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Eight lines of transgenic mice expressing a mouse
mammary tumor virus (MMTV) human transform-
ing growth factor-a (TGFoa) fusion gene were estab-
lished Three lines with distinctive phenotypes are
presented. All haveproliferative changes ofthe mam-
mary gland One line has sebaceous gland hyperpla-
sia of the skin. Five histologic patterns ofmammary
gland hyperplasia based on two of these lines were
identified cystic hyperplasia solid hyperplasia dys-
plasia; adenoma, and adenocarcinoma Human
TGFa mRNA and protein were produced in all pat-
terns but appeared reduced in solid hyperplasiag dys-
plasia; and adenocarcinoma TGFa immunoreactiv-
ity in the mammary tissue, cystic flui4 and serum
did not show significant differences; hyperplasia de-
veloped in 65% of multiparous mice and 45% of
virgin mice by 12 months of age. Adenocarcinoma
developed in 40% of multiparous mice and 30% of
virgin mice by 16 months of age. These transgenic
lines may provide useful models of mammary and
sebaceous gland hyperplasia analogous to human
disease. (Am JPathol 1992, 140:1131-1146)

Carcinogenesis is recognized as a multistep process.1'2
Although genetic damage is considered an integral com-
ponent of carcinogenesis, not all carcinogenic agents are

genotoxic.3 The mode of action of nongenotoxic agents
involves proliferation as an important ingredient.4 Cellular
proliferation plays a critical role5'6 in the action of agents
classified as tumor promoters. These agents may act by
increasing the proliferation of initiated cells resulting in the
propagation of genetic errors.2'5

Transforming growth factor-a (TGFa) is a mitogenic
polypeptide.7'8 The mature peptide consists of 50 amino
acids derived from a 160 amino-acid precursor. Pro-
TGFa is membrane anchored and the mature peptide is
produced by proteolytic cleavage.9 TGFa shares ap-
proximately 35% homology with epidermal growth factor
(EGF) and acts through binding with the EGF receptor.10
Although TGFot was originally found in transformed
cells,11 it has been identified in a number of cell types,
including a wide range of normal cells12'13 and embry-
onic tissues.14'15 TGFa is a known mitogen for a variety of
different cell types.13
We have developed transgenic mice-expressing hu-

man TGFot under the control of the mouse mammary tu-
mor virus (MMTV) promoter/enhancer region.16 Eight
lines have been established. Six lines have been exam-
ined and three with distinctive phenotypes have been
studied in detail and form the basis of this article. We
present here a classification of the mammary gland pa-
thology in the females of two of these lines. The mammary
glands of the female mice in the 29 and 254 lines are
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characterized by proliferations of the epithelium which
can be classified into five distinctive patterns. Carcinoma
develop in both multiparous and virgin mice in both of
these lines. TGFa immunoreactivity does not vary signif-
icantly among the different histologic types, but TGFa
mRNA expression and protein production appear to be
decreased in the more cellular hyperplastic regions. In
contrast, the mammary glands of the females of the 64
line are characterized by marked cystic and solid hyper-
plasia. Adenomas do occur but no dysplasia or carci-
noma has yet been detected. Line 254 has both skin and
mammary gland abnormalities. There is marked seba-
ceous gland hyperplasia in the skin as well as the devel-
opment of hyperplasia and adenocarcinoma in the mam-
mary glands of this line.

Materials and Methods

Development of Transgenic Mice

The construction of the MMTV-TGFa transgenic mice has
been described previously.16 In brief, transgenic mice
were generated by injecting one-cell embryos with hu-
man TGFa under the control of the long terminal repeat of
the mouse mammary tumor virus. Splicing events were
provided by including exons 2 and 3 of the rabbit 3-glob-
ulin gene in the MMTV-TGFa vector. Ten founder mice
were produced and eight lines established. Six of the
lines have been studied extensively. Three lines will be
described in detail in this article.

Histologic Methods

Mammary tissue was obtained by dissection at sacrifice.
For wholemount preparation, the skin containing the
mammary fat pads was fixed in 10% buffered formalin for
at least 24 hours. After fixation, the mammary glands
were dissected from the skin and processed using a
modification of the method of Medina.17 Briefly, they were
treated with acetone and stained with Harris' hematoxy-
lin. After decolorization in acid alcohol and tap water, they
were treated with 0.12% ammonia water, stored in 95%
ethanol, and examined under a dissecting microscope.
Tissue for light microscopic examination was immedi-
ately fixed in 10% buffered formalin and embedded in
paraffin using routine methods. The tissue was sectioned
at 5 ,um and stained with H&E.

Transmission Electron Microscopic
Examination

Specimens of mammary gland were fixed in 3% glutar-
aldehyde and postfixed in osmium tetroxide. The tissue

was dehydrated, en bloc stained with uranyl acetate and
embedded in Spurr (Electron Microscopy Sciences, Fort
Washington, PA). Thin sections were stained with uranyl
acetate and lead citrate and viewed with an Hitatchi H-60
microscope (Hitachi Inst. Incorp, Santa Clara, CA).

In Situ Hybridization
Tissues were obtained at the time of sacrifice and fixed in
4% paraformaldehyde. After fixation and dehydration in
graded alcohol, the tissue was embedded in paraffin and
cut at 6 p.m. Pathologic assessment was made by one of
us (SAH) from sections stained with H&E obtained from
the same block as those used for in situ hybridization and
immunocytochemical analysis. The human TGFa probe
was a cDNA fragment obtained from G. Bell (University of
Chicago) inserted into the transcription vector pGEM7Z
(Promega, Madison, WI). Sense and anti-sense RNA
strands were synthesized and labeled with 35S by in vitro
transcription in the presence of 500 p.M GTP, CTP, ATP,
and 12 ,umol/ of 35S-labeled UTP, 40 units RNasin, 2
mmol/l spermidine, 100 ,umol/l dithiothreitol, 20 mmol/l
NaCI, 40 mmol/l TRIS (pH 7.5), 6 mmol/l MgCI2, and SP6
or T7 RNA polymerase as previously described12. Hy-
bridization was carried out at 55 C overnight. Posthybrid-
ization washes consisted of 30 minutes at room temper-
ature in 20 p.g/ml RNase A followed by 2 hours in 0.1 x
standard sodium citrate (SSC) at 55 C. Slides were ex-
posed for 14 to 21 days.

Immunohistochemical Staining Procedure

Tissues were obtained at sacrifice and fixed immediately
in 4% paraformaldehyde. After fixation and dehydration
in graded alcohol, the tissue was embedded in paraffin
and cut at 6 p.m. The avidin-biotin method (Vectastain
Elite, Vector Laboratories, Burlingame, CA) was used to
determine tissue TGFa immunoreactivity. Nonspecific
background was reduced by staining the tissue sections
in 10% normal rabbit serum in phosphate buffered saline
(PBS) for 15 minutes before the addition of the primary
antibody. Sheep anti-recombinant human TGFa anti-
body (made in collaboration with East Acres Biologicals,
Southbridge, MA) diluted 1 :1000 to 1:2000 in 10% normal
rabbit serum in PBS was used as primary antibody. The
primary antibody was applied overnight followed by bi-
otinylated rabbit anti-sheep IgG for 90 minutes at room
temperature. Endogenous peroxidase activity was
blocked using 0.3% hydrogen peroxide in methanol. Avi-
din-biotin peroxidase complex was added for 30 minutes
at room temperature. Hematoxylin was used as counter-
stain. Negative controls included absorption of the pri-
mary antisera with an excess of recombinant human



Hyperplasia in TGFa Transgenic Mice 1133
AJP May 1992, Vol. 140, No. 5

TGFa (Berlex Biosciences Inc., Alameda, CA) bound to
nitrocellulose and the use of normal sheep serum in place
of sheep anti-TGFa serum.

Sample Preparation

Blood, tissue, and cystic fluid were obtained under an-
esthesia at the time of sacrifice. Blood was collected by
cardiac puncture. Cystic fluid was collected by aspiration
and immediately stored at -70 C until assayed. Mam-
mary tissue samples were snapfrozen in liquid nitrogen
and stored at - 70 C. Tissue (0.1-0.5 g) was thawed in 2
ml of homogenate buffer (50 mmol/l NaCI, 25 mmol/l
TRIS-HCL [pH 8.0] containing 0.02% (w/v) sodium azide)
containing protease inhibitors (1 mmol/l phenylmethylsul-
fonyl fluoride, 10 jLg/ml leupeptin, and 2 ,ug/ml aprotinin)
and homogenized. Two 100 ,ul aliquots were taken for
DNA18 measurement. The remaining tissue homogenate
was solubilized by the addition of 2 ml of buffer contain-
ing 1% (w/v) NP-40 and 1% (w/v) sodium deoxycholate
and rocked for 1 hour at 4 C. Detergent-insoluble material
was removed by centrifugation at 1 0,000g for 30 minutes
at 4 C. Any fat was aspirated and the resulting supema-
tant was collected and stored at - 20 C until assayed by
TGFa radioimmunoassay (RIA).

Radioimmunoassay for Human TGFot

Recombinant human TGFa (Berlex Biosciences Inc.,
Alameda, CA) was used both as a standard and as a

1251-labeled tracer. Briefly, 100 ,ul of recombinant TGFa
standard or 100 ,ul of sample diluted in RIA buffer (62.5
mmol/I Na2HPO4, 12.7 mmol/l EDTA, 3 mmol/l NaN3 [pH
7.4]) containing 0.1% Triton X-100 were mixed with 100
,ul of sheep anti-TGFa diluted 1:20,000 in 1% normal
sheep serum in RIA buffer containing 0.1% Triton X-1 00
and incubated for 3 days at 4 C. One hundred p1l of
1251-labeled19 human TGFo (2000 cpm) diluted in RIA
buffer plus 0.1% Triton X-100 was added and incubated
for 24 hours at 4 C. The bound ligand was precipitated by
the addition of 100 ,ul of donkey anti-sheep serum (Bio-
medical Technologies, Stoughton, MA) diluted 1:8 in RIA
buffer. After a 4-hour incubation at 4 C, 1.5 ml of RIA
buffer containing 2.5% bovine serum albumin (BSA) and
2% polyethylene glycol (PEG) 8000 was added and im-
mediately spun at 3000 rpm for 30 minutes. Bound and
free label were separated by pouring off the supernatant.
The pellets (bound label) were counted for 5 minutes in a
Isomedic 4/600 HE IC gamma counter. Results were cal-
culated using a 4-parameter log-logit transformation on

the Isodata program (ICN Biomedicals Inc. Costa Mesa,
CA). The sensitivity of the assay as measured by 10%

displacement of 1251-labeled trace was 4 pg TGFa per
tube. The assay was highly specific for human TGFa with
essentially no displacement of 1251-labeled trace by rat,
mouse, or human EGF up to 1 ,ug/ml. Minimal crossre-
activity with rat TGFa was observed with only 16% dis-
placement of 1251-labeled trace at 1 ,ug/ml. Intra- and
interassay coefficients of variation were 6.9% and 5.7%,
respectively.

Results

To date, ten founders with the transgene have been es-
tablished. All of the founders have gross evidence of
mammary gland abnormalities. Eight of the founders
have been able to transmit the transgene to their progeny
and all of the lines established have histologically proven
proliferations of the mammary gland. Four of the lines
have histologically confirmed adenocarcinoma of the
mammary gland. All of the lines have been able to con-
ceive and deliver normal young. Three of the lines (29,
64, and 254) have been studied in detail and form the
basis of this report.

Histologic Characterization of Line 29

Light Microscopic Examination

Abnormal histology was found only in the mammary
glands of female transgenic mice. The histologic appear-
ance of the mammary gland tissue in virgin transgenic
mice was similar to their female virgin nontransgenic lit-
termates at 29, 70, and 83 days. However, at 90 days of
age, the transgenic mice began to show more alveolar
development (Figure 1 A) compared with nontransgenic
virgin littermates (Figure 1 B). Alveolar proliferation per-
sisted until the mice were more than 1 year old (Figure
1 C) but not to the same degree as seen in the younger
mice. Atrophy was present in virgin mice older than 1
year but scattered hyperplastic nodules could still be
seen. These hyperplastic foci were not present in age-
matched nontransgenic virgin littermates (Figure 1 D).

Pregnancy is a natural state of hyperplasia for the
mammary gland. However, the appearance of the gland
in the pregnant transgenic mice was different than in the
nontransgenic pregnant littermates. Cysts were more
prominent and the secretion was more inspissated16
(data not shown). These changes persisted postpartum.
None of the MMTV-TGFot transgenic mice can nurse their
pups.

Many multiparous transgenic mice developed numer-
ous lumps of varied size and shape in the mammary
glands beginning at 4 months of age. These masses
were most prominent in the thoracic region and the in-
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Figure 1. Wholemnount prearation of 90-day-old virgin transgenic femtale mouse (A) shows well-developed and proliferative alveolae
compared with nontransgenic (B) female littermates. Wbolemount preparation of 476-day-old virgin transgenic femzale mouse (C) dem-
onstrates retention of hyperplastic alveolae with scattered focal hyperplastic nodules (an-ow) compared with marked atropy seen in non-
transgenic liutermate (D) (Hematoxylin, )X30).
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guinal area but occurred in all glands in the mammary
chain. They were fluctuant, mobile, and contained clear,
milky or sanguinous fluid. These masses measured from
1 mm to 2 cm in diameter. Histologic examination
showed large cystic spaces lined by cuboidal epithelium
(Figure 2A) with no atypia. Abundant secretion was
present in the lumen. This type of hyperplasia is called
cystic hyperplasia.

Another type of hyperplasia seen in these MMTV-
TGFa transgenic mice is termed solid hyperplasia (Fig-
ure 2B). The cysts were smaller than in cystic hyperplasia
and there was more stromal proliferation between the
cysts. The nuclei of the epithelial cells were hyperchro-
matic but there was abundant cytoplasm and no alter-
ation of the nuclear/cytoplasmic ratio.

Dysplasia is seen when the epithelial cells form solid
sheets and there are rare cysts present (Figure 2C). It is
not known, however, if the biological behavior of these
lesions is premalignant. The term is used purely in a de-
scriptive sense and will require further study to determine
if there is a biological link to neoplasia. Dysplastic foci
were often found around areas of frank adenocarcinoma
but could be found in the absence of carcinoma. Histo-
logic patterns of dysplasia included closely packed epi-
thelial cells and hyperchromatic nuclei with rare nucleoli
and mitotic figures. However, nuclear and architectural
atypia were insufficient for a diagnosis of carcinoma.

Ten transgenic mice in line 29 developed lumps that
were solid, circumscribed, mobile, and nonfluctuant. His-
tologic examination showed adenocarcinoma (Figure
2D) consisting of glands or sheets of malignant cells with
abundant mitoses. Most of the adenocarcinomas were
poorly differentiated but all contained some areas of
glandular differentiation. The majority of the carcinomas
were well circumscribed and noninvasive but in several
animals invasion of surrounding soft tissue and muscle
was seen. No distant metastases were detected. Multiple
carcinomas developed in five of the mice. All but one of
these tumors occurred in the thoracic mammary glands.

One multiparous transgenic mouse in line 29 devel-
oped a mass grossly similar to the adenocarcinomas.
However, histologic examination showed that the tumor
was benign (Figure 2E). Glands were more widely
spaced and the stroma was markedly increased. Be-
cause of the histologic similarity to human fibroade-
nomas, this tumor has been called an adenoma, but the
biological potential is, as yet, undetermined. Atypia of the
epithelium was not seen and mitotic figures were rare.

Of the 24 mice in line 29 examined in detail histolog-
ically, all showed either cystic hyperplasia or solid hyper-
plasia or a combination of both. Those mice that devel-
oped dysplasia or adenocarcinoma also had evidence of
cystic hyperplasia and/or solid hyperplasia in the same
mammary gland and in other mammary glands. In a mi-

nority of mice, the other mammary glands did not appear
grossly to be cystic, but on histologic examination, all
mammary glands demonstrated either cystic and/or solid
hyperplasia.

In Situ Hybridization
In situ hybridization using a 35S-labeled human TGFa

antisense riboprobe showed high levels of TGFa mRNA
expression in the epithelial cells lining the cysts (Figure
3A) in cystic hyperplasia. As controls, serial sections
were hybridized with a 35S-labeled sense TGFat probe
(Figure 3B). In solid hyperplasia, grains were fewer and
more scattered, compared with cystic hyperplasia (Fig-
ure 30). TGFa mRNA expression was also decreased in
areas of dysplasia (data not shown). In situ hybridization
for TGFa showed heterogeneous gene expression in ad-
enocarcinomas (Figure 3D). Some areas of the tumor did
not have any gene expression whereas other areas had
scattered grains. Expression was decreased and more
heterogeneous in adenocarcinomas compared with cys-
tic hyperplasia.

Immunocytochemical Analysis
Immunocytochemical analysis for TGFa protein

showed strong reactivity in the epithelial cells lining cysts
with lower intensity in the stromal cells in cystic hyperpla-
sia (Figure 4A). Staining was especially intense in the
epithelium lining large cysts. Reduced staining of TGFot
protein was seen in solid hyperplasia compared with cys-
tic hyperplasia (Figure 4B). Immunoreactivity for TGFa
within these areas showed faint, scattered positivity. A
similar heterogeneous pattern for TGFot was seen in dys-
plasia and adenocarcinoma (Figure 40).

Histologic Characterization of Line 64

Light microscopic examination of the mammary glands
of eleven female mice of line 64 showed that all animals
developed cystic hyperplasia similar to that seen in line
29. Many of these mice, however, also had solid hyper-
plasia with crowded glands and smaller cystic spaces.
One female mouse developed an adenoma in line 64. No
adenocarcinomas have been seen in this line. However,
follow-up has been shorter in line 64 than in line 29.

Transmission Electron Microscopic
Examination

To determine the origin of the hyperplastic cells, trans-
mission electron microscopic examination was done on
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Figure 2. Histologic section firom a multiparous tramusgenic
mouse shouws cystic hpetplasiaw (A) with dilated alveolar spvaces
and ahurdatn¼t stromal proliferation surrounding the glands.
Solid bypeiplasia (B) consists qf compact glandsaind epithelial
proliferation. LIt.splasia (C) is characterized yl marked epithelial
proliferation with minimal glandfornmation. 1is-tologic criteria
for 7malignancy are not present. Adenocarcinoma (D) is cotm-
posed of glandse with proliferati 'e epithelium anzd solid areas
without glands. Note numerous mitotic figures. Adenoma (E)
fronz a multiparous transgenic mousefromz line 64 is composed
ofnumerous glands and abundant stroma. The stroma contains
abundant collagen and nu2merous spindle cells Ilematoxylin
and eosin, x85).
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Figure 3. Darkfield illumination of in situ hybridization of cystic byperplasia (A) with 35S-labeled anti-sense TGFa riboprobe shows highest
expression in epithelial cells lining cysts. In situ hybridization with senseprobe (B) shows background staining. In situ hybridization ofsolid
hypiplsia (C) with 35S-labeled anti-sense TGFa riboprobe shows heterogeneous expression. In situ hybridization ofadenocarcinoma (D)
with 3S-labeled anti-sense TGFa riboprobe is also heterogeneous (x 110).
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nonmalignant mammary tissue from seven multiparous
transgenic mice from lines 29 and 64. Ultrastructural ex-

amination showed abundant glandular formation with
scattered fibroblastic and chronic inflammatory cells in

Figure 4. Immuiocyltochemical .staining of cystic hvpeiplasia (A)
for TGFashouts strong reactiv'ity in the epithelial cells with weaker
staining of the stroma. Imtnunocptochemical staining for TGFot in
solid Inperplasia (B) is less intense and varialhe. Immunoclto-
chenzical staining, for TGFa in adenzocarcinooma (C) is also heter-
ogeneous. Note stronger stainitg in cylstic tumor (arrouw) (x 1 10).

the stroma (Figure 5). All of the normal cellular compo-
nents of the mammary gland were involved in the hyper-
plasia with maintenance of normal glandular configura-
tion. There was no alteration in the types of cells found in
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Figure 5. Electron micrograph of cystic by-
perplasia in a multiparous transgenic mouse.
Gland (arrow) is composed of epithelial cells
joined by intercellular junctions and sub-
tended by a basal lamina. Spindle cells in the
stroma arefibroblasts (x 7,000).

the hyperplastic process compared with normal mouse
mammary gland.

Radioimmunoassay

TGFa protein production was determined in the cystic
fluid, serum, and tissues of transgenic mice using a sen-
sitive and specific immunoassay for human TGFa. The
results for lines 29, 64, and 254 are shown in Figures 6
and 7. The cystic fluid showed consistently high levels of
TGFa in both multiparous and virgin animals (Figure 6k-
D). Cyst fluid levels were higher than serum in all the lines

studied. There was little difference in the amount of TGFt
in the different histological types of hyperplasias (Figure
7A,B). However, the atrophic lobules of the old virgin
mice had lower mean levels than the hyperplastic or car-
cinomatous tissue.

Natural History of Lines 29 and 64

By 1 year of age, 65% of multiparous transgenic mice in
line 29 developed mammary hyperplasia (Figure 8). Vir-
gin transgenic mice also developed mammary hyperpla-
sia but it occurred in fewer animals and at a later age
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(Figure 8). Mammary hyperplasia occurred earlier in line
64 and a larger percentage of animals were involved
than in line 29.

Carcinomas were first detected at 6 months of age in
line 29 and by 13 months, 40% of multiparous transgenic
mice in this line developed adenocarcinomas (Figure 9).
Adenocarcinomas occurred in 30% of virgin transgenic
mice in line 29 but appeared at an older age (Figure 9).
No metastases have been found in any of the sacrificed
mice. No primary carcinomas of any other organs have
been seen in these animals.

Line 254

Line 254 is a more recently studied line that has histologic
changes in the mammary gland that are similar to line 29.
Cystic and solid hyperplasia, dysplasia, and adenocar-

cinoma, similar to line 29, have been documented in
seven mice in this line by light microscopic examination.
Cyst and serum levels of TGFa have been comparable
with the other lines (Figure 6D). The natural history of
these mice has not been provided because of the smaller
numbers and shorter follow-up compared with lines 29
and 64.

This line is notable for its distinctive skin changes in
male and female mice. The mice in this line developed
multiple, raised, white plaques and nodules on the ab-
dominal skin. Incision of the nodules revealed white ma-
terial resembling sebum. Microscopic examination
showed sebaceous gland hyperplasia (Figure 10) in the
skin. There was marked proliferation of the sebaceous
glands in the dermis. No dysplasia or sebaceous cell
carcinoma was seen, however. In situ hybridization for
TGFa mRNA expression showed high expression in the
areas of sebaceous hyperplasia (Figure 1 1A). Immuno-
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cytochemical staining for TGFa protein showed immuno-
reactivity in the hyperplastic sebaceous glands, espe-
cially in the cells in the periphery of the glands (Figure
11 B). Expression of TGFax mRNA by Northern blot anal-
ysis was markedly elevated in the skin lesions of the mice
of this line (data not shown).

Discussion

The development of carcinoma is a multiple-step pro-
cess that includes several events, which lead to a malig-
nant tumor with the potential to invade and metastasize.
Although hyperplasia plays an important part in this pro-

cess, its exact role is not entirely clear. Many early studies
used irritation and inflammation as mechanisms to elicit
hyperplasia.20 Experimental models of hyperplasia using
polypeptide growth factors have not been previously
available.

Transgenic mice have provided important in vivo
models for studying the biological consequences of over-

production of targeted genes (for review, 21"25), Several
human genes have been introduced into mice using the
MMTV promoter/enhancer including c-myc,26 H-ras,27,28
nt-1 29 int-2,30 c-neu.31,32 Carcinomas

curred in many of these transgenic mice. The phenotype
of these carcinomas may be predictive of their geno-
type.33 Not all the transgenes are associated with prolif-
eration of the mammary gland and none of the transgenic
mice have had cystic hyperplasia as seen in the MMTV-
TGFo transgenic mice described here. TGFa transgenic
mice have been developed using the metallothionein
promoter.3'35 These mice have developed epithelial hy-
perplasia of several organs including pancreas, mam-

mary gland and liver. Cystic hyperplasia of the mammary
gland has not been described in these animals.

The TGFa- transgenic lines presented in this paper

offer several unique characteristics as models of hyper-
plasia. They provide an experimental model of mammary
hyperplasia that is a consequence of sustained overpro-
duction of an endogenously produced peptide growth
factor. These mice have hyperplastic mammary gland
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introduces initiators and/or tumor promoters. Lastly, the
MMTV-TGFa construct used in this model is selective for
the mammary gland in female mice of at least two lines.
This eliminates the development of tumors in other or-

gans that could complicate the model system.
The delayed interval from expression of the transgene

(approximately 5 weeks; Dempsey and Coffey, unpub-

lished observation) to tumor formation, as well as the ran-

Figure 9. Incidence of adenocarcinoma in
line 29.
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Figure 10. Sebaceous gland byperplasia is
characterized by markedproliferation of the
sebaceous glands in the dermis of a female
mouse in line 254, (x85).

dom and scattered foci of malignant transformation indi-
cate that the development of mammary neoplasia is a
stochastic process and that additional events are re-
quired. We have previously observed that EGF receptor
mRNA expression is upregulated in the tumor and peri-
tumoral tissue of these MMTV-TGFa transgenic mice.16
Others have suggested that neoplastic transformation
may occur if a critical threshold level of expression of
ligand and receptor is achieved.36 Additional events that
are presently under study include p53 and ras mutations.

The role of TGFo in the development of neoplasia is
unclear. TGFa is a known mitogen37 and may function as
a tumor promoter by enhancing proliferation of mammary
epithelial cells. EGF is also known to be a mitogen and
has been implicated as a possible promoter of mammary
tumor development.'"39 Although the exact mechanism
of action for tumor promoters is unknown, clonal expan-
sion of an initiated population of cells is considered a
major mode of action.2'5 This results in a premalignant
lesion and provides an enlarged population of initiated
cells for further promotion and/or progression. Alterna-
tively, a tumor promoter, through its mitogenic action,
may expand the number of cells upon which an initiator
may act. Administration of the classic tumor promoter,
1 2-0-tetradecanoylphorbol 13-acetate (TPA), to cultured
human keratinocytes results in a 20-fold increase in TGFa
mRNA and protein40 suggesting that some effects of TPA
may be mediated by enhanced production of TGFa. This
finding is consistent with the hypothesis that TGFa may
act to promote mammary tumor formation.

TGFot mRNA expression and protein production ap-
pear to be decreased in solid lesions compared with cys-
tic hyperplasia. Within the same lesion, the more dysplas-
tic lesions appear to have reduced TGFa production. We
speculate that TGFa participates early in the malignant
process, perhaps through a tumor promoting effect, and

is not necessary to maintain the transformed phenotype.
Studies are underway to test this hypothesis more directly
by the administration of an initiating dose of dimethyl-
benzanthracene to MMTV-TGFx transgenic virgin mice
and their age-matched nontransgenic littermates.
We have studied three lines in detail in this article. All

three lines have similarities but there are important differ-
ences between the lines. Two of the lines exhibit pheno-
typic changes only in the mammary gland whereas the
third line has both skin and mammary gland abnormali-
ties. Two of the lines with mammary epithelial hyperplasia
have developed carcinoma whereas the third line has
not, despite a high incidence of hyperplasia in this line.
The reasons for these differences are not entirely clear.
Currently, we are exploring different insertion sites or pos-
sible secondary events involving p53 and/or ras muta-
tions as possible explanations.

Line 254 provides a unique in vivo model of seba-
ceous gland hyperplasia. TGFa mRNA expression and
protein production are concentrated in the periphery of
the sebaceous gland. This is the proliferative compart-
ment in which the EGF receptor resides.41 It is tempting
to speculate that sebaceous gland hyperplasia results
from enhanced proliferation, which is mediated by local
overproduction of TGFx acting through its cognate re-
ceptor.

An unexplained finding in these lines is the lack of
phenotypic changes in organs in addition to the mam-
mary gland and skin despite high circulating levels of
TGFa. Although an explanation for this finding is not clear
from the data presented, local presentation of TGFa
within the cell in which it is produced may contribute to
the tissue-restricted effects that we observe. As dis-
cussed earlier, TGFa is produced as a transmembrane
protein that is proteolytically cleaved to its secreted form.
Membrane-fixed forms of TGFot retain biological activ-
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Figure 11. Darkfield illumination of in situ hybridization ofsebaceous gland hyperplasia (A) with 35S-labeled anti-sense TGFa riboprobe
shows highest expression in the sebaceous cells. Immunocytochemical staining for TGFa (B) is most intense in the sebaceous cells in the
periphery of the glands but is also strongly positive in the cells comprising the rest of the gland (x 110).

ity.33'42,43 NRK cells transfected with a mutant mem-
brane-fixed TGFa retroviral construct exhibit a trans-
formed phenotype.44 In addition, Ju and coworkers45
have recently observed that retroviral mediated introduc-
tion of TGFa into NIH 3T3 cells resulted in a transformed
phenotype; however, administration of TGFa to parent
3T3 cells stimulated growth but did not induce transfor-
mation. Addition of TGFa to 3T3 cells expressing the
transferred gene actually suppressed growth and focal
transformation. We speculate that the sizeable amounts
of TGFo produced within the mammary epithelium and
sebaceous glands of these transgenic mice overwhelm
the cellular machinery for the normal processing of pro-
TGFot and may result in large amounts of membrane
bound TGFa which, in turn, contributes to the distinctive
phenotypes that we observe.

In conclusion, we have presented a transgenic mouse
model of mammary gland and sebaceous gland hyper-
plasia which is characterized by high expression of hu-
man TGFa mRNA in the mammary gland of three lines
and in the skin of one line. All of the lines have high cir-
culating levels of human TGFa. A high percentage of
mice develop hyperplasia of the mammary gland and a
significant number subsequently develop adenocarci-
noma. Although the histology resembles a continuity of
premalignant to malignant change, similar to the situation

in the human breast, the definitive biological potential of
these patterns is, as yet, unknown. Nevertheless, these
MMTV-TGFa transgenic mice that overproduce an en-
dogenously produced peptide growth factor may pro-
vide useful in vivo models for the study of mammary car-
cinogenesis.

Acknowledgments

The authors thank Stella Askins and Mary McKissack for excel-
lent technical assistance.

References

1. Farber E, Cameron R: The sequential analysis of cancer
development. Adv Cancer Res 1980, 31:125-226

2. Pitot H, Dragan YP: Facts and theories concerning the
mechanisms of carcinogenesis. FASEB J 1991, 5:2280-
2286

3. Preston-Martin S, Pike MC, Ross RK, Jones PA, Henderson
BE: Increased cell division as a cause of human cancer.
Cancer Res 1990, 50:7415-7421

4. Cohen SM, Purtilo DT, Ellwein LB: Pivotal role of increased
cell proliferation in human carcinogenesis. Mod Pathol 1991,
4:371-382



Hyperplasia in TGFa Transgenic Mice 1145
AJP May 1992, Vol. 140, No. 5

5. Ames BN, Gold ES: Too many rodent carcinogens: Mito-
genesis increases mutagenesis. Science 1990, 249:970-
971

6. Cohen SM, Ellwein LB: Cell proliferation in carcinogenesis.
Science 1990, 249:1007-101 1

7. Derynck R, Roberts AB, Winkler ME, Chen EY, Goeddel DV:
Human transforming growth factor-a: precursor structure
and expression in E. coli. Cell 1984, 34:287-297

8. Burgess AW: Epidermal growth factor and transforming
growth factor a. Br Med Bull 1989, 45:401-424

9. Massague J: Transforming growth factor-a. A model for
membrane-anchored growth factors. J Biol Chem 1990,
265:21393-21396

10. Todaro GJ, Fryling C, DeLarco JE: Transforming growth fac-
tors produced by certain human tumor cells: polypeptides
that interact with epidermal growth factor receptors. Proc
Natl Acad Sci USA 1980, 77:5258-5262

11. DeLarco JE, Todaro GJ: Growth factors from murine sar-
coma virus-transformed cells. Proc Natl Acad Sci USA
1978, 75:4001-4005

12. Coffey RJ Jr, Derynck R, Wilcox JN, Bringman TS, Goustin
AS, Moses HL, Pittelkow MR: Production and auto-induction
of transforming growth factor-a in human keratinocytes. Na-
ture 1987, 328:817-820

13. Derynck R: Transforming growth factor a. Cell 1988,
54:593-595

14. Twardzik DR, Ranchalis JE, Todaro GJ: Mouse embryonic
transforming growth factors related to those isolated from
tumor cells. Cancer Res 1982, 42:590-593

15. Rappolee DA, Brenner CA, Schultz R, Mark D, Werb Z: De-
velopmental expression of PDGF, TGF-a and TGF-1 genes
in preimplantation mouse embryos. Science 1988,
241:1823-1825

16. Matsui Y, Halter SA, Holt JT, Hogan BLM, Coffey RJ: Devel-
opment of mammary hyperplasia and neoplasia in MMTV-
TGFa transgenic mice. Cell 1990, 61:1147-1155

17. Medina D: Preneoplastic lesions in mouse mammary tum-
origenesis. Methods in Cancer Research. Edited by H.
Busch. New York, Academic Press, 1973, pp 3-53

18. Labarca C, Paigen K: A simple, rapid, and sensitive DNA
assay procedure. Anal Biochem 1980, 102:344-352

19. Hunter WM, Greenwood FC: Preparation of iodine-131 la-
belled human growth hormone of high specific activity. Na-
ture 1971, 194:495-496

20. Hennings H, Boutwell RK: Studies on the mechanisms of
skin tumor promotion. Cancer Res 1970, 30:312-320

21. Jaenisch R: Transgenic animals. Science 1988, 240:1468-
1474

22. Cory S, Adams JM: Transgenic mice and oncogenesis. Ann
Rev Immunol 1988, 6:25-48

23. Hanahan D: Dissecting multistep tumorigenesis in trans-
genic mice. Annu Rev Genet 1988, 22:479-519

24. Pattengale PK, Stewart TA, Leder A, Sinn E, Muller W, Tepler
I, Schmidt E, Leder P: Animal models of human disease.
Pathology and molecular biology of spontaneous neo-
plasms occurring in transgenic mice carrying and express-
ing activated cellular oncogenes. Am J Pathol 1989,
135:39-61

25. Hanahan D: Transgenic mice as probes into complex sys-
tems. Science 1989, 246:1265-1275

26. Stewart TA, Pattengale PK, Leder P. Spontaneous mam-
mary adenocarcinomas in transgenic mice that carry and
express MTV/myc fusion genes. Cell 1984, 38:627-637

27. Sinn E, Muller W, Pattengale P, Tepler I, Wallace R, Leder P:
Coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes
in transgenic mice: synergistic action of oncogenes in vivo.
Cell 1987, 49:465-475

28. Tremblay PJ, Pothier F, Hoang T, Tremblay G, Brownstein S,
Liszauer A, Jolicoeur P: Transgenic mice carrying the
mouse mammary tumor virus ras fusion gene: distinct ef-
fects in various tissues. Mol Cell Biol 1989, 9:854-859

29. Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T, Var-
mus HE: Expression of the int-1 gene in transgenic mice is
associated with mammary gland hyperplasia and adeno-
carcinoma in male and female mice. Cell 1988,55:619-625

30. Muller WJ, Lee FS, Dickson C, Peters G, Pattengale P, Leder
P: The int-2 gene product acts as an epithelial growth factor
in transgenic mice. EMBO J 1990, 9:907-913

31. Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder P: Sin-
gle-step induction of mammary adenocarcinoma in trans-
genic mice bearing the activated c-neu oncogene. Cell
1988, 54:105-115

32. Bouchard L, Lamarre L, Tremblay PJ, Jolicoeur P: Stochas-
tic appearance of mammary tumors in transgenic mice car-
rying the MMTV/c-neu oncogene. Cell 1989, 57:931-936

33. Cardiff RD, Sinn E, Muller W, Leder P: Transgenic Onco-
gene Mice. Tumor phenotype predicts genotype. Am J
Pathol 1991, 139:495-501

34. Sandgren EP, Luetteke NC, Palmiter RD, Brinster RL, Lee
DC: Overexpression of TGFa in transgenic mice: induction
of epithelial hyperplasia, pancreatic metaplasia, and carci-
nomaof the breast. Cell 1990, 61:1121-1135

35. Jhappen C, Stahle C, Harkins RN, Fausto N, Smith GH,
Merlino GT: TGFa overexpression in transgenic mice in-
duces liver neoplasia and abnormal development of the
mammary gland and pancreas. Cell 1990, 61:1137-1146

36. DiMarco E, Pierce JH, Fleming TP, Kraus MH, Mollay CJ,
Aaronson SA, Di Fiore PP: Autocrine interaction between
TGFa and the EGF-receptor: quantitative requirements for
induction of the malignant phenotype. Oncogene 1989,
4:831-838

37. Vonderharr BK: Local effects of EGF, a-TGF, and EGF-like
growth factors on lobuloalveolar development of the mouse
mammary gland in vivo. J Cell Physiol 1987, 132:581-584

38. Inui T, Tusbura A, Morii S: Incidence of precancerous foci of
mammary glands and growth rate of transplantable mam-
mary cancers in sialoadenectomized mice. J NatI Cancer
Inst 1989, 81:1660-1663

39. Kurachi H, Okamoto S, Oka T: Evidence for the involvement
of the submandibular gland epidermal growth factor in
mouse mammary tumorigenesis. Proc Natl Acad Sci USA
1985, 82:5940-5943

40. Pittelkow MR, Lindquist PB, Derynck R, Abraham RT,
Graves-Deal R, Coffey RJ: Induction of transforming growth
factor-a expression in human keratinocytes by phorbol es-
ters. J Biol Chem 1989, 264:5164-5171



1146 Halter et al
AJP May 1992, Vol. 140, No. 5

41. Nanney LB, Magid M, Stoscheck CM, King LE Jr: Compar-
ison of epidermal growth factor binding and receptor distri-
bution in normal human epidermis and epidermal append-
ages. J Invest Derm 1984, 83:385-393

42. Brachman R, Lindquist PB, Nagashima M, Kohr W, Lipari T,
Napier M, Derynck R: Transmembrane TGF-a precursors
activate EGF/TGF-a receptors. Cell 1989, 56:691-700

43. Wong ST, Winchell LF, McCune BK, Earp HS, Teixido J,
Massague J, Herman B and Lee DC: The TGFa precursor
expressed on the cell surface binds to the EGF receptor on

adjacent cells leading to signal transduction. Cell 1989,
56:495,506

44. Blasbond AJ, Gilligan DM, Winchell LF, Wong ST, Luetteke
NC, Rogers KT, Lee DC: Expression of the TGFa integral
membrane precursor induces transformation of NRK cells.
Oncogene 1990, 5:1213-1221

45. Ju WD, Velu TJ, Vass WC, Papageorge AG, Lowry DR: Tu-
morigenic transformation of NIH 3T3 cells by the autocrine
synthesis of transforming growth factor a. New Biol 1991,
3:380-388


