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(Fig. 1 B and C, respectively). A second screening to verify
transgene expression was performed by cyclin D1 immunohis-
tochemical staining of tail clips (Fig. 1D). Since cyclin D1 is
undetectable in normal epidermis by immunohistochemistry
(Fig. 1E), positive cyclin D1 staining was used as an indication
of transgene expression. Based on those results, four of the
integration-positive mice were selected as founders and
crossed with Sencar line B inbred mice. The identity and
genetic background of the four transgenic founders are indi-
cated in Table 1. Aberrant expression of cyclin D1 was
detected in transgenic mice by immunohistochemical staining
in a variety of tissues that bear stratified squamous epithelia,
including skin, tongue, esophagus, thymus, cervix, and vagina
(data not shown).

Development of Thymic Hyperplasia. All the founders and
their litters were born with normal body size and developed
normal hair. However, the founder of line 917 died unexpect-
edly at 15 weeks of age. The autopsy revealed a severe
hyperplasia of the thymus that represented a 40-fold increase
over the normal size of the organ. The only transgenic mouse
from this founder had to be sacrificed at 8 weeks due to severe
respiratory distress resulting from the same type of hyperpla-
sia. No other transgenic mice were born from this line, which
was, therefore, lost. The founder of line 7108 died at 20 weeks
of age. It also showed a dramatic hyperplasia of the thymus that
weighed approximately 2 g, whereas the weight of a normal
age-matched thymus is approximately 0.05 g. All of the 54
transgenic mice generated from this founder and none of the
normal siblings have shown the same thymic phenotype, with
the first signs of respiratory distress appearing at 8—10 weeks
of age. A photograph of a hyperplastic thymus from an
18-week-old transgenic animal is shown in Fig. 24 along with
the thymus of a normal sibling. Thymic hyperplasia was also
developed by the transgenic line K5-D1. Therefore, this phe-
notype was observed in three integration events on different
genetic backgrounds (Table 1). The transgenic line 7111 was
the only one that did not develop respiratory distress, thymic
hyperplasia, or premature death.

To study the time frame of development of hyperplasia, we
harvested and weighed thymi from transgenic mice and normal
siblings from line 7108 at different ages from 2 to 21 weeks.
The maximum time of survival for a transgenic animal from
this line has been 22 weeks. A scattergram of the values of
thymus wet weight vs. age is depicted in Fig. 2B. Normal
littermates presented a maximum thymus weight of approxi-
mately 0.1 g between 6 and 10 weeks of age and a reduction to
approximately 0.05 g by 14 weeks. Transgenic mice from line
7108 developed normal thymus weights up to 2 weeks of age,
but afterwards, the thymi grew dramatically to 2-2.3 g within
4-6 weeks, occupying the entire thoracic cavity and leading to
death by respiratory distress.

The normal thymus is organized into two functionally
distinct regions, an outer compartment or cortex and an inner
compartment or medulla, that can be easily distinguished on
hematoxylin/eosin-stained sections (Fig. 2D). Thymi har-
vested from each of the three transgenic lines that developed
hyperplasia presented histological features consistent with
their normal counterparts (Fig. 2E). The thymic cortex and
medulla are mainly composed of epithelial cells that together
with other stromal elements support thymopoiesis and T-cell
differentiation. A subset of the epithelial cells (predominantly,
but not exclusively in the medulla) expresses K5 (35) (Fig. 2F),
and therefore, it is primarily these cells that express the cyclin
D1 transgene (Fig. 2G).

To determine whether the development of thymic hyper-
plasia in line 7108 and the lack of this phenotype in line 7111
was due to differential expression of the transgene in thymus,
total protein extracts were analyzed in Western blots using two
cyclin D1 antibodies with different species crossreactivity. Fig.
2C shows that normal and transgenic mice from both lines
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FiG. 2. Thymic hyperplasia in line 7108. (4) Photograph of a
thymus from a representative 18-week-old transgenic mouse and a
normal littermate. (B) Scattergram of thymus wet weight versus age in
transgenic and normal mice from line 7108. (C) Expression of
endogenous murine cyclin D1 (mD1) and transgenic cyclin D1 (hD1)
in thymus protein extracts from 10-week-old mice. Transgenic line
identity and genotypes are shown above the lanes. Hematoxylin/eosin
staining of sections of thymi from a normal mouse (D) and from a
transgenic sibling with thymic hyperplasia (£). Expression of K5 (F)
and cyclin D1 (G) in a transgenic thymus. (D-F, X47.5; G, X95.)

expressed low levels of endogenous cyclin D1 in the thymus.
However, a similar analysis with a polyclonal anti-human cyclin
D1 antibody revealed that only line 7108 expressed the trans-
gene in the thymus. Therefore, the absence of the hyperplastic
thymus phenotype in line 7111 appears to be due to lack of
transgene expression in this tissue, although the transgene is,
in fact, expressed in other target organs of these mice (data not
shown).

The thymocytes present in the transgenic thymi appeared
normal and did not show histological evidence of transforma-
tion. To determine whether expression of the cyclin D1
transgene in thymic epithelium altered T-cell development, we
analyzed the thymocyte subset distribution in normal mice and
in transgenic mice at 2 weeks of age, when no thymic hyper-
plasia was evident, and at 14 weeks, when the thymi were
hyperplastic. The results in Table 2 show that each of the four

Table 2. Thymocyte subset distribution from line 7108

Percentage of thymocytes
pKSpradl CD4-CD8~ CD4+*CD8* CD4*CD8~ CD4-CD8*

—* 2.5 84 11 25
+t 2 87 9 2
+F 5 67 19 9

*Average of three normal mice (thymus weight, ~0.05 g).
TAverage of two 2-week-old transgenic mice (thymus weight, ~0.05 g).
Average of two 14-week-old transgenic mice (thymus weight, ~2 g).
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major thymocyte subsets, defined by CD4 and CD8 expression,
is present in transgenic mice regardless of age. However,
hyperplastic thymi harvested from 14-week transgenic mice
showed an increase in the proportion of mature or single
positive thymocytes. Since thymic lymphoma cells are large
and consist of a single predominant phenotype (36), while
thymocytes from cyclin D1 transgenic mice are small and
consist of each of the major T-cell phenotype subsets, we
conclude that thymocytes in the hyperplastic thymi are not
transformed cells.

Thus, these data suggest that the thymic phenotype devel-
oped by three of four independent transgenic lines can be
attributed to a subset of thymic epithelial cells expressing
exogenous cyclin D1 by virtue of the K5 promoter. Cyclin D1
overexpression might enable thymic epithelial cells to escape
negative growth regulatory signals and continue to proliferate,
providing an ever growing environment for T-cell develop-
ment. In this regard, a recent study showed that thymocytes
could inhibit thymic epithelial cell proliferation in culture, in
part through production of transforming growth factor
(TGF-B) (37). Also, cyclin D1 overexpression in an esophageal
epithelial cell line resulted in reduced TGF-B growth inhibi-
tion (38). Thus, it is possible that loss of growth inhibition by
TGF-B in thymic epithelial cells overexpressing cyclin D1
could be a mechanism underlying the development of thymic
hyperplasia. Further studies are necessary to test this hypoth-
esis. Thymic hyperplasia was also observed in transgenic mice
expressing the simian virus 40 large tumor antigen in thymic
epithelial cells (39) and attributed to immortalization of those
cells, probably through Rb binding and inactivation by the viral
antigen (40). The data provided herein further support the
action of cyclin D1 and Rb in a common growth regulatory
pathway in vivo.

The Skin Phenotype: Epidermal Hyperproliferation and
Hyperplasia. K5 is normally expressed in the basal cell com-
partment of the skin (Fig. 34), consistent with the expression
of cyclin D1 in transgenic mice. Positive mice from all four
lines generated (including line 7111) showed detectable cyclin
D1 protein in basal cells (Fig. 3B), while normal littermates
were negative (data not shown). The skin phenotype was
observed in all transgenic lines developed, with high variability
among siblings. Consistent with its role as a cyclin rate-limiting
for G;-phase progression (4), overexpression of cyclin D1
increased the rate of epidermal proliferation, which was
assessed by the percentage of BrdU incorporation and by
number of nucleated cells in adult mice epidermis. There was
a significant increase in the percentage of BrdU-positive or
S-phase basal cells in transgenic mice compared with normal
siblings (Fig. 3C), in lines 7108 and 7111 (P = 0.003, Mann-
Whitney), that can be observed in representative BrdU-stained
sections of normal and transgenic skin (Fig. 3 E and F,
respectively). A third line, K5-D1, showed 3.8-fold higher
BrdU labeling in transgenic mice epidermis (data not shown).
Significant difference was also found in the number of nucle-
ated cells in interfollicular epithelia (Fig. 3D), in lines 7108 and
7111 (P = 0.00001 and P = 0.0003, respectively), illustrated by
histological sections of normal and transgenic skin from two
littermates (Fig. 3 G and H). Typically, transgenic mice showed
a more densely packed basal cell compartment or basal cell
hyperplasia (Fig. 3H) and most of them also presented supra-
basal proliferative cells (Fig. 3F). This resulted in a moderate
acanthosis (increase in the thickness of the nucleated layers of
the epithelia) with mild hyperkeratosis (accumulation of ke-
ratinized cells in the epidermal surface).

Normal skin is a very appropriate system in which to study
regulation of proliferation vs. differentiation, since the prolif-
erative compartment is clearly separated from the differenti-
ated and keratinized layers (Fig. 3G). Deregulation of cyclin
D1 in basal cells of the skin resulted in increased rate of
proliferation and expansion of the proliferative compartment
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Fic. 3. Skin phenotype of transgenic mice. (4) Expression of K5
in skin. (B) Expression of cyclin D1 in transgenic skin. (C) Increase
in epidermal proliferation. The bars indicate the percentage of BrdU
incorporation in basal cells from interfollicular epithelia. Values are
the mean *+ SD of 7 adult mice. Transgenic line identity and genotypes
are shown below. (D) Basal cell hyperplasia. The bars indicate the
number of nuclei in 200-um interfollicular epithelia. Values are the
mean * SD of 18 and 9 adult mice (7108 and 7111, respectively).
Transgenic line identity and genotypes are shown below. Represen-
tative sections showing BrdU incorporation in normal (E£) and trans-
genic (F) skin. Hematoxylin/eosin staining of representative sections
of skin from a normal mouse (G) and from a transgenic littermate (H).
(4 and B, X47.5; E-H, xX190.)

with only a mild effect in the differentiated layers. Therefore,
cyclin D1 seems to increase-the fraction of cells that are
retained in the proliferative compartment. This observation
was confirmed by immunohistochemical staining for: K1, a
keratin whose expression is restricted to terminally differen-
tiated cells. In spite of the increase in the overall thickness and
cellularity of the epidermis, the number of differentiated layers
remained essentially identical between transgenic mice and
normal siblings (data not shown). This phenotype is markedly
different fromthat observed in hyperproliferative skin gener-
ated by chemical treatment. In the later case, for a comparable
increase in the rate of proliferation, there is a mild expansion
of the proliferative compartment that is compensated by a
concomitant expansion of the differentiated compartments
(41).

To further analyze the response of transgenic keratinocytes
to differentiation-induced growth arrest, we subjected cultures
of primary keratinocytes isolated from newborn mice to high
extracellular calcium. Control and transgenic keratinocytes
responded normally to growth arrest/differentiation induced
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by exposure to 1.3 mM Ca2*. The percentage of S-phase
inhibition after 24 h of exposure was 83% (line 7108) and 84%
(line 7111), for cultures of transgenic keratinocytes, and 83%
(line 7108) and 80% (line 7111) for cultures from normal
siblings. This observation is consistent with that reported
previously in transgenic mice carrying the Rb-binding onco-
protein Ela under the control of a K5 promoter (42).

Thus, these data suggest that the effect of cyclin D1 over-
expression was restricted to proliferation and that the mech-
anisms regulating the initiation of epidermal differentiation
programs were not altered. Consistent with previous studies
that showed an increase in the rate of proliferation in cells
overexpressing cyclin D1 (2-4), the transgenic model pre-
sented here provides direct evidence in vivo of the action of
cyclin D1 as a pure mediator of proliferation in epithelial cells.
Ongoing experiments are aimed to determine whether cyclin
D1 overexpression can result in an increased sensitivity to
tumor development by chemical carcinogens.

We thank Dr. D. Roop for providing K5 antibody; Dr. A. Arnold for
providing the pPL8 plasmid; Dr. A. Farr, Dr. D. Johnson, and Dr. D.
Johnston for helpful comments; J. L. Rosborough for processing of the
samples and histological staining; and J. Ing for assistance with the
artwork. We also thank The University of Texas M. D. Anderson
Cancer Center Transgenic Mouse Facility and the National Institute
of Child Health and Human Development, Contract NO1-HD-N-2911
in support of DNX, Inc., for their contribution in the generation of
transgenic mice. This work was supported by the National Institutes of
Health Grants CA42157 and CA37912 and by Grants PM92-0203 and
PB90-0390 from the Direcciéon General de Investigacion Cientifica y
Técnica.

1. Sherr, C. J. (1993) Cell 73, 1059-1065.

2. Jiang, W., Kahn, S. M., Zhou, P., Zhang, Y. J., Cacace, A. M.,
Infante, A. S., Doi, S., Santella, R. M. & Weinstein, 1. B. (1993)
Oncogene 8, 3447-3457.

3. Quelle, D. E., Ashmun, R. A, Shurtleff, S. A., Kato, J., Bar-Sagi,

D., Roussel, M. F. & Sherr, C. J. (1993) Genes Dev. 7, 1559-1571.

Resnitzky, D. & Reed, S. (1995) Mol. Cell. Biol. 15, 3463-3469.

Weinberg, R. A. (1995) Cell 81, 323-330.

Jiang, W., Zhang, Y. J., Kahn, S. M., Hollstein, M. C., Santella,

R. M, Ly, S. H,, Harris, C. C., Montesano, R. & Weinstein, 1. B.

(1993) Proc. Natl. Acad. Sci. USA 90, 9026-9030.

7. Schauer, 1. E,, Siriwardana, S., Langan, T. A. & Sclafani, R. A.
(1994) Proc. Natl. Acad. Sci. USA 91, 7827-7831.
8. Kivinen, L., Pitkdnen, K. & Laiho, M. (1993) Oncogene 8,
2703-2711.
9. Serrano, M., Gomez-Lahoz, E., DePinho, R. A., Beach, D. &
Bar-Sagi, D. (1995) Science 267, 249-252.
10. Serrano, M., Hannon, G. J. & Beach, D. (1993) Nature (London)
366, 704-707.
11. Filmus, J., Robles, A. L., Shi, W., Wong, M. J., Colombe, L. L. &
Conti, C.J. (1994) Oncogene 9, 3627-3633.
12. Liu,J, Chao,]J., Jiang, M., Ng, S., Yen, J. & Yang-Yen, H. (1995)
Mol. Cell. Biol. 15, 3654-3663.
13. Arnold, A, Kim, H. G,, Gaz, R. D., Eddy, R. L., Fukushima, Y.,
Byers, M. G., Shows, T. B. & Kronenberg, H. M. (1989) J. Clin.
Invest. 83, 2034-2040.

ARl

14.

15.
16.
17.

18.

19.

20.
21.
22.
23.

24.
25.

26.
27.

29.
30.

31
32.

33.
34.
35.

36.
37.

38.

39.
40.
41.
42.

Proc. Natl. Acad. Sci. USA 93 (1996)

Motokura, T., Bloom, T., Kim, H. G., Juppner, H., Ruderman,
J. V., Kronenberg, H. M. & Arnold, A. (1991) Nature (London)
350, 512-515.

Rosenberg, C. L., Kim, H. G., Shows, T. B., Kronenberg, H. M.
& Arnold, A. (1991) Oncogene 6, 449-453.

Withers, D. A., Harvey, R. C,, Faust, J. B, Melnyk, O., Carey, K.
& Meeker, T. C. (1991) Mol. Cell. Biol. 11, 4846-4853.

Seto, M., Yamamoto, K., ‘Iida, S., Akao, Y., Utsumi, K. R.,
Kubonishi, I., Miyoshi, I., Ohtsuki, T., Yawata, Y., Namba, M.,
Motokura, T., Arnold, A., Takahashi, T. & Ueda, R. (1992)
Oncogene 7, 1401-1406.

de Boer, C.J., Loyson, S., Kluin, P. M., Kluin-Nelemans, H. C.,
Schuuring, E. & van Kirieken, J. H. (1993) Cancer Res. 53,
4148-4152.

Lammie, G. A, Fantl, V., Smith, R., Schuuring, E., Brookes, S.,
Michalides, R., Dickson, C., Arnold, A. & Peters, G. (1991)
Oncogene 6, 439-444.

Jiang, W., Kahn, S. M., Tomita, N., Zhang, Y.J, Lu, S. H. &
Weinstein, 1. B. (1992) Cancer Res. 52, 2980-2983.

Theillet, C., Adnane, J., Szepetowski, P., Simon, M. P., Jeanteur,
P., Birnbaum, D. & Gaudray, P. (1990) Oncogene 5, 147-149.
Bartkova, J., Lukas, J., Strauss, M. & Bartek, J. (1994) Int. J.
Cancer 58, 568-573.

Bianchi, A. B., Fischer, S. M., Robles, A. L., Rinchik, E. M. &
Conti, C.J. (1993) Oncogene 8, 1127-1133.

Robles, A. I. & Conti, C. J. (1995) Carcinogenesis 16, 781-786.
Bodrug, S.E., Warner, B.J., Bath, M.L,, Lindeman, G.J.,
Harris, A. W. & Adams, J. M. (1994) EMBO J. 13, 2124-2130.
Lovec, H., Grzeschiczek, A., Kowalski, M. & Mordy, T. (1994)
EMBO J. 13, 3487-3495.

Wang, T., Cardiff, R. D., Zukerberg, L., Lees, E., Arnold, A. &
Schmidt, E. (1994) Nature (London) 369, 669-671.

Sicinski, P., Donaher, J. L., Parker, S.B., Li, T., Fazeli, A,,
Gardner, H., Haslam, S.Z., Bronson, R.T., Elledge, S.J. &
Weinberg, R. A. (1995) Cell 82, 621-630.

Woodroofe, C., Miiller, W. & Riither, U. (1992) DNA Cell Biol.
11, 587-592.

Murillas, R., Larcher, F., Conti, C. J., Santos, M., Ullrich, A. &
Jorcano, J. L. (1995) EMBO J. 14, 5216-5223.

Smith, R., Peters, G. & Dickson, C. (1995) Genomics 25, 85-92.
Keyomarsi, K., O’Leary, N., Molnar, G., Lees, E., Fingert, H. J.,
Pardee, A. B. (1994) Cancer Res. 54, 380-385.

Hennings, H., Michael, D., Cheng, C., Steinert, P., Holbrook, K.
& Yuspa, S. H. (1980) Cell 19, 245-254.

Gimenez-Conti, I.B., Lynch, M., Roop, D., Bhowmik, S.,
Majeski, P. & Conti, C. J. (1994) Differentiation 56, 143-151.
Ramirez, A., Bravo, A., Jorcano, J.L. & Vidal, M. (1994)
Differentiation 58, 53-64.

Richie, E. R. (1988) Leukemia Res. 12, 233-242.

Meilin, A., Shoham, J., Schreiber, L. & Sharabl, Y. (1995) Scand.
J. Immunol. 42, 185-190.

Okamoto, A., Jiang, W., Kim, S., Spillare, E., Stoner, G.D.,
Weinstein, I. B. & Harris, C. C. (1994) Proc. Natl. Acad. Sci. USA
91, 11576-11580.

Botteri, F. M., van der Putten, H., Wong, D. F., Sauvage, C. A. &
Evans, R. M. (1987) Mol. Cell. Biol. 7, 3178-3184.

Moll, J., Eibel, H., Schmid, P., Sansig, G., Botteri, F., Palacios, R.
& van der Putten, H. (1992) Eur. J. Immunol. 22, 1587-1594.
Klein-Szanto, A. J. P. (1984) in Mechanisms of Tumor Promotion,
ed. Slaga, T. J. (CRC, Boca Raton, FL), Vol. 2, pp. 41-72.
Missero, C., Serra, C., Stenn, K. & Dotto, P. (1993) J. Cell Biol.
121, 1109-1120.



