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In a previous report we have described the effects of
expression of D-type cyclins in epithelial tissues of
transgenic mice. To study the involvement of the D-
type cyclin partner cyclin-dependent kinase 4 (CDK4)
in epithelial growth and differentiation, transgenic
mice were generated carrying the CDK4 gene under
the control of a keratin 5 promoter. As expected,
transgenic mice showed expression of CDK4 in the
epidermal basal-cell layer. Epidermal proliferation in-
creased dramatically and basal cell hyperplasia and
hypertrophy were observed. The hyperproliferative
phenotype of these transgenic mice was independent
of D-type cyclin expression because no overexpres-
sion of these proteins was detected. CDK4 and CDK2
kinase activities increased in transgenic animals and
were associated with elevated binding of p27Kip1 to
CDK4. Expression of CDK4 in the epidermis results in
an increased spinous layer compared with normal
epidermis, and a mild hyperkeratosis in the cornified
layer. In addition to epidermal changes, severe der-
mal fibrosis was observed and part of the subcutane-
ous adipose tissue was replaced by connective tissue.
Also, abnormal expression of keratin 6 associated
with the hyperproliferative phenotype was observed
in transgenic epidermis. This model provides in vivo
evidence for the role of CDK4 as a mediator of prolif-
eration in epithelial cells independent of D-type cy-
clin expression. (Am J Pathol 2001, 159:369–379)

Normal cell growth and differentiation requires precise
control of the mechanisms that govern the entry into,
passage through, and exit from the cell cycle. Progress

through the G1 phase of the mammalian cell cycle is
regulated by the ordered synthesis, assembly, and acti-
vation of distinct cyclin-dependent kinase (CDK)-cyclin
holoenzymes.1,2 This process is mediated by the D-type
cyclins (D1, D2, and D3), whose expression is modulated
by growth-stimulatory signals. These cyclins associate
with the closely related CDK4 and CDK6 kinases, result-
ing in their catalytic activation and substrate recognition.
A key substrate for G1 cyclin/CDK complexes is the ret-
inoblastoma protein, pRb. Phosphorylation of pRb, a tu-
mor suppressor gene product, has been attributed to
cyclin/CDK complexes and implicated in the regulation of
proliferation of keratinocytes and other cell types.1,3,4 The
pRb family of proteins, pRb, p107, and p130, negatively
regulate the passage of cells from G1 to S phase by
sequestering E2F transcription factors and repressing
the transcription of critical genes for G1/S transition
through binding to histone deacetylase (HDAC).4–6 Ac-
cumulating evidence suggests that the kinase activity of
cyclin D-CDK4 is partially responsible for the initial phos-
phorylation of pRb at specific sites, which allows for
subsequent phosphorylation of other sites, presumably
by cyclin E-CDK2.6,7 The activity of CDKs is subject to
additional levels of regulation, which include their as-
sociation with inhibitory molecules such as the INK4
and CIP/KIP family of proteins.8,9 p16INK4a has a prom-
inent role in regulating cell proliferation by binding and
inhibiting CDK4,6. In fact, p16INK4a is a tumor suppres-
sor gene that has been found to be mutated or deleted
in many experimental and human tumors.10 These fea-
tures suggest that the fundamental role of CDK4/D-
type cyclins is to integrate extracellular signals with the
cell-cycle machinery.3 Recently, experiments with
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CDK4-null and CDK4/cyclin D overexpression in Dro-
sophila have suggested that CDK4 plays a role regu-
lating normal cell growth (mass accumulation) rather
than cell-cycle progression.11,12

Initially, several reports assigned redundant roles to
the three members of the D-type cyclin family, but in the
last few years, it has become evident that each member
plays specific roles and has differential tissue expres-
sion.3 In fact, different tissues are affected in cyclin D1
and cyclin D2 knockout mice.13–15 Whether these spe-
cific roles are dependent on regulatory subunits (cyclins),
catalytic subunits (CDKs), or other accessory proteins
remain unknown. D-type cyclins have been described
as putative oncogenes in different tissues and more
recently, CDK-independent functions of D-type cyclins
were described.16 –19 On the other hand, less is known
about the involvement of CDKs in the tumorigenesis
process. The importance of the interaction between
CDK4 and p16INK4a became apparent with the identi-
fication of a CDK4 mutation in patients with familial
melanoma,20 –22 and by reports showing that mutually
exclusive mutations of p16INK4a or CDK4 occur in gli-
oblastomas.23,24

In previous work, we have demonstrated that the kinet-
ics of CDK4-cyclin D1 complex formation followed a pat-
tern similar to cyclin D1 expression25 in mouse keratino-
cytes induced by phorbol esters and in chemically
induced mouse skin tumors.26 These results and the fact
that the CDK4 protein level remains constant showed that
CDK4 is not the rate-limiting factor in this model. In
concordance with these data, cyclin D1, cyclin D2, and
cyclin D3 transgenic mice showed a hyperproliferative
epidermis and increased CDK4 and CDK6 kinase ac-
tivities.27–29 To study the involvement of CDK4 in ker-
atinocyte proliferation and differentiation, we gener-
ated transgenic mice overexpressing CDK4 in the
epidermis. For this purpose we used a keratin 5 pro-
moter that was used previously in our laboratory for the
generation of cyclin D1, cyclin D2, and cyclin D3 trans-
genic mice. Here, we described the phenotypic con-
sequences of overexpression of CDK4 in vivo. The
transgenic mice developed severe epidermal hyper-
plasia and hypertrophy in basal and suprabasal cell
layers. In addition to epidermal changes, transgenic
mice developed dermal fibrosis with marked atrophy of
the panniculum adiposum (subcutaneous adipose tis-
sue). Protein expression in epidermal tissue of the
transgenic mice showed that none of the D-type cyc-
lins were overexpressed. Therefore, forced expression
of CDK4 resulted in a hyperproliferative phenotype
independent of D-type cyclin regulation. Increased
binding of p27Kip1 to CDK4 in transgenic mice was
associated with an elevated kinase activity of CDK2.
Taken together, these results show that CDK4 overex-
pression has dramatic consequences in mouse skin
compared with D-type cyclin transgenic mice. The
strong effect in the dermal tissue suggests that an
indirect mechanism, more likely through growth factor
secretion, is associated with CDK4 deregulation.

Materials and Methods

Generation of Transgenic Mice

An EcoRV/XbaI fragment containing the human cyclin-
dependent kinase 4 cDNA was excised from the plasmid
pBluescript II and inserted into the polylinker of the vector
pBK5 that contained the 5.2-kb bovine keratin 5 (K5)
regulatory sequences, b-globin intron 2 and the 39 poly-
adenylation sequences. This construct was designated
as pK5-CDK4 (Figure 1). The transgene was excised
from the plasmid vector by digestion with BssHII, sepa-
rated by low-melting-point agarose electrophoresis, and
purified using a Geneclean II Kit (BIO101; Geneclean,
Vista, CA). This transgene was microinjected into the FVB
mouse strain by the Transgenic Mouse Development Fa-
cility at Science Park, M. D. Anderson Cancer Center.
Transgenic mice were crossed for two generations with
SSIN strain to generate 75% SSIN background mice. All
of the experiments were performed in this background.

Transgene-Specific Polymerase Chain Reaction
(PCR)

Genomic DNA was extracted from mouse tail clips and
used for PCR detection of the transgene. We used an
upstream primer (TTCAGGGTGTTGTTTAGAATGG) and
a downstream primer (CAATAAGAATATTTCCACGCCA)
specific for the b-globin intron 2 sequence. With this
process, we screened all of the 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: dena-
turation at 95°C for 30 seconds, annealing at 55°C for 40

Figure 1. pK5-CDK4 construct and PCR screening. A: Diagram of the
K5CDK4 construct. B: PCR amplification of DNA extracted from mouse tails.
b-globin sequence was amplified resulting in a 450-bp product.
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seconds, and extension at 72°C for 45 seconds, with a
final extension at 72°C for 10 minutes.

CDK4 Immunohistochemical Stains

Immunohistochemical staining of formalin-fixed paraffin-
embedded tissues was performed with polyclonal mouse
anti-CDK4 (C-22; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Epithelial cell proliferation was measured by
intraperitoneal injection of 60 mg/g of 5-bromodeoxyuri-
dine (BrdU) 30 minutes before the mice were killed. BrdU
incorporation was detected by immunohistochemical
staining of paraffin-embedded sections using mouse an-
ti-BrdU monoclonal antibody (Becton Dickinson immuno-
cytometry system; Becton Dickinson, San Jose, CA). The
reaction was visualized with a biotin-conjugated anti-
mouse antibody (Vector Laboratories, Inc. Burlingame,
CA) and avidin-biotin-peroxidase kit (Vectastain Elite,
Vector Laboratories, Inc.) with diaminobenzidine as the
chromogen.

Western Blotting Analysis

The dorsal sides of the mice were shaved. After they were
sacrificed, the dorsal skins were treated with a depilatory
agent for 1 minute and then washed off. 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 ethylenedia-
minetetraacetic acid, 0.1% Tween-20, 1 mmol/L dithio-
threitol, 0.1 mmol/L phenylmethyl sulfonyl fluoride, 0.2
U/ml aprotinin, 10 mmol/L b-glycerophosphate, 0.1
mmol/L sodium vanadate, and 1 mmol/L NaF) and ho-
mogenized using a manual homogenizer. The epidermal
homogenate was centrifuged at 11,000 3 g to collect the
supernatant, which was used directly for Western blotting
analysis or stored at 280°C. The protein concentration
was measured with the Bio-Rad protein assay system
(Bio-Rad Laboratories, Richmond, CA). Protein lysates
(25 mg 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-buff-
ered saline (Sigma Chemical Co.), the membranes were
incubated with 1 mg/ml specific antibodies. The following
antibodies were used: polyclonal antibodies against
CDK4 (C22), CDK2 (M2), CDK6 (C21), p107 (C18), p130
(C20) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
and mouse monoclonal antibody against pRb (14001A)
(BD Pharmingen, San Diego, CA). Horseradish peroxi-
dase-conjugated secondary antibody (Amersham Corp.,
Arlington Heights, IL), followed by enhanced chemilumi-
nescence (ECL detection kit; Amersham Corp.) were
used for immunoblotting detection. Bio-image analysis
was used to quantitate the expression levels of those
proteins.

To study p27Kip1/CDK complex formations and kinase
activities, we used polyclonal antibodies against CDK4,
CDK2, and p27Kip1 conjugated with protein A-Sepharose
beads (Life Technologies Inc., Grand Island, NY) to im-

munoprecipitate fresh protein lysates for 1 hour at 4°C
with constant rotation. After washing three times with
extraction buffer, Western blot analysis was performed as
described above. 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 3 g for 10 minutes at 4°C. The
supernatant was collected and used for a kinase assay.
Five hundred mg of protein lysate were immunoprecipi-
tated with antibodies against CDK4 or CDK2. Thirty ml of
precoated antibody beads were incubated with the lysate
for 1 hour at 4°C. The beads were washed twice with
Nonidet P-40 buffer (Tris, pH 7.5, 150 mmol/L NaCl,
Nonidet P-40 0.5%, 50 mmol/L NaF, 1 mmol/L Na3VO4, 1
mmol/L dithiothreitol, 1 mmol/L phenylmethyl sulfonyl flu-
oride) and twice with kinase buffer (50 mmol/L HEPES,
pH 7.0, 10 mmol/L MgCl2, 5 mmol/L MnCl2). Then, 30 ml
of kinase buffer, 0.5 mg of pRb substrate (Santa Cruz
Biotechnology, Inc.); 5 mCi 32P-ATP (6000 Ci/mmol), 1
mmol/L dithiothreitol, 5 mmol/L ATP) was added to the
bead pellet and incubated for 30 minutes at 30°C. So-
dium dodecyl sulfate sample buffer was added, and
each sample was boiled for 5 minutes and electropho-
resed through an 8% acrylamide gel.

Results

Generation of Transgenic Mice Expressing
CDK4

To determine the function of cyclin-dependent kinase 4
(CDK4) in the epidermis, we generated transgenic mice
that overexpressed CDK4 under the regulation of the
keratin 5 promoter. The K5CDK4 construct was made by
subcloning the human CDK4 cDNA into a vector contain-
ing a 5.2-kb fragment of the bovine K5 promoter, the
rabbit b-globin intron 2, and the SV40 polyadenylation
signal (Figure 1A). The K5 promoter fragment was previ-
ously shown to direct transgene expression to the basal
cell compartment of stratified squamous epithelia.30 All of
the transgenic mice were generated in the genetic back-
ground FVB. Transgenic mice were identified by PCR
analysis of tail DNA using primers specific for the b-glo-
bin sequence (Figure 1B). Based on those results, five
integration-positive mice were selected as founders and
crossed with SSIN inbred mice. A second screening to
verify transgene expression was performed by immuno-
histochemical staining for CDK4. Because CDK4 was
poorly detected in normal epidermis by immunohisto-
chemistry (Figure 2F), positive CDK4 staining was used
as an indication of transgene expression (Figure 2E).
These data are consistent with the expected activity of
the K5 promoter. We selected two transgenic lines with
high CDK4 expression (2303 and 2305), which were
backcrossed with SSIN inbred mice to produce animals
with 75% SSIN background that were used in all of the
experiments presented here.
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CDK4 Overexpression Results in Epidermal
Hyperplasia, Hypertrophy, and Dermal Fibrosis

The newborn CDK4 transgenic mice did not demonstrate
any obvious developmental abnormalities and there were
no differences in size compared to wild-type littermates.
To determine whether the expression of transgene influ-
enced the rate of proliferation and/or the architecture of
mouse skin, we analyzed the interfollicular epidermis of
transgenic and normal sibling mice. Immunohistochemi-

cal staining for CDK4 expression in paraffin-embedded
sections showed that both transgenic lines expressed
high levels of CDK4 protein compared with normal sibling
littermates (Figure 2, E and F). This result correlated well
with the CDK4 protein levels determined by Western blot
(see Figure 6) and showed that expression of CDK4 by
the keratin 5 promoter was occurring in the epidermal
basal cell layer. Paraffin-embedded hematoxylin and eo-
sin-stained sections were analyzed to determine modifi-
cations in the skin architecture of transgenic mice. The

Figure 2. Skin phenotype of K5CDK4 transgenic mice. Representative paraffin-sections of skin from K5CDK4 transgenic (A and C) and normal sibling (B and D)
mice were stained with H&E. Expression of CDK4 in transgenic (E) and wild-type skin (F) was determined with specific antibody. Antibody binding was detected
by secondary antibody conjugated with horseradish peroxidase, and the reaction was developed with diaminobenzidine. Original magnifications: 34 (A and B),
340 (C and D). The bars indicate the thickness of the dermis (A and B). FT, fat tissue.
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epidermis of wild-type mice consists of one to two nucle-
ated cell layers (basal and suprabasal cell layers) and
the hair follicles are regularly distributed (Figure 2, B and
D). Both transgenic lines show an increased proliferation
rate and hyperplasia in areas of the interfollicular epider-
mis (Figure 2 and Figure 3). No obvious modifications in
the morphology or in the pattern of distribution of hair
follicles were observed in transgenic mice compared with
wild-type littermates. The proliferation status of keratino-
cytes was determined by BrdU incorporation in DNA of
cells in S phase. In the transgenic mice as well as in the
wild-type littermates, proliferation of the epidermis was
restricted to the basal layer (see Figure 4, A and B).
However, the number of proliferating cells was fourfold
higher in the epidermis of transgenic mice (n 5 7) com-
pared with control mice (n 5 9), demonstrating that over-
expression of CDK4 stimulates proliferation of basal ker-
atinocytes (Figure 4C). The epidermis of transgenic mice
was hyperplastic, presenting an increased number of
nucleated cells (Figure 2 and 3). The average thickness
of transgenic epidermis was 21.36 mm compared to
10.60 mm in normal littermates (Figure 3B). The spinous
and granular layers were greatly increased as compared

with the normal epidermis. A mild keratosis (accumula-
tion of keratinized cells in the epidermal surface) with
areas of parakeratosis were also observed in transgenic

Figure 3. Quantification of epidermal thickness and hyperplasia in trans-
genic and normal sibling skin. A: The bars indicate the number of nucleated
cells in 200 mm of interfollicular epidermis. B: The bars indicate the thick-
ness of whole mouse skin in mm. Shaded bars, transgenic animals; open
bars, normal sibling.

Figure 4. Epidermal proliferation in transgenic and normal sibling mice.
BrdU incorporation in transgenic (A) and normal (B) skin was detected in
paraffin sections with mouse anti-BrdU antibody and a secondary antibody
conjugated with horseradish peroxidase. C: The bars indicate the label index
or the percentage of BrdU incorporation in basal cell layer from interfollicular
epithelia.
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epidermis (Figure 2C). In addition to epidermal changes,
we observed dermal fibrosis with severe hypoplasia of
the subcutaneous adipose tissue (panniculum adipo-
sum) (Figure 2A). The average thickness of the dermal
tissue increased 2.8-fold in transgenic compared with
normal sibling mice (Figure 2, A and B). These data show
that forced expression of cdk4 in epidermis results in an
essential increase of both epidermis and dermis.

An unexpected result was the increase in the size of
the nucleus and cells in the interfollicular epidermis and
hair follicles of transgenic animals as compared to their
normal siblings (Figure 2, C and D). The average diam-
eter of the transgenic nucleus in the basal and supra-
basal cell layers was 10.5 mm whereas the wild-type
animals had a diameter of 4.5 mm. Thus, the transgenic
K5CDK4 nuclear size increased 2.3-fold compared to
normal sibling mice. The more relevant difference be-
tween lines 2303 and 2305 is the extent of the hyperpla-
sia, which was more severe in line 2305. A third trans-
genic line (2301) that was discontinued, showed the
same phenotype as that of line 2305, indicating that the
phenotype observed was independent of insertion site of
the transgene.

Keratin Expression in Transgenic Mice

During epidermal differentiation there are sequential
changes in the expression of the keratins. Keratin 5 and
keratin 14 are the major products of basal epidermal
cells, the proliferative compartment of the epidermis.31

One of the earliest changes associated with the commit-
ment to differentiation and migration into the spinous
layer is the induction of the differentiation-specific keratin
pair, K1/K10,31–33 and decreased expression of the ker-
atin pair, K5/K14. In addition, mouse skin tumors and
hyperproliferative epidermis express keratins 6 and
16.34–36 To study whether CDK4 expression affected the
normal pattern of keratin expression, the expression of
K5, K1, and K6 was analyzed by immunohistochemistry.
The expression of K5 was observed in the basal and
suprabasal layers in both wild-type and transgenic mice
(Figure 5, A and B). Keratin 1 was restricted to terminally
differentiated cells as is seen in wild-type adult mice
(Figure 5, C and D). As expected, the wild-type mice
showed no expression of keratin 6 (Figure 5E), but inter-
estingly the transgenic mice showed a very high level of
expression of this keratin in the interfollicular epidermis
(Figure 5F). This result indicated that CDK4 overexpres-
sion in vivo induces cell proliferation and the expression
of a marker associated with hyperproliferative changes
and tumorigenesis.

Expression of CDKs, Cyclins, and the pRb
Family of Proteins

To quantify the level of CDK4 protein expression, we
isolated the epidermis of transgenic and normal sibling
mice. Protein lysates were used for immunoblotting anal-
ysis as was previously described.25 The CDK4 transgene

is expressed at high levels in both K5CDK4 lines com-
pared to their normal siblings. CDK4 protein levels were
elevated 7.5-fold in 2303 and 2.5-fold in 2305 transgenic
lines (Figure 6). Although line 2303 showed a higher level
of CDK4 expression (Figure 6), similar hyperproliferative
changes were observed in both transgenic lines. As reg-
ulatory subunits of CDKs, D-type cyclins are rate-limiting
controllers of G1 phase progression in mammalian
cells.2,3 CDK4 and CDK6 are the major catalytic partners
of D-type cyclins, assembling them into holoen-
zymes.37,38 To test whether the hyperproliferative pheno-
type of transgenic mice was because of an increased
activity of CDK4 caused by elevated expression of the
regulatory subunit, we analyzed the D-type cyclin protein
levels. No differences in the protein levels of cyclin D1,
cyclin D2, or cyclin D3 were observed between trans-
genic and wild-type animals (Figure 6).

Because CDK4 and CDK6 have common functional
and biochemical properties as pRb kinases,39 we exam-
ined whether the CDK6 protein level in the epidermis of
transgenic mice was affected as a compensatory mech-
anism. Western blotting analysis showed that the level of
CDK6 protein was not affected in either of the transgenic
lines (Figure 6). Thus, there was no apparent compensa-
tory reduction of CDK6 expression in the epidermis. No
changes in the protein levels of CDK2, a protein kinase
that is sequentially activated after CDK4,6 during G1/S
interphase7 were found in the two transgenic lines com-
pared with the normal siblings (Figure 6).

It is accepted that pRb is a negative regulator that acts
in the G1 phase of the cell cycle1,3,4,40 and it is a sub-
strate of CDK4,6/D-type cyclins. p130 and p107 are pRb-
related proteins that may have similar functions and also
have been described as substrates of CDK4,6.40–42

Therefore the phosphorylation status and protein level of
the pRb family from epidermal lysates of transgenic and
normal sibling mice were also analyzed. No evident
changes in mobility that would be consistent with phos-
phorylation were detected in pRb, p107, or p130 (Figure
6). Moreover, p130 and p107 protein levels did not in-
crease in transgenic animals compared with the wild-
type animals. On the other hand, pRb protein levels in-
creased in both transgenic lines compared to normal
siblings. This result is consistent with elevated pRb pro-
tein levels detected after proliferation induced by phorbol
ester in mouse epidermis.25 Taken together, these results
showed that overexpression of CDK4 did not influence
the protein level of its regulatory subunits (D-type cyclins)
and did not increase the phosphorylation pattern of the
pRb family, although, an increase in the level of pRb
protein was detected.

CDK Activities and Complex Formation in
Epidermal Tissue

To study whether CDK4 overexpression resulted in func-
tional changes in the CDKs, we analyzed the kinase
activity of CDK4 and CDK2 in the epidermis of transgenic
and wild-type mice using pRb as a substrate. Figure 7A
shows elevated CDK4 and CDK2 activity in K5CDK4
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transgenics compared with normal sibling mice. No mod-
ification in the level of CDK6 activity was observed (data
not shown). CDK4 and CDK2 activity increased 7- and
2.5-fold, respectively, in transgenic lines. The CDKs ac-
tivities of wild-type epidermis were almost undetectable
(Figure 7A), therefore the increased activity in transgenic
mice was easily observed.

Several reports have previously shown that p27Kip1 is
associated with CDK activation by its redistribution be-
tween CDK4,6 and CDK2.43,44 To study the participation
of p27Kip1 in CDK activation, analysis of CDK4/p27Kip1

complexes was performed. We analyzed complex forma-

tion by immunoprecipitating with an antibody against
p27Kip1 and detecting CDK4 by Western blot. Figure 7B
shows that p27Kip1 increased binding to CDK4 1.5-fold in
transgenic mice compared with wild-type animals. There-
fore, the excess of CDK4 could release CDK2 from the
inhibitory effect of p27Kip1, resulting in the observed in-
crease of CDK2 activity (Figure 7A). This result shows for
the first time, in an in vivo system, that the noncatalytic
function of CDK4, sequestering p27Kip1, may play an
important role in hyperproliferation. p21Cip1 was not de-
tected in these complexes, and its presence was almost
nondetectable in normal mouse skin.25

Figure 5. Keratin expression in transgenic and normal sibling mice. Keratins 1, 5, and 6 were determined on representative paraffin sections of skin from K5CDK4
transgenics (B, D, and F) and normal sibling (A, C, and E). Specific antibody binding was detected by secondary antibody conjugated with horseradish peroxidase,
and the reaction was developed with diaminobenzidine. Keratin 5 (A, B), Keratin 1 (C, D) and Keratin 6 (E, F).
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Discussion

In previous studies, we have shown that the components
of the cdk-holoenzymes (cyclins and CDKs) were differ-
entially regulated. Whereas phorbol ester (TPA) induced
cyclin D1 expression, cyclin D2, D3, and CDK4 protein
levels remained constant.25 Also, cyclin D1 and cyclin D2
are overexpressed during mouse skin tumor develop-
ment, whereas CDK4 and CDK6 protein levels do not
change.26 However, CDK4 and CDK6 activities are ele-
vated in TPA-induced epidermal proliferation and in
mouse skin tumors during progression (Rodriguez-
Puebla and Conti, unpublished results). These data, to-

gether with CDK4 overexpression in certain human tu-
mors,23,45 led us to hypothesize that deregulated
expression of G1 CDKs synergize with D-type cyclins
during normal and neoplastic epidermal proliferation and
likely take part in tumor progression. Then, our initial
prediction was that CDK4 overexpression should result in
hyperproliferation only if any of the D-type cyclins were
also overexpressed. In this report, however, we showed
that the severe hyperproliferative phenotype was inde-
pendent of D-type cyclin overexpression.

Epidermal and Dermal Phenotype

Previously, we reported on the generation of cyclin D1,
cyclin D2, and cyclin D3 transgenic mice that expressed
each of the D-type cyclins under the bovine keratin 5
promoter.27,29 These transgenic mice exhibited epider-
mal hyperplasia and, in some cases, thymic hyperplasia.
These phenotypes are consistent with a positive regulator
role of D-type cyclins in CDK4,6/cyclin complexes. The

Figure 6. Western blot analysis of D-type cyclins, CDKs, and pRb family
proteins in epidermis of transgenic and wild-type mice. Proteins were sep-
arated by SDS-PAGE and blotted onto a nitrocellulose membrane. Primary
antibodies against CDK4, CDK6, CDK2, p107, p130, pRb, and each of the
D-type cyclins were used for immunoblot analysis. The level of CDK4 protein
was quantified with a densitometer.

Figure 7. CDK activities and CDK/p27 complex formation in K5CDK4 mouse
epidermis. A: Kinase activity of CDK4 and CDK2 from K5CDK4 (T) and
normal sibling animals (wt). Fresh epidermal proteins were immunoprecipi-
tated with specific antibodies and in vitro kinase assays were performed with
a pRb peptide as substrate. B: Fresh epidermal proteins from transgenic (T)
and wild-type mice (wt) were immunoprecipitated with a polyclonal
antibody against p27Kip1 and immunoblotted with polyclonal antibody for
CDK4 or p27Kip1. The control was immunoprecipitated with normal rabbit
serum (NR).
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data shown here indicate that forced expression of CDK4
in mouse epidermal tissue results in strong skin abnor-
malities, specifically, interfollicular epidermal hyperplasia
and hypertrophy, and severe dermal fibrosis. The stron-
ger K5CDK4 phenotype compared with K5D1, K5D2, or
K5D3 mice was not expected because D-type cyclins are
rate-limiting factors in CDK complex formation in mouse
epidermis.25,26 In this sense, the protein level of cyclin D1
governs the CDK4/cyclin D1 complex formation in normal
epidermis and murine skin tumors.25,26 The epidermis
thickness of the K5CDK4 animals was increased twofold
whereas in the K5-D-type cyclin mice it increased an
average of 0.25-fold.29 Moreover, no development of der-
mal fibrosis was detected in any K5-D-type cyclin trans-
genic animals.

The hyperplastic epidermal phenotype of K5CDK4
mice seems to be very similar to that observed in
hyperproliferative skin generated by chemical treat-
ment. In these cases, an increase in the rate of prolif-
eration is follow by a mild expansion of the proliferative
compartment that is compensated by a concomitant
expansion of the differentiated compartments.46 How-
ever, the K5CDK4 transgenic epidermis also showed
areas of parakeratosis (nucleated cells in the stratified
layer), basal and suprabasal cells loosely packed, and
increased cellular size (hypertrophy). Interestingly, this
phenotype was unique for K5CDK4 mice because hyper-
plasia, but not hypertrophy was observed in the three
D-type cyclin transgenic mice.27,29 In fact, overexpres-
sion of CDK4 in mouse astrocytes also results in a unique
phenotype that includes an increase in cell size as well as
hyperploidy.47 In support of these events, Cdk4/cyclin D
overexpression in Drosophila caused hyperplasia in wing
imaginal cells and hypertrophy in salivary glands and
differentiating eyes.11,12 Thereafter, future studies will be
directed toward investigating whether the hypertrophy
observed in K5CDK4 mouse keratinocytes is associated
with hyperploidy. Another interesting hypothesis to be
tested is whether members of the HDAC family are in-
volved in the increase in nuclear size. The role of HDAC
is to remove acetyl groups from the amino-terminal re-
gions of histone octamers, thereby promoting nucleo-
some assembly48 and inhibition of gene expression. Re-
cent studies indicate that HDAC interacts with pRb;
phosphorylation of pRb by CDK4 releases HDAC from
this complex.5,49,50 Whether CDK4 overexpression,
phosphorylation of pRb, and HDAC release have any role
in the nuclear structure observed in K5CDK4 transgenic
mice requires further investigation.

Although the transgene is expressed in the epidermis
and in hair follicles, we have also observed gross abnor-
malities in the dermis, which is characterized by replace-
ment of adipose tissue with connective tissue. In addition,
the dermal thickness increased 2.8-fold in transgenic
compared with normal sibling mice. Munz and col-
leagues51 reported on a similar phenotype in activin A (a
member of transforming growth factor-b family) trans-
genic mice, which affects keratinocyte proliferation and
also produces dermal fibrosis. This might be because of
the diffusion of cytokines from the keratinocytes into the
underlying dermis as has been reported.51 This data

demonstrated that dermal fibrosis could be produced by
secretion of growth factors from the epidermis. Thus,
whether expression of CDK4 in epidermis results in mod-
ifications in the expression of cytokines requires further
investigation. If this is the case, up-regulation of a positive
regulator of cell cycle (CDK4) could have important con-
sequences in fibrotic diseases such as fibrotic kidneys
and cirrhotic livers.

Modifications in Keratin Expression

Here, we showed that K5CDK4 transgenic mice express
keratin 6 in the interfollicular epidermis and this event
correlates well with the hyperproliferative phenotype.
Keratin 6 is expressed in cell culture, benign and malig-
nant epidermal tumors, and hyperplasia induced by the
tumor promoter TPA, or wounding,36,52 but not in normal
mouse epidermis. Also, transgenic mice that overex-
pressed keratin 16 (the partner of keratin 6) in the basal-
cell layer showed keratinocyte hypertrophy and hyper-
plasia with a significant increase in epidermal
thickness.53

One of the earliest changes associated with commit-
ment to differentiation and migration into the spinous
layer is induction of the differentiation-specific pair of
keratins, K1/K10.31,32 Keratin 1 was detected in the su-
prabasal cell layers, demonstrating that the cells entered
into the differentiation program and that the additional
layers seen in the epidermis of the transgenic mice con-
sist, at least partially, of differentiated cells. Keratin 5 is
normally expressed in the basal layer of wild-type and
transgenic mice. Histological section staining with anti-
loricrin antibody showed that this marker of terminal dif-
ferentiation was normally distributed in the granular layer
(data not shown). Taken together, these results demon-
strate that CDK4 overexpression induced a marker of
proliferation (K6), but did not influence the pattern of
terminal differentiation.

Model of Cell Proliferation

We can postulate several mechanisms that could be
responsible for the hyperproliferative phenotype of the
mouse epidermis of K5CDK4 transgenic mice. First,
CDK4 expression can act in a catalytic fashion and bind
to D-type cyclins and/or other G1/S cyclins (cyclin E,
cyclin A), and further increase the level of phosphoryla-
tion of the pRb family. This classic model suggests that
overexpression of CDK4 can displace other CDKs and
be activated by different types of cyclins. However, we
were unable to detect CDK4 binding to other G1 cyclins.
In support of these results, a recent report showed that
cyclin E, in the knock-in cyclin D1/cyclin E mice, does not
bind to CDK4.54 Second, CDK4-D-type cyclins can also
function in a noncatalytic fashion. As was demonstrated,
CDK4 binds and sequesters CKI p27Kip1. Thus the
CDK2-cyclin E and/or CDK2-cyclin A complexes are not
inhibited by p27Kip1, and remain activated.55 Likewise,
transforming growth factor-b growth arrest depends on
the inhibition of CDK4 synthesis and further inhibition of
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CDK2 activity by CKIs.56 Also, CDK4 disruption was as-
sociated with increased binding of p27Kip1 to cyclin
E/CDK2 and diminished activation of CDK2 was accom-
panied by impaired pRb phosphorylation.44 Third,
p16Ink4a and D-type cyclins bind to the same site on
CDK4.57 Thus, CDK4 protein is normally distributed in
complexes with D-type cyclins or with the product of the
tumor suppressor gene p16Ink4a. Thus, the excess of
CDK4 protein in transgenic epidermis could result in
sequestration of p16Ink4a and further formation of more
CDK4-D-type cyclins complexes. In fact, the opposite
effect was observed when p16Ink4a expression was in-
duced in U2-OS cells. In this case, both CDK4- and
CDK2-associated kinase activities were inhibited by re-
distribution of cyclin-CDK inhibitor complexes.43,58 All of
these models require phosphorylation of pRb by CDKs.
The in vitro kinase assays showed that both CDK4 and
CDK2 activities increased in the transgenic epidermis.
Our assays of CDK4-CKI complex formation demon-
strated that at least one CKI (p27Kip1) is sequestered by
the increased levels of CDK4 and this event may be
responsible for the elevated CDK2 activity and, in part,
for the epidermis proliferation.

The fact that the level of D-type cyclin remained con-
stant in transgenic mice compared with wild-type mice
suggests that no elevations in the regulatory subunit lev-
els are required to produce the hyperproliferative pheno-
type. Thus, the increased activity of CDK4 is not because
of activation of D-type cyclins, so, the mechanism re-
sponsible for CDK4 activation must involve events other
than simple binding to D-type cyclins. In accordance with
these data, amplification of CDK4 in glioblastomas or
glioma cell lines is not followed by amplification or ele-
vated expression of cyclin D1.23,45

Previously, we have reported that in murine skin tu-
mors, p16Ink4a is overexpressed without changes in
CDK4 expression.26 On the other hand, in glioma cell
lines, CDK4 amplification is an alternative mechanism to
p16Ink4a deletion.23 Thus, overexpression of CDK4 could
overcome the increased level of p16Ink4a and play an
important role in tumor development.

Together, our results showed that the noncatalytic or
stoichiometric function of CDK4 sequestering p27Kip1

plays an important role in epidermal proliferation in vivo.
Finally, biochemical studies and detailed analysis of CDK
complex formation in the epidermis of transgenic and
knockout mice should help in understanding how the
absence or overexpression of CDK4 can affect the con-
stitution of these complexes and how they affect cell
growth and cell-cycle progression.
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