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We have reported recently that small T antigen of polyomavirus stimulates the growth of NIH 3T3 cells
beyond their saturation density and induces weak anchorage-independent growth (T. Noda, M. Satake, T.
Robins, and Y. Ito, J. Virol. 60:105-113, 1986). We examined whether small T antigen would cooperate with
middle T antigen in the in vitro transformation ofNIH 3T3 (fibroblasts) and NRK-52E (epitheliallike) cells. The
small-T-antigen gene, when cotransfected with the middle-T-antigen gene, had no additional effect on the
efficiency or size of dense foci formation induced by the middle-T-antigen gene on a monolayer ofNIH 3T3 cells.
However, the small-T-antigen gene dramatically increased the rate of growth of NIH 3T3 cells transformed by
middle T antigen in semisolid medium. Introduction of the small-T-antigen gene into middle-T-antigen-
transformed cells did not disturb the integrated middle-T gene, alter expression of the middle-T gene, or

enhance middle-T-antigen-associated tyrosine protein kinase activity. For NRK-52E cells, the expression of
middle T antigen alone resulted in small, slow-growing foci on a monolayer. These cells did not show
anchorage-independent growth, despite the fact that middle-T-antigen-associated tyrosine protein kinase
activity was clearly detected in these cells. NRK-52E cells expressing both middle and small T antigens formed
faster growing foci on a monolayer than middle-T-antigen-expressing cells did and grew in semisolid medium,
even when the amounts of middle T antigen and its associated kinase activities were lower than those of
middle-T-antigen-expressing cells. We conclude that small T antigen cooperates with middle T antigen in the
in vitro transformation of established cell lines of fibroblast and epitheliallike cells, that it does not share the
middle-T-antigen function even though they are structurally related, and that it has a significantly more

important role in the transformation of NRK-52E cells than that of NIH 3T3 cells.

The early region of polyomavirus is required for cell
transformation by the virus. This early region contains two
genetic loci, tsA (14) and hr-t (4), and encodes three early
proteins which share the amino-terminal region of the pro-
teins (39). The early genes of the virus are organized in an
overlapping manner. The tsA locus is the structural gene for
large T antigen. The hr-t mutations are located within the
segment of viral DNA which is an intron for the large-T-
antigen gene. This segment of viral DNA is a part of the
structural genes for middle and small T antigens. Except for
the carboxy-terminal four amino acid residues, the primary
structure of small T antigen is identical to that of the
amino-terminal half of middle T antigen (for a review see

reference 20).
The functions of large and middle T antigens are quite

different and contribute to oncogenic cell transformation by
cooperating with each other (32). It has been suggested that
the role of large T antigen in the transformation of primary
rat embryo fibroblasts is to immortalize cells, enabling cells
to grow indefinitely (1, 24, 33). Immortalization is considered
one of the essential steps for oncogenic transformation.

Middle T antigen is a membrane-bound protein (21) and is
primarily responsible for inducing the major phenotype of
transformed cells (23, 31). The only biochemical function
known to be associated with middle T antigen is the tyrosine-
specific middle-T-antigen-phosphorylating activity in vitro
(12, 36, 40). This tyrosine protein kinase activity is consid-
ered to be due to an associated cellular tyrosine kinase, a
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product of proto-oncogene c-src (9). Middle T antigen has
been shown to modify and activate c-src kinase activity (5).
The carboxy-terminal half of middle T antigen is unique to

this protein. The in vitro phosphorylation of middle T
antigen on tyrosine by p60c-src and membrane anchorage,
which appears to be essential for the binding of middle T
antigen to p60c-src, both occur within this domain. There are

some mutants which have altered transformation functions
and have deletions within this domain (17, 28). On the other
hand, hr-t mutations located in the amino-terminal half of
middle T antigen abolish the ability of middle T antigen to
modify and activate p60c-src (5). How the changes in this first
domain affect the function unique to middle T antigen is not
known.

Regardless of whether the association of middle T antigen
and p60cs'rc is important for oncogenic transformation, it is
worth noting that only a subfraction of middle T antigen is
associated with p60csrc (5, 37) and that the subfraction of
middle T antigen associated with p60c-src is present in the
plasma membrane (37). Whether the middle T antigen
subfraction which is not present in the plasma membrane or

the middle T antigen subfraction which is not associated with
protein kinase activity has any function is not known.

Recently, it has been reported that small T antigen is
mainly localized to the nuclei, stimulates the growth of
monolayers of NIH 3T3 cells beyond their saturation den-
sity, and induces the growth of cells in soft agar, although
the activity of the latter is very weak (7, 30). Since middle
and small T antigens are structurally related and are collec-
tively called hr-t gene products, the question arises as to
whether the function of small T antigen is also manifested by
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middle T antigen. If middle T antigen expresses small-T
function as well, middle and small T antigens should not
complement.

It has been suggested that small T antigen is required for
the in vitro transformation of rat embryo fibroblasts in
conjunction with large and middle T antigens (10). On the
other hand, tumorigenesis in newborn rats appears to require
the cooperation of either large and middle T or middle and
small T antigens (2, 3). Although these reports suggest that
small T antigen plays an important role, more detailed
studies are necessary to understand the role of small T
antigen in cooperation in cell transformation and tumori-
genesis.

Polyomavirus induces tumors of epithelial cell origin (18).
Transformation studies using polyomavirus, however, have
been almost exclusively concentrated on fibroblasts. Since it
is important to study the transformation of epithelial cells,
we should take advantage of the fact that this virus can be
used for the studies of epithelial cell transformation.
Towards that goal, we have begun to use an established rat
cell line, NRK-52E, which is considered to have some
properties of epithelial cells (11).

In the present studies, we addressed the following ques-
tions. (i) Does small T antigen cooperate with middle T
antigen in the in vitro transformation of established rodent
cell lines NIH 3T3 (fibroblast) and NRK-52E (epitheliallike
cells)? (ii) If it does, how? (iii) Is there any difference in the
effect of small T antigen on the cell transformation of NIH
3T3 cells and NRK-52E cells? The results indicated that
small T antigen cooperated with middle T antigen in cell
transformation, that it contributed to the process of cell
transformation by an entirely different mechanism from that
of middle T antigen, and that it has a more important role in
the transformation of NRK-52E cells than that of NIH 3T3
cells. A preliminary account of the cooperative effect of
small T antigen on the growth of NIH 3T3 cells transformed
by middle T antigen has been given (22).

MATERIALS AND METHODS

Cell lines and culture conditions. NIH 3T3 cells were a gift
from Wallace Rowe (National Institutes of Health,
Bethesda, Md.). NRK-52E (11), a cell line with epithelial
cell-like properties isolated from a normal rat kidney, was
obtained from American Type Culture Collection (Rockville,
Md.). These cells were maintained in Dulbecco modified
Eagle medium supplemented with 10% calf serum (Colorado
Serum Company, Colorado) in a humidified atmosphere of
10% CO2 in air.

Transfection, neo selection, and cell cloning. NIH 3T3,
NRK-52E, and NIH 3T3 cells expressing middle T antigen,
MT3, were transfected with plasmids by a calcium phos-
phate precipitation technique (16, 45). Form I of plasmid
DNA was used for transfection. To select cells expressing a
bacterial neomycin resistance gene, transfected cultures
were incubated in a culture medium containing 400 ,ug of
G418 (GIBCO Laboratories, Grand Island, N.Y.) per ml (15,
43). The cells were cloned by limiting dilution. In some
cases, the cells were isolated from dense foci on a monolayer
by using cloning rings and were used as quasi-cell clone.
Clones were numbered cl-1, cl-2, etc., while quasiclones
were named f-1, f-2, etc.

Plasmids. pGVST, a retrovirus-based shuttle vector which
can express the polyomavirus small-T-antigen gene and the
bacterial gene for neomycin resistance derived from Tn5 (15,
43) has been described (30). pGV16 is the backbone con-

struct of pGVST and can only express a neomycin resistance
gene (35). Plasmids pPyMT1 and pPyST1 (44, 46), which
contain the entire polyomavirus genome but lack the middle-
T-antigen intron (pPyMT1) or the small-T-antigen intron
(pPyST1) cloned at the BamHI site in pAT153, were ob-
tained from Robert Kamen (Genetics Institute, Cambridge,
Mass.). pSV2neo, which can express a neomycin resistance
gene under the control of the simian virus 40 early region
promoter, was obtained from George Pavlakis (National
Cancer Institute, Frederick Cancer Research Facility,
Frederick, Md.).

Protein kinase assay. Tyrosine-specific protein kinase ac-
tivity associated with middle T antigen was assayed as
described previously (37) with minor modifications. Briefly,
cell extracts obtained from 105 cells were subjected to
immunoprecipitation with hamster anti-polyomavirus T-
antigen serum (37). The immunoprecipitates were exten-
sively washed with RIPA buffer (34) containing 10 mM NaCl
(26) and incubated in 50 pAl of kinase buffer (50 mM Tris
hydrochloride, pH 7.5, 5 mM MgCl2) containing 10 ,uCi of
[y-32P]ATP (6,000 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) for 10 min at 30TC. After the reaction was
terminated by adding a large excess of NET (150 mM NaCl,
50 mM EDTA, 50 mM Tris hydrochloride, pH 7.4, 0.02%
sodium azide, 0.05% Nonidet P-40), the immunoprecipitates
were washed extensively with RIPA buffer containing 10
mM NaCl, eluted from protein A immunoadsorbent, and
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and autoradiography. Under these
conditions, over 95% of the radioactive phosphate incorpo-
rated into middle T antigen was found on tyrosine (37).
Immunoprecipitation, SDS-PAGE, and fluorography.

[35S]methionine-labeled polyomavirus T antigens were im-
munoprecipitated and analyzed by SDS-PAGE and fluorog-
raphy as described previously (20).

Southern blot analysis. Cellular DNA was analyzed by the
method of Southern (42), using standard protocol (29).
Briefly, high-molecular-weight cellular DNA was extracted
by dissolving EDTA-dispersed cells with 0.5 M sodium
perchloride and 0.3% SDS, followed by two cycles of
extraction with an equal-volume mixture of phenol and
chloroform. The aqueous phase, dialyzed against 10 mM
Tris hydrochloride (pH 8.0)-i mM EDTA, was used for the
restriction enzyme analysis. A 20-,ug sample of DNA was
digested completely with various restriction enzymes, sepa-
rated by 0.6% agarose gel electrophoresis, and blotted onto
nitrocellulose filters. Baked filters were hybridized at 42°C in
a solution of 50% formamide, 5 x Denhardt solution, 5 x SSC
(ix SSC is 0.15 M NaCl plus 0.15 M sodium citrate) buffer,
10% dextran sulfate, 50 mM Tris hydrochloride (pH 7.4),
0.1% SDS, and 100 ,ug of shared calf thymus DNA per ml. A
restricted polyomavirus (A2 strain) DNA fragment from
BamHI to EcoRI (nucleotide [nt] 4632 through 1550) was
nick translated and used as a probe. Hybridized filters were
washed in 0.2x SSC buffer-0.1% SDS at 68°C and processed
by autoradiography.

Northern blot analysis. Northern blot analysis was per-
formed essentially as described (29). Briefly, total cellular
RNA was isolated from cells by lysing in GTC solution (5.7
M guanidine thiocyanate, 25 mM sodium citrate, 0.5%
N-lauroylsarcosine, 0.1 M 2-mercaptoethanol), followed by
centrifugation through 5.7 M cesium chloride (8). The
pelleted RNA fraction was phenol extracted and ethanol
precipitated. Heat- and formamide-denatured total RNA was
electrophoresed through 1.0% agarose gels containing 2.2 M
formaldehyde in a morpholinepropanesulfonic acid (MOPS)-
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FIG. 1. Dense focus formation on monolayers of NIH 3T3 cells after transfection with pPyMT1, pPyST1, or mixture of the two. Each
100-mm dish was seeded with 105 NIH 3T3 cells 1 day before being transfected with pPyMT1 (1 ig per dish) (A), pPyMT1 (1 ,ug) and pPyST1
(1 ,ug) (B), pPyMT1 (1 ,ug) and pPyST1 (10 ,ug) (C), pPyST1 (10 pug) (D), or salmon sperm DNA (E). In all cases, the amount of total DNA
transfected was adjusted to 20 ,ug with salmon sperm DNA. Cells were incubated in Dulbecco modified Eagle medium containing 5% calf
serum for 2 weeks (a) or 3 weeks (b) and stained with Giemsa solution after fixation with a 1-to-1 mixture of methanol and acetone.

acetate buffer for 12 h at 25 V. The gels were blotted onto a
nitrocellulose filter and baked in a vacuum oven at 80°C for
2 h. Nick-translated DNA fragments were hybridized to the
filters in the same solution as the one used in Southern
blotting, together with 100 ,ug of yeast tRNA. Filters were
washed in 2x SSC-0.1% SDS at 65°C for 1 h and processed
for autoradiography. A set of two identical gels were elec-
trophoresed in parallel, one of which was stained with
ethidium bromide to compare the amounts of RNA present
in parallel lanes.

RESULTS

Cotransfection of pPyMTl and pPySTl into NIH 3T3 cells.
To see how middle and small T antigens cooperate in the in
vitro transformation of NIH 3T3 cells, monolayers of NIH
3T3 cells were transfected with pPyMT1, pPyST1, or a
mixture of the two, and the cultures were fixed and stained
after 2 or 3 weeks of incubation (Fig. 1). pPyMT1 induced
numerous foci (Fig. 1A), while a 10-times-higher amount of
pPyST1 did not induce any recognizable foci (Fig. 1D). The
mixture of pPyMT1 and pPyST1 at a 1-to-1 (Fig. 1B) or
1-to-10 ratio (Fig. 1C) did not significantly alter the number
or size of the foci which appeared.
However, when several foci were randomly picked from

each of these dishes and the cells were suspended in soft
agar (27), we observed that the cells obtained from the dishes
which received both pPyMT1 and pPyST1 grew significantly
more rapidly than those from the dishes which received
pPyMT1 alone (data not shown). The results suggested that
small T antigen enhanced the rate of anchorage-independent
growth of cells transformed by middle T antigen. To examine
this phenomenon further, we decided to introduce pPyST1
into a clone of NIH 3T3 cells expressing only middle T
antigen and examine the effect of pPyST1 on middle-T-
expressing cells. Any effect seen should be due to small T
antigen. We chose a clone of MT3 for subsequent studies,
since this clone of NIH 3T3 cells contains a single copy of
functional middle-T-antigen-coding region (see below). This

clone was isolated from one of the dense foci which ap-
peared on a monolayer ofNIH 3T3 cells after transfection of
pPyMT1.

Transfection ofpGVST into MT3 cells. Monolayers of MT3
cells were transfected with pGVST, and 12 clones of G418-
resistant cells were isolated. They were designated MT3-
(pGVST)cl-1 to cl-12. As a control, five clones of G418-
resistant cells were also isolated from the culture of MT3
transfected with a backbone plasmid, pGV16, and were
designated MT3(pGV16)cl-1 to cl-5. The presence of T
antigens in these cells was examined by immunoprecipita-
tion (Fig. 2). All the clones, except for MT3(pGVST)cl-12
(Fig. 2, lanes 17), expressed middle T antigen at about the
same level as the MT3 cells did. Of the 12 clones which
received pGVST, MT3(pGVST)cl-1, cl-2, cl-4, cl-5, cl-6, and
cl-10 also expressed small T antigen at various levels (Fig. 2,
lanes 6, 7, 9, 10, 11, and 15, respectively). A faint band in
lanes 12 and 13 in Fig. 2, present at about the same position
as small T antigen, was found to be a background protein in
repeated experiments.

All these clones of cells were tested for anchorage-
independent growth. They all grew in soft agar, including
MT3(pGVST)cl-12, which showed very low levels of middle-
T-antigen expression, although the growth of these cells was
the slowest of all the clones tested. Nine days after plating in
soft agar, colonies large enough to be visible by the naked
eye began to show up in some of the plates (Fig. 3). By this
time, a significantly larger proportion of cells had given rise
to visible colonies in the plates which contained cells ex-
pressing both middle and small T antigens (Fig. 3C) than
those in the plates which contained cells isolated after
pGV16 transfection (Fig. 3A) or those isolated after pGVST
transfection but not expressing small T antigen (Fig. 3B).
There was no obvious correlation between the amount of
small T antigen expressed and the rate of cell growth in soft
agar. MT3(pGVST)cl-6 in Fig. 3C, which expresses small T
antigen at a higher level than does MT3(pGVST)cl-4 or cl-5,
did not have colonies as large as those by other clones
expressing both middle and small T antigens in repeated
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FIG. 2. T antigens immunoprecipitated from subcl
resistant MT3 cells after pGVST transfection. Subcor
a 60-mm dish were labeled with 300 ,uCi of [35S]methi
T antigens were immunoprecipitated from extracts

with rat antitumor serum (T) or control nonimmune r

Lanes 1 to 5, MT3(pGV16)cl-1 to cl-5; lanes 6 to 17, M'
1 to cl-12; lane 18, a lane of rat cells transformed by
TlAl (21) as a size reference for the authentic large

small T antigens. Several molecular weight marker
run in parallel lanes, and the positions are indicated
each panel.

experiments. Since the growth-stimulating effe(
antigen in MT3 cells was fairly reliably reproduc
independent sets of experiments (see below), v

that something unusual might have happened t

Subsequent studies revealed that one copy of
integrated in these cells and that a virus-cell
curred at a position very close to the re

polyomavirus genome encoding the carboxy
small T antigen (data not shown). Therefore, so]
alterations might have occurred within the cod
small T antigen in this clone. Further studies ar

clarify this point.
Since growth enhancement of MT3 cells in

small T antigen was not clearly demonstrated
clones tested above, essentially the same exp

performed with pPyST1 instead of pGVST. We
introduce a small-T-antigen gene and selected c

ing the small T antigen by neomycin selectior
cells were cotransfected with pPyST1 an(

8 9 whereas we were unable to isolate any G418-resistant cells
T N T N expressing small T antigen when NIH 3T3 cells were

transfected with pPyST1 and pSV2neo (data not shown). Of
,, UM 15 G418-resistant cell clones [MT3(pPyST)cl-1 to cl-15], 14

expressed small T antigen at various levels, as judged by
immunoprecipitation (data not shown). All 14 clones, except
for MT3(pPyST)cl-6, expressed about the same amount of
middle T antigen as MT3 cells did. The MT3(pPyST)cl-6
cells expressed approximately one-half to one-third as much
middle T antigen as the parental MT3 cells did. These clones
of cells were suspended in soft agar. In all cases, except for
MT3(pPyST)cl-6, small-T-antigen-containing cells grew
much faster than MT3 cells did. MT3(pPyST)cl-6 cells
formed about the same size of colonies as MT3 cells did,
presumably because this subclone of MT3 cells expresses a
smaller amount of middle T antigen and has a lower level of
middle-T-antigen-associated protein kinase activity than the
parental cells do. We observed large colonies formed by
cells expressing both middle and small T antigens 10 days

17 18 after plating (Fig. 4). We conclude firmly that small T antigen
T N T N cooperates with middle T antigen in anchorage-independent

growth of NIH 3T3 cells.
P P1 w Influence of introduction of small-T gene on the structure

and expression of middle-T gene in MT3 cells. Since pGVST
or pPyST1 shares sequence homology with the middle-T-
antigen gene present in MT3 cells, it was necessary to
examine whether the small-T-antigen gene introduced into
MT3 cells would interact with the middle-T-antigen gene and
thereby alter the expression of middle T antigen. First, we
compared the integrated middle-T-antigen gene in MT3 cells,
before and after the introduction of the small-T-antigen gene,

Eli by Southern blot analysis. High-molecular-weight DNA pre-
pared from each of the six clones expressing both middle and
small T antigens shown in Fig. 2, as well as from MT3 cells,
was digested with several restriction enzymes and probed

lones of G418- for the polyomavirus specific sequence. The restriction
ifluent cells in patterns of MT3 and MT3(pGVST)cl-2 DNAs are shown as
ionine for 4 h. an example (Fig. 5). MT3 DNA contains two copies of

rat serum (N) polyomavirus-specific sequence, one hybridizing strongly
T3(pGVST)cl- (indicated as I in Fig. SA, lane la) and one hybridizing
polyomavirus weakly with the probe used (indicated as II in Fig. 5A, lane
, middle, and la). From the results shown in Fig. 5 and other restriction
proteins were enzyme patterns, the most likely structures of these two
on the left of polyomavirus sequences in MT3 DNA were deduced and are

shown, indicating that MT3 contained a single copy of the
functional middle-T-antigen-coding sequence (Fig. 5B).

It is clear that MT3(pGVST)cl-2 DNA contains the mid-
ct of small T dle-T-antigen coding sequence exactly as found in parental
-ed in several MT3 cells (Fig. SA, lanes lb, 2b, 3b, and 4b). In addition,
ve suspected this DNA contains several copies of viral DNA, presumably
;o this clone. representing the small-T gene. The 2.2-kilobase-pair frag-
pGVST was ment generated by double digestion with BamHI and EcoRI
junction oc- and shown in Fig. SA, lane 2b, probably corresponds to the
gion of the internal fragment from BamHI at nt 4632 to EcoRI at nt 1560
terminus of in the polyomavirus genome, containing the entire small-T-
me sequence antigen-coding region as well as the viral promoter and
ing region of enhancer elements (41).
e required to MT3(pGVST)cl-1 and cl-6 contained a single copy of the

small-T-antigen gene, while MT3(pGVST)cl-4, cl-5, and
soft agar by cl-10 contained about five, two, and eight copies, respec-
in one of six tively, of small-T-antigen genes. In all cases, the middle-T-
eriment was antigen gene present in MT3 cells and shown in Fig. 5 was
were able to present without any obvious alterations (data not shown).
Sells express- To compare the levels of mRNA which encode middle T
a when MT3 antigen before and after the introduction of the small-T gene,
d pSV2neo, total cytoplasmic RNA was isolated from MT3,
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FIG. 3. Difference in number of visible colonies formed in soft agar by MT3 cells or subclones of MT3 cells expressing small T antigen.
Cells (103) were suspended in semisolid medium (Dulbecco modified Eagle medium containing 10% calf serum and 0.33% agar [Difco]) and
incubated in 60-mm dishes for 9 days. Dishes were fed with fresh medium every 2 to 3 days. (A) MT3(pGV16)cl-1 to cl-5; (B)
MT3(pGVST)cl-3, cl-7, cl-8, cl-9, and cl-11 (small-T-antigen-negative clones); (C) MT3(pGVST)cl-l, cl-2, cl-4, cl-5, cl-6, and cl-10
(small-T-antigen-positive clones). MT(+), Middle T antigen positive; ST(+), small T antigen positive.

1

a

2

FIG. 4. Colony formation. Cells (103) were suspended in semi-
solid medium and incubated for 10 days. Colonies formed by MT3
cells (panel 1) and by MT3(pPyST)cl-8 cells (panel 2) were photo-
graphed with an inverted microscope with low-power magnification
(x 100).

MT3(pGV16)cl-1, and the six clones that expressed the
middle and small T antigens mentioned above and was
examined by Northern blot analysis. When we used a DNA
fragment from BglI (nt 87) to PstI (nt 484) of the
polyomavirus genome as a radioactive probe, two mRNA
species, 2.9 and 1.3 kilobases (kb) in size, were detected
(data not shown). The 2.9-kb species is a predicted mRNA
species for middle T antigen (25). When a DNA fragment
from HindIII (nt 1656) to HincII (nt 2962) was used as a
probe, only a 2.9-kb species was detected. Therefore, a

1.3-kb species is likely to be the one which terminated near

the EcoRI site at nt 1550, where a cryptic polyadenylation
site is present (13). Since the former probe could not
distinguish between the mRNAs for middle and small T
antigens, while the latter could detect only mRNA for middle
T antigen, the latter probe was used for the comparison
between the clones shown in Fig 6. We assume that the ratio
of middle-T-antigen-specific 2.9-kb and 1.3-kb RNAs is
constant in all cases. Figure 6 shows the 2.9-kb species
present in RNA isolated from all the clones mentioned
above. There is no significant difference in the amounts of
the 2.9-kb mRNA between MT3 and the other clones (Fig.
6A). The levels of ,-actin mRNA in the same RNA prepa-
ration were used as an internal control (Fig. 6B and C). Small
variations in the levels of the expression among the clones
were within experimental error and did not correlate with the
presence or the absence of the small-T gene in the cells. We
conclude that the introduction of the small-T gene does not
significantly alter the level ofmRNA expression for middle T
antigen.

Since the tyrosine-specific protein kinase activity associ-
ated with middle T antigen is the only known biochemical
function of middle T antigen and correlates well with the
ability of the cells transformed by polyomavirus to grow in

A.

cl-I CI-2

B.
Cl-3 Cl-7

C.
cl-I Cl-2
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FIG. 5. (A) Comparison of integrated viral sequences in MT3 (a)
and subclone MT3(pGVST)cl-2 (b) by Southern blot analysis. High-
molecular-weight cellular DNA (20 jig) was restricted by BamHI
(lane 4), EcoRI (lane 3), XbaI (lane 2), or BamHI and EcoRI (lane 1),
and the fragments generated were separated in 0.6% agarose gel.
After blotting, filters were hybridized with a nick-translated
polyomavirus DNA fragment encompassing the coding regions for
middle and small T antigens (from nt 4632 through nt 1550; see

reference 41 for nucleotide numbering). Hindlll-restricted frag-
ments of lambda bacteriophage DNA were run in parallel as size
markers, and the positions are indicated on the left. (B)
Polyomavirus sequences in MT3 DNA deduced from restriction
enzyme patterns. , Viral sequences; cellular sequences;

-----, regions within which junctions between viral and cellular
sequences lie.

soft agar, this enzyme activity was compared before and
after the introduction of pGVST into MT3 cells.

Figure 7, lane 3 shows the level of phosphorylation of
middle T antigen immunoprecipitated from a cell extract
from a given number of MT3 cells. When twice the amount
of cell extract was used, approximately twice the level of
middle T antigen phosphorylation was observed (Fig. 7, lane
2). Under these conditions, middle T antigens immunopre-

FIG. 6. Comparison of levels of mRNA for middle T antigen
expressed in MT3 cells and in the subclones of MT3 cells expressing
small T antigen. Total cellular RNA (20 ,ug) was electrophoresed in
a formamide-containing agarose gel and blotted to a nitrocellulose
filter. A nick-translated polyomavirus DNA fragment (from HindlIl
at nt 1656 to HinclI at nt 2962) was hybridized to the filter and
processed by autoradiography (A). After autoradiography, the filter
was washed in 0.1x SSC containing 0.1% SDS at 90°C for 10 min to
remove radioactive material, rehybridized with a nick-translated
DNA fragment obtained from plasmid pA-1 which contained murine
P-actin cDNA, and processed by autoradiography (B). To avoid
distortion of the bands representing ,-actin mRNA and unevenness
of hybridization to that mRNA due to an excessive amount of the
,-actin mRNA in the filter, 2-jig samples of the same RNA prepa-
ration used above were electrophoresed, blotted, hybridized with
,-actin probe, and processed by autoradiography (C). Lanes: 1,
MT3; 2, MT3(pGV16)cl-1; 3, MT3(pGVST)cl-1; 4, MT3(pGVST)cl-
2; 5, MT3(pGVST)cl-4; 6, MT3(pGVST)cl-5; 7, MT3(pGVST)cl-6;
8, MT3(pGVST)cl-10. The positions of 28S and 18S rRNAs are
indicated to the left of the gels.

cipitated from cell extracts (obtained from the same number
of cells as used for the experiment shown in Fig. 7, lane 3) of
six clones expressing both middle and small T antigens were
associated with this phophorylating activity, which was not
significantly different from that of middle T antigen in MT3
cells (Fig. 7, lanes 4 through 9). The results shown in Fig. 5,
6, and 7 indicated that small T antigen does not cooperate
with middle T antigen by enhancing the expression or
function of middle T antigen.

Transformation of NRK-52E cells. To examine whether the
complementarity of small T antigen with middle T antigen
observed in NIH 3T3 fibroblast cells could be seen in
epitheliallike cells, we tested the effect of cotransfection of
middle- and small-T genes in NRK-52E cells.
Monolayers of NRK-52E cells were transfected with ei-

ther pPyMT1 or pPyST1 alone or the mixture of the two at a
1-to-10 molar ratio and incubated for 2 to 3 weeks. No
recognizable foci were observed in the culture which was
transfected with pPyST1, as for NIH 3T3 cells (Fig. 1D). In
the culture transfected with pPyMT1, small, slow-growing
foci appeared, whereas in the culture transfected with the
mixture of the two, much faster growing dense foci ap-
peared. In the culture which received pPyMT1, foci ap-
peared 3 weeks after transfection (Fig. 8A). A higher mag-
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FIG. 7. Tyrosine protein kinase activities associated with middle
T antigen of MT3 and its subclones expressing small T antigen. Cell
extracts made from 5 x 105 cells (lanes 1 and 3 through 9) or 1 x 106
cells (lane 2) were subjected to immunoprecipitation with 10 ,ul of
hamster anti-T serum (lanes 2 through 9) or nonimmune control
hamster serum (lane 1) and the protein kinase assay described in
Materials and Methods. Phosphorylated middle T antigen appeared
as a doublet (37). The bands which appear below middle T antigen,
indicated by an arrow, are most likely degradation products of
middle T antigen. Lanes: 1, 2, and 3, MT3; 4, MT3(pGVST)cl-1; 5,
M13(pGVST)cl-2; 6, MT3(pGVST)cl-4; 7, MT3(pGVST)cl-5; 8,
MTE(pGVST)cl-6; 9, MT3(pGVST)cl-10.

nification of the same focus is shown in Fig. 8B. The larger
focus shown in Fig. 8C is typical of the foci which appeared
in the culture transfected with the mixture of pPyMT1 and
pPyST1 2 weeks after transfection (1 week before the focus
in Fig. 8A was photographed). A higher magnification of the
same focus is shown in Fig. 8D. Cells picked from foci
shown in Fig. 8 expressed the appropriate T-antigen species
(data not shown). A quite significant difference in the growth
rate of the cells transformed by middle T antigen alone and
by both middle and small T antigens observed here is in
distinct contrast from the results obtained with NIH 3T3
cells (Fig. 1).
The anchorage-independent growth of these cells was then

compared. Since NRK-52E cells did not survive when
suspended in the soft agar used for NIH 3T3 cells, soft
agarose was used instead for these cells. Cells obtained from
several small foci and expressing middle T antigen did not
divide in soft agarose in 4 weeks, while cells obtained from
much larger foci and expressing both middle and small T
antigens did grow moderately well under the conditions
used. Typical examples with NRK-52E(MT)f-1 isolated from
the former cultures and NRK-52E(MTST)f-1, f-2, and f-3
isolated from the latter cultures are shown in Fig. 9 and 10.
NRK-52E(MT)f-1 cells expressed middle T antigen (Fig. 9A,
lanes 1) which had associated tyrosine protein kinase activ-
ity (Fig. 9B, lanes 1). This clone of cells did not divide in soft
agarose (Fig. 10A). NRK-52E(MTST)f-1, f-2, and f-3 all
expressed middle and small T antigens (Fig. 9A, lanes 2, 3,
and 4, respectively). The amount of middle T antigen ex-
pressed in these cells, especially in NRK-52E(MTST)f-1 and
f-2 cells (Fig. 9A, lanes 2 and 3), was signficantly lower than

that of NRK-52E(MT)f-1 (Fig. 9A, lanes 1). Middle-T-
antigen-phosphorylating activities associated with these
cells roughly paralleled the amounts of middle T antigen
itself (Fig. 9B). NRK-52E(MT)f-1 and NRK-52E(MTST)f-1,
f-2, and f-3 were cells picked from foci without further cell
cloning. It is possible, therefore, that these lines may contain
some untransformed cells. However, by the way we picked
these cells, we were certain that contaminating cells, if any,
could not be more than 10% of the total cell population.
Therefore, it is quite unlikely that the conclusion obtained
from the results shown in Fig. 9 could be affected by the fact
that these cells did not go through rigorous cell cloning. All
NRK-52E(MTST) cell clones tested here grew in soft
agarose (Fig. 10, panels 2, 3, and 4). Thus the expression of
middle T antigen alone in NRK-52E cells appears to be
insufficient to induce anchorage-independent growth, even
when middle-T-associated kinase activity was manifested at
reasonable levels and simultaneous expression of middle and
small T antigens seems to be required for it.

DISCUSSION

We have investigated whether structurally related middle
and small T antigens of polyomavirus would cooperate in the
in vitro transformation of established fibroblast and
epitheliallike cell lines.
We demonstrated that the rate of anchorage-independent

growth of NIH 3T3 fibroblast cells transformed by middle T
antigen was enhanced dramatically when the small-T-antigen
gene was introduced into the cells, although the effect of
small T antigen on foci formation by middle T antigen on
monolayers was not apparent. This enhancement of cell
growth in semisolid medium was not due to increased
expression of middle T antigen or enhanced tyrosine protein
kinase activity associated with middle T antigen. NRK-52E
epitheliallike cells expressing both middle and small T anti-
gens formed quite significantly larger foci than those ex-
pressing only middle T antigen in a monolayer culture.
Within the limits of our experiment, middle T antigen did not
induce anchorage-independent growth when middle-T-
antigen expression in NRK-52E cells and its associated
tyrosine protein kinase activity were clearly detected. Mid-
dle and small T antigens together did induce cell growth in
semisolid medium, even when the levels of the expression of
middle T antigen and its associated tyrosine protein kinase
activity were considerably lower than those in middle-T-
antigen-expressing cells.

Since the small T antigen has a growth factor-like activity
on NIH 3T3 cells (30), it is easy to understand that small T
antigen stimulates the growth of middle-T-antigen-trans-
formed NIH 3T3 cells, provided that the function of small T
antigen is not expressed by middle T antigen. Does small T
antigen express a subset of the functions of middle T
antigen? The middle-T-antigen gene has been placed under
the control of an inducible promoter. When the expression of
middle T antigen was gradually increased by adding increas-
ing amounts of the inducer, the size of the colonies formed
by the cells gradually increased up to a certain point (31).
Therefore, the size of the colonies is clearly influenced by
the amount of middle T antigen. In our routine experiments,
the average size of colonies formed by cells transfected with
various amounts of the middle-T-antigen gene did not no-
ticeably change, although the number of colonies was de-
pendent on the amount of the DNA used. When we
transfected cells with a mixture of middle- and small-T-
antigen genes, a significant proportion of colonies grew to
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much larger sizes than those in the parallel culture, in which
the cells were transfected only with the middle-T-antigen
gene. As described in Results, randomly isolated cells from
foci from the culture which received both middle- and
small-T-antigen genes grew more rapidly than those picked
from the culture which received only the middle-T-antigen
gene. These observations prompted us to study the effect of
the small-T-antigen gene on cells transformed by middle T
antigen. The results clearly showed that the two genes
cooperated in anchorage-independent growth of the cells in
semisolid medium, suggesting that the function of small T
antigen is not expressed by middle T antigen. The results
from transformation experiments with NRK-52E cells fur-
ther demonstrated that the function of small T antigen could
not be replaced by the larger amount of middle T antigen
(Fig. 9 and 10); hence, these two T antigens were indeed
distinct. In addition, small T antigen did not increase the
amounts of middle T antigen or enhance the levels of
middle-T-antigen function. Therefore, the mechanisms by
which these two proteins alter the growth properties of the
cells must be entirely different.

It may not be surprising to find that the two T antigens do
not share function, since intracellular localization of these
two T antigens is quite different, middle T antigen being
associated with the cellular membrane (21) and small T
antigen being primarily in the nuclei (30). Middle T antigen

has a membrane anchorage domain near its carboxy-terminal
end, and removal of that domain abolishes the transforming
ability of middle T antigen (6). It is still unknown whether
middle T antigen devoid of that domain will localize to the
nuclei and have a small-T-antigen-like function. It is also an
open question whether the hr-t mutation, which is known to
abolish the function of middle T antigen, would also elimi-
nate the function of small T antigen. In any case, since the
structure and the function of large T antigen are quite
different from those of middle and small T antigen, our
results imply that the early region of polyomavirus encoding
three species of T antigens indeed has three distinct gene
functions.
The complementarity between small and middle T antigen

was more dramatically observed in NRK-52E than in NIH
3T3 cells. Middle T antigen alone did not induce anchorage-
independent growth in NRK-52E cells. The notion that
middle T antigen alone is insufficient to induce the full
transformation phenotype was first suggested by Ras-
soulzadegan and others using primary rat embryo fibroblasts
(32). It has been generalized that the transformation of
established cell lines does not require gene functions other
than that of middle T antigen, while the transformation of
primary culture cells requires large- and probably small-T-
antigen functions as well (10). Although the distinction
between primary cells versus established cell lines seems to
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FIG. 10. Colonies formed by NRK-52E cells expressing middle
and small T antigens in soft agarose. Cells (103) were suspended in
soft agarose (Dulbecco modified Eagle medium containing 10% fetal
calf serum and 0.3% SeaKem agarose (FMC Corp., Marine Colloids
Div., Rockland, Maine]) and incubated for 2 weeks. Colonies
formed were photographed with an inverted phase-contrast micro-
scope with 150x magnification. Panels: 1, NRK-52E(MT)f-1; 2,
NRK-52E(MTST)f-1; 3, NRK-52E(MTST)f-2; 4, NRK-52E(MTST)
f-3.
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FIG. 9. Levels of expression of middle T antigen and its associ-
ated kinase activities in NRK-52E cells expressing only middle T
antigen or middle and small T antigens. Four clones of NRK-52E
cells were labeled with [35S]methionine for 4 h. Parallel cultures
were incubated similarly without radioactive labeling. [35S]me-
thionine-labeled T antigens were immunoprecipitated with rat anti-
tumor serum and analyzed by SDS-PAGE and fluorography (A).
Unlabeled middle T antigen was immunoprecipitated with hamster
antitumor serum and was subjected to an in vitro protein kinase
assay (B). Lanes: 1, NRK-52E(MT)f-1; 2, NRK-52E(MTST)f-1; 3,
NRK-52E(MTST)f-2; 4, NRK-52E(MTST)f-3; T, anti-T serum
treated; N, nonimmune control serum treated. MT, middle T
antigen; ST, small T antigen. Protein size markers were run in a
parallel lane, and the positions are indicated on the right.

be important, it must also be emphasized that most of the
transformation studies have been performed with fibroblast
cells. One possible reason for the inability of middle T
antigen to induce anchorage-independent growth in NRK-

52E cells is that the amounts of middle T antigen accumu-
lated in these cells were at relatively low levels, so that the
function of middle T antigen was not sufficiently expressed.
Indeed, the levels of the expression of middle and small T
antigens in NRK-52E cells were generally lower than those
in NIH 3T3 cells. The amounts of p60csrc expressed and the
pattern of tyrosine phosphorylation of cellular protein in
NRK-52E cells would also have to be compared with those
in NIH 3T3 cells. In considering the possible reason for
inability of middle T antigen to transform NRK-52E cells, it
would also be important to note that the number of epider-
mal growth factor receptors on NRK-52E cells is some
20-fold higher than that on NIH 3T3 cells (11). Epidermal
growth factor has been shown to stimulate the activity of
middle-T-antigen-associated tyrosine protein kinase activity
when added to isolated plasma membranes or to intact cells
externally (38). Although it is currently unknown how this
activation occurs, it would be worth examining the correla-
tion between the number of epidermal growth factor recep-
tors on cells and the ability of middle T antigen to transform
those cells in many different cell types. It is an entirely open
question as to whether the limited transforming ability of
middle T antigen on NRK-52E cells is generally observable
in the transformation of certain types of epithelial cells.
While these possibilities need to be examined, it is striking

to note that NRK-52E cells containing barely detectable
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amounts of middle T antigen associated with only barely
detectable levels of protein tyrosine kinase activity could
grow in soft agarose when these cells were also expressing
small T antigen. In this particular situation, middle-T-
associated tyrosine protein kinase activity, which is the only
known function of middle T antigen considered to be respon-

sible for the induction of anchorage-independent growth in
fibroblasts (31), is not sufficient to induce anchorage-
independent growth of epitheliallike cells, and small T
antigen appears to be at least as important as middle T
antigen for that function. This situation is quite different
from that with NIH 3T3 cells. There is no difficulty in
isolating fully transformed mouse or rat fibroblast cell lines
after transfection of the middle-T gene.

Of the three T antigens of polyomavirus, the only one that
has been shown clearly to be responsible for the mainte-
nance of transformed state of the cells is middle T antigen
(23, 31). The effect of small T antigen on cell growth
observed in the present studies seems to suggest that small T
antigen also functions in such a manner as to be required
continuously for the maintenance of a part of the trans-
formed phenotype.
Each of the unique functions of the three T antigens

(immortalization function of large T antigen, modification of
p60c-src kinase activity by middle T antigen, and growth
factor-like activity of small T antigen) is known to be
intimately related to different aspects of oncogenic transfor-
mation. Polyomavirus, having these three functions together
with the capability to transform epithelial cells, is, therefore,
a unique tumor virus as a tool to study oncogenic cell
transformation.

ACKNOWLEDGMENTS

The early part of this work was performed while T.N., M.S., and
Y.I. were members of the cell transformation section, Bionetics
Research Inc.-Basic Research Program, National Cancer Institute,
Frederick Cancer Research Facility, Frederick, Md., sponsored by
the National Cancer Institute under contract no. N01-CO-23909 with
Bionetics Research, Inc. The research was partly supported by
grant-in-aid 60015042 from the Ministry of Education.
We deeply appreciate the strong encouragement for the work of

George Vande Woude, the director of the program. We also thank
Margaret E. Buckingham for a gift of plasmid pA-1, containing
cDNA of mouse P-actin.

LITERATURE CITED

1. Asselin, C., and M. Bastin. 1985. Sequences from polyomavirus
and simian virus 40 large T genes capable of immortalizing
primary rat embryo fibroblasts. J. Virol. 56:958-968.

2. Asselin, C., C. Gelinas, and M. Bastin. 1983. Role of the three
polyoma virus early proteins in tumorigenesis. Mol. Cell. Biol.
3:1451-1459.

3. Asselin, C., C. Gelinas, P. E. Branton, and M. Bastin. 1984.

Polyoma middle T antigen requires cooperation from another
gene to express the malignant phenotype in vivo. Mol. Cell.
Biol. 4:755-760.

4. Benjamin, T. L. 1970. Host range mutants of polyoma virus.

Proc. Natl. Acad. Sci. USA 67:394-399.
5. Bolen, J. B., C. J. Thiele, M. A. Israel, W. Yonemoto, L. A.

Lipsich, and J. S. Brugge. 1984. Enhancement of cellular src

gene product associated tyrosyl kinase activity following

polyoma virus infection and transformation. Cell 38:767-777.

6. Carmichael, G. G., B. S. Schaffhausen, D. I. Dorsky, D. B.

Oliver, and T. L. Benjamin. 1982. Carboxy terminus of polyoma
middle-sized tumor antigen is required for attachment to mem-

branes, associated protein kinase activities and cell transforma-

tion. Proc. Natl. Acad. Sci. USA 79:3579-3583.

7. Cherington, V., B. Morgan, M. S. Spiegelman, and T. M.

Roberts. 1986. Recombinant retroviruses that transduce individ-

ual polyoma tumor antigens: effects on growth and differentia-
tion. Proc. Natl. Acad. Sci. USA 83:4307-4311.

8. Chirgwin, J. M., A. E. Pryzybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:5294-
5299.

9. Courtneidge, S. A., and A. E. Smith. 1983. Polyoma virus
transforming protein associates with the product of the c-src
cellular gene. Nature (London) 303:435-439.

10. Cuzin, F., M. Rassoulzadegan, and L. Lemieux. 1984. Multigenic
control of tumorigenesis: three distinct oncogenes are required
for transformation of rat embryo fibroblasts by polyoma virus.
Cancer Cells 2:109-116.

11. DeLarco, J. E., and G. J. Todaro. 1978. Epitheloid and fibro-
blastic rat kidney cell clones: epidermal growth factor (EGF)
receptors and the effect of mouse sarcoma virus transformation.
J. Cell. Physiol. 94:335-342.

12. Eckhart, W., M. A. Hutchinson, and T. Hunter. 1979. An
activity phosphorylating tyrosine in polyoma T antigen im-
munoprecitates. Cell 18:925-933.

13. Fenton, R. G., and C. Basilico. 1981. Viral gene expression in
polyoma virus-transformed rat cells and their cured revertants.
J. Virol. 40:150-163.

14. Fried, M. 1965. Cell transforming ability of a temperature-
sensitive mutant of polyoma virus. Proc. Natl. Acad. Sci. USA
53:486-491.

15. Garapin, F. C., F. Horodniceanu, P. Kourisky, and A. C.
Garapis. 1981. A new dominant hybrid selective marker for
higher eukaryotic cells. J. Mol. Biol. 150:1-14.

16. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

17. Griffin, B. E., and C. Maddock. 1979. New classes of viable
deletion mutants in the early region of polyoma virus. J. Virol.
31:645-656.

18. Gross, L. 1953. A filtrable agent, recovered from Ak leukemic
extracts, causing salivary gland carcinomas in C3H mice. Proc.
Soc. Exp. Biol. Med. 83:414-421.

19. Ito, Y. 1979. Polyoma virus-specific 55 K protein isolated from
plasma membrane of productively infected cells is virus coded
and important for cell transformation. Virology 98:261-266.

20. Ito, Y. 1980. Organization and expression of the genome of
polyoma virus, p. 447-480. In G. Klein (ed.), Viral oncology.
Raven Press, New York.

21. Ito, Y., J. R. Brocklehurst, and R. Dulbecco. 1977. Virus-specific
proteins in the plasma membrane of cells lytically infected or
transformed by polyoma virus. Proc. Natl. Acad. Sci. USA
74:4666-4670.

22. Ito, Y., T. Noda, M. Satake, T. Robins, and M. Gonzatti-Haces.
1986. Growth stimulating activity of polyomavirus small T
antigen. Cancer Cells 4:413-418.

23. Ito, Y., N. Spurr, and B. E. Griffin. 1980. Middle T antigen as
primary inducer of full expression of the phenotype of transfor-
mation by polyoma virus. J. Virol. 35:219-232.

24. Jat, P. S., and P. A. Sharp. 1986. Large T antigens of simian
virus 40 and polyomavirus efficiently establish primary fibro-
blasts. J. Virol. 59:746-750.

25. Kamen, R., J. Favaloro, J. Parker, R. Treisman, L. Lania, M.
Fried, and M. Mellor. 1979. Comparison of polyoma virus
transcription in productively infected mouse cells and trans-
formed rodent cell lines. Cold Spring Harbor Symp. Quant.
Biol. 44:63-75.

26. Kornbluth, S., F. R. Cross, M. Harbison, and H. Hanafusa.
1986. Transformation of chicken embryo fibroblasts and tumor
induction by the middle T antigen of polyomavirus carried in an
avian retroviral vector. Mol. Cell. Biol. 6:1545-1551.

27. Macpherson, I., and L. Montagnier. 1964. Agar suspension
culture for the selective assay of cells transformed by polyoma
virus. Virology 23:291-294.

28. Magnusson, G., and P. Berg. 1979. Construction and analysis of
viable deletion mutants of polyoma virus. J. Virol. 32:523-
529.

29. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular

J. VIROL.



COOPERATION OF POLYOMAVIRUS MIDDLE AND SMALL T

cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

30. Noda, T., M. Satake, T. Robins, and Y. Ito. 1986. Isolation and
characterization of NIH 3T3 cells expressing polyomavirus
small T antigen. J. Virol. 60:105-113.

31. Raptis, L., H. Lamfrom, and T. L. Benjamin. 1985. Regulation
of cellular phenotype and expression of polyomavirus middle T
antigen in rat fibroblasts. Mol. Cell. Biol. 5:2476-2486.

32. Rassoulzadegan, M., A. Cowie, A. Carr, N. Glaichenhaus, R.
Kamen, and F. Cuzin. 1982. The role of individual polyoma
virus early proteins in oncogenic transformation. Nature (Lon-
don) 300:713-718.

33. Rassoulzadegan, M., Z. Naghashfar, A. Cowie, A. Carr, M.
Grisoni, R. Kamen, and F. Cuzin. 1983. Expression of the large
T protein of polyoma virus promotes the establishment in
culture of "normal" rodent fibroblast cell lines. Proc. Natl.
Acad. Sci. USA 80:4354-4358.

34. Richert, N. D., P. J. A. Davies, G. Jay, and I. H. Pastan. 1979.
Characterization of an immune complex kinase in immunopre-
cipitates of avian sarcoma virus-transformed fibroblasts. J.
Virol. 31:695-706.

35. Robins, T., C. Jhappan, J. Chirikjan, and G. F. Vande Woude.
1986. Molecular cloning of the "intronless" EJ ras oncogene
using a murine retrovirus shuttle vector. Gene Anal. Tech.
3:12-16.

36. Schaffhausen, B. S., and T. L. Benjamin. 1979. Phosphorylation
of polyoma T antigen. Cell 18:935-946.

37. Segawa, K., and Y. Ito. 1982. Differential subcellular localiza-
tion of in vivo-phosphorylated and nonphosphorylated middle-
sized tumor antigen of polyoma virus and its relationship to
middle-sized tumor antigen phosphorylating activity in vitro.

Proc. Natl. Acad. Sci. USA 79:6812-6816.
38. Segawa, K., and Y. Ito. 1983. Enhancement of polyoma virus

middle T antigen tyrosine phosphorylation by epidermal growth
factor. Nature (London) 304:742-747.

39. Smart, J. E., and Y. Ito. 1978. Three species of polyoma virus
tumor antigens share common peptides probably near the amino
termini of the proteins. Cell 15:1427-1437.

40. Smith, A. E., R. Smith, B. E. Griffith, and M. Fried. 1979.
Protein kinase activity associated with polyoma virus middle T
antigen in vitro. Cell 18:915-924.

41. Soeda, E., J. R. Arrand, N. Smoller, J. E. Walsh, and B. E.
Griffin. 1980. Coding potential and regulatory signals of the
polyoma virus genome. Nature (London) 283:445-453.

42. Southern, E. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol. 98:
503-512.

43. Southern, P. J., and P. Berg. 1982. Transformation of mamma-
lian cells to antiobiotic resistance with a bacterial gene under
control of the SV40 early region promoter. J. Mol. Appl. Genet.
1:327-341.

44. Treisman, R., U. Novak, J. Favaloro, and R. Kamen. 1981.
Transformation of rat cells by an altered polyoma virus genome
expressing only the middle T protein. Nature (London) 292:
595-600.

45. Wigler, M., A. Pellicer, S. Silverstein, and R. Axel. 1978.
Biochemical transfer of single-copy eukaryotic genes using total
cellular DNA as donor. Cell 14:725-731.

46. Zhu, Z., G. M. Veldman, A. Cowie, A. Carr, B. Schaffhausen,
and R. Kamen. 1984. Construction and functional characteriza-
tion of polyomavirus genomes that separately encode the three
early proteins. J. Virol. 51:170-180.

VOL. 61, 1987 2263


