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Transgenic mice expressing the polyomavirus (PyV} middle T oncogene in the mammary epithelium develop 
multifocal mammary tumors that metastasize with high frequency. The potent transforming activity of PyV 
middle T antigen can, in part, be attributed to its ability to associate with and to activate a number of c-Src 
family tyrosine kinases {c-Src, c-Yes, and Fyn). As a first step toward assessing the role of individual c-Src 
family tyrosine kinases in PyV middle T antigen-induced mammary tumorigenesis, we have crossed 
transgenic mice carrying the mouse mammary tumor virus (MMTV)/PyV middle T antigen fusion gene with 
mice bearing a disrupted c-src proto-oncogene. In contrast to the rapid tumor progression seen in the original 
MMTV/PyV middle T antigen strains, mice expressing the transgene in the absence of functional c-Src rarely 
developed mammary tumors. After long latency, these mice did eventually develop abnormal hyperplastic 
mammary tissue. This growth disturbance was correlated with elevated expression of the PyV middle T 
antigen and the activation of the PyV middle T antigen-associated c-Yes tyrosine kinase. However, transgenic 
mice expressing the PyV middle T antigen in the mammary epithelium of wild-type or Yes-deficient mice 
developed multifocal mammary tumors with comparable kinetics. Taken together, these findings suggest that 
c-Src tyrosine kinase activity is required for PyV middle T antigen-induced mammary tumorigenesis and also 
illustrate an in vivo genetic approach to the dissection of mitogenic signal transduction pathways. 
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The molecular basis of the events responsible for con- 
version of a normal cell to a tumor cell remains a major 
challenge in understanding oncogenesis. For example, 
deregulated expression of a number of oncogenes, includ- 
ing neu and c-myc have been implicated in human breast 
cancer {Escot et al. 1986; Slamon et al. 1987). Interest- 
ingly, many of these oncoproteins appear to affect differ- 
ent mediators of mitogenic signal transduction path- 
ways, including growth factors [neu differentiation fac- 
tor (NDFJ] [Peles et al. 1992; Wen et al. 1992), their 
receptors (Neu) {King et al. 1985; Yokota et al. 1986; 
Slamon et al. 1987,1989), and transcription factors [c- 
Mycl [Escot et al. 19861. Growth factor-induced mitogen- 
esis often involves the activation of tyrosine kinases, 
which in tum triggers a cascade of tyrosine phosphory- 
lation events. Aberrant activation of members of the ty- 
rosine kinase oncogene family in the mammary epithe- 
lium of transgenic mice can have deleterious conse- 
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quences. For example, constitutive activation of the Neu 
tyrosine kinase [Muller et al. 19881 or polyomavirus 
(PyV) middle T antigen-associated tyrosine kinases such 
as c-Src and c-Yes (Guy et al. 1992a) leads to the rapid 
induction of multifocal mammary adenocarcinomas in- 
volving the entire mammary gland in every transgene 
carrier examined. In addition to the high penetrance and 
rapid development of mammary tumors, expression of 
the PyV middle T antigen leads to a high incidence of 
metastatic disease (Guy et al. 1992a). 

The potent transforming properties of the PyV middle 
T antigen result from its capacity to associate with and 
activate a number of cellular enzymes. In particular, PyV 
middle T antigen can activate c-Src and c-Yes tyrosine 
kinases by forming physical complexes with these pro- 
teins, thus rendering them constitutively active [Court- 
neidge and Smith 1983; Kombluth et al. 1987). In addi- 
tion to its ability to associate with and activate different 
members of the Src family, the middle T oncogene is also 
known to interact with the 85-kD subunit of the phos- 
phatidylinositol-3' kinase [Whitman et al. 1985; Court- 
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neidge and Hebner 1987), and this association is required 
for PyV middle T antigen-mediated tumorigenesis (Tal- 
mage et al. 1989). Although stable complexes between 
protein phosphatase 2A (regulatory} and C {catalytic) and 
PyV middle T antigen have also been detected (Pallas et 
al. 1990; Walter et al. 1990), their role in PyV middle T 
antigen-mediated tumorigenesis is not known. 

Although it is clear that the interaction of PyV middle 
T antigen with these cellular proteins plays an important 
role in tumorigenesis, the relative contribution of each 
of these protein complexes to transformation remains to 
be defined. To directly assess the role of c-Src in PyV 
middle T antigen-induced mammary tumorigenesis, we 
have crossed transgenic mice carrying the mouse mam- 
mary tumor virus (MMTV)/PyV middle T oncogene with 
mice carrying either disrupted c-src or c-yes genes (Sori- 
ano et al. 1991; P. Soriano, unpubl.). In contrast to the 
rapid induction of mammary tumors observed in paren- 
tal MMTV/PyV middle T antigen transgenic strains, 
mammary gland-specific expression of the PyV middle T 
antigen in mice defective in c-Src function led to the 
development of cystic hyperplasia of the mammary 
gland, which rarely progressed to full malignancy. Sig- 
nificantly, transgenic mice expressing PyV middle T an- 
tigen in the mammary epithelium of the c-Yes-deficient 
or wild-type mice develop multifocal metastatic mam- 
mary tumors at rates comparable to the parental 
MMTV/PyV middle T antigen strains. These observa- 
tions indicate that a functional c-Src is required for PyV 
middle T antigen-induced mammary tumorigenesis and 
that the mammary epithelium is particularly sensitive 
to activation of the c-Src signal transduction pathway. 

Results 

Expression of the PyV middle  T oncogene 
in the mammary  epithelium results m activation 
of c-Src and c-Yes tyrosine kinases 

Because PyV middle T antigen can associate with and 
activate a number of c-Src family members in estab- 
lished cell lines, we assessed which of these tyrosine 
kinases were activated in PyV middle T antigen-induced 
mammary tumors. To this end, tumor tissue extracts 
from several MMTV/PyV middle T antigen transgenic 
strains (MT# 121, MT#634, MT#668)were immunopre- 
cipitated with either c-Src- or c-Yes-specific monoclonal 
antibodies and subjected to in vitro kinase assays using 
acid-denatured enolase as a substrate (Fig. 1A). These 
experiments were conducted under conditions where in- 
corporation of 32p isotope into the enolase substrate oc- 
curs in a linear fashion (Kypta et al. 1990). A prominent 
phosphorylated band corresponding to enolase was ob- 
served in lanes where the protein extracts were incu- 
bated with c-Src- and c-Yes-specific antibodies (lanes 
marked + ). On longer exposure of the autoradiographs, a 
band corresponding to autophosphorylated c-Src and 
c-Yes was also observed in tumor extracts. Incubation of 
these protein extracts with a nonspecific control anti- 
body (rabbit immunoglobulin G) (lanes marked - )  re- 
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Figure 1. Activation of the c-Src family tyrosine kinases in 
PyV middle T antigen-induced mammary tumors. (A) In vitro 
kinase activities of mammary tumor extracts derived from the 
different MMTV/PyV middle T antigen transgenic strains, 
including MT#121 (MT#742, 83 days of age), MT#634 
(MT#616, 112 days of agel, and MT#668 (MT#9313, 110 days 
of age). All tumors were isolated from multiparous female car- 
riers. Each protein extract was immunoprecipitated with anti- 
bodies specific to c-Src and c-Yes {lanes marked + ). Normal 
rabbit serum was used as a nonspecific control antibody {lanes 
marked -). In addition, these analyses were conducted on pos- 
itive control brain {Normal brain) and nontransgenic mammary 
tissues (Normal M.gl.). The positions of c-Src and c-Yes kinases 
and exogenous enolase substrate are indicated by arrows. {B) 
Immunoprecipitation of identical tumor and control tissue pro- 
tein extracts with antisera directed against PyV middle T anti- 
gen followed by immunoblot analyses with c-Src- or c-Yes-spe- 
cific antibodies. Also included are negative control protein ex- 
tracts derived from nontransgenic mammary glands (M.gl. 1. The 
broad lower band is attributable to a cross-reactive immuno- 
globulin band present in the immunoprecipitates. 

sulted in the weakly phosphorylated enolase band. These 
phosphorylated bands comigrated with those observed in 
brain tissue, which is known to express high levels of 
endogenous c-Src and c-Yes (Aguzzi et al. 1990; Soriano 
et al. 1991). Quantitation by PhosphorImager analysis 
revealed that the tumor samples from the MMTV/PyV 
middle T antigen animals had, on average, fivefold 
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greater c-Src kinase and c-Yes kinase activities than the 
nontransgenic mammary epithelium. Although the in- 
creases in c-Src and c-Yes activities were modest, these 
values were observed consistently with multiple inde- 
pendent tumor extracts (n = 9). In contrast to c-Src and 
c-Yes, incubation of tumor and normal mammary gland 
extracts with a Fyn-specific antibody failed to show ev- 
idence of enhanced Fyn kinase activity in mammary tu- 
mors (data not shown). 

To determine whether the activation of c-Src and 
c-Yes was the result of its association with the PyV mid- 
dle T antigen product, tumor extracts were immunopre- 
cipitated with a PyV middle T antigen-specific antisera. 
After gel electrophoresis, these immunoprecipitates 
were subjected to immunoblot analyses with antisera 
directed against either c-Src or c-Yes. The results of these 
analyses revealed the presence of both c-Src and c-Yes in 
PyV middle T antigen immunoprecipitates (Fig. 1B). In 
addition to c-Src and c-Yes, a lower broad band corre- 
sponding to mouse immunoglobulin was also observed. 
As expected, application of this methodology to protein 
extracts derived from normal nontransgenic mammary 
epithelium failed to demonstrate the presence of either 
c-Yes or c-Src because of the absence of the middle T 
antigen. Together, these results indicate that PyV middle 
T antigen-induced mammary tumors possess elevated 
c-Src and c-Yes kinase activities, and this is attributable 
to its association with PyV middle T antigen. 

A f u n c t i o n a l  c-Src is r equ i r ed  for the  rap id  
i n d u c t i o n  of  m e t a s t a t i c  m a m m a r y  t u m o r s  

Although PyV middle T antigen-induced mammary tu- 
mors possess elevated c-Src and c-Yes tyrosine kinase 

activities, it is unclear to what extent activation of each 
of these individual tyrosine kinases contributes to the 
overall transformed phenotype. To determine whether 
c-Src is required for PyV middle T antigen-mediated 
mammary tumorigenesis, mice carrying a disrupted c-src 
gene (Soriano et al. 1991) were interbred with MMTV/ 
PyV middle T antigen transgenic mice (MT#634, Fig. 1; 
Guy et al. 1992a). Using this approach, a variety of dif- 
ferent genotypes of MMTV/PyV middle T antigen mice 
were generated, including heterozygous transgene carri- 
ers in wild-type c-src [MT/+ ,  c-src( + / + )], heterozygous 
c-src [MT/+ ,  c-src( + / -)] ,  and null c-src backgrounds 
[MT/+,  c - s r c ( -  / -  )]. The genotypes of each of these 
progeny were confirmed by Southern blot hybridization 
with appropriate transgene and c-src-speci f ic  probes (see 
Materials and methods). Consistent with previous obser- 
vations (Guy et al. 1992a), all female transgenic progeny 
possessing at least one functional c-src allele developed 
multifocal mammary tumors that eventually enveloped 
the entire mammary epithelium by 120 days (Fig. 2A). 
The onset of mammary tumor formation in transgenic 
mice either carrying both wild-type c-src alleles (n = 30) 
or heterozygous for the c-src mutation (n =33) was not 
significantly different (Table 1). In contrast, none of the 
MMTV/PyV middle T antigen transgenic mice homozy- 
gous for the c-src mutation (n = 24) developed mammary  
tumors within this time frame (Table 1). 

To exclude the possibility that the lack of tumor de- 
velopment in these mice was attributable to alteration of 
transgene expression, 10 Ixg of total RNA from the mam- 
mary glands of multiparous mice was subjected to 
RNase protection analyses with a probe directed to the 5' 
segment of the PyV middle T antigen cDNA. As shown 
in Figure 2B, the transgene-specific probe yields a 203- 

Figure 2. c-Src is required for the induction of mammary tumors in MMTV/PyV middle T antigen transgenic mice. (A) Transgenic 
mice carrying the PyV middle T oncogene in a wild-type c-src {left, #8314 70 days of age l or null c-src (CA 7832, 140 days of age} genetic 
backgrounds. Note the extensive mammary tumors in all mammary glands of the MTCA 8314 mouse and the lack of palpable tumors 
in the MT#7832 mouse. (B) RNase protection analyses using 10 ~xg of total mammary tissue RNA isolated from multiparous females 
carrying the middle T antigen transgene in wild-type, heterozygous, and homozygous c-src backgrounds. Mammary tissue extract from 
a c-src( - / - ) nontransgenic animal was included as a negative control. The antisense probe used in this RNase protection analyses 
protects a 203-nucleotide fragment corresponding to the 5' end of the PyV middle T antigen cDNA. To ensure that equal amounts of 
RNA were loaded on the gels, a L32-4 antisense probe directed against the mouse ribosomal protein L32-4A was also included in the 
hybridization reaction. The L32 probe protects a 278-nucleotide fragment as indicated by the arrow. 
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Tab le  1. Onse t  of  t umors  in M M T W P y V  m i d d l e  T m i c e  in 
c-src and  c-yes-def ic ient  backgrounds  

Percentage Tso for tumor 
Number of animals formation 

Genotypes of animals with tumors (days) 

MT + / - ;  
c-src + / + 33 100 82 

MT + / - ;  
c-src + / -  30 100 86 

MT + / - ;  
c-src - / -  24 8 >200 

MT + / - ;  
c-yes +/+ 30 100 58 

MT + / - ;  
c-yes + / -  26 100 58 

MT + / - ;  
c-yes - / - 31 1 O0 80 

The number of animals tested for each genotype and the per- 
centage of females that developed mammary tumors, after 3 
months of age, are indicated. Tso value was calculated for each 
genotype and, it corresponds to the time at which at least 50% 
of animals developed a palpable mammary tumor. 

two animals have developed focal mammary adenocar- 
cinomas, and this occurred only after long latency (7 
months of age; Table 1). Consistent with these findings, 
the mammary epithelial hyperplasias observed in the 
c - s r c - d e f i c i e n t  background were histologically distinct 
from the middle T antigen-induced mammary tumors. In 
contrast to the proliferative multilayered epithelium ob- 
served in PyV middle T antigen-induced mammary tu- 
mors, the hyperplasias observed in the c-src  null back- 
ground were comprised of complex ducts lined by a sin- 
gle epithelial layer (Fig. 3D,F). 

D e t e c t i o n  o f  P y V  m i d d l e  T a n t i g e n - a s s o c i a t e d  t y r o s i n e  

k i n a s e  a c t i v i t y  in  t h e  m a m m a r y  t i s s u e  

o f  c - S r c - d e f i c i e n t  m i c e  

The epithelial hyperplasias observed in c-Src-deficient 
mice expressing the PyV middle T oncogene could con- 

nucleotide protected fragment. To ensure that equal 
quantities of RNA were loaded, an rpL32 antisense probe 
directed against the mouse ribosomal protein L32-4A 
was also included in the hybridization reaction. The re- 
sults showed that the mammary glands of mice from 
different c-src  genotypes expressed equivalent levels of 
transgene RNA (Fig. 2B). Consistent with the results of 
these RNase protection analyses, immunoblot analyses 
with PyV middle T antigen-specific antisera revealed 
equivalent levels of PyV middle T antigen protein within 
the mammary epithelium of these mice (data not 
shown). Therefore, the inability of PyV middle T antigen 
mice to develop tumors in a c-src  null genetic back- 
ground was not attributable to differences in transgene 
expression. 

The histological appearance of the mammary tissue 
derived from MMTV/PyV middle T antigen transgenic 
mice possessing at least one functional c-src  allele ex- 
hibited dramatic differences in comparison to mammary 
tissue from transgenic mice homozygous for the dis- 
rupted c-src  gene (Fig. 3). In contrast to wild-type FVB 
mammary glands (Fig. 3A), whole-mount examination of 
virgin mammary tissue from female MMTV/PyV middle 
T antigen mice heterozygous for the c-src  mutation re- 
vealed the presence of multiple mammary adenocarcino- 
mas as early as 60 days of age (Fig. 3C). These analyses 
failed to detect comparable histological lesions in older 
virgin transgene carriers (100 days of age) lacking c-Src 
function (data not shown). In older multiparous or virgin 
female transgenic mice homozygous for the disrupted 
c-src  gene, mammary epithelial hyperplasias have been 
detected (Fig. 3E). Although these mammary epithelial 
hyperplasias can eventually envelope the entire mam- 
mary fat pad, they rarely progress to full malignancy. Of 
the female transgenic mice lacking c-Src function that 
have lived to an age of 3 months or older (n = 24), only 

Figure 3. Histopathology of the MMTV/PyV middle T antigen 
mice carrying possessing disrupted c-src alleles. A panel of pho- 
tomicrographs shows the appearance of hematoxylin-stained 
whole-mount {left: A,C,E,  at 4.9 x) and hematoxylin and eosin- 
stained microscopic section (right: B,D,F at 48.6• of virgin 
female FVB (A,BI, MT( + / - );c-src( + / - I (MT#7698 at 75 days 
of age) (C,D) and MT( + / -);c-src( - / - ) transgenic animal 
(MT#7832 at 140 days of age)(E,F). Note the slender, non- 
branching ducts of the wild-type animal, the proliferative mul- 
tilayered structures in the MT#7698 animal, and the dilated 
complex ducts lined by a single epithelial layer in the MT#7832 
animal. 
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ceivably result from activation of the PyV middle T an- 
tigen-associated c-Yes tyrosine kinase. To test this pos- 
sibility, in vitro kinase assays were conducted on the 
mammary tissue derived from MMTV/PyV middle T an- 
tigen transgenic mice carrying either wild-type or mu- 
tant c-src  alleles with antisera directed against PyV mid- 
dle T antigen, c-Src, and c-Yes {Fig. 4). Incubation of 
these tissue extracts with antisera against the PyV mid- 
dle T oncogene and exogenous enolase substrate indi- 
cated that PyV middle T antigen-associated activity 
could be detected in mice heterozygous or homozygous 
for the c-src mutation [Fig. 4AI. As expected, incubation 

Figure 4. Detection of PyV middle T antigen-associated c-Yes 
kinase activity in mammary tissues defective in c-Src function. 
Shown are in vitro kinase activities of PyV middle T antigen (A), 
c-Src (B), and c-Yes (C) derived from mammary tissue extracts 
from multiparous female MT( + / -);c-src( + / +) (MT#1907 at 
90 days of age), MT( + / - );c-src( + / - ) (MT#7849 at 150 days of 
age), and MT{ + / - );c-src(- / - ) (MT#9184 at 125 days of age). 
Protein extracts were incubated with Glu-Glu raised against 
PyV middle T antigen, a monoclonal antibody that recognizes 
c-Src (mAb 327, Oncogene Sci.) or a monoclonal antibody spe- 
cific for c-Yes {3H9) (Sukegawa et al. 1990). In addition, these 
analyses were conducted on brain tissue (Normal brain) that 
served as a positive control for c-Src and c-Yes activity. Non- 
transgenic mammary tissue was also included (Normal M. gl) as 
a negative control tissue. A negative control antibody used in 
these analyses is brain tissue incubated with normal rabbit sera 
(lane labeled -ve). The positions of c-Src, c-Yes, and the exog- 
enous enolase substrate are illustrated by arrows. 

c-Src is required for PyV middle T antigen-induced mammary tumors 

of tissue extracts derived from either nontransgenic 
brain or nontransgenic mammary gland with PyV middle 
T antigen-specific antisera failed to exhibit significant 
PyV middle T antigen-associated kinase activity. Quan- 
titative analyses of middle T antigen-associated kinase 
activity [Fig. 4A) revealed that the tissue extracts derived 
from transgenic mice either heterozygous or homozy- 
gous for the disrupted c-src  allele possessed 60% and 
40% of the levels observed in the mammary glands of 
transgenic mice possessing both wild-type c-src alleles. 
To assess whether phosphorylation of PyV middle T an- 
tigen protein in the c-src null genetic background was 
attributable to the activation of the c-Yes tyrosine ki- 
nase, in vitro kinase assays were also conducted with 
antisera directed against c-Yes and c-Src. As expected, in 
vitro kinase analyses with c-Src-specific antibodies 
showed no evidence of c-Src kinase activity in mammary 
tissues obtained from transgenic mice lacking c-Src 
function (Fig. 4B). However, comparable levels of c-Yes 
kinase activity could be detected in tissues from trans- 
genic mice carrying either wild-type or disrupted c-src  

genes (Fig. 4C). 
The elevated PyV middle antigen T-associated kinase 

activity observed in the c-src  null background is likely 
attributable to its association with the c-Yes kinase, as 
immunoprecipitation with antibodies against PyV mid- 
dle T antigen followed by immunoblot analyses with 
c-Yes-specific antibodies revealed the presence of c-Yes 
in middle T antigen immunoprecipitations (data not 
shown). These observations suggest that the mammary 
epithelial hyperplasias observed in MMTV/PyV middle 
T antigen transgenic mice lacking a functional c-Src is 
likely attributable to the activation of c-Yes tyrosine ki- 
nase by PyV middle T antigen. 

c -Yes  is d i s p e n s a b l e  for  P y V  m i d d l e  T a n t i g e n -  
m e d i a t e d  m a m m a r y  t u m o r i g e n e s i s  

One possible interpretation of the cross between the 
MMTV/PyV middle T antigen and c-Src-deficient strains 
is that transformation of the mammary epithelial cell by 
the middle T oncogene requires the activity of both the 
middle T antigen/c-Src and middle T antigen/c-Yes 
complexes to transform the mammary epithelial cell. To 
explore this possibility further, MMTV/middle T anti- 
gen strains were crossed with c-Yes-deficient mice. Un- 
like c-Src-deficient mice, which suffer from osteopetro- 
sis [Soriano et al. 1991), c-Yes-deficient mice display no 
obvious abnormalities and will be described elsewhere 
(P. Soriano, unpubl.). As shown in Table 1, the onset of 
mammary tumor formation in mice carrying one or both 
wild-type c-Yes alleles did not differ significantly. Inter- 
estingly, all female transgenic mice expressing the mid- 
dle T antigen transgene in the c-Yes-deficient back- 
ground developed multifocal mammary tumors [Table 
1). The mammary tumors that arose in c-Yes-deficient 
mice were histologically indistinguishable from tumors 
observed in the original MMTV/PyV middle T antigen 
strains [data not shown). 

To test whether the tumors arising in the c-Yes-deft- 
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cient strains resulted from the activation of PyV middle 
T antigen-associated c-Src kinase activity, in vitro ki- 
nase assays were conducted on mammary tissue derived 
from various genotypes with antisera specific for PyV 
middle T antigen, c-Src, and c-Yes (Fig. 5). Mammary 
tumors derived from transgenic mice heterozygous or 
homozygous for the disrupted c-yes alleles possessed 
68% or 33%, respectively, of the middle T antigen-asso- 
ciated kinase activity observed in the wild-type c-Yes 
background (Fig. 5A}. In vitro kinase analyses with c-Src- 
and c-Yes-specific antisera revealed comparable levels of 

Figure 5. Polyoma middle T antigen-associated c-Src kinase 
activity in mammary tumors of mice lacking functional c-Yes. 
Tissue extracts from mammary tumors of multiparous females 
MT( + / - );c-yes( + / +) (MT#1907 at 90 days of age), MT( + / 
-);c-yes(+/-)  (MT#39 at 138 days of age), MT(+/-);c- 
y e s ( - / -  ) (MT#119 at 150 days of age) were used for in vitro 
kinase assays of middle T antigen (A), c-Src (B), and c-Yes (C). 
Protein extracts were incubated with Glu-Glu antibody, which 
recognizes PyV middle T antigen, with monoclonal antibody 
recognizing Src (Ab.1, Oncogene Sci.), or with a monoclonal 
antibody recognizing Yes (3H9). Protein lysates from brain and 
nontransgenic mammary gland (normal M.gl.) were used as + ve 
and -ve controls, respectively. Normal rabbit serum was incu- 
bated with lysates from brain tissue to serve as nonspecific con- 
trol (-re). The positions of enolase, c-Src, and c-Yes are indi- 
cated by arrows. 

c-Src kinase activity between wild-type and c-Yes-defi- 
cient strains (Fig. 5B). However, no detectable c-Yes ki- 
nase activity could be observed in middle T antigen-in- 
duced mammary tumors derived from c-Yes-deficient 
mice (Fig. 5C). Taken together, these findings argue that 
activation of the c-Yes kinase is not required for the in- 
duction of mammary tumors by the PyV middle T on- 
cogene. 

D i s c u s s i o n  

Our observations provide evidence that c-Src activity is 
required for the rapid production of metastatic mam- 
mary tumors in transgenic mice expressing the PyV mid- 
dle T oncogene. In contrast to the rapid development of 
mammary tumors observed in MMTV/PyV middle T an- 
tigen mice heterozygous for a disrupted c-src gene (Sori- 
ano et al. 1991), mice expressing PyV middle T antigen in 
the absence of a functional c-Src rarely develop mam- 
mary tumors. However, these mice eventually develop 
benign mammary epithelial hyperplasias that correlate 
with the activation of the PyV middle T antigen-associ- 
ated c-Yes kinase. Conversely, mice expressing the mid- 
dle T antigen transgene in a c-yes-deficient background 
develop multifocal mammary tumors with 100% pene- 
trance. These observations support the hypothesis that 
activation of a signal transduction pathway involving 
c-Src is responsible for the rapid production of mammary 
tumors observed in MMTV/PyV middle T antigen trans- 
genic mice. 

Because the PyV middle T oncogene is known to as- 
sociate and activate c-Src, c-Yes, and Fyn tyrosine ki- 
nases (Courtneidge and Smith 1983; Kombluth et al. 
1987; Cheng et al. 1988; Kypta et al. 1988), the activity of 
these kinases were initially assessed in mammary tumor 
extracts derived from different MMTV/PyV middle T 
antigen strains using in vitro kinase assays. Consistent 
with observations made with middle T oncogene-ex- 
pressing fibroblast cell lines, association of PyV middle T 
antigen with c-Src and c-Yes resulted in activation of 
their intrinsic tyrosine kinase activities. Whereas the 
Fyn tyrosine kinase is capable of associating with PyV 
middle T antigen, this protein-protein interaction does 
not result in a significant increase in its tyrosine kinase 
activity in fibroblasts (Kypta et al. 1988) or in PyV mid- 
dle T antigen-induced mammary tumors (C. Guy, un- 
publ.). In contrast, the closely related hamster PyV 
(HaPyV) encodes a middle T antigen product that is ca- 
pable of associating and activating the Fyn tyrosine ki- 
nase but was unable to complex with c-Src and c-Yes 
tyrosine kinases (Courtneidge et al. 1991). Interestingly, 
unlike the mouse PyV, which induces a variety of epi- 
thelial tumors including mammary tumors (Berebbi et 
al. 1990), expression of hamster PyV middle T antigen is 
associated with the induction of lymphoid tumors 
(Courtneidge et al. 1991 ). It is conceivable that the tumor 
type induced by these viral oncogenes may be dependent 
on the nature of the Src family member that is activated. 
Future experiments directed toward expressing the 
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HaPyV middle T antigen in the mammary epithelium 
should allow this question to be addressed. 

Direct evidence for the involvement of the c - s rc  proto- 
oncogene in mammary tumorigenesis derives from the 
results of the interbreeding between the MMTV/PyV 
middle T transgenic mice and mice encoding a disrupted 
c - s r c  gene (Soriano et al. 1991). Although we could detect 
expression of middle T antigen-encoded RNA and pro- 
tein from the mammary glands of these c-Src-deficient 
transgenic mice (Figs. 2 and 4), these mice rarely devel- 
oped mammary tumors. In contrast, all transgenic mice 
that were heterozygous for the disrupted c - s rc  allele or 
that carried both wild-type c - s rc  alleles developed mul- 
tifocal mammary tumors with similar kinetics. These 
mice also developed metastasis to the lung with high 
frequency (95%). Although MMTV/PyV middle T anti- 
gen mice lacking c-Src function rarely develop mam- 
mary tumors, mammary epithelial hyperplasias were of- 
ten observed in these animals (Fig. 3E,F). It is conceiv- 
able that these hyperplasias were the result of activation 
of c-Yes by PyV middle T antigen because elevated levels 
of c-Yes kinase activity can be detected in these tissues. 
However, given the infrequent occurrence of mammary 
tumors in these mice, the additional activation of c-Src 
appears to be required for the mammary cell to acquire 
the full malignant phenotype. 

Further evidence implicating the PyV middle T anti- 
gen/c-Src complex in mammary tumorigenesis derives 
from observations from the interbreeding of MMTV/ 
middle strains with c-Yes-deficient mice. Unlike 
MMTV/middle T antigen/c-Src-deficient mice, trans- 
genic mice expressing the middle T oncogene in a c - y e s -  

deficient background develop multifocal mammary tu- 
mors with 100% penetrance (Table 1). The inability of 
the PyV middle T antigen/c-Yes complex to efficiently 
transform the mammary epithelium in the absence of 
c-Src does not appear to be the result of an overall lower 
level of PyV middle T antigen-associated kinase activity, 
as the levels of PyV middle T antigen-associated kinase 
are comparable between c-Src- and c-Yes-deficient 
strains (cf. Fig. 4A and 5A). One possible explanation for 
these observations is that the middle T/c-Src complex 
may have substrates that are distinct from the middle 
T/c-Yes complex and these are required for cellular 
transformation. In this regard, analyses of mammary 
gland extracts from c-Src-deficient, c-Yes-deficient, and 
wild-type mice carrying the transgene with anti-phos- 
photyrosine-specific antibodies have revealed no obvious 
differences in the pattern of phosphorylated proteins be- 
tween these tissues (data not shown). However, these 
analyses may not be sensitive enough to detect subtle 
differences in substrate specificity between c-Src and 
c-Yes. 

Another possible explanation for these findings is that 
c-Src and c-Yes are expressed in different cell types in the 
mammary gland and that tumor precursor cells only ex- 
press c-Src. However, the immunoprecipitation/immu- 
noblot analyses with PyV middle T antigen-specific an- 
tibodies and either c-Src- or c-Yes-specific antibodies re- 
vealed that middle T antigen is complexed with both 

c-Src and c-Yes. Because the expression of middle T an- 
tigen is driven by the MMTV long terminal repeat (LTR) 
and this enhancer is transcriptionally active in identical 
cell types, it can be argued that c-Src and c-Yes are co- 
expressed in the mammary tumor cell. Alternatively, it 
is also possible that inactivation of c-Src indirectly af- 
fects tumor formation by affecting secondary factors in- 
volved in tumor progression, c-Src-deficient mice de- 
velop osteopetrosis and are runted (Soriano et al. 1991). 
However, the induction of other tumors by PyV middle 
T antigen is not affected by disruption of c - s r c  in these 
mice (Thomas et al. 1993). 

Another cell type that is exquisitely sensitive to trans- 
formation by middle T antigen is the endothelial cell 
(Bautch et al. 1987; Williams et al. 1988). In contrast to 
the mammary epithelial cells, transformation of the en- 
dothelial cells or established fibroblasts by PyV middle T 
antigen does not require functional c-Src (Thomas et al. 
1993). However, endothelial expression of middle T an- 
tigen in a c - y e s - d e f i c i e n t  background resulted in reduc- 
tion of the number of endothelial tumors that arose after 
a longer latency period (P. Soriano, pers. comm.). Con- 
versely, in certain PyV-transformed rat cell lines, induc- 
ible expression of antisense c - s r c  construct results in the 
reduction of the tumorigenic properties of these lines 
(Amini et al. 1986). Hence, activation of closely related 
Src family tyrosine kinases may have dramatically dif- 
ferent outcomes in different cell types. 

Consistent with these observations, there are several 
reports demonstrating elevated levels of c-Src tyrosine 
kinase activity in a large proportion of primary human 
breast cancers (Jacobs and Rubsamen 1983; Rosen et al. 
1986; Ottenhoff-Kalff et al. 1992). Because equivalent 
levels of c-Src protein were detected in matched normal 
and tumor tissues, the elevated c-Src tyrosine kinase ac- 
tivity observed is likely attributable to qualitative rather 
than quantitative changes in the regulation of c-Src ac- 
tivity (Rosen et al. 1986). We have recently detected el- 
evated c-Src and c-Yes kinase activity in mammary tu- 
mors derived from mice carrying an MMTV/unactivated 
n e u  transgene IGuy et al. 1992b; Muthuswamy et al. 
1994). It is conceivable that like the PyV middle T on- 
cogene, Neu-induced mammary tumorigenesis may also 
require the function of these Src family members. Ligand 
dependent activation of other receptor tyrosine kinases, 
like the platelet-derived growth factor (PDGF) receptor 
(Kypta et al. 1990) or the colony-stimulating factor-1 re- 
ceptor (CSF-1R} (Courtneidge et al. 1993), results in the 
activation of c-Src, c-Yes, and Fyn tyrosine kinase activ- 
ities. Microinjection of dominant-negative mutants  of 
c-Src into cells can effectively ablate PDGF-mediated 
mitogenesis (Twamley-Stein et al. 1993). Future crosses 
between MMTV/unactivated Neu mice and c-Src-defi- 
cient strains should allow us to determine whether or 
not c-Src is required for Neu-mediated mammary tum- 
origenesis. 

Although these experiments have focused on the role 
of c-Src in PyV middle T antigen-induced tumorigenesis, 
this study may have general implications in the under- 
standing of how oncogene products participate individ- 
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ua l ly  in  a signal  t r ansduc t ion  p a t h w a y  in vivo. For ex- 
ample,  i t  should  be possible to assess the  relat ive con- 
t r ibu t ion  of o ther  c o m p o n e n t s  of a ty ros ine  k inase  signal 
t r ansduc t ion  p a t h w a y  to the  t u m o r  pheno type  by inter-  
breeding these  mice  to o ther  s t ra ins  def ic ient  in genes 
t hough t  to be involved  in  s ignal ing  cel lular  proliferat ion.  
Appl ica t ion  of th i s  genet ic  approach to o ther  mi togen ic  
signal  t r ansduc t ion  pa thways  m a y  provide impor t an t  in- 
s ights  in to  the  col labora t ion of oncogene products  in 
m a m m a r y  tumor igenes is .  

Materia ls  and m e t h o d s  

Identification of transgenic mice  

The PyV middle T antigen transgenic line, MT#634, was gen- 
erated as described previously (Guy et al. 1992a). Briefly, a 
c-DNA encoding PyV middle T antigen (Treisman et al. 1981) 
was inserted into an MMTV LTR expression vector. The 
MMTV component was derived from plasmid PA9 (Huang et al. 
1981), whereas the SV40 transcriptional processing signals at 
the 3' end of the cDNA were obtained from plasmid CDM8 
(Seed and Aruffo 1987}. Fertilized one-cell mouse embryos were 
recovered and microinjected with the pMMTV MT construct. 
Homozygous s r c ( - / -  ) and y e s { - / -  ) mutant mice were gen- 
erated by homologous recombination in embryonic stem cells 
and kindly provided by Philippe Soriano (Soriano et al. 1991; P. 
Soriano, unpubl.). The genotypes of the progeny derived from 
the cross of the MT#634 strain and the src( - / - ) and yes( - / - ) 
mice were confirmed by isolation of genomic DNA from a 1.5- 
cm tail clipping as described by Muller et al. (1988). The nucleic 
acid pellet was resuspended in 100 Ixl of distilled water at an 
approximate concentration of 1 ~g/txl, and 15 ~1 of the DNA 
solution was digested either with 30 units of BamHI or 30 units 
of EcoRI. Mter gel electrophoresis and Southern blot transfer 
(Southern 1975), the Gene-Screen membranes (DuPont) bearing 
the BamHI-cleaved DNA were hybridized with a PyV middle T 
antigen cDNA probe radiolabeled with [a-a2p]dCTP by random 
priming (Feinberg and Vogelstein 1984). The Gene-Screen filters 
bearing the EcoRI-cleaved genomic DNA were treated in an 
identical fashion with the exception that they were hybridized 
to a radiolabeled probe, a 350-bp SalI-BamHI fragment from the 
5' end of p12 (Soriano et al. 1991). The c-yes genotypes were 
determined by hybridizing EcoRI-cleaved genomic DNA with a 
probe from the 3' side of c-yes (P. Soriano, unpubl.). 

Expression data 

Whole-cell RNA was isolated from tissues by guanidine thio- 
cyanate extraction and CsC1 gradient fractionation {Chirgwin et 
al. 1979). RNA yield was determined after resuspension in ster- 
ile water by UV adsorption at 260 nm. RNA probes were made 
with either Bluescript (Stratagene) or pGEM vectors (Promega), 
and RNase protection assays were performed as described by 
Melton et al. (1984), using 10 lxg of total RNA. The PyV middle 
T antigen riboprotection probe, pSP65 mT, was obtained from J. 
Hassell {McMaster University) and contains a 203-bp HindIII- 
AccI fragment of the PyV early region (PyV nucleotides 165- 
368) inserted into the HindIII-AccI sites of pSP65 (Promega). To 
ensure that equal amounts of RNA were analyzed, an internal 
control, plasmid rpL 32 27.3.7, obtained from M. Shen (Harvard 
Medical School, Boston, MA), was added to the hybridization 
reaction. It encodes an XhoII-DraI fragment of the mouse ribo- 
somal gene rpL32 inserted into the corresponding sites of the 

plasmid Bluescript KS {Stratagene). All plasmids were isolated 
as described previously (Sinn et al. 1987). 

Immunoprecipitation and in vitro kinase analyses 

Tissue samples were frozen in liquid nitrogen and ground to a 
fine powder by using cooled pestle and mortar. Cells were lysed 
rapidly on ice for 30 min in buffer TNE [50 mM Tris (pH 8.0), 150 
mM NaC1, 1% NP-40, 2.5 mM EDTA, 1 mM sodium orthovan- 
adate, 10 mM NaF, 1% aprotinin, 10 mM leupeptin, 50 ~g/ml 
TLCK, and 100 ~g/ml TPCK]. The protein concentrations of the 
whole-tissue extracts were measured using the Bio-Rad protein 
assay kit (Bio-Rad). Equal amounts of protein (500 ~g) from tis- 
sue extracts were used for the immunoprecipitations. Tissue 
extracts were incubated with an excess of antibodies specific to 
c-Src (mAb 327, Oncogene Sci.), c-Yes (Sukewaga et al. 1990), 
Fyn (Kypta et al. 1990) and PyV middle T antigen (Glu-Glu; 
Grussenmeyer et al. 1985) and incubated with 30 ~1 of protein- 
G/Sepharose fast flow {Pharmacia)for 1 hr. Immunoprecipitates 
were washed five times with TNE buffer and once with 2 x  
kinase buffer containing 200 mM HEPES at pH 7.0 and 10 mM 
MnC12. The beads were resuspended in 9 ~1 of 2 x kinase buffer 
and a mixture containing 10 ~Ci of [~/_32p] ATP (4000 mCi/ml;  
Amersham Corp.), and 10 ~g of acid denatured enolase was 
added. The reaction mixtures was incubated at room tempera- 
ture for 5 min and stopped with sample buffer (10 mM Tris at pH 
6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol). The reac- 
tion mixture was electrophoresed on a 9-10% SDS-polyacryl- 
amide gel. The gel was fixed in 30% MeOH/7% AcOH and 
incubated in 1 N KOH at 55~ for 30 min with gentle shaking. 
The base was neutralized with an equal volume of 1 N HC1, and 
the gel was rinsed in 30% MeOH before drying. The radiola- 
beled bands were visualized following autoradiography on X-ray 
film (Kodakt. 

Immunoblot  analysis 

To detect the association of c-Src and c-Yes proteins with PyV 
middle T antigen in mammary tumors, 500 ~g of total cellular 
protein was immunoprecipitated (as described above) with a 
polyclonal rat antiserum directed against the middle T antigen. 
Immunoprecipitates were loaded on a 9% SDS--polyacrylamide 
gel and transferred electrophoretically onto Immobilon-PVDF 
membranes (Millipore}. The membranes were blocked for 3 hr 
in PBS containing 5% skim milk and probed with a 1:000 dilu- 
tion of mAb 327 or antipeptide polysera pyes 6. The filters were 
agitated at room temperature for 2 hr and washed four times 
with PBS containing 0.05% Tween 20. The blots were reacted 
with specific antibody-horseradish peroxidase (HRP) conjugate 
(1:5000 dilution) (Promega) for 30 rain and washed, and the 
proteins were visualized with the enhanced chemilumines- 
cence (ECL) detection system (Amersham). 

Histological evaluation 

Complete autopsies were performed as described by Muller et 
al. (1988). Tissues were fixed in 4% paraformaldehyde, blocked 
in paraffin, sectioned at 5 Ixm, stained with hematoxylin and 
eosin, and examined as indicated in the legend to Figure 2. 
Whole mounts of mammary fat pads were prepared as described 
by Vonderhaar and Greco (1979). 
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