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To examine the role of simian virus 40 (SV40) large T and small t antigens in tumorigenesis in animals, we
generated transgenic mice which expressed either both the SV40 large T and small t antigens or the SV40 large
T antigen alone under the control of the mouse mammary tumor virus long terminal repeat. The mouse
mammary tumor virus long terminal repeat directs the expression of transgenes in ductal epithelial cells of
several organs, including the mammary gland, lung, and kidney, and in lymphoid cells. The mice which
expressed both the T and t tumor antigens developed lung and kidney adenocarcinomas, while those which
expressed large T alone did not. Both types of mice developed malignant lymphomas with similar frequencies
and latency periods. Our results show that the SV40 small t antigen cooperates with the large T antigen in
inducing tumors in slowly dividing epithelial cells in the lung and kidney.

There is substantial evidence that multiple events are
required to achieve cellular transformation, including over-
expression and mutation of cellular oncogenes. Several
model systems have been used to study the cooperation
between different oncogenes in cellular transformation by
using both cultured cells and animals (4, 5, 20, 21, 23, 39, 49).
Transgenic mice have also been used successfully to study
tumor induction by cellular and viral oncogenes (33). The
process of tumorigenesis in transgenic mice appears to
require activation of cellular or humoral factors in addition
to expression of the introduced oncogene(s) (1, 16, 32, 33,
43, 44).

Cooperation between transforming genes has also been
extensively studied with simian virus 40 (SV40), a DNA
tumor virus which encodes two genes expressed in the early
stage of viral infection, large T antigen (94 kilodaltons) and
small t antigen (17 kilodaltons) (47). These two proteins
share common amino termini but differ at their carboxyl end
because of differential splicing of a single transcript (2, 19).
SV40 large T antigen is required for the normal virus lytic
cycle, transformation of cells in tissue culture, or causing
tumors in hamsters, since mutations in this region abolishes
these properties (45). The role of small t antigen is not clear
in either the transformation process or the viral replication
cycle (45). Large T antigen alone seems to support efficient
viral replication, but there has been a controversy about the
role of small t antigen in transformation. Cells infected with
wild-type or mutant SV40 or with recombinant retroviruses
containing large T and small t, or large T alone, appear to be
transformed with equal efficiency under certain experimental
conditions (3, 8, 11, 12, 22, 41, 47), while under other
conditions, both the large T and small t antigens have been
shown to be necessary for this process (3, 6, 13, 14, 17, 18,
25, 38, 40, 43). In addition, when viruses with deletions in
small t antigen are injected into newborn hamsters, the
latency of fibrosarcomas is increased relative to wild-type
viruses (27, 48).
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To study the role of the SV40 early-region tumor antigens
in tumorigenesis of different cell types and tissues, we
introduced the large T and small t antigens into transgenic
mice so that the antigens would be expressed in several
different tissues. We made transgenic mice carrying both
SV40 large T antigen and small t antigen under the transcrip-
tional control of the mouse mammary tumor virus (MMTYV)
long terminal repeat (LTR) and mice containing the same
transgene in which the small-t-coding sequences were dis-
rupted. MMTYV is an endogenous retrovirus in mice which is
causally associated with mammary carcinomas and is ex-
pressed at high levels in the lactating mammary gland (30).
We and others have shown that genes placed under the
control of the MMTV LTR are expressed in the lactating
mammary gland and in several different tissues of transgenic
mice (10, 24, 37, 44) and that this expression mimics that of
the endogenous proviruses (16a). Expression of MMTV
LTR hybrid genes appears to be limited to ductal epithelial
cells in various organs, to lymphoid cells, and possibly to
Leydig cells in the testes (10). We chose to use the MMTV
LTR as a control element for expression of the SV40
early-region genes, because we could then direct their
expression in several different cell types and tissues. In this
way, we could compare, for example, the tumor-inducing
ability of the SV40 genes in epithelial cells in lung, kidney,
mammary gland, and salivary gland and in lymphoid cells,
within the same and among different strains of mice. In an
individual transgenic strain, the integration site and copy
number of the transgene remains constant from tissue to
tissue, and thus the ability of an oncogene to cause tumors is
not dependent on viral infectivity or replication; a compari-
son of the tumor-inducing ability of a transforming gene(s)
can then be made in the different tissues where it is ex-
pressed.

We found that four out of six independent transgenic
strains of mice expressing both large T and small t antigen
developed adenocarcinomas in the lung and/or kidney by 4
months of age, but none of the transgenic mice expressing
only SV40 large T antigen developed adenocarcinomas in
either of these tissues by the age of 6 months. All of the
transgenic mice carrying either both large T and small t
antigen or large T antigen alone developed malignant lym-
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phomas with the same latency. Our results indicate that
SV40 small t antigen facilitates tumorigenesis by large T
antigen in slowly dividing epithelial cells in the lung and
kidney but is dispensable for the transformation of rapidly
dividing lymphoid cells. These results also suggest that the
transformation of cells in different tissues depends on their
rate of division and requires the participation of other factors
which act on those cells.

MATERIALS AND METHODS

DNA constructions. The construction of pLTag was previ-
ously described (10). To generate pLTM, pLTag was linear-
ized at a unique BstX1 site in the small t coding region, the
4-base-pair (bp) 3’ overhang was converted to a blunt end
with T4 DNA polymerase, and Bg/II linkers were ligated on.
A 1.8-kilobase-pair (kbp) Bgl/II-BamHI fragment of the
MMTYV proviral genome, isolated from plasmid p2.5 (a gift
from J. Majors), was inserted into this site. Plasmid
pGemSH was generated by inserting the 230-bp Sacl-to-
HindIII fragment of pLTag (containing the MMTYV transcrip-
tion initiation site and extending into the SV40 region) into
the pGEM-blue vector (Promega Biotec) in the antisense
direction relative to the SP6 promoter.

Microinjection and DNA analysis. pLTM DNA was puri-
fied from Escherichia coli derivative strain DH1 by the
alkaline extraction method followed by CsCl-ethidium bro-
mide equilibrium density centrifugation. The DNA was
digested with Sfil and BamHI, and the fragment to be
injected was purified as previously described (10). The DNA
was diluted to 0.5 pg/ml in phosphate-buffered saline (2.7
mM KCl, 1.5 mM KH,PO,, 137 mM NaCl, 15 mM Na,
HPO,) before injection. Fertilized zygotes were injected
with about 500 copies of DNA. The presence of injected
DNA was determined by preparing genomic DNA from tails
by Southern blot analysis as previously described (10).

RNA analysis. RNA was isolated by guanidine thiocyanate
extraction and CsCl gradient fractionation by the method of
Chirgwin et al. (9). Northern (RNA) analysis and S1 nucle-
ase protection analysis were carried out as described by
Choi et al. (10). For RNase T1 protection experiments, a
250-bp antisense RN A probe was synthesized from pGemSH
by using SP6 polymerase (28, 46, 51). An excess of uniformly
labeled probe (5 X 10° cpm) was hybridized with 25 ug of
total RNA. Hybridizations were carried out overnight at
54°C in 30 pl of hybridization buffer consisting of 80%
formamide, 400 mM NaCl, 40 mM PIPES (piperazine-N,N’-
bis(2-ethanesulfonic acid) (pH 6.4), and 1 mM EDTA. A
300-nl sample of RNase T1 solution (330 U of RNase T1
[Bethesda Research Laboratories, Gaithersburg, Md.] per
ml in 10 mM Tris hydrochloride [pH 7.6]-300 mM NaCl-1
mM EDTA) was added, and digestions were carried out at
37°C for 1 h. The digestion was stopped by adding 20 .l of a
10% sodium dodecyl sulfate (SDS)-5 mg of proteinase K per
ml solution followed by incubation for 15 min at 37°C,
phenol-chloroform extraction, and ethanol precipitation.
The protected fragments were analyzed on 5% sequencing
gels with end-labeled Hpall-digested pBR322 as markers.

Histology and immunofluorescence. Tissue samples were
fixed in 10% Formalin and embedded in paraffin by standard
procedures, and 6-pm sections were stained with hematox-
ylin and eosin. For immunofluorescence, frozen 4-pm sec-
tions were prepared and fixed in cold acetone for 10 min at
—20°C and then air dried. Primary rabbit antibody against T
antigen was a gift from R. Kucherlapati. Hamster anti-SV40
tumor serum was a gift from E. Gurney. The sections were
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incubated with the primary antibody for 30 min at room
temperature and washed extensively with phosphate-buff-
ered saline. They were incubated for an additional 30 min
with a fluorescein-labeled goat anti-rabbit or anti-hamster
immunoglobulin secondary antibody (Jackson ImmunoRe-
search, Avondale, Pa.). After being washed, the sections are
dehydrated, mounted, and examined with a fluorescence
microscope (Carl Zeiss, Inc., Thornwood, N.Y.).

Protein analysis. Preparation of tissue extracts, immuno-
precipitation, and Western blotting (immunoblotting) were
carried out as previously described (10). Immunoprecipita-
tion from 1 mg of total protein from each tissue was carried
out, and the samples were run on 7.5% polyacrylamide gels.
After blotting, the nitrocellulose filters were incubated in
hamster anti-adeno-SV40 tumor serum (ND4) (36) and then
with 12°I-protein A (Amersham Corp. Arlington Heights, I11.)
and exposed to Kodak XAR-5 film.

RESULTS

Construction of transgenic mice carrying an MMTV LTR-
SV40 large-T-antigen transgene and its expression. pLTag is a
plasmid expressing both the SV40 large T and small t
antigens under the control of the MMTV LTR (Fig. 1A);
transgenic mice carrying this construct are called LT/t 1 to 6
(called LTag 1 to 6 in reference 10). Plasmid pLTM was
derived from pLTag so that it would express only the SV40
large T antigen under the control of the MMTV LTR. To
disrupt small-t-antigen expression, a BstX1 site within the
coding region of the small t antigen was changed into a Bg/II
site and a 1.8-kbp BgllI-BamHI fragment of the MMTYV pol
gene was inserted (Fig. 1A). Northern blot analysis of RNA
isolated from cells transfected with pLTM shows only a
2,300-base RNA corresponding to the hybrid MMTV-large T
mRNA initiated from the MMTYV promoter (Fig. 1B). Inser-
tion of the 1.8-kb MMTV DNA into pLTag resulted in the
loss of detectable small-t-antigen mRNA, probably by
mRNA destabilization, since we detect stable transcripts for
the large T antigen in which the 1.8-kb fragment has been
spliced out. pLTM has been tested in tissue culture; the
transcription initiating within the MMTV LTR is regulated
by glucocorticoid hormones (data not shown).

A 5.8-kbp Sfil-to-BamHI fragment of pLTM was used for
microinjection; all of the SV40 early control region elements
and plasmid sequences are absent from this fragment.
Around 500 copies of the fragment were injected into fertil-
ized zygotes from Swiss Webster mice. Six independent
transgenic mice were identified by analysis of tail DNA.
RNA and proteins from various organs from each strain have
been analyzed by S1 nuclease protection, by RNase T1
protection, by Northern analysis, and by immunostaining of
tissue sections. For S1 nuclease or RNase T1 protection
studies, probes were prepared either by end labeling a
250-bp junction fragment at a HindIII site within the SV40
region (Fig. 2A) or by making antisense RNA by using SP6
polymerase (Fig. 2B). The antisense RNA can detect both
MMTYV-SV40 hybrid transcripts (130 bases) and endogenous
MMTYV transcripts (100 bases). Prior to the onset of the
malignant lymphomas (see below), MMTV-SV40 hybrid
transcripts were detected only in the tissues where endoge-
nous MMTYV was expressed (Fig. 2A and 2B; 16a). Immu-
nostaining was also done to determine which cell types
expressed the large T antigen (see below). Results from the
six different strains showed that the expression was limited
to ductal epithelial cells in mammary glands, salivary glands,
lung, kidney, epididymis, and seminal vesicle; lymphoid
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FIG. 1. Diagram of pLTag and pLTM used to make transgenic mice and their RNA transcripts. (A) Plasmid pLTag was described by Choi
et al. (10). Abbreviations: F, Sfil; L, Bgll; G, Bglll; H, BamHI; Bx, BstX1. (B) RNA transcripts corresponding to the MMTV-SV40 large T
and small t antigens. Filled arrows indicate hybrid mRNAs. Open arrows indicate authentic SV40 early-region mRNAs. Each lane contains
20 ug of total RNA from cells transformed by pLTag (T/t) or pLTM (T) and 5 pg of total RNA from Cos-1 cells (c), and hybridized with
SV40-specific probe derived from pMK16-2 (a gift from K. Subramanian).

cells in spleen and thymus; and Leydig cells in testes.
Although the absolute levels of expression of the transgene
among different mice varied, the ratio of expression among
different organs was relatively constant and the lactating
mammary glands had the highest level of expression (Y.
Choi and S. R. Ross, unpublished results); this ratio mimics
what is seen for endogenous MMTYV expression, with lac-
tating mammary gland expressing at the highest level and the
other tissues expressing at about 50- to 100-fold-lower levels
(10; Fig. 2A and 2B; 16a). The cell types and organs that
expressed the transgene are exactly the same ones in which
we detected expression in transgenic mice carrying pLTag
(strains LT/t 1 to 6) (10).

Tumorigenesis in transgenic mice carrying the pLTM con-
struct. We examined tumorigenesis in five independent
strains (one founder animal died from unrelated causes and
was only examined for expression). Two founder strains
were expanded to give partial pedigrees, which are shown in
Fig. 3. The founder mouse, LTS57, was found to have a Y
chromosome insertion of the transgene, since all and only
male offspring from five independent litters of three genera-
tions of mice were transgenic (Fig. 3A). In this lineage, 100%
of the male mice carrying the transgene showed signs of
lymphoma at around 4 months of age, as judged by palpable
lymph nodes and leukemic appearance. By 6 months of age,
more than 90% of the transgenic males died; none of their
nontransgenic female siblings showed symptoms of lym-
phoma. Upon autopsy, all the mice had greatly enlarged
spleens and lymph nodes, and their livers were filled with
nodules of lymphoma cells. Histopathological examination
showed that all 14 of the autopsied transgenic animals from

the LT57 lineage had malignant lymphomas (Fig. 4F), but
none had any adenocarcinomas in the lung or kidney (Table
1). Histological examination of spleen and lymph node
sections, analysis of the immunoglobulin heavy- and light-
chain and T-cell receptor gamma-chain gene rearrangement,
and fluorescence-activated cell sorter (FACS) analysis by
using anti-Thy 1 antibody indicated that these lymphomas
were either pre-B cells or pre-T cells (Y. Choi and 1. Lee,
unpublished observations). Individual mice appeared to
have only one type of lymphoma; however, because we did
not analyze individual clones from the mice, we cannot rule
out the possibility that they had different types of tumors at
the same time. We have analyzed expression from both
concanavalin A- and lipopolysaccharide-stimulated primary
spleen cultures and found that the transgene and endogenous
viruses are transcribed in both populations (Y. Choi, unpub-
lished observations); thus, it appears that both B and T cells
can be transformed by the SV40 T antigen.

We also examined three 2-month-old animals from the
LT57 lineage which looked healthy at the time of sacrifice.
Microscopic and histopathological examination of the
spleens of these animals revealed lymphocytes of abnormal
size. FACS analysis of the spleen cells by using anti-Thy 1
antibody showed that greater than 70% were T cells; control
Swiss Webster mice have around 30% T cells in their spleens
at this age (data not shown). This indicates that the onset of
T cell lymphomas in these mice occurred before 2 months of
age. The average life span of these animals is about 6 to 7
months, and the lymphoma onset is about 2 months through
the G1 and G2 generations. Since transgenic animals were
mated with normal outbred Swiss Webster females, the fact
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FIG. 2. RNA expression in LT transgenic mice. (A) RNA tran-
scription from various organs of an LT21 mouse was determined by
S1 nuclease protection. The end-labeled probe is diagrammed below
the autoradiograph. RNA from the transgene protects 130 bp of a
250-bp probe. Symbols: filled portion, SV40 sequences; open por-
tion, MMTV LTR sequences. (B) Detection of RNA transcribed
from the transgene and endogenous MMTYV in an LT54.11I mouse.
The antisense riboprobe is diagrammed below the autoradiograph.
The transgene RNA protects 130 bases and endogenous MMTV
RNA protects 100 bases of a 250-base probe. Symbols: filled
portion, SV40 sequences; open portion, MMTV LTR. Abbrevia-
tions: MG, lactating mammary gland; SG, salivary gland; Li, liver;
T, thymus; K, kidney; S, spleen; Lu, lung; Te, testes; SV, seminal
vesicle; 1LU, lung adenocarcinoma from LT/tl; Ly, lymphoma
from LTS7; t, yeast tRNA; p, probe; m, marker.

that all the transgenic animals developed malignant lympho-
mas around the same time strongly suggests that the trans-
formation of this cell type is not affected by the genetic
background of these animals.

The LT54 founder mouse had three insertions of the
transgene, as determined by the segregation of different
junction fragments by Southern blot analysis (not shown),
and was bred to give three independent strains (LT54.1,
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LT54.11, LTS4.111) (Fig. 3B). The LT54 mouse was sacri-
ficed at 4 months of age after producing two litters, because
it showed symptoms of lymphoma. Histopathological exam-
ination of its organs showed that the LT54 mouse had also
developed a malignant lymphoma, which had spread into all
its organs. Focal adenocarcinomas were also seen in the
mammary and Harderian glands, surrounded by normal
epithelial cells. One hundred percent of the transgenic
offspring in LT54 lineage developed malignant lymphomas
by 5 months of age (Table 1), independent of which integra-
tion pattern of the transgene was inherited. We have also
sacrificed LT54 offspring, which had the transgene inte-
grated at different sites (I and II, III), at the ages of 2.5 and
3 months, respectively. Both had lymphomas that were not
as widespread as those seen in LT54 or older animals from
these same lineages, indicating that the onset of lymphoma is
also around 2 months of age. We have analyzed 11 animals
from these three strains, including the founder, but none of
them developed any tumors in the lung or kidney by 180 days
of age (Fig. 4B and D; Table 1).

Another founder mouse, LT21, also developed malignant
lymphoma and focal adenocarcinomas in the mammary and
Harderian glands at 4 months of age, but lung or kidney
adenocarcinomas were not detected (Table 1). Thus, the LT
mice differ from the LT/t mice, which frequently developed
adenocarcinomas in the lung and kidney (10; Table 1).

Comparison of large-T-antigen expression and tumor for-
mation in LT/t and LT mice. Although both the LT/t and LT
strains expressed the SV40 early-region genes in the same
cell types (see above), the lack of tumorigenesis in the lung
and kidney in the LT strain mice could result from lower
expression of large T antigen in the LT strains than in the
LT/t strains. We therefore compared the levels of large T
antigen among the different LT/t and LT mice. In Fig. 2A,
for example, it can be seen that the LT/t 1 lung, which
contained adenocarcinomas (Table 1), contains approxi-
mately the same amount of protected fragment as LT21,
which had no tumor tissue. However, because tumor-con-
taining organs have a proliferation of the transgene-ex-
pressing cells, the level of expression from these organs is
always higher than that seen in normal transgene-expressing
organs from the same strain. Therefore, to determine the
relative level of expression between the strains, we analyzed
large-T-antigen RNA and protein from salivary gland and
epididymis from several animals by Northern and Western
blot analyses. We chose salivary gland and epididymis for
these analyses because these organs showed no histologi-
cally detectable tumor cells and both expressed detectable
amounts of large-T-antigen RNA and protein. The level of
large-T-antigen RNA among strains varied by, at most,
10-fold, and at least two LT strains, LTS7 and LT54.11I
(lanes A and C, Fig. 5A), had greater amounts of T antigen
RNA than the LT/t 2 strain did (lane E, Fig. SA). Similar
analysis of protein immunoprecipitated from equal amounts
of extracts from the epididymides of LT54.III and LT/t 1
(lane T versus lane T/t, Fig. 5B) showed that almost equal
amounts of large-T-antigen protein are expressed in these
two strains.

A comparison of the tumorigenesis in different tissues
between the LT/t and LT strains is shown in Table 1. Three
of the six LT/t mice developed malignant lymphomas by 5
months. Lymphoma cells were seen in the lymph nodes,
thymus, lung, liver, Peyer’s patches, kidney, spleen, sali-
vary gland, and skeletal muscle and within the dermis; all
stained positive for large T antigen. Four independent LT/t
mice also developed lung adenocarcinomas, and two dif-
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FIG. 3. Partial pedigrees of the LT57 and LT54 lineages. Males are shown as boxes, females as circles. (A) LT57 lineage. Filled symbols
indicate the transgenic animals. *, Lymphoma-bearing animals. The life span was 6 months for the founder and 6 to 7 months for G1. The
G2 generation is still alive, and only animals marked (®) were sacrificed for further analysis. (B) LT54 lineage. The three integrated transgenes
were separated and are shown as follows: hatched symbols, LT54.1; dotted symbols, LTS2.1I; filled symbols, LT54.III. Open symbols
indicate nontransgenic siblings. +, Tumor-bearing animals. The founder and G1 generation died by 4 to 5 months, and the G2 generation is
still alive. Animal a has three insertions (I, II, and III), b has two insertions (I and II), and animal ¢ was sacrificed at 3 months.

ferent strains of mice developed renal ductal cell adenocar-
cinoma. Both the lung and kidney tumors were multifocal,
and many ducts in both the animals with and those without
tumors had epithelial cells which showed in situ alterations
and severe dysplasia (Fig. 4A and 4C). By immunostaining,
the nuclei of the tumor and surrounding epithelial cells were
positive for large T antigen (Fig. 4A and 4C).

As described above, all the animals carrying pLTM con-
structs developed malignant lymphomas. Lymphoma cells
were also found in almost all organs examined, similar to the
lymphomas found in LT/t animals. Analysis of RNA showed
that all tumors contained large-T-antigen mRNA (Fig. 2A).
However, unlike the LT/t mice, no LT mice developed
adenocarcinomas in the lung or kidney by 6 to 7 months of
age even though some LT animals expressed higher levels of
large T antigen than the LT/t animals. Occasionally, single
ducts which manifested mild dysplasia were seen; however,
even in the oldest animals (7 months), these represented less
than 5% of the total ducts observed (Fig. 4B). As with the
LT/t mice, these ducts also showed characteristic nuclear
immunostaining for large T antigen (Fig. 4B). '

DISCUSSION

In this study, we show that in transgenic animals the SV40
small t antigen cooperates with the large T antigen in the
transformation of ductal epithelial cells in the lung and
kidney. We have shown that SV40 T/t transgenes caused
tumors in epithelial cells in lung and kidney and in lymphoid
cells. We could not identify any tumors in the lung and
kidney of transgenic animals expressing only large T antigen,
although these animals developed malignant lymphoma with
the same frequency and latency as did animals expressing
both large T and small t antigen. This difference cannot be

explained simply by differences in the level of large T antigen
expressed in the different animals, since at least two strains
(LT57 and LTS54.1II) carrying the pLTM transgene which
developed no adenocarcinomas expressed equal or greater
amounts of large T antigen than the LT/t 1 and 2 mice, which
had both renal and bronchial carcinomas at the time of
sacrifice (the LT/t mice showed symptoms of disease at
approximately 5 weeks of age, e.g., lethargy, jaundice, etc.).
In addition, one of the LT animals (LT54) which carried
three different integrations of the pLTM transgene, all of
which expressed efficiently and induced lymphomas when
carried in separate animals, did not develop any lung or
kidney tumors. In fact, all of the LT mice developed
lymphomas with approximately the same latency, although
the level of T-antigen expression varied among the different
strains. Thus it is unlikely that an increase in large-T-antigen
expression can compensate for the absence of small t anti-
gen, at least within the range of expression that occurred in
these animals.

Ductal epithelial cells in the lung and kidney where
MMTYV-SV40 transgenes are expressed are slowly dividing
in the adult, while lymphoid stem cells are relatively rapidly
proliferating at all stages of life (29, 50). This is particularly
interesting because it has been reported that SV40 mutants
deleted for small t antigen which showed reduced ability to
transform growth-arrested fibroblasts could be partially
complemented by the addition of mitogens such as the
phorbol ester (25, 40, 43). Our results strongly suggest that
small t antigen is necessary for rapid transformation of
slowly dividing ductal epithelial cells in lung and kidney. We
cannot determine whether the deletion of small t antigen
abolishes the transforming ability of large T antigen or
increases the latency of tumorigenesis in these cells, since all
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FIG. 4. Histology and immunostaining of tissues from LT/t and LT mice. Magnifications of hematoxylin-and-eosin-stained sections are
x104 and anti-SV40 T-antigen-stained sections (insets) are %345, unless otherwise noted. (A) Tubules of LT/t 1 kidney show epithelial
proliferation and cytological atypia in neoplastic ducts. The nuclei of the tubular epithelial cells are immunostained for T antigen. (B) Tubules
of LT54.111 kidney are normal, with atypical proliferation of epithelial cells in a single duct (arrow) and immunostain for T antigen. (C)
LT/t 2 lung showing malignant proliferation of bronchial epithelial cells (b). Alveoli (a) are normal. The same LT/t 2 lungs shows nuclear
immunostaining of the bronchial epithelial cells. (D) LT54.I1I lung with perivascular lymphoma (arrow). The lung is otherwise normal (a,
alveoli; b, bronchia). Bronchial epithelial cells and inflammatory (lymphoid) cells show nuclear immunostaining. (E and F) LT/t 3 and LT57
lymphoma cells (respectively) have large irregular vesicular nuclei with abundant cytoplasm and frequent mitotic figures (hematoxylin and
eosin; magnification, x276). All cells are immunostained for large T antigen (magnification, X345).
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TABLE 1. Comparison of tumorigenesis between LT/t transgenic animals and LT transgenic animals

No. of animals with:

Construct and

No. of animals

strain Age Copy no. Adenocarcinoma Lymphoma analyzed
Lung Kidney
pLTag (T/t)
LT/t 1¢ 3.5 mo 4 1 1 0 1
LT/t 2¢ 3.5 mo 2 1 1 0 1
LT/t 3¢ 5 mo 1-2 ot 0 1 1
LT/t 4¢ <1 day >50 1 NT¢ 1 1
LT/ 5¢ 4 mo 2 1 0* 1 1
LT/t 64 <1 day 6 0 0 0 1
pLTM (T)
LT21° 4 mo 4 0 0 1 1
LTS57 6-7 mo 5 0 0 14 14
LT54.1 S mo 2 0 0 2 2
LTS54.11 S mo S 0 0 2 2
LT54.111 4-6 mo S 0 0 S 5
LT54.1 + 11 2.5 mo 7 0 0 1 1
LT54¢ 4 mo 12 0 0 1 1

“ Founder animal.
® Many ducts were severely dysplastic (10).
< NT, Kidney was not available for histological analysis.

transgenic animals died of malignant lymphoma by 6 to 7
months of age. Histological examination of lung and kidney
sections from neonatal LT/t mice revealed no ductal dyspla-
sia, although both antigens were expressed (10), indicating
that the morphological transformation of these tissues oc-
curs between 1 and 5 weeks of age. In lung and kidney
sections from LT mice from 2 to 7 months of age, however,
no significant difference is seen in the severity of dysplasia or
number of dysplastic ducts per section. These results imply
that the function supplied by the small t antigen is required
for the initiation of transformation by the large T antigen.

Only two tissues—the lactating mammary gland and the
Harderian gland—in the LT mice showed any epithelial cell
transformation, although in both of these cases, the changes
were focal, unlike the lung and kidney carcinomas in the
LT/t mice which were multifocal. Both of these tissues
develop primarily postnatally. At least for the mammary
gland, the factors which induce cellular proliferation during
lactation may obviate the need for the function that the small
t antigen supplies in other tissues. In spite of the fact that the
highest level of transgene expression occurred in the mam-
mary gland in both the LT/t and LT mice, this tissue was

B

1Tu‘ T/t

1 N

FIG. 5. Comparison of the levels of SV40 large T antigen (Tag) in various strains. (A) Each lane contained 20 pg of total RNA prepared
from salivary gland of LT57 (lane A), LT54.11I (lane C), and LT/t 2 (lane E,), liver (negative control) (lane B), and lymphoma from LT/t 3
(lane D), and the blot was hybridized with pMK16-2. The same blot was melted and rehybridized with GAPDH probe (26). (B) Each lane
contained protein immunoprecipitated from 1 mg of total protein extract from seminal vesicle tumor of LT/t 1 (lane 1 Tu), epididymis from
LT/t 1 (lane T/t), LT54.11I (lane T), and a nontransgenic control (lane N).
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relatively resistant to tumorigenesis by the SV40 genes, as
was the salivary gland (10). The ability to transform only
specific cell types is not unique to the SV40 T/t antigens;
several other oncogenes have been shown to exhibit cell
type specificity in transgenic animals (1, 24, 35, 42, 44).

Our results are in contrast to those of Palmiter et al. (34),
which showed that the deletion of small t antigen did not
affect the development of tumors in the choroid plexus, a
tissue which also slowly divides in adult animals (29, 31).
Possibly, cellular factors complementing the action of small
t antigen are expressed during the differentiation of the
choroid plexus epithelia, or perhaps the microenvironment
of this tissue provides humoral factors which are lacking in
the lung and kidney. This would be in agreement with the
hypothesis that the transformation of cells in different tissues
requires the participation of growth factors which act on
those cells (15). Alternatively, transgenic animals carrying
pSV11 (expressing only large T antigen) may have expressed
very high levels of large T antigen because of the SV40
enhancer present in the transgene (7, 34); it has been
suggested that small t antigen is dispensable for the trans-
formation process when high levels of T antigen are ex-
pressed (3). Interestingly, transgenic mice carrying pSV11
showed a decreased incidence of kidney glomerular lesions
relative to those carrying the SV40 wild-type early region
(34).

Our identification of the ductal epithelial cells of the lung
and kidney as two tissues where SV40 small t antigen plays
arole in tumorigenesis will facilitate the understanding of the
role of this protein in the process of transformation. We have
examined the effect of small-t-antigen deletion on tumori-
genesis in vivo, where the target cells are diploid and are
present in the different environments in which they normally
develop. Our results show that small t antigen is indeed
necessary for rapid SV40-induced tumorigenesis in the lung
and kidney. In this experimental system, we can now
address the question as to how the small t antigen affects the
action of the large T antigen. It has been shown that the
synergistic action of two oncogenes can be studied by
crossing transgenic mice carrying different oncogenes (42).
We are currently producing transgenic animals carrying
small t antigen alone under control of the MMTV LTR. The
analysis of the biochemical changes in the lung and kidney
epithelial cells expressing only small t, only large T, and both
large T and small t antigens will provide insight into the
molecular mechanisms of small-t-antigen involvement in
tumorigenesis.
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