability of human adenoviruses to replicate in rodent cells
exist, including infectivity, expression of the early gene product
E1A, and subsequent initiation of viral replication and late
protein synthesis. Most or all of these restrictions are surpris-
ingly absent in mouse epidermal cells, leading us to suggest
that epidermal tumor models may be useful for testing repli-
cation-competent adenoviral therapy for cancer (2, 11).
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