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In a previous report, we described the effects of cy-
clin D1 expression in epithelial tissues of transgenic
mice. To study the involvement of D-type cyclins (D1,
D2, and D3) in epithelial growth and differentiation
and their putative role as oncogenes in skin, trans-
genic mice were developed which carry cyclin D2 or
D3 genes driven by a keratin 5 promoter. As ex-
pected, both transgenic lines showed expression of
these proteins in most of the squamous tissues ana-
lyzed. Epidermal proliferation increased in trans-
genic animals and basal cell hyperplasia was ob-
served. All of the animals also had a minor thickening
of the epidermis. The pattern of expression of keratin
1 and keratin 5 indicated that epidermal differentia-
tion was not affected. Transgenic K5D2 mice devel-
oped mild thymic hyperplasia that reversed at 4
months of age. On the other hand, high expression of
cyclin D3 in the thymus did not produce hyperplasia.
This model provides in vivo evidence of the action of
cyclin D2 and cyclin D3 as mediators of proliferation
in squamous epithelial cells. A direct comparison
among the three D-type cyclin transgenic mice suggests
that cyclin D1 and cyclin D2 have similar roles in epi-
thelial thymus cells. However, overexpression of each
D-type cyclin produces a distinct phenotype in thymic
epithelial cells. (Am J Pathol 2000, 157:1039-1050)

The cyclins are a family of key cell-cycle regulators that
function by association with and activation of cyclin-de-

pendent kinases (CDKs) at specific points of the cell
cycle to phosphorylate various proteins that are important
during cell-cycle progression.” Three D-type cyclins (D1,
D2, and D3) are expressed in the G, phase of the cell
cycle and depending on cell lineage, various combina-
tions of D-type cyclins are induced by mitogens.’2 D-
type cyclins form complexes with and activate CDK4 and
CDK6 during the G, phase of the cell cycle® A key
substrate for G, cyclin/CDK complexes is the retinoblas-
toma protein, pRb. Phosphorylation of pRb, a tumor sup-
pressor gene product, has been attributed to cyclin/CDK
complexes and implicated in the regulation of prolifera-
tion in keratinocytes and other cell types.*® Thus, phos-
phorylation of pRb blocks its ability to suppress the ac-
tivity of S phase promoting transcription factors such as
E2F.*® Reconstitution of D-type cyclin/kinase complexes
in baculovirus showed that all possible complexes are
capable of phosphorylating pRb in vitro.”® These results
suggest that the fundamental role of D-type cyclins is to
integrate extracellular signals with the cell-cycle machin-
ery.? Initially, several reports assigned redundant roles to
the three members of D-type cyclins, but in the last few
years, it has become evident that each member plays a
specific role and is differentially expressed in various
tissues.? Recently, CDK-independent functions of D-type
cyclins were also described. For example, ligand inde-
pendent activation of estrogen receptors by cyclin D1
and inhibition of androgen receptors by binding of cyclin
D1 or cyclin D3 was reported.®~'?

Cyclin D1 and cyclin D2 seem to contribute to the
neoplastic phenotypes in human and mouse tumors. In-
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deed, the cyclin D1 gene was originally cloned as an
oncogene termed PRAD1, that was activated by chromo-
somal translocations present in parathyroid adenoma.’
Cyclin D2 overexpression or amplification was also de-
scribed in several tumors. In fact, cyclin D2 accumulation
in the cytoplasm of gastric carcinoma cells seems to play
a role in cancer progression.’ Also, the overexpression
of cyclin D2 in carcinoma in situ identified it as a candi-
date gene in male germ-cell malignancies.'® ' Cyclin D2
is also overexpressed in chronic B-cell malignancies.'”
Although, fewer reports suggest that cyclin D3 plays a
role in tumorigenesis, cyclin D3 overexpression was as-
sociated with increased expression of p27<P1in a subset
of aggressive B-cell lymphomas.™ In addition, coordi-
nated elevation of cyclin D3 and cyclin D1 was observed
in the breast cell line MCF-7."° These data suggest that
normal progression through the G, phase requires dis-
tinct sets of D-type cyclins in different tissues. For exam-
ple, G,/S transition in hematopoietic cells and inhibition of
granulocyte differentiation are regulated by cyclin D2 and
D3 whereas cyclin D1 seems to be dispensable in these
cell types.2°2" In contrast cyclin D3, but not D1 or D2,
was up-regulated on induction of HL-60 leukemia cells to
differentiation and has been shown to accumulate at high
levels in a wide range of quiescent cell types.?®

The function of D-type cyclins has also been studied in
D-type cyclin-deficient mice. Cyclin D1 knockout mice
presented symptoms of neurological impairment as well
as deficient development of retina and mammary
glands.?®24 Cyclin D2-deficient mice, showed alterations
in gonadal cell proliferation.®® At present, generation of
cyclin D3-deficient mice has not been reported. Taken
together, these data suggest tissue-specific functions of
D-type cyclins.

The murine skin model is a valuable system for study-
ing epidermal proliferation, precancerous changes, and
tumor progression in vivo.?® The use of this model allowed
us to detect expression of the three D-type cyclins in
normal, hyperplastic and neoplastic epidermis in
vivo.?”?8 Cyclin D1 and cyclin D2 are expressed at the
mid-G, phase and form complexes with CDK4/6, a pro-
cess that is dependent on the relative abundance of
these cyclins. Cyclin D3 also forms complexes with
CDK4/6; however, complex formation requires an addi-
tional regulatory event other than the simple relative
abundance of these proteins.?® Another interesting dif-
ference is that during premalignant tumor progression in
chemically-induced mouse carcinogenesis, cyclin D1
and cyclin D2 are overexpressed and form complexes
with CDK4/6, whereas cyclin D3 only forms complexes
with CDK4/6 in hyperproliferative epidermis (hyperplastic
skin).?”

We have previously reported the generation of a trans-
genic mouse that expresses human cyclin D1 in squa-
mous epithelial tissues, resulting in moderate epidermal
and severe thymic hyperplasia.®®>3" To complete the
study of the role of D-type cyclins in squamous epithelial
tissues, we generated transgenic mice that expressed
either cyclin D2 or cyclin D3, driven by the regulatory
sequence of bovine keratin 5 (K5D2 and K5D3). We
determined that overexpression of either cyclin D2 or

cyclin D3 results in hyperproliferative epidermal hyper-
plasia. However, there was a clear difference in the thy-
mic phenotypes. Thymic hyperplasia in the cyclin D2
transgenic mice regressed spontaneously in older mice,
in contrast to the hyperplasia in the cyclin D1 transgenic
mice which was progressive and fatal.*° At the other end
of the spectrum are the cyclin D3 mice, which did not
develop thymic hyperplasia. Thus, whereas overexpres-
sion of cyclin D1, D2, and D3 produces a similar epider-
mal phenotype, each D-type cyclin transgene induces a
unique thymic phenotype.

Materials and Methods

Generation of Transgenic Mice

An EcoRV/Xbal fragment containing the mouse cyclin D2
or cyclin D3 cDNA was excised from the plasmid pBlue-
script Il and introduced into the polylinker of the vector
pBK5 which contained the 5.2-kb bovine keratin 5 (K5)
regulatory sequences, B-globin intron 2 and the 3’ poly-
adenylylation sequences. These constructs were desig-
nated as pK5D2 and pK5D3. The transgenes were ex-
cised from the plasmid vector by digestion with BssHII,
separated by low-melting-point agarose electrophoresis
and purified using a Geneclean Il Kit (BIO101, Vista, CA).
These transgenes were microinjected into the C57BL/
6xSJL hybrid strains, which took place in the National
Institute of Child Health and Human Development Na-
tional Transgenic Mouse Development Facility (NTMDF)
at the University of Alabama, Birmingham. Transgenic
mice were crossed for two generations with the SSIN
strain to generate 75% SSIN background mice.

Transgenes DNA-Specific Polymerase Chain
Reaction (PCR)

Genomic DNA was extracted from mouse tail clips and
used for PCR detection of the transgenes. We used an
upstream primer (5'TTCAGGGTGTTGTTTAGAATGGS')
and a downstream primer (5'CAATAAGAATATTTC-
CACGCCAZ3’) specific for the B-globin intron 2 sequence.
With this process, we screened the entire transgenic
mouse lines. The DNA amplification renders a 450-bp
PCR product. PCR was performed by denaturation at
95°C for 1 minute, followed by 32 cycles of amplification
as follows: denaturation at 95°C for 30 seconds, anneal-
ing at 55°C for 40 seconds, and extension at 72°C for 45
seconds, with a final extension at 72°C for 10 minutes.

Cyclin D2 and Cyclin D3 Immunohistochemical
Staining

Immunohistochemical staining of formalin-fixed paraffin-
embedded tissues was performed with polyclonal mouse
cyclin D2 (M20) or cyclin D3 (C16) (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA). Epithelial cell proliferation
was measured by intraperitoneal injection of BrdU (60
rg/g; Sigma Chemical Co., St. Louis, MO) 30 minutes



before the mice were killed. BrdU incorporation was de-
tected by immunohistochemical staining of paraffin-em-
bedded sections with mouse anti-BrdU monoclonal anti-
body (Becton-Dickinson Immunocytometry System;
Becton-Dickinson, San Jose, CA). The reaction was visu-
alized with a biotin-conjugated anti-mouse antibody
(Vector Laboratories, Inc., Burlingame, CA) and avidin-
biotin-peroxidase kit (Vectastain Elite, Vector Laborato-
ries, Inc.) with diaminobenzidine as chromogen.

Western Blotting Analysis, Immunoprecipitation,
and Kinase Assay

Mouse dorsal skins were treated with a depilatory agent
for 1 minute and then washed. After mice were sacrificed,
the epidermal tissue was scraped off with a razor blade,
placed into homogenization buffer (50 mmol/L HEPES,
pH 7.5, 150 mmol/L NaCl, 2.5 mmol/L EGTA, 1 mmol/L
ethylenediaminetetraacetic acid, 0.1% Tween-20, 1
mmol/L dithiothreitol, 0.1 mmol/L phenyl methyl sulfonyl
fluoride, 10 mmol/L B-glycerophosphate, 0.2 mmol/L so-
dium vanadate, and 2 mmol/L NaF) and homogenization
was achieved with a manual homogenizer. The epidermal
homogenate was centrifuged at 11,000 X g to collect the
supernatant which was used directly for Western blotting
analysis or stored at —70°C. Thymic proteins were ex-
tracted by using the same buffer and conditions as stated
above. The protein concentration in each skin or thymus
lysate was measured with the Bio-Rad protein assay
system (Bio-Rad Laboratories, Richmond, CA). Protein
lysates (25 ug from each sample) were electrophoresed
through 12% acrylamide gels and electrophoretically
transferred onto nitrocellulose membranes. After being
blocked with 5% nonfat powdered milk in Dulbecco’s
phosphate-buffered saline (Sigma Chemical Co.), the
membranes were incubated with 1 ug/ml of specific an-
tibodies. The following antibodies were used: polyclonal
antibodies against cyclin D2 (M-20), cyclin D3 (C-16),
pRb (C15), p107 (C18), and p130 (C20) (Santa Cruz
Biotechnology, Inc.). pRb (G3-245) (Pharmingen, San
Diego, CA.) was used for Western blot analysis of thymus
proteins. Horseradish peroxidase-conjugated secondary
antibody (Amersham Corp., Arlington Heights, IL), fol-
lowed by enhanced chemiluminescence (ECL detection
kit; Amersham Corp.) were used for immunoblotting de-
tection. Bio-image analysis was used to quantitate the
expression levels of those proteins.

To study cyclin D/CDK complex formations and kinase
activities, we used polyclonal anti-CDK4 and anti-CDK2
antibodies conjugated with protein A-Sepharose beads
(Life Technologies Inc., Grand Island, NY) to immunopre-
cipitate fresh protein lysates for 1 hour at 4°C with con-
stant rotation. After washing three times with extraction
buffer, Western blot analysis was performed as de-
scribed above with polyclonal antibody described previ-
ously. To study the kinase activities of CDK4 and CDK2,
protein lysates were obtained as described above, but
the homogenate was frozen on powdered dry-ice,
thawed in ice water, incubated on ice for 15 minutes and
centrifuged at 10,000 X g for 10 minutes at 4°C. The
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supernatant was collected and used for a kinase assay.
Eight hundred micrograms of protein lysate were immu-
noprecipitated with antibodies against CDK4 or CDK2.
Thirty ul of precoated antibody beads (Life Technologies
Inc.) was incubated with the lysate for 1 hour at 4°C. The
beads were washed twice with homogenization buffer
and twice with kinase buffer (50 mmol/L HEPES, pH 7.5,
and 10 mmol/L MgCl,). Then, 30 ul of kinase buffer, 0.5
ng of pRb substrate (Santa Cruz Biotechnology, Inc.), 5
uCi [y-*2P]-ATP (6,000 Ci/mmol), 2.5 mmol/L EGTA, 1
mmol/L dithiothreitol, 20 wmol/L ATP, 10 mmol/L B-glyc-
erophosphate, 0.2 mmol/L sodium vanadate, and 2
mmol/L NaF) was added to the bead pellet and incu-
bated for 30 minutes at 30°C. Sodium dodecyl sample
buffer was added, and each sample was boiled for 5 min-
utes and electrophoresed through a 10% acrylamide gel.

Flow Cytometry

Thymocytes were obtained by pressing thymic tissue
through a nylon mesh. Thymocytes were stained with
anti-CD4-coupled phycoerythrin and anti-CD8-coupled
fluorescein isothiocyanate and analyzed by two-color im-
munofluorescence with a Coulter Elite Flow cytometer as
previously described.®°

Results

Generation of Cyclin D2 and Cyclin D3
Transgenic Mice

The construct used to generate transgenic mice is de-
picted in Figure 1A. The expression of D-type cyclins was
targeted to stratified epithelia by the 5’-regulatory frag-
ment of the bovine K5 gene. The K5-cyclin D2 and K5-
cyclin D3 vectors were made by subcloning the mouse
cyclin D2 or cyclin D3 cDNA into a vector containing a
5.2-kb fragment of the bovine K5 promoter, the rabbit
B-globin intron 2, and the SV40 polyadenylation signal.
As reported, this fragment drives expression of a reporter
gene in basal cells of squamous stratified epithelia,
where K5 is normally expressed.®%33 All of the transgenic
mice were generated in the C57BL/6xSJL genetic back-
ground. Three mice with cyclin D3-positive and five mice
with cyclin D2-positive integration were identified by PCR
analysis (Figure 1B). Based on those results, the integra-
tion-positive mice were selected as founders and
crossed with SSIN inbred mice. A second screening to
verify transgene expression was performed by Western
blot analysis of epidermal preparations with cyclin D2 or
cyclin D3 antibodies as described.?® These results per-
mitted the selection of two mice of each D-type cyclin
transgene as founders of high expression lines (2101 and
2102 of K5D2, 2201 and 2203 of K5D3 mice).

Expression of D-Type Cyclins and pRb Family
Proteins in Epidermis

To quantify the level of cyclin D2 and cyclin D3 protein
expression, we isolated the epidermis of transgenic and
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normal siblings for immunoblot analysis. The cyclin D3
protein is expressed at high levels in both K5D3 lines
compared to their normal siblings (fourfold in 2201 and
5.5-fold in 2203 transgenic lines) (Figure 2). Increased
levels of cyclin D2 protein were observed in both K5D2
lines, although the level of expression was barely twofold
higher than the level observed in their normal siblings
(Figure 2). It is worth mentioning that the protein level of
cyclin D3 decreases in K5D2 mice and the cyclin D2
protein level decreases in K5D3 animals. The effect was
most notable in K5D3 animals (lines 2201 and 2203)
where the level of cyclin D2 expression was half com-
pared to the wild-type animals (Figure 2).

The pRb tumor suppressor is a negative regulator that
acts in the G, phase of the cell cycle®3* and the related
p130 and p107 proteins may have similar functions.
Therefore, we analyzed expression of pRb family protein
in epidermal lysates from transgenic and normal sibling
mice (Figure 2). Both pRb and p107 protein expression
were clearly increased in 2102-K5D2 and both K5D3
transgenic lines. The transgenic line 2203-K5D3 showed
a strong induction of p107 as well as changes in mobility
consistent with phosphorylation. Similar phosphorylation
was also found in the transgenic line 2102-K5D2. No
apparent change in phosphorylation of pRb was ob-
served. Increased p130 protein was detected in both
K5D2 and K5D3 transgenic lines, whereas the 2203-
K5D3 line again showed a stronger induction of this
protein (Figure 2). These data are consistent with the
stronger expression of cyclin D22'°2 or cyclin D3%2°% in

Figure 1. pK5-Transgene construct and screen-
ing techniques. A: Diagram of the K5D-type cy-
clin construct. B: PCR amplification of DNA ex-
tracted from mouse tails. B-globin sequence was
amplified resulting in a 450-bp product.
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Figure 2. Western Blot analysis of cyclin D2, cyclin D3, and pRb family
expression in epidermis of transgenic mice. Protein lysates of epidermis were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
blotted to a nitrocellulose membrane. Primary antibodies against cyclin D2,
cyclin D3, pRb, p107, and p130 were used for immunoblot analysis. The
levels of each protein were quantified with a densitometer.




these transgenic animals and with our previously re-
ported data of elevated levels of p107 and pRb protein in
mouse epidermal tissue after proliferative induction by
TPA2°

Development of Epidermal Hyperproliferation
and Hyperplasia in Transgenic Mice

The newborn cyclin D2 and cyclin D3 transgenic mice
did not demonstrate any obvious developmental abnor-
malities and there was no difference in size compared to
wild-type littermates. Cytokeratin 5 is normally expressed
in the basal cell layer of the epidermis. Consistent with
this, immunohistochemical staining showed high expres-
sion of cyclin D2 or cyclin D3 in the epidermis of the
respective transgenic mice (Figure 3C and Figure 4C).
Because the presence of cyclin D2 and D3 expressing
cells is difficult to detect in wild-type epidermis the high
level of expression detected in the K5D2 and K5D3 lines
confirms the results obtained by Western blot and PCR
analysis (Figures 1 and 2).

Epidermal thickness was similar in the K5D2 and K5D3
lines, both of which contain an increased number of
nucleated cells compared to nontransgenic littermates
(Figures 3A, 4A, and 5C). However, no gross phenotype
was evident in the hair follicles, which showed normal
distribution and morphology. The increased number of
nucleated cells in KED2 and K5D3 mice is similar to that
of previously described K5D1-7111 transgenic mice®°
(Figure 5B). However, direct comparison with the earlier
report was not possible because of the different genetic
backgrounds. For this reason, these parameters where
re-evaluated after crossing the K5D1 transgene into the
same genetic background as the K5D2 and K5D3 mice.
Expression of each cyclin D transgene in the same ge-
netic background results in a significant increase in the
number of nucleated cells of the interfollicular epidermis
compared to normal siblings (2101, P = 0.001; 2102, P <
0.008; 2201, P < 0.0003; 2203, P < 0.02; 7111, P < 0.01,
Mann-Whitney) (Figures 3, 4, and 5). Consistent with the
epidermal hyperplasia, hyperproliferation of the interfol-
licular epithelia was observed by BrdU incorporation as a
marker of cells in S phase (Figures 3E, 4E, and 5A).
Compared to nontransgenic littermates, there was a 1.7-
and 2.2-fold increase respectively in the number of BrdU-
positive cells in K&D2 transgenic lines 2101 and 2102.
The K5D3 transgenic lines, 2201 and 2203, also showed
a 2.9- and 2.5-fold increase in BrdU-positive cells and the
K5D1-7111 line showed a mild increase of 2.5-fold (2101,
P = 0.02; 2102, P = 0.008; 2201, P = 0.001; 2203, P =
0.05; 7111, P = 0.0001, Mann-Whitney) (Figure 5A). To
complete the description of interfollicular epidermis, we
determined the thickness of the epidermis in transgenic
and wild-type animals (Figure 5C). Each of the transgenic
lines with the exception of K5D3-2201 demonstrated an
increase in epidermal thickness. A direct comparison
with KED1-7111 showed that, with the exception of the
K5D3-2201 line, the increase of any of the three D-type
cyclins produced a similar phenotype in mouse epider-
mis. Table 1 summarizes the changes in the three prin-
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cipal parameters (BrdU label Index, number of nucleated
cells and epidermal thickness) that define the epidermal
phenotype of cyclin D1, D2, and D3 transgenic lines. To
study whether D-type cyclin expression affects the nor-
mal pattern of epidermal differentiation, immunohisto-
chemical staining was performed to detect K1, which is
expressed only in terminally differentiated cells, and K5,
which is expressed in basal epithelial cells. The expres-
sion pattern of these keratins was comparable to non-
transgenic controls (data not shown). However, the trans-
genic epithelia have a more densely packed basal and
suprabasal cell compartment (basal cell hyperplasia) re-
flecting an expanded proliferative compartment.

Development of Thymic Hyperplasia in
K5D2 Mice

Three of the five founders of K5D2 transgenic animals
died at 5 months of age. Autopsy revealed a severe
hyperplasia of the thymus. Two of these founders died
before transgenic lines could be established. The re-
maining founder, 2102, was crossed with SSIN inbred
mice and a transgenic line was established. To study the
time frame of development of hyperplasia, K5D2-2102
mice were sacrificed at intervals from 2 to 30 weeks of
age. The maximum thymus weight of the normal siblings
reached 0.11g at 8 weeks as previously reported.®° The
maximum thymus weight in the cyclin D2 transgenic mice
was 0.24 g at 12 weeks of age which represents an
increase of 4.5-fold compared to wild-type animals (Fig-
ure 6, A and B). After this time point, the thymic weight
declines and at 20 weeks both the transgenic and wild-
type thymi are similar in size (Figure 6A). To determine
cyclin D2 expression levels, thymic extracts were ana-
lyzed by Western blot. Consistent with the thymic hyper-
plastic phenotype, the K5D2-2102 thymi expressed five
times more cyclin D2 than the wild-type animals at 12 and
24 weeks of age (Figure 6C). On the other hand, the
K5D2-2101 line did not develop thymic hyperplasia and
the level of protein expression was only twofold greater
than the wild type. Notably, cyclin D2 protein expression
did not decrease at 24 weeks of age in the 2102 line
when the thymic involution had occurred (Figure 6C, lines
2 and 3).

To study if cyclin D2 overexpression resulted in
changes in the composition of CDK/cyclin/CDK inhibitor
complexes before or after thymic regression, we ana-
lyzed complexes formation by immunoprecipitation with
an antibody against CDK4 or CDK2 and detection of
cyclin D2 or CKls by Western blot. Figure 7 shows a
similar level of association between CDK4 and cyclin D2
at 12 and 20 weeks of age in transgenic mice. Although
CDKd4/cyclin D2 levels were barely detectable in the wild-
type thymus, these complexes were apparent when the
Western blot membranes were overexposed (data not
shown). The p27%"P" inhibitor complexed with CDK4 in
both transgenic and wild-type mice, although there was a
slight decrease in the level of CDK4-associated p27<iP’
in 20-week-old wild-type thymi (Figure 7A). Interestingly,
p21¢®1 was clearly associated with CDK4 in transgenic,
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Figure 3. Skin phenotype of K5D2 transgenic mice. Representative paraffin-sections of skin from K5D2 transgenic mice (A) and normal siblings (B) were stained

with hematoxylin and eosin. Ex|

sion of cyclin D2 in transgenic (C) and wild-type skin (D) was determined with specific antibodies. BrdU incorporation of

paraffin sections of transgenic (E) and normal (F) skin was detected with mouse monoclonal anti-BrdU antibody. Antibody binding was detected by secondary
antibody conjugated with horseradish peroxidase, and the reaction was developed with diaminobenzidine. Original magnification, X200.

but not in wild-type mice (Figure 7A). As expected cyclin
D2 did not co-precipitate with CDK2, whereas high levels
of p27%*1 were associated with CDK2 in transgenic and
wild-type thymi. Furthermore, there was a decrease in the
level of p27XP1 associated with CDK2 in 20-week wild-
type thymi (Figure 7A). These results suggest that neither

p27XPT nor p21°"°T are involved in the regression of
thymi hyperplasia by blocking CDK4 or CDK2 activities at
20 weeks. p16'™*@ and p15'" * inhibitors were not de-
tected in CDK4 complexes (data not shown). We also
analyzed the kinase activity of CDK4 and CDK2 com-
plexes in vitro using pRb as a substrate. Figure 7B shows
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Figure 4. Skin phenotype of K5D3 transgenic mice. Representative paraffin-sections of skin from K5D3 transgenic mice (A) and normal siblings (B) were stained
with hematoxylin and eosin. Expression of cyclin D3 in transgenic (C) and wild-type skin (D) was determined with specific antibodies. BrdU incorporation of
paraffin sections of transgenic (E) and normal (F) skin was detected with mouse monoclonal anti-BrdU antibody. Antibody binding was detected by secondary
antibody conjugated with horseradish peroxidase, and the reaction was developed with diaminobenzidine. Original magnification, X200.

an increase in CDK4 kinase activity at 20 weeks in trans-
genic and wild-type thymi. A similar pattern was ob-
served for CDK2 activity in wild-type thymi. However, the
kinase activity in cyclin D2 transgenic thymi was greater
at 12 than at 20 weeks. The elevated kinase activity in
young thymi could be related to the observed hyperpla-

sia. However, we cannot rule out the possibility that the
different cell populations that compose the thymus could
mask the CDK activities of the epithelial component
(which overexpress cyclin D2). In addition, pRb protein
levels and phosphorylation states were determined in
thymus extracts of transgenic and wild-type mice. Figure
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Figure 5. Quantification of epidermal proliferation in transgenic and normal
sibling mice. A: The bars indicate the labeling index or the percentage of
BrdU incorporation in basal cells from interfollicular epithelia. B: Basal cell
hyperplasia. The bars indicate the number of nucleated cells in 200-pum
interfollicular epithelia. C: The bars indicate the thickness of whole mouse
skin in wm. Gray bars, transgenic mice; white bars, normal siblings.

7C shows that the pRb level is elevated in transgenic
mice compared with normal siblings. Also, a slower mi-
grating band consistent with hyperphosphorylation is ob-
served in transgenic mice at 20 weeks. Overexposure of
the membrane showed that pRb protein levels also in-
creased in wild-type mice at 20 weeks of age, although
the protein level was still inferior compared to transgenic
mice (Figure 7C). Altogether, these results indicate that
CDK4 and CDK2 kinase activities are not reduced during
the thymic size regression in transgenic mice and neither
p27XP2 nor p21©P1 seemed to be involved in this event.

Unlike K5D2, none of the K5D3 transgenic lines devel-
oped thymic hyperplasia although line 2203 showed a
3.5-fold increased level of cyclin D3 (Figure 6C). Consis-
tent with these data none of the three K5D3 founders

Table 1. Summary of Epidermis Parameters in Transgenic

Mice
Transgenic Labeling Nucleate
lines Thickness™ index* cells*
K5D2-2101 35 70 31
K5D2-2102 23 123 54
K5D3-2201 6 191 28
K5D3-2203 23 153 46
K5D1-7111 17 155 48

*Percentage of increase in transgenic mice compared to normal
sibling.
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Figure 6. Development of thymic hyperplasia in K5D2 mice. A: Time frame
of the development of thymic hyperplasia. Thymus from K5D2 and wild-type
mice were harvested and weighed from line 2102 transgenic mice and
normal siblings at different ages from 2 to 30 weeks. White bars, transgenic
mice; gray bars, normal siblings. B: Thymus of K5D2-2102, K5D3-2203 and
normal sibling animals at 11 weeks of age. C: Western blot analysis of cyclin
D2 and cyclin D3 expression from protein lysates of thymus of K5D2 (2101
and 2102), K5D3 (2203 and 2201) and normal sibling mice (Wt) at 12 and 24
weeks of age.

developed thymus hyperplasia as was established for
cyclin D13° and cyclin D2.

To determine whether expression of the cyclin D2
transgene in thymic epithelium altered T cell develop-
ment, we analyzed the distribution of thymocyte subsets
in normal and in transgenic mice at 12 weeks of age,
when the thymus was hyperplastic. Flow cytometry de-
termination showed that each major thymocyte subset,
defined by CD4 and CD8 expression, is present in 2102
transgenic mice at 12 weeks of age (thymic hyperplasia)
(data not shown).

Discussion

D-type cyclins function as regulatory subunits of cyclin-
dependent kinases and are rate-limiting factors of the G,
progression. Depending on cell lineage, various combi-
nations of cyclins D1, D2, and D3 are induced by mito-
gens during G, and their continued synthesis throughout
the cycle depends on persistent growth factor stimula-
tion.? Redundant roles of D-type cyclins have been sug-
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Figure 7. CDK complex formation and kinase activities in K5D2 thymus. A:
Fresh protein lysates of K5D1-2102 transgenic mice thymus at 12 and 20
weeks of age were immunoprecipitated with polyclonal anti-CDK4 (IP/
CDK4) and anti-CDK2 (IP/CDK2) antibodies and immunoblotted with poly-
clonal antibody for p27P! p21“P! and cyclin D2. The control was immu-
noprecipitated with normal rabbit serum with lysates obtained from 2102
transgenic thymus at 12 weeks of age (NR/12). B: CDK4 and CDK2 kinase
activities of K5D2 transgenic (T) and normal sibling animals (wt). Fresh
protein lysates of thymus were immunoprecipitated as below in an in vitro
kinase assay, with pRb as a substrate, was performed. pRb phosphorylation
levels were determined by measuring **P incorporation and Bio-image anal-
ysis was used to quantitate the kinase activities. C: Western blot analysis of
PRb expression in thymus of transgenic and wild-type mice. Protein lysates
of thymus were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and blotted to a nitrocellulose membrane. Primary antibody
against pRb was used for immunoblot analysis. T, transgenic; wt, wild type,
NR, normal rabbit serum.

gested in several reports, but, the highly conserved se-
quences of cyclin D proteins (~94% between human and
mouse D-type cyclins) suggest that each family member
has important and unique roles in cell-cycle regulation
that constrain evolutionary divergence. Indeed, individual
D-type cyclins have a greater similarity between mouse
and human species (94% identity) than among them-
selves in the same species (cyclin D1/cyclin D2, 64%;
cyclin D1/cyclin D3, 49%; cyclin D2/cyclin D3, 64%).35737
The three D-type cyclins are differentially expressed in
normal mouse epidermis,.?”2° Cyclin D1 protein expres-
sion and cyclinD1-CDK4/6 complex formation are
strongly regulated during the G, phase after 12-O-tetra-
decanoylphorbol-13-acetate (TPA) stimulation of keratin-
ocytes.?® On the other hand, cyclin D2 and cyclin D3
protein expression seem to be constitutive and only minor
changes in their protein levels were observed after TPA
stimulation. Cyclin D1 and cyclin D2 overexpression or
amplification have been described in several human and
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mouse tumors and were considered as candidates for
oncogenes.?” 38740

To study the role of each D-type cyclin in normal pro-
liferation and tumorigenesis in mouse skin, we have de-
veloped two new transgenic mice that express cyclin D2
or cyclin D3 in squamous epithelial tissues. Previously,
we described the generation of a transgenic mouse that
expressed human cyclin D1 under the regulatory se-
quence of keratin 5 (K5D1) directing expression to basal
cells in squamous epithelial tissues.*° The principal phe-
notypic characteristics of the cyclin D1 transgenic ani-
mals were mild epidermal hyperplasia and severe thymic
hyperplasia in three integration events of different genetic
backgrounds.®® The cyclin D2 and cyclin D3 transgenic
mice express the respective transgene under the same
keratin 5 promoter. The K5D2 and K5D3 showed a similar
epidermal phenotype including an increased number of
nucleated cells, epidermal thickness, and elevated label-
ing index. BrdU incorporation showed that in S phase,
cells were present not only in basal but also in the supra-
basal layers. The epidermal cells are more densely
packed than in normal siblings, however, no differences
in the cell size were detected. Comparison with K5D1
transgenic mice on the same genetic background re-
veals a similar phenotype. The more substantial increase
in skin thickness, that was previously shown in the K5D1
animals, is attributed to the different background in the
earlier study.*° The cyclin D2 and cyclin D3 transgenic
lines showed detectable cyclin D2 or D3 protein in basal
cells consistent with the K5D2 and K5D3 epidermal phe-
notype. However, whereas cyclin D2 was observed in
40% of basal cells in the interfollicular epidermis, cyclin
D3 was observed in almost all of the basal cells (Figures
3C and 4C). Furthermore, there was only a twofold in-
crease in cyclin D2 in Western blot whereas, cyclin D3
expression was elevated fourfold to fivefold. Differences
in the stability and/or degradation between these two
cyclins may be responsible for those results.

The pattern of expression of keratin 1 (expressed in
terminally differentiated cells) and keratin 5 (expressed in
basal epithelial cells) indicated that epidermal differenti-
ation was not affected and hyperproliferation was com-
pensated by terminal differentiation. Thus, transgenic ani-
mals have a more densely packed basal cell compartment
and suprabasal proliferative cells resulting in mild acantho-
sis (increase in the thickness of the nucleated layers of the
epithelia) without hyperkeratosis. No evidence of sponta-
neous skin tumor development was found until 10 months
of age in either K5D2 or K5D3 animals. We find it note-
worthy that overexpression of cyclin D1 and cyclin D2,
but not cyclin D3, was detected in premalignant lesions
after 7,12-dimethylbenz[a]antracene (DMBA)/TPA appli-
cations (two-stage carcinogenesis protocol).?” In this
sense, cyclin D1 expression is necessary but not suffi-
cient for development of skin tumors®'*? because D1
knockout mice have a reduced number of papillomas
whereas K5D1 mice did not have an increased number of
skin tumors. We also performed carcinogenesis experi-
ments using the two-stage protocol to test whether over-
expression of cyclin D2 or cyclin D3 increased the sus-
ceptibility to chemical carcinogenesis. Overexpression of
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cyclin D2 did not seem to increase sensitivity to spontane-
ous or carcinogen-induced skin tumors (Rodriguez-Puebla
M, Conti CJ, unpublished results). However, as in the case
of cyclin D1, cyclin D2 expression may be necessary to
promote skin tumor development.

Another unexpected result is the down-regulation of
cyclin D2 in K5-D3 mice and down-regulation of cyclin D3
in K5-D2 mice (Figure 2). These results are not specific
for these two D-type cyclins because K5-D1 mice also
show a reduced protein level of cyclin D3.*2 We can
hypothesize that overexpression of one of the D-type
cyclins is compensated by reducing the level of expres-
sion of another member of the family. It is possible that
the transcription factors involved in the regulation of D-
type cyclin genes are responsible for these regulatory
loops. Also noteworthy is the finding that various tran-
scription factor binding sites were found in mouse cyclin
D3 gene, that includes GATA, NF-aB, ATF, E2F, Aprf,
TCE, GAGA, TRE/Ap1, Sp1, and Ap2.“® Because Sp1
and E2F binding sites were found in the cyclin D1 gene,**
these transcription factors could participate in this regu-
latory circuit.

Expression levels of the pRb family of proteins, pRb
and p107, were clearly elevated in K5D3 and in K5D2—-
2102 transgenic lines. The K5D3-2203 line showed a
stronger induction of p107 and changes in mobility con-
sistent with phosphorylation. This is consistent with the
greater level of cyclin D3 expression in this transgenic
line. Similarly, the K5D3-2203 transgenic mice showed
stronger induction of p130 other cyclin D2 and D3 lines
showed a mild increase of this protein. Consistent with
these results, we previously found an increase in p107
and pRb protein levels in mouse epidermal tissue after
proliferative induction by TPA.2° pRb and p107 gene
regulation has been suggested to be mediated by bind-
ing of E2F-1 to E2F sites.*® We therefore believe that
induction of p107 and pRb in transgenic animals may be
mediated by E2F.

One of the more relevant differences between the three
transgenic mice overexpressing D-type cyclins was the
development of thymic hyperplasia in cyclin D1°° and
cyclin D2, but not in cyclin D3 transgenic mice. The fact
that cyclin D2 expression was only double in the K5D2-
2101 line whereas it increased by fivefold in the K5D2-
2102 line may explain why the K5D2-2101 line did not
develop thymic hyperplasia. Mechanistic studies of
CDK4 and CDK2 complex formations in the thymus of
K5D2-2102 did not show relevant differences at 12 and
20 weeks of age. We did in vitro immunoprecipitation with
thymic lysates of the transgenic and wild-type mice. To
determine whether cyclin D2 overexpression resulted in
changes in the composition of CDK/cyclin/CKI com-
plexes, we analyzed CDK4 and CDK2 complex forma-
tions and kinase activities. We determined that neither
p21€®1 nor p27KiPT are involved in the thymic regression
at 20 weeks of age in transgenic mice. The kinase activ-
ities of CDK4 and CDK2 did not change during the thymic
size regression. However, elevated CDK2 kinase activity
at 12 weeks of age may be responsible for the hyper-
plastic phenotype in cyclin D2 transgenic thymus. Sev-
eral reports have described that kinase activation of

CDK2 occurs when increased levels of CDK4/cyclin com-
plexes bind to the CKls and release CDK2. A similar
mechanism could be involved in the development of the
hyperplastic thymus, where an increase of cyclin D2
protein levels bind some inhibitor in a binary or ternary
complex with CDK4, although CKls other than p21©"®?
and p27X*1 would be responsible for this event. Interest-
ingly, pRb protein levels were also increased in trans-
genic mouse thymus compared with normal sibling mice,
as was shown in epidermal cells. In addition, the level of
pRb phosphorylation increased at 20 weeks in the thy-
mus of K5D2 animals. These data clearly show that in the
older thymus (20 weeks) the pRb protein seems to be
relatively inactive rather than the active form. However,
we cannot rule out the possibility that the presence of cell
populations in the thymus other than epithelial cells mask
subtle differences in complex formations and also influ-
ence the pRb state observed at 12 and 20 weeks of age.

Interestingly the K5D3-2203 transgenic line expressed
the transgene at a 3.5-fold higher level than nontrans-
genic, but did not develop thymic hyperplasia. This is
consistent with the fact that none of the K5D3 founders
developed thymic hyperplasia whereas three K5D1%°
and three K5D2 founders developed this phenotype. An
interesting possibility is that cyclin D3 has a distinct role
in thymic epithelial cells compared to the other D-type
cyclins. In this regard, cyclin D3 has been reported to be
induced in differentiation in other systems. For example,
cyclin D3 is strongly up-regulated on induction of HL-60
leukemia cells to differentiate and it accumulates to high
levels in a wide range of quiescent cells in mouse and
human tissues.?? In addition, myoblast induction of cyclin
D3 expression is closely coupled with withdrawal from
the cell cycle and differentiation.*® In contrast, cyclin D1
and cyclin D2 have been established to play a role in
proliferation and this function may be responsible for the
hyperplastic thymus phenotype.

Each major subset of T cell, defined by CD4 and CD8
expression, is present in K5D2-2102 transgenic line at 12
weeks of age (thymic hyperplasia). These results show
that despite the altered architecture, the thymic environ-
ment is able to generate mature T cells. Furthermore,
these results confirm the histological diagnosis of hyper-
plasia and rule out the possibility of thymic lymphoma
because, in this case, a single predominant phenotype
should be present whereas thymus from K5D2-2102
transgenic line contain each of the major T cell subsets.

A relevant difference between thymic hyperplasia of
K5D1-7108%° and K5D2-2102 transgenic mice was that,
in the latter, the increasing size of the thymus stops at 12
weeks of age and at 20 weeks, the size was similar to
normal siblings (Figure 6A). The possibility that the trans-
gene expression was turned-off after 12 weeks was
ruled-out because the expression levels determined by
Western blot analysis at 24 weeks of age was similar to
12-week-old mice (Figure 6C). Again the results suggest
that a different mechanism of action exists between cy-
clin D1 and cyclin D2. Although both transgenic mice
overexpressing these cyclins show thymic hyperplasia,
their histological characteristics are different and in one



case the hyperplasia reverts with age whereas, in the
other, it progresses and causes the death of the animal.

In summary, the mammalian D-type cyclins seem to
have redundant functions in some systems, but clear
differences have also been reported. Cyclin D1 and cy-
clin D2 are considered as proto-oncogenes based on
genetic aberrations in human and animal malignancies.*’
In contrast, cyclin D3 has not been firmly implicated in
oncogenesis. Despite considerable similarities, unique
phenotypes were reported for cyclin D1 and cyclin D2
knockout mice,?®2® whereas effects of cyclin D3 knock-
outs are unknown. Our results, using two new transgenic
models, suggest that in some tissues (epidermis) D-type
cyclins may have similar functions, whereas in others
(thymus) the biological roles of the individual D-type cy-
clins are not fully redundant.
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