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It has been widely assumed that elevated CDK2 kinase
activity plays a contributory role in tumorigenesis. We
have previously shown that mice overexpressing CDK4
under control of the keratin 5 promoter (K5CDK4 mice)
develop epidermal hyperplasia and increased suscepti-
bility to squamous cell carcinomas. In this model, CDK4
overexpression results in increased CDK2 activity asso-
ciated with the noncatalytic function of CDK4, seques-
tration of p21Cip1 and p27Kip1. Furthermore, we have
shown that ablation of Cdk2 reduces Ras-Cdk4 tumori-
genesis, suggesting that increased CDK2 activity plays
an important role in Ras-mediated tumorigenesis. To
investigate this hypothesis, we generated two trans-
genic mouse models of elevated CDK2 kinase activity,
K5Cdk2 and K5Cdk4D158N mice. The D158N mutation
blocks CDK4 kinase activity without interfering with its
binding capability. CDK2 activation via overexpression
of CDK4D158N, but not of CDK2, resulted in epidermal
hyperplasia. We observed elevated levels of p21Cip1 in
K5Cdk2, but not in K5Cdk4D158N, epidermis, suggesting
that CDK2 overexpression elicits a p21Cip1 response to
maintain keratinocyte homeostasis. Surprisingly, we
found that neither CDK2 overexpression nor the indi-

rect activation of CDK2 enhanced skin tumor develop-
ment. Thus, although the indirect activation of CDK2 is
sufficient to induce keratinocyte hyperproliferation, ac-
tivation of CDK2 alone does not induce malignant pro-
gression in Ras-mediated tumorigenesis. (Am J Pathol
2008, 173:526–535; DOI: 10.2353/ajpath.2008.071124)

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
mediated by D-type cyclins (D1, D2, and D3), which
associate and activate CDK4 and CDK6 kinases, result-
ing in their catalytic activation and substrate recogni-
tion.1,2 CDK2 is considered a unique kinase that binds to
cyclin E regulating S phase entry. The pRb family of
proteins, pRb, p107, and p130, are key substrates for
cyclin Ds/CDK4,6 and cyclin E/CDK2 complexes, that
negatively regulate the passage of cells from G1 to S
phase.2 The Cip/Kip family of CDK inhibitors, p21Cip1,
p27Kip1, and p57Kip2, form inactive complexes with
CDK2-cyclin E and CDK2-cyclin A and also bind CDK4,6/
cyclin D complexes but do not interfere with their kinase
activities.3,4 Thus, cyclin D-CDK4 sequester p27Kip1,
controlling the amount available for inhibition of CDK2
activity. We and others have demonstrated that indirect
activation of CDK2 occurs by sequestration of p27Kip1 on
forced expression of CDK4.5–7 The role of CDK2 in cell
proliferation has been supported by several founder re-
ports in this field. A dominant-negative form of CDK2
prevents growth of cells in culture,8 and microinjection of
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antibodies against CDK2, cyclin E, or cyclin A block
initiation of DNA synthesis in mammalian cells.9–11 How-
ever, in the last few years the concept that CDK2 is
crucial for controlling entry into S phase was challenged
when two independent groups reported the generation of
Cdk2-null mice.12,13 These mice are viable, develop nor-
mally, and show defects in meiosis, but not in mitosis.
Also, CDK2 appears to be dispensable for cell-cycle
inhibition and tumor suppression mediated by p27Kip1

and p21Cip1.14 Although CDK2 kinase activity is found
elevated in human tumors, CDK2 is not directly affected
by mutations and only a small subset of human tumors
have Cdk2 gene amplification or elevated protein expres-
sion.15–17 However, CDK2 regulatory binding partner, cy-
clin E, is frequently amplified and overexpressed in hu-
man tumors.18–20 Likewise, loss of CDK2 inhibitor p27Kip1

is a common event in human and experimental tumors.
For these reasons, it has been widely assumed that ele-
vated CDK2 activity plays a causal role in human tumor
development. Coincidently, mouse models for CDK2 reg-
ulatory proteins, cyclin E and p27Kip1, are susceptible to
tumor development.21–26 Similarly, forced expression of
cyclin D1-CDK2 fusion protein under the control of MMTV
promoter results in the development of spontaneous
mammary tumors.27 However these mice exhibit a phe-
notype similar to MMTV-cyclin D1 mice and the conse-
quences of CDK2 activation alone have not been inves-
tigated.28 Therefore, it remains unclear whether elevated
CDK2 kinase activity per se is a cause or consequence of
tumorigenesis.

Our previous studies demonstrated that induction of
keratinocyte proliferation by forced expression of CDK4
is followed by CDK2 activation.7,29,30 We also demon-
strated that ablation of Cdk4 results in the reduction of
CDK2 activity in mouse epidermis because of redistribu-
tion of p21Cip1 and p27Kip1.30 More recently, we reported
that ablation of Cdk2 in a K5Cdk4 transgenic (Tg) mice
reduces tumor development and CDK4-mediated malig-
nant progression to squamous cell carcinoma (SCC).31

These findings suggest that CDK2 kinase activity contrib-
utes to CDK4-mediated keratinocyte hyperproliferation,
as well as the development and progression of mouse
skin tumors. Therefore, we hypothesized that elevated
CDK2 kinase activity would enhance normal keratinocyte
proliferation and mouse skin carcinogenesis. To investi-
gate this hypothesis, we generated two Tg mouse models
of elevated CDK2 kinase activity, K5Cdk2 and K5Cdk4D158N.
The bovine keratin 5 (K5) promoter drives the expression
of Cdk2 or mutant Cdk4D158N to the basal cell layer of
epidermis and other epithelial tissues. The D158N muta-
tion blocks the kinase activity of CDK4 resulting in a
kinase dead protein, although it retains the ability to bind
D-type cyclins and p27/p21 allowing it to sequester these
inhibitors and indirectly activate CDK2 (noncatalytic func-
tion of CDK4). Herein, we demonstrate that indirect acti-
vation of CDK2 through overexpression of CDK4D158N

results in epidermal hyperplasia associated with in-
creased keratinocyte proliferation. In contrast, the direct
overexpression of CDK2 does not affect keratinocyte pro-
liferation. Interestingly, immunoblot analysis revealed el-
evated levels of p21Cip1 in K5Cdk2 epidermis compared

to wild-type (Wt) littermates, but not in K5Cdk4D158N epi-
dermis. The latter suggests that overexpression of CDK2,
but not its indirect activation, elicits a p21Cip1 response to
maintain keratinocyte homeostasis. More importantly, we
report that neither the direct overexpression nor the indi-
rect activation of CDK2 increases the susceptibility to
mouse skin tumor development or progression to SCC
under a two-stage carcinogenesis protocol. Thus, we
conclude that although the CDK4 sequestering activity is
enough to induce keratinocyte hyperproliferation, con-
comitant activation of both CDK4 and CDK2 kinase ac-
tivities are required to induce malignant phenotype. Fur-
thermore, this work shows that Cdk2 does not behave as
an oncogene in ras-mediated tumorigenesis.

Materials and Methods

Development of Tg Mice

K5Cdk2 and K5Cdk4D158N Tg mice were developed by
cloning a cDNA containing the human-Cdk4 carrying the
D158N mutation or human-Cdk2 into the vector pBK5,
which contains the 5.2-kb bovine keratin 5 regulatory
sequences, �-globin intron 2, and the 3� SV40-polyade-
nylylation sequences. These constructs were designated
as pK5Cdk4D158N and pK5Cdk2. The transgene was ex-
cised from the plasmid vector by digestion with BssHII
and microinjected into the FVB strain, at Science Park
Transgenic Mouse Facility, M.D. Anderson Cancer Cen-
ter, Smithville, TX. Several founders for each Tg mouse
(K5Cdk2 and K5Cdk4D158N) were obtained from the
transgenic facility. Positive founders were genotyped by
polymerase chain reaction (PCR) using specific primers
for the human transgenes Cdk2 and Cdk4, although not
annealed to the endogenous genes. Two Tg lines for
each transgene were used in these studies.

Two-Stage Chemical Carcinogenesis

For the two-stage carcinogenesis, newborn mice were
initiated at day 1 after birth with a single topical applica-
tion of 50 �g of 7,12-dimethylbenz(a)anthracene (DMBA)
in 50 �l of acetone on dorsal mouse skin. At day 21, mice
received 2.5 �g of tumor-promoting agent in 200 �l of
acetone twice a week for 25 weeks. Skin tumors were
counted once a week until the end of the experiment at
40 weeks. Malignant progression to SCC was determined
by macroscopic observation and further confirmed by his-
topathological analysis of paraffin-embedded hematoxylin
and eosin (H&E)-stained cross sections. Twenty mice were
used for each experimental group (K5Cdk4D158N, K5Cdk2,
and the respective Wt mice littermates).

Western Blots and Kinase Assays

For immunoblots, protein lysates were collected from
epidermal skin scrapes with RIPA lysis buffer, 150
mmol/L NaCl, 1.0% IGEPAL, 0.5% DOC, 0.1% sodium
dodecyl sulfate, 50 mmol/L Tris (pH 8.0). For immunoblot
analysis of skin tumors, papillomas were snap-frozen in
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liquid N2 and crushed with a pestle and mortar. Homog-
enates from epidermal scrapes or papillomas were son-
icated and centrifuged at 14,000 rpm at 4°C. Superna-
tants were boiled in 2� Laemmli sample buffer for
Western blot analysis or stored at �80°C. To assess
CDK2 kinase activities, proteins were extracted and im-
munoprecipitated in Nonidet P-40 lysis buffer (Tris, pH
7.5, 150 mmol/L NaCl, 0.5% Nonidet P-40, 50 mmol/L
NaF, 1 mmol/L Na3VO4, 1 mmol/L dithiothreitol, 1 mmol/L
phenylmethyl sulfonyl fluoride). For CDK4 kinase activity
proteins were extracted and immunoprecipitated with
Tween 20 buffer (50 mmol/L HEPES, 150 mmol/L NaCl, 1
mmol/L EDTA, 2.5 mmol/L EGTA, 10% glycerol, 0.1%
Tween 20, 1 mmol/L NaF, 1 mmol/L Na3VO4, and 1
mmol/L dithiothreitol). Briefly, 250 �g of protein lysates
were immunoprecipitated with 2.5 �g of antibodies
against CDK2 (M-20) or CDK4 (C-22), (Santa Cruz Bio-
technology, Santa Cruz, CA) for 2 hours at 4°C, then
incubated with 35 �l of protein A-agarose bead. Beads
were washed twice each with IP buffer and once with
kinase buffer (50 mmol/L HEPES, pH 7, 10 mmol/L MgCl2,
5 mmol/L MnCl2). Then, 30 �l of kinase buffer, 1 �g of
pRb or histone H1 (Upstate Biotechnology Inc., Char-
lottesville, VA) substrate, 5 �Ci of [�-32P]ATP (6000 Ci/
mmol), 1 mmol/L dithiothreitol, and 5 �mol/L ATP were
added to the bead pellet and incubated for 30 minutes at
30°C. Sodium dodecyl sulfate sample buffer was added,
and each sample was boiled for 3 minutes to stop reac-
tion and electrophoresed through polyacrylamide gels.
Western blot and kinase assay bands were quantified
using UN-SCAN-IT, gel version 6.1 software for Windows
(Silk Scientific, Inc., Orem, UT).

Immunostaining

Epithelial cell proliferation was measured by intraperito-
neal injection of bromodeoxyuridine (BrdU) 30 minutes
before the mice were sacrificed by CO2 asphyxiation.
BrdU incorporation was detected by immunohistochem-
ical staining of paraffin-embedded skin sections with

mouse anti-BrdU (Ab-2) monoclonal antibody (Calbio-
chem, San Diego, CA), biotin-conjugated anti-mouse an-
tibody (Vector Laboratories, Inc., Burlingame, CA) and an
avidin-biotin-peroxidase kit (Vectastain Elite; Vector Lab-
oratories, Inc.) with diaminobenzidine as chromogen. Ap-
optotic cells were determined by terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling assays as
was previously described.32 The number of apoptosis-
positive cells in the hair follicle was determined in
sections of 200 �m2 with a reticule grid. In all cases, 10
to 12 fields were counted per section on a total of eight
paraffin-embedded sections representing four mice
per genotype.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
4 software (GraphPad Software, San Diego, CA).

Results

Generation of K5Cdk2 Tg Mice and Gross
Analysis of Mouse Epidermis

Expression of human Cdk2 was targeted to the epidermis
using the 5� regulatory sequence of the keratin 5 (K5)
gene, which drives the expression of transgenes to the
basal cell layer of the stratified squamous epithelia.33

Two founder mice were used to establish lines K202 and
K203 of K5Cdk2 Tg mice in an FVB/N background (Fig-
ure 1A). Immunohistochemical staining using antibodies
against CDK2 of paraffin-embedded skin verified that
exogenous CDK2 was expressed and restricted to the
keratin 5-expressing basal cell layer of the epidermis
(Figure 1B). The level of CDK2 overexpression was sim-
ilar between both K202 and K203 Tg lines (data not
shown). Thus, line K202 was used for all experiments
described in this article. Western blot analysis verified
that K5Cdk2 mice exhibit an 11.3-fold increase of

Figure 1. Development and screening of
K5CDK2 Tg mice. A: PCR amplification of DNA
extracted from mouse tails. Two mice showing
integration of K5CDK2 plasmid DNA were cho-
sen as founders of the two independent Tg lines.
Purified plasmid DNA from pK5CDK2 (�) and
empty K5 plasmids (Blnk) were used as positive
and negative PCR controls. B: Immunohisto-
chemical analysis for CDK2 shows elevated lev-
els of CDK2 in basal cell layer of the epidermis
of K5CDK2 Tg mice compared to Wt littermates.
E, Epidermis; D, dermis. C: Western blot analy-
sis of epidermis lysates (lanes 1 and 3) and
thymus (lanes 2 and 4) of second generation
K5CDK2 Tg (�) and Wt littermates shows ele-
vated levels of CDK2 protein in K5-expressing
tissues. Actin was used as loading control.
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CDK2 protein expression in epidermis (Figure 1C).
Consistent with previous reports, K5 promoter also
drives expression of transgene in thymus where CDK2
expression shows a fourfold increase compared to Wt
littermates (Figure 1C).

To determine the in vivo consequences of forced
CDK2 expression we examined formalin-fixed paraffin-
embedded skin cross sections. Microscopic examina-
tion of H&E sections from K5Cdk2 mice shows that
epidermal and dermal morphology was indistinguish-
able from that of Wt littermates (Figure 2A). Further
characterization of K5Cdk2 epidermis was performed
by quantifying the number of nucleated cells in the
epidermis, assaying in vivo keratinocyte proliferation
via BrdU incorporation and determining the number of
apoptotic cells by tunnel assay. Mild epidermal hyper-
plasia was observed in K5Cdk2 epidermis as showed
by the increased number of nucleated cells in the
interfollicular epidermis (Figure 2B, P � 0.05). How-
ever, the level of proliferation (BrdU labeling index)
was similar between K5Cdk2 and Wt littermates (Figure
2B). To verify the effect of CDK2 overexpression on the
survival rate of keratinocytes, we assessed the level of
apoptosis in follicular and interfollicular epidermis from
K5Cdk2 Tg mice. An increased number of follicular
apoptotic cells was found in K5Cdk2 mice in compar-
ison to Wt mice (0.0176 and 0.0043, respectively; P �
0.05) (Figure 2B). On the other hand, no differences
were observed in interfollicular apoptosis between
K5Cdk2 and Wt littermates (data not shown). These
results suggest that overexpression of CDK2 does not
affect the rate of normal keratinocyte proliferation, al-
though it may compromise the survival rate of follicular
keratinocytes.

Biochemical Analysis of K5Cdk2 Mouse
Epidermis

As aforementioned, epidermal lysates from K5Cdk2 mice
show an 11.3-fold increase of CDK2 protein expression in
mouse epidermis in comparison to Wt littermates (Figures
1C and 3A). To study whether forced expression of CDK2

Figure 2. Skin phenotype of K5CDK2 Tg mice. A:
Representative paraffin sections of skin from
K5CDK2 Tg mice and normal littermates (Wt)
stained with H&E. Arrow denotes epidermis (E).
D, Dermis. B: Quantification of the number of
nucleated cells per 200 �m of interfollicular epi-
dermis in K5CDK2 and Wt mice on H&E-stained
cross sections. In vivo proliferation assay using
BrdU incorporation (labeling index) in the basal
cell layer of mouse epidermis and quantification of
the number of apoptotic cells (apoptotic labeling
index) in the hair follicle of K5CDK2 and Wt mice
using terminal deoxynucleotidyl transferase dUTP
nick-end labeling assay. Four mice for each geno-
type were used to determine the BrdU labeling
index, number of nucleated cells, and apoptosis.

Figure 3. Cell-cycle regulatory protein expression, CDK kinase activities, and
complex formation in K5CDK2 epidermis. A: Epidermal lysates from Wt and
K5CDK2 mice were probed with antibodies for CDKs, cyclins, CKIs, total and
ser15-phopho-p53, pRb, and actin as loading control. B: CDK in vitro kinase
assays for CDK2 and CDK4 using H1 and pRb peptides as substrates. Epidermal
lysate from K5CDK2 (Tg) and Wt littermates were immunoprecipitated with
antibodies against CDK2 (IP CDK2), CDK4 (IP CDK4), or normal rabbit IgG
(Cont.) and incubated with respective substrates, H1 or pRb. C: Fresh epidermal
lysates from K5CDK2 Tg mice and Wt littermates were immunoprecipitated with
polyclonal antibodies against cyclin E (IP Cyc E) and CDK2 (IP-CDK2) and
immunoblotted with polyclonal antibody for CDK2 (IB-CDK2) and p21Cip1

(IB-p21).
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affects related cell-cycle regulators we assessed the pro-
tein levels of CDKs, CKIs (cyclin-dependent kinase inhib-
itors), and cyclins. In general, no changes in protein
expression were observed for CDK4 and CDK6 nor their
cyclin binding partner, cyclin D1. Likewise, cyclins A and
cyclin E, although they bind to CDK2, were unaltered
(Figure 3A). Importantly, p21Cip1 protein expression in-
creased fivefold in K5Cdk2 epidermis in comparison to
Wt mice, whereas, p27Kip1 levels appear unchanged
(Figure 3A). Several reports have shown that p53/p21
form an inducible barrier that protect cells against cyclin
E deregulation34,35 and co-transfection of cyclin E and
CDK2 in culture results in the transactivation of p53 sig-
naling.36 Thus, it is possible that elevated CDK2 protein
levels in mouse epidermis mimics the action of elevated
cyclin E inducing a p53/p21 response and partially block-
ing CDK2 activity. Nevertheless, we did not observe in-
creased p53 levels or p53 activation (phospho-p53 Ser
15) in K5Cdk2 compared with Wt epidermis (Figure 3A).
In addition, we could not detect any accumulation of
Mdm2, a p53 regulated gene, in K5Cdk2 epidermis (data
not-shown). However, these data cannot rule out the
possibility that p53 is involved in p21Cip1 induction. To
determine the effect of elevated p21Cip1 levels on CDK2
kinase activity, we performed in vitro kinase assays using
histone H1 as substrate. Consistent with the elevated
expression of CDK2, CDK2-kinase activity increased 1.7-
fold in Tg mice compared to Wt littermates (Figure 3B). To
determine whether elevated p21Cip1 levels bind to trans-
genic CDK2, we immunoprecipitated CDK2 and immu-
noblotted for p21Cip1 (Figure 3C). We found that elevated
levels of p21Cip1 bind to CDK2 and likely results in a
partial attenuation of CDK2 activity in K5Cdk2 Tg mice. In
addition, we immunoprecipitated cyclin E and immuno-
blotted for CDK2, which shows that transgenic CDK2
binds to endogenous cyclin E (Figure 3C). After pro-
longed exposure of the membrane we also observed
complexes between endogenous CDK2 and cyclin E,
p21Cip1 in Wt samples (data not shown). It is widely
accepted that p27Kip1 and p21Cip1 act as assembly fac-
tors for CDK4/D-type cyclin complexes. Thus, we rea-
soned that the increase CDK2/p21 binding reduce the
amount of p21Cip1 available to bind CDK4 complexes
decreasing CDK4 kinase activity. However, CDK4 kinase
activity was not altered in keratinocytes from K5Cdk2 Tg
mice, showing comparable kinase activity against pRb
substrate as in Wt keratinocytes (Figure 3B). Altogether
these results suggest that elevated p21Cip1 levels may
act as a compensatory mechanism in response to the
forced expression of CDK2 to maintain keratinocyte ho-
meostasis. However, p21Cip1 levels do not completely
inhibit transgenic CDK2 activity, which remains 1.7-fold
higher than Wt mice.

Generation of K5Cdk4D158N Tg Mice and Gross
Analysis of Mouse Epidermis

Our previous studies showed that CDK4 overexpression
leads to increased epidermal proliferation and tumori-
genesis attributable in part to the increased kinase activ-

ity of CDK2.7,29,30 However, CDK2 levels have not been
found elevated in human tumors. To gain a better under-
standing of the role of elevated CDK2 activity mediated
by overexpression of CDK4 in epidermal proliferation and
tumorigenesis, we generated K5Cdk4D158N Tg mice.
CDK4D158N is a kinase inactive protein that does not
phosphorylate pRb, but retains the ability to bind and
sequester p21/p27 leading to indirect activation of CDK2.
Biochemical analysis of mouse epidermis confirmed
overexpression of CDK4D158N in Tg mouse epidermis
(Figure 4A). We examined the protein levels of CDK2,
cyclin D1, p21Cip1, and p27Kip1, which showed similar
levels of expression compared to Wt littermates (Figure
4A). To determine the functional consequences of
CDK4D158N expression we conducted in vitro kinase as-
says for CDK4 and CDK2 in K5Cdk4D158N and Wt epi-
dermal lysates. CDK4 kinase assay confirmed that
CDK4D158N is kinase-inactive because K5Cdk4D158N ker-
atinocytes have similar activity toward pRb as Wt kera-
tinocytes (Figure 4B). In contrast, overexpression of
CDK4D158N resulted in a fivefold induction of CDK2 ki-
nase activity (Figure 4B). The latter is consistent with
previous data in which overexpression of Wt CDK4 re-
sults in an induction of CDK2 kinase activity.7 Interest-
ingly, cyclin E protein levels decreased 2.2-fold in
K5Cdk4D158N compared to Wt mice (Figure 4A). Al-
though the mechanism involved in cyclin E reduction is
unknown, it is clear that the CDK2 kinase activity was
not affected for this mild reduction (Figure 4B). To
determine the mechanism of increased CDK2 activity
in K5Cdk4D158N mice we pulled down CDK4 and as-
sessed the amount of complex formation with p21Cip1,
p27Kip1, and cyclin D1. We found increased complex
formation between CDK4D158N/cyclin D1, CDK4D158N/

Figure 4. Cell-cycle regulatory protein expression, CDK kinase activities,
and complex formation in K5CDK4D158N epidermis. A: Epidermal lysates
from Wt and K5CDK4D158N (Tg) mice were probed with antibodies for
CDK4, CDK2, cyclin D1, cyclin E, p27Kip1, p21Cip1, and actin as loading
control. B: CDK2 and CDK4 in vitro kinase assays using pRb peptide as
substrates. Epidermal lysates from K5CDK4D158N (Tg) and Wt littermates
were immunoprecipitated with antibodies against CDK4, CDK2, or normal
rabbit IgG (lane 3) and incubated with pRb peptides. C: Fresh epidermal
lysates from K5CDK4D158N Tg mice and Wt littermates were immunoprecipi-
tated with polyclonal antibodies against cyclin D1(IP Cyc D1), p27Kip1 (IP
p27), and p21Cip1 (IP p21) and immunoblotted with polyclonal antibody for
CDK4 (IB-CDK4), cyclin D1 (IB-Cyc D1), and p27Kip1 (IB-p27).
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p27Kip1, and CDK4D158N/p21Cip1 in Tg keratinocytes
compared to Wt keratinocytes (Figure 4C).

Histopathological analysis of paraffin-embedded
skin cross-sections showed hyperplastic epidermis in
K5Cdk4D158N in comparison to epidermis of Wt mice
(Figure 5A). In fact, quantification of the number of
nucleated cells per 200 �m of interfollicular epidermis
revealed an elevated number of nucleated cells in
K5Cdk4D158N compared to normal littermates (87.5
and 74.6 cells/200 �m, respectively; P � 0.05) (Figure
5B). These results evidence a clear difference between
CDK2 overexpression (K5Cdk2 mice) and the indirect
activation of CDK2 (K5Cdk4D158N). Consistent with the
observed hyperplastic phenotype, in vivo proliferation
assays demonstrated that K5Cdk4D158N have a four-
fold increase in the number of proliferative keratino-
cytes (BrdU-positive cells) in comparison to Wt litter-
mates (P � 0.05) (Figure 5B). These data highlights
that the indirect activation of CDK2 kinase activity, but
not CDK2 overexpression, induces keratinocyte prolif-
eration.7 As mentioned, K5Cdk4D158N epidermal ly-
sates do not display increased p21Cip1 protein levels
(Figure 4A), as observed in K5Cdk2 epidermis, sug-
gesting that elevated CDK2 protein overexpression,
but not the indirect activation of CDK2 kinase activity,
elicits the induction of p21Cip1.

Elevated CDK2 Kinase Activity Does Not
Enhance Mouse Skin Carcinogenesis

We have previously observed that forced expression of
CDK4 (K5Cdk4 mice) results in increased CDK4/p21 and
CDK4/p27 complexes and increased CDK2 kinase activ-
ity.7,29,30 Supporting a role for CDK4 in malignant pro-
gression, K5Cdk4 mice showed increased progression to
SCC in a two-stage carcinogenesis protocol.29 In addi-
tion, we recently demonstrated that ablation of Cdk2 in
K5Cdk4 Tg mice reduces the total number of chemically
induced skin tumors.31 These results indicate that indi-
rect activation of CDK2 plays an important role in skin
tumor development and malignant progression. There-
fore, we hypothesize that an increase in CDK2 kinase
activity, whether induced directly or indirectly, can elicit a
malignant skin tumor phenotype. To test this hypothesis,
K5Cdk2 and K5Cdk4D158N Tg mice were subjected to a
two-stage chemical carcinogenesis protocol. This proto-
col consists of a single application of a subcarcinogenic
dose of DMBA followed with bi-weekly applications of a
tumor-promoting agent, phorbol-12-myristate-13-ace-
tate. DMBA initiation induces Ha-ras mutations, most
commonly at codon 61. Tumor-promoting agent applica-
tion then causes the clonal expansion of initiated cells,
which results in skin papilloma development.37 Tumors
were counted once a week to determine the kinetics of

Figure 5. Skin phenotype of K5CDK4D158N Tg mice. A: Representative paraffin sections of skin from K5CDK4D158N Tg mice and normal littermates (Wt) stained
with H&E. B: Quantification of the number of nucleated cells per 200 �m of interfollicular epidermis in K5CDK4D158N and Wt mice on H&E-stained cross sections.
In vivo proliferation assay using BrdU incorporation (labeling index) in the basal cell layer of mouse epidermis. Four mice for each genotype were used to
determine the labeling index and the number of nucleated cells in the basal cell layer of the epidermis.
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papilloma formation and were monitored for progression
to SCC. Papilloma formation in K5Cdk2 and Wt mice
began at 8 weeks of tumor-promoting agent promotion
and reached a plateau at 28 weeks (Figure 6A). However,
contrary to our hypothesis, increased levels of CDK2 did
not enhance tumor formation. In fact, K5Cdk2 Tg mice
developed a lower number of papillomas per mouse
(multiplicity) in comparison to Wt mice (7 and 10.5, re-
spectively, at 30 weeks) (Figure 6A). The incidence of
papilloma formation was similar for both K5Cdk2 and Wt
mice (100% and 95%, respectively) (Figure 6B). In addi-
tion, K5Cdk2 and Wt papillomas progressed to SCC at a
similar frequency, 25% and 28% at 40 weeks, respec-
tively (data not shown). Histopathological analysis also
shows no significant differences in the degree of differ-
entiation or tumor grade between K5Cdk2 and Wt papil-
lomas (data not shown). Biochemical analysis of K5Cdk2
papillomas shows that CDK2 protein levels remain ele-
vated, on average 8.4-fold, compared to Wt papillomas
(Figure 6C). In contrast to epidermal lysates from normal
K5Cdk2 untreated skin, immunoblot analysis of papilloma
extracts did not reveal any persistent increase in p21Cip1

protein levels (Figure 6C). CDK2 in vitro kinase assays
showed a 3.4-fold increase in kinase activity in papillo-
mas from Tg mice compared to Wt papillomas whereas
CDK4 kinase activity was similar in Wt and K5Cdk2
papillomas (Figure 6D). Analysis of other cell-cycle
regulators such as CDK4, cyclin D1, cyclin A, and
p15Ink4b does not show differential expression between
K5Cdk2 and Wt tumors (Figure 6C). Thus, even with
increased CDK2 protein levels and kinase activity,
K5Cdk2 Tg mice do not exhibit an increased suscep-
tibility to ras-mediated tumorigenesis.

To determine whether activation of CDK2, independent
of increased CDK2 protein expression, alters the suscep-
tibility to tumor development or malignant progression,
we also subjected K5Cdk4D158N mice to a two-stage
chemical carcinogenesis protocol. Similar to our obser-
vations in K5Cdk2 Tg mice, expression of CDK4D158N

results in decreased number of papillomas per mouse

compared to Wt littermates (11.5 and 16.5, respectively,
at 30 weeks of promotion) (Figure 7A). The incidence of
papilloma formation was the same for both K5Cdk4D158N

and Wt mice (100%) (Figure 7B). Moreover, papillomas
from K5Cdk4D158N progressed to SCCs at a similar rate
in comparison to those derived from Wt littermates (data
not shown).

Discussion

For more than 2 decades, the pRb/p16/CDK/cyclin path-
way has been implicated in tumorigenesis. Specifically,
CDK4 is frequently found amplified and/or overex-

Figure 6. Kinetics of papilloma development
and biochemical analysis of K5CDK2 tumors. A:
Average number of papillomas per mouse (mul-
tiplicity) as a function of weeks of study. B:
Percentage of mice with at least one papilloma
as a function of weeks of study (incidence).
K5CDK2 (Œ) and Wt (f). Twenty mice were
used for each experimental group. C: Immuno-
blot analysis of Wt (�) and K5CDK2 (�) papil-
loma lysates developed with antibodies against
CDK2, CDK4, cyclin D1, cyclin A, p21Cip1, and
p15Ink4b. D: In vitro kinase assays for CDK2 and
CDK4 in mouse skin papillomas. Papilloma ly-
sates from K5CDK2 (�) and Wt littermates (�)
were immunoprecipitated with antibodies
against CDK2 (IP CDK2), CDK4 (IP CDK4), or
normal rabbit IgG (control) and incubated with
histone H1 (H1) or pRb peptides (Rb) as
substrates.

Figure 7. Kinetics of K5CDK4D158N papilloma development. A: Average
number of papillomas per mouse (multiplicity) as a function of weeks of
study. B: Percentage of mice with at least one papilloma as a function of
weeks of study (incidence). K5CDK4D158N (Œ) and Wt (f). Twenty mice
were used for each experimental group.
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pressed in human tumors.38–42 In addition, a germline
mutation in the p16Ink4a binding domain of CDK4 (R24C)
is associated with familial melanoma.43 In contrast, much
less is known about the role of CDK2 in tumor develop-
ment. Although CDK2 activity is frequently found ele-
vated in human tumors, it has not been found directly
mutated and is rarely overexpressed or genetically am-
plified in human tumors. However, amplification and al-
tered expression of CDK2 binding partner, cyclin E, is
encountered in human tumors and its expression serves
as good prognostic indicator in some tumor types.26

Additionally, proteolytic processing of cyclin E into low
molecular weight isoforms is a frequent event in breast
tumors.25 In addition, these low molecular weight iso-
forms of cyclin E have been found to be refractory to
Cip/Kip inhibitors resulting in the activation of CDK2 ki-
nase activity.44 It has also been suggested that overex-
pression of CDK4 may contribute to tumor formation via
the sequestration of p27/p21 from CDK2-cyclin E.45,46

Thus, it was widely accepted that elevated CDK2 kinase
activity is a contributing factor in human tumors. Contrary
to this idea, it has recently been shown that CDK2 activity
is dispensable for cell-cycle progression in some cancer
cell lines.47 Furthermore, CDK2-null MEFs and mouse
skin remain susceptible to retroviral oncogenic transfor-
mation and chemical carcinogenesis, respectively, albeit
with reduced efficiency.13,31 Here, we studied the role of
CDK2 in normal and neoplastic proliferation by using two
newly engineered Tg mouse models, K5Cdk2 and
K5Cdk4D158N, in which transgenic expression was driven
to epidermis.

CDK2 in Tumor Development

Our initial hypothesis was that elevated CDK2 kinase
activity in mouse epidermis would enhance Ras-medi-
ated tumorigenesis. Surprisingly, we found that elevated
CDK2 kinase activity did not lead to an increased number
of skin tumors, nor did it increase malignant progression
of papillomas to SCC. Moreover, K5Cdk2 and K5Cdk4D158N

Tg mice developed a lower number of papillomas in
comparison to Wt littermates. Supporting these results,
Lazarov and colleagues48 have shown that primary hu-
man keratinocytes co-transfected with Ras and CDK2 or
CDK4D158N do not form invasive neoplasias when grafted
into nude mice. In contrast, the same group showed that
co-expression of Ras and CDK4 in human keratinocytes
formed invasive neoplasias. Consistently, we have previ-
ously demonstrated that overexpression of CDK4
(K5Cdk4 Tg mice) collaborates with Ha-ras mutation to
enhance malignant progression to SCC.29 Altogether,
these results show that increased CDK4 activity, but not
CDK2 activation, synergizes with Ras activation in mouse
and human keratinocytes. In both, K5Cdk2 and K5Cdk4D158N

models, CDK4 levels and kinase activity was unaltered,
suggesting that increased CDK2 levels and/or activity is
insufficient for tumor progression. The malignant pheno-
type observed in K5Cdk4 mice7,29 and the data pre-
sented here strongly suggest that CDK4 kinase activity,
but not its noncatalytic function, is responsible for in-
creased malignant progression.

We have also shown that increased CDK2 activity re-
sults in an elevated rate of apoptosis in the hair follicle,
although no evident phenotype was observed in the mice
hair. Carcinogen label-retaining experiments have shown
that DMBA-initiated cells in the mouse skin localize in the
hair follicle infundibulum and external root sheath.49

Thus, it is possible that the elevated apoptotic response
triggered by elevated CDK2 activity and/or CDK2 protein
levels limits skin tumor development observed in both
K5Cdk2 and K5Cdk4D158N. We have recently showed
that ablation of Cdk2 in K5Cdk4 mice (K5Cdk4/Cdk2�/�

mice) results in a strong reduction of the number of
papillomas and malignant progression to SCC compared
to K5Cdk4 mice.31 Thus, CDK2 appears to be necessary
for CDK4-induced tumor development, but does not be-
have as an independent oncogene. In this regard, ab-
sence of CDK2 activity can affect the rate of CDK4-
induced proliferation reducing the number of papillomas,
but elevated CDK2 kinase activity can trigger an apopto-
tic response, which limit tumor development.

CDK2 in Keratinocyte Proliferation

Several groundbreaking works in cell culture have shown
that activation of CDK2 accelerates cell-cycle progres-
sion. Herein, we have obtained conflicting results regard-
ing the effects of CDK2 activation on normal keratinocyte
proliferation. On one hand, we have shown that increased
CDK2 levels and kinase activity does not alter normal
keratinocyte proliferation or the overall skin morphology
of K5Cdk2 Tg mice. In contrast, K5Cdk4D158N mice have
an increased rate of keratinocyte proliferation and exhibit
epidermal hyperplasia. These data suggest that elevated
protein levels of CDK2 induce a compensatory mecha-
nism, which may keep CDK2 activity in check. To this
effect, we observed elevated p21Cip1 protein expression
in K5Cdk2, but not K5Cdk4D158N epidermal lysates. It
has been suggested that p21Cip1 and p53 act as an
inducible barrier for deregulated cyclin E.34 Likewise, it
has been shown that co-transfection of cyclin E and
CDK2 in cell culture results in the transactivation of p53
signaling.36 In addition, p53 has been shown to restrain
cyclin E-associated genomic instability and cyclin ET393A

knockin mice, which express a stable cyclin E mutant,
accelerates tumorigenesis in the absence of p53.50,51

Therefore, it is possible that overexpression of CDK2 may
also induce a p53 response that up-regulates p21Cip1

levels. Interestingly, elevated p21Cip1 levels result in in-
crease CDK2/p21Cip1 complexes, suggesting that p21Cip1

is part of a putative compensatory mechanism triggered
by overexpression of CDK2, partially attenuating its ki-
nase activity. To this end, CDK2-kinase activity increased
1.7-fold in normal skin from K5Cdk2 Tg mice, whereas it
was elevated fivefold in K5Cdk4D158N skin, suggesting
that the induction of p21Cip1 elicited in K5Cdk2 keratino-
cytes partially blocks CDK2 activity to Wt or basal levels.
The mechanism by which p21Cip1 is induced in K5Cdk2
epidermis remains unclear and is beyond the scope of
this study. In any case, this compensatory mechanism
was only elicited in nontransformed keratinocytes be-
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cause papillomas from K5Cdk2 mice did not reveal in-
creased p21Cip1 protein levels and CDK2 activity was
augmented 3.4-fold compared to only 1.7-fold in K5Cdk2
normal keratinocytes.

Overall, we conclude that CDK4 sequestering activity
is sufficient to produce keratinocyte hyperproliferation,
presumably through CDK2 activation, however neither
CDK2 overexpression nor the indirect activation of CDK2
enhances Ras-mediated skin tumorigenesis. In conjunc-
tion with our previous studies, the work presented here
suggests that the concomitant activation of both CDK4
and CDK2 are required to elicit a malignant skin tumor
phenotype.29,31 In summary, using two independent Tg
mouse models we have demonstrated that the activation
of CDK2 does not provide a significant selective advan-
tage to neoplastic keratinocytes and to some extent this
may explain why CDK2 amplification, mutation, or over-
expression is infrequent in human malignancies.
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