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Rat embryo cell lines containing the adenovirus 2 Ela region together with normal or mutant forms of the
N-terminal half of the Elb region (HindIII G fragment) were generated by using a dominant selection marker,
neo. Biochemically transformed cells containing a nonmutated HindIII G fragment proliferated more rapidly
in Ca2+-deficient media, whereas cells containing a specific deletion within the Elb-encoded, 175-amino-acid
(175R) (19-kilodalton) T-antigen gene and nontransformed cells grew at a slower rate. Furthermore,
transformed cells that did not express the 175R T antigen and untransformed cells could not replicate their
DNA efficiently in low-Ca2+ medium. Our results suggest that Ca2+ ions may provide an important stimulus
for cell proliferation in adenovirus-transformed cells through a mechanism that involves the functions of the
175R T antigen.

Experiments designed to identify the transforming genes
of human adenoviruses by DNA transfection studies (12, 24)
have shown that a DNA fragment from the leftmost 8% of
the adenovirus 2 (Ad2) genome and the closely related AdS
genome can fully transform rat cells in vitro. The leftmost
8% of the viral genome contains the entire Ela region (map
position 1.2 to 4.3) and the N-terminal half of the Elb region.
The normal Elb region contains the complete coding se-
quences for a T antigen of 175 amino acids (175R; 19 or 21
kilodaltons) and the N-terminal portion of the 495R T antigen
(Fig. 1, bottom panel). DNA transfection studies have also
shown that Ela-coding sequences contained within the
leftmost 4.3% of the viral genome can only immortalize and
partially transform rat cells (13). These results suggest that
the N-terminal half of Elb is required for full transformation.
Using a series of Ad2 mutants that produce large, clear
plaques (ip) on human cells and have mutations within the
175R-coding region, we have provided genetic evidence that
the 175R T antigen is important for cell transformation (5,
21). Similar results have also been obtained with AdS (1, 16,
22) and Adl2 (11, 14, 23). In addition to in vitro cell
transformation, the 175R protein also appears to be required
for tumorigenesis of Adl2-transformed cells in nude mice (2)
and of Adl2 in hamsters (11, 23).

Cell fractionation and immunofluorescence studies have
localized the 175R T antigen on the cytoplasmic membranes
of transformed and productively infected cells (15, 18). More
recently, this protein was localized predominantly on the
endoplasmic reticulum and nuclear envelope by electron
microscopy and immunoperoxidase staining (25). However,
the biochemical function of this protein and, consequently,
the precise mechanism of 175R T-antigen-mediated cell
transformation and tumorigenesis is not known.

During transformation studies with an Ad2 mutant, d1250
(21), that is almost entirely defective in the 175R protein, we
observed that this mutant transformed rat cells at greatly
reduced frequencies, as compared with wild-type Ad2. How-
ever, the rarely occurring dl250-transformed cells appeared
to be only partially transformed and, furthermore, did not
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grow well in Ca2"-deficient media (results not shown). This
observation contrasts with the well-established observation
that adenovirus-transformed cells grow readily in media
containing low amounts of Ca2 ions (10). Our preliminary
observation that dl250-transformed cells were defective in
growth in Ca2'-deficient media suggested to us that the 175R
T antigen may be required for the growth of adenovirus-
transformed cells. Since dl250-transformed cells contain
other regions of the viral genome in addition to the Ela and
Elb regions, we constructed rat embryo cell lines that
contained only the leftmost 8% of the viral genome and
specifically show in this report that the 175R T antigen is
required for the growth of adenovirus-transformed cells in
Ca2'-deficient media.
An established rat embryo cell line, CREF, now com-

monly used for transformation studies (9), was transfected
with plasmid pGC212, which contains the leftmost 8% of the
viral genome (HindlIl G fragment) or a mutant of pGC212
lacking the 175R protein-coding region (pdl250). Plasmid
pdl250 contains a deletion of 145 base pairs between nucle-
otide positions 1768 (SstI site) and 1912 (BstEII site). Cells
containing pGC212 or pd1250 DNA were selected by cotrans-
fection with plasmid (ptk-neo) DNA coding for a dominant
selectable marker, neo (6, 19). The G418-resistant (Neor)
colonies were selected and screened for the presence of viral
DNA. Two cell lines containing the nonmutated El region
(i.e., the Hindlll G fragment) and two cell lines containing
the El region with a deletion of the 175R protein-coding
region were selected from the preliminary screening. The
viral DNA present in these cell lines was analyzed by
Southern blot analysis (Fig. 1). Cell lines G1 and G3 con-
tained about 5 and 10 copies of the HindIII G fragment,
respectively, and cell lines d12 and d13 contained about 10
and 2 copies of the mutant form of the HindIll G fragment,
respectively. The blot of DNA digested with restriction
endonuclease PvuII indicated that cell lines G1 and G3
contained the expected 1,874-base-pair fragment which en-
compasses most of the Ela-Elb-coding sequences within the
HindIII G fragment. Cell lines dl2 and d13 contained the
expected 1,729-base-pair fragment. These results indicated
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FIG. 1. Southern blot analysis of viral DNA present in transformed cells. CREF cells containing Ad2 DNA were selected by
cotransfection with 9 p.g of linearized (with EcoRI) plasmid DNA (pGC212 or pd1250) and 1 p.g of plasmid ptk-neo DNA (constructed by T. H.
Manoharan). Neor colonies were selected by using the antibiotic G418 (400 p.gIml). Cell DNA was cleaved with restriction endonuclease
Pvull, fractionated on a 1% agarose gel, denatured, immobilized on a Nytran membrane (Schleicher & Schuell, Inc.), and hybridized with
the nick-translated Hindlil G fragment (isolated from plasmid pGC212) in accordance with the protocol of the manufacturer. C, CREF cells;
5 and 10, copies of the plasmid DNA. bp, Base pairs.

29- 15-

A B
25- 13-

21- 11-

El*-

~1_-7- 1
.a

.13- j7

9- ~~~~~~~~~~~~~5-

1 1
0 1 2 3 4 5 6 0 - 2 3 4 5 6

Days Days
FIG. 2. Growth of transformed cells in normal (A) and Ca2-deficient (B) media. Cells were maintained in Ca2-deficient media for 48 h.

About 104 cells were then seeded in 60-mm dishes, and at various times, cells were collected by trypsinization and counted. Symbols: A,
CREF cells; 0, cell line G1; *, cell line G3; 0, cell line d12; *, cell line d13.
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Fig. 3. DNA synthesis by transformed cells in Ca2'-deficient

media. Cells were maintained in Ca'2-deficient media for 48 h and
then trypsinized, and 106 cells were plated in Ca2'-deficient media.
After 24 h, cells were labeled with 50 ,uCi of [3H]thymidine per ml
(specific activity, 20 Ci/mmol). Labeled cells were collected by
trypsinization, and radioactivity was determined after trichloroace-
tic acid precipitation. Symbols: A, CREF cells; 0, cell line Gl; *,
cell line G3; *, cell line d12; A, cell line d13.

that the Ela-Elb-coding regions do not have any major
rearrangements in the transformed cells.
The growth properties of the various cell lines in normal

media (1.8 mM Ca2+) and Ca2'-deficient media (no added
Ca2+ other than the ions present in the given lot of dialyzed
sera) were then compared. All the transformed cell lines
containing viral DNA proliferated more rapidly than did the
untransformed CREF cells (Fig. 2A). Among the trans-
formed cell lines, cell line G1 grew at a slightly faster rate; no
major difference was observed between the other three cell
lines. In contrast to growth in normal media, in Ca2+-
deficient media, cell lines d12 and d13, which lack most of the
175R-coding sequences, grew like untransformed CREF
cells and at a considerably slower rate than did both the G1
and G3 cell lines, which express the 175R T antigen (Fig.
2B). We have also observed similar growth defects in other
cell lines transformed by viral mutant dl250 (20) in Ca2+-
deficient media (data not shown).
As a measure of cell proliferation, we also measured DNA

synthesis by various cell lines in Ca2+-deficient media (Fig.
3). Cells were starved for Ca2+ for about 72 h, and the
incorporation of [3H]thymidine into cellular DNA was mea-
sured during an 8-h labeling period. The results in Fig. 3
clearly show that cell lines dl2 and d13 did not synthesize
significant amounts of DNA, as compared with
untransformed CREF cells, whereas cell lines G1 and G3
synthesized substantial amounts of DNA.
The results presented in this communication indicate that

the 175R T antigen is important for cell proliferation in
Ca2'-deficient media. Ca2+ ions have been shown to provide
an important stimulus to the onset of cell proliferation (3, 4,
7). The 175R T antigen may therefore be involved in Ca2+
mobilization in transformed cells. It is interesting to note
that significant amounts of the 175R T antigen are located on

the endoplasmic reticulum and nuclear envelope (25). Re-
cent studies indicate that the endoplasmic reticulum is an
important intracellular store of Ca2+ (17, 20), and the 175R
protein may be involved in the uptake or release of Ca2+ by
the endoplasmic reticulum. It is noteworthy that cells trans-
formed by temperature-sensitive, transformation-defective
mutants of avian sarcoma virus also exhibit similar growth
defects in Ca2'-deficient media (8). However, it is likely that
the mechanisms of pp60"r( which possess tyrosine-specific
protein kinase activity and 175R T-antigen-mediated cell
proliferation may be different.

Although our results indicate that the 175R T antigen is
required for the growth of adenovirus-transformed cells in
Ca2'-deficient media, possible synergistic roles of other
virus-encoded proteins from the Ela region and the N-
terminal region of the Elb 495R T antigen remain to be
investigated.
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