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The mechanism by which cyclin-dependent kinase 4 (CDK4) regulates cell cycle progression is not entirely
clear. Cyclin D/CDK4 appears to initiate phosphorylation of retinoblastoma protein (Rb) leading to inactiva-
tion of the S-phase-inhibitory action of Rb. However, cyclin D/CDK4 has been postulated to act in a noncata-
lytic manner to regulate the cyclin E/CDK2-inhibitory activity of p27Kip1 by sequestration. In this study we
investigated the roles of CDK4 in cell cycle regulation by targeted disruption of the mouse CDK4 gene.
CDK42/2 mice survived embryogenesis and showed growth retardation and reproductive dysfunction associ-
ated with hypoplastic seminiferous tubules in the testis and perturbed corpus luteum formation in the ovary.
These phenotypes appear to be opposite to those of p27-deficient mice such as gigantism and gonadal
hyperplasia. A majority of CDK42/2 mice developed diabetes mellitus by 6 weeks, associated with degeneration
of pancreatic islets. Fibroblasts from CDK42/2 mouse embryos proliferated similarly to wild-type embryonic
fibroblasts under conditions that promote continuous growth. However, quiescent CDK42/2 fibroblasts exhib-
ited a substantial (;6-h) delay in S-phase entry after serum stimulation. This cell cycle perturbation by CDK4
disruption was associated with increased binding of p27 to cyclin E/CDK2 and diminished activation of CDK2
accompanied by impaired Rb phosphorylation. Importantly, fibroblasts from CDK42/2 p272/2 embryos dis-
played partially restored kinetics of the G0-S transition, indicating the significance of the sequestration of p27
by CDK4. These results suggest that at least part of CDK4’s participation in the rate-limiting mechanism for
the G0-S transition consists of controlling p27 activity.

In mammalian cells, the balance of growth-stimulatory and
-inhibitory signals regulates the transition between prolifera-
tion and quiescence (42). Cyclin-dependent kinases (CDKs)
activated by the regulatory subunits, cyclins, control cell cycle
progression in all eukaryotes (21, 48, 52). Among several cy-
clin-CDK complexes, cyclin D- and cyclin E-dependent kinases
play critical roles in regulating G1 progression and entry into S
phase. D-type cyclins bind to and activate CDK4 during early
to mid-G1. This is followed by activation of CDK2 in complex
with cyclin E during late G1. These two types of CDKs seem to
collaborate to determine the rate of the G1 to S transition (1,
40, 45). After cells enter S phase, cyclin A binds to and acti-
vates CDK2, which is required for maintenance of DNA rep-
lication (41). Three D-type cyclins (D1, D2, and D3) are
expressed in tissue-specific but overlapping manners (32),
whereas CDK4 and CDK2 and cyclins E and A are ubiqui-
tously expressed. D-type cyclins also activate CDK6, a kinase
closely related to CDK4 (2, 35). Although CDK6 and CDK4
are coexpressed in many cell types, it is unclear whether these
two CDKs have completely overlapping functions.

Cyclin D-CDK4 plays an important role in inactivating the
S-phase-inhibitory action of the retinoblastoma protein (Rb)
by phosphorylation (10, 11, 19, 22, 60). During early G1, Rb is
in a hypophosphorylated form and sequesters the E2F family
of transcription factors (39). As cells proceed through G1, Rb
is progressively phosphorylated, resulting in release of E2F

from the sequestration and activation of a number of S-phase-
specific genes by E2F. Accumulating evidence suggests that the
kinase activity of cyclin D-CDK4 is at least partly responsible
for the initial phosphorylation of Rb at specific sites, which
allows subsequent phosphorylation of other sites, presumably
by cyclin E-CDK2 (24, 29). Other Rb-related proteins, such as
p130 and p107, could also be regulated by cyclin D-CDK4 in a
phosphorylation-dependent manner (3, 9, 61), although details
are not completely understood.

Cyclin D- and cyclin E-dependent kinases are inhibited by
association with CDK inhibitor proteins, including p27Kip1

(53). We previously demonstrated that p27 plays a rate-limit-
ing role in the transition between proliferation and quiescence
by creating and examining mice deficient in p27 (25). T lym-
phocytes, oligodendrocytes, keratinocytes and ovarian granu-
losa cells in p27-deficient mice were refractory to growth-in-
hibitory signals (6, 30, 36, 59). The gigantism-like phenotype of
p27-deficient mice further suggested that p27 determines the
replicative capacity of cells in response to growth-inhibitory
signals, while it remained unclear how p27 plays this role by
interacting with multiple cyclin-CDK complexes. Although p27
has been categorized as a general inhibitor of the G1-S CDKs,
cyclin D-CDK4 and cyclin E (or A)-CDK2 show different sus-
ceptibilities to inhibition by p27 (57). In proliferating cells, the
association of p27 does not necessarily inhibit cyclin D-CDK4,
whereas it always inactivates cyclin E (or A)-CDK2. Thus,
cyclin D-CDK4 may sequester p27, controlling the amount of
p27 available for inhibition of CDK2 activity. Therefore, cyclin
D-CDK4 may play both catalytic and noncatalytic roles in the
regulation of G1 progression. In this study, we attempted to
determine the indispensable role(s) of CDK4 in cell cycle reg-
ulation by targeted disruption of the mouse CDK4 gene. Our
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analyses of CDK4-null mice and fibroblasts from these mice
suggested that at least part of CDK4’s rate-limiting role for the
G0-S transition consists of negative control of the activity of
p27 by sequestration.

MATERIALS AND METHODS

Cloning and vector construction. The CDK4 gene with its 59 and 39 flanking
regions was cloned from a mouse 129/sv genomic library (Stratagene), with
murine CDK4 cDNA (31) used as a probe. Exons 2 to 5 and a 39 portion of exon
1 were deleted and replaced with the functional neomycin resistance gene cas-
sette prepared from the pMC1-neo-poly(A)1 plasmid. A herpes simplex virus
(HSV) thymidine kinase gene was inserted adjacent to the 39 end of the CDK4
genomic fragment for the negative selection (47).

Targeted disruption of the CDK4 gene in ES cells. CJ-7 ES cells (25, 58) were
electroporated with the targeting vector and selected with G418 and ganciclovir,
as described previously (25). The probe for the Southern analysis was a 1.2-kb
BamHI-EcoRI genomic fragment 59 upstream to the region used for the target-
ing vector. We injected four of these clones individually into C57BL/6 blastocyst
embryos (day 3.5), and the resulting male chimeras were crossed with wild-type
C57BL/6 females to generate CDK41/2 offspring. The genotype of each mouse
was determined by a PCR-based assay or Southern blotting by using DNA from
part of the tail, sampled 14 to 21 days after birth.

Analyses of fertility and diabetes. We examined the mating ability and fertility
of CDK42/2 mice by keeping each mutant and a wild-type fertile partner to-
gether in a cage and checking daily for the presence of a vaginal plug. Females
with plugs were separated and monitored throughout pregnancy, delivery, and
nursing. Glucosuria was monitored in the morning (9 to 11 a.m.) by using
Chemstrip (Boehringer Mannheim). Each mouse was analyzed for glucosuria on
at least three different days.

Histology. Tissues were fixed with 10% buffered formalin, embedded in par-
affin, and cut in 3-mm-thick sections with a microtome. Slides were stained with
hematoxylin and eosin (20).

Culture of embryonic fibroblasts. Fibroblasts were prepared from day 12.5
embryos according to standard protocols (20) and cultured in Dulbecco’s mod-
ified minimum essential medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Cells from one embryo were cultured in a 60-mm-diameter culture
dish until confluent (passage 0) and then kept under subconfluent conditions by
passages with a dilution of 1:3. Following three passages, cells were serum starved by
72-h culture in DMEM supplemented with 0.1% FBS and then stimulated by
10% FBS. At different times, cells were pulse-labeled with 100 mM bromode-
oxyuridine (BrdU) for 30 min and then harvested. For flow cytometry, cells were
fixed with 70% ethanol, stained with 10 mg of fluorescein-conjugated anti-BrdU
antibody (Pharmingen)/ml and then stained with 50 mg of propidium iodide/ml
in the presence of 200 mg of RNase A/ml for 30 min at 37°C according to the
manufacturer’s protocols. The samples were analyzed with a FACScan (Becton
Dickinson), and the data were processed with Cell Quest (Becton Dickinson) soft-
ware.

Immunoprecipitation and immunoblotting. Cells were lysed by sonication in
NP-40 lysis buffer (50 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 0.1% NP-40,
10% glycerol, 1 mM EDTA, 2.5 mM EGTA, 1 mM dithiothreitol, 10 mM
b-glycerophosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, 0.2 mM phe-
nylmethylsulfonyl fluoride (PMSF), 20 mg of aprotinin/ml, 20 mg of leupeptin/ml,
1 mg of pepstatin/ml, 10 mg of soy bean trypsin inhibitor/ml). Lysates were then
clarified by centrifugation, and protein contents were measured by using the
Bradford reagent (Sigma). CDK2-associated kinase activity was measured in
immunoprecipitates by using histone H1 as a substrate (57). Fifty micrograms of
protein was loaded onto a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel for quantitative immunoblotting. For the analysis of
CDKs in complex with p27, lysates with 300 mg of protein were immunoprecipi-
tated with 1 mg of affinity-purified anti-p27 antibody (57) or normal rabbit
immunoglobulin G (IgG) as a control. For measurement of p27 in complex with
cyclin E, 600 mg of protein was immunoprecipitated with 2 mg of anti-cyclin E
antibody (M-20; Santa Cruz Biotechnology). Immune complexes were collected
by incubation with protein A-agarose (Pierce) for 1 h at 4°C. After an extensive
washing of the protein A-agarose beads with lysis buffer, immune complexes
were subjected to SDS-PAGE. Immunoblotting was performed by using the
following primary antibodies purchased from Neomarkers and Pharmingen:
CDK2 (clone 2B6 plus 8D4), CDK4 (DCS-31), CDK6 (K6.90 plus K6.83), cyclin
D1 (DCS-6), cyclin D2 (DCS-5.2), cyclin D3 (DCS-28.1), p27 (DCS-72.F6), and
Rb (G3-245). The antibody specific for Rb with Ser-780 phosphorylation was
obtained from New England Biolabs. Antibody binding was detected by using
peroxidase-conjugated anti-mouse IgG (Pierce) and the Supersignal chemilumi-
nescence reagent (Pierce). Signals on X-ray films were quantified by using GS-
700 Imaging Densitometer and Molecular Analyst software (Bio-Rad).

RESULTS

CDK4 gene targeting. First, we generated a CDK4-null
mouse strain, using a standard gene targeting technique with

murine embryonic stem (ES) cells (47). We constructed a
genomic homologous recombination vector in which 81% of
the CDK4 coding sequence (from the middle of exon 1 through
exon 5) and the intervening introns were replaced with a neo-
mycin resistance gene (Fig. 1a). Of the 348 ES clones examined
after transfection and selection, 6 had legitimate homologous
recombination, exhibiting the CDK41/2 genotype, and 2 ex-
hibited germ line transmission in the resulting chimeras (Fig.
1b). CDK41/2 mice were overtly normal and fertile. We then
set up intercross mating and cultured fibroblasts from embryos
on day 12.5. No CDK4 protein was detected in CDK42/2

fibroblasts (Fig. 1c and d) by immunoblotting, indicating that a
CDK4-null mutation had been created.

Growth retardation in CDK4-deficient mice. To character-
ize the impact of CDK4 deficiency on development and ho-
meostasis in vivo, we examined CDK42/2 mice generated by
intercross breeding of CDK41/2 mice (Fig. 2a). Of 98 mice
born from the intercross, 22 (22%) were homozygotes, a figure
which is approximately consistent with the Mendelian rule.
However, six (27%) of the homozygotes died by 28 days after
birth, while no wild type and only one heterozygote died during
this period, indicating increased postnatal lethality of CDK4-
null mice. Gross autopsy examination did not reveal major
defects related to the lethality, while detailed pathological ex-
aminations are still ongoing. CDK42/2 mice were 20% smaller

FIG. 1. Gene targeting of the CDK4 gene in ES cells and generation of
CDK4-null mice. (a) Targeting replacement vector. A genomic fragment con-
taining the six exons encoding CDK4 was isolated from a 129/svj mouse genomic
library, and a 6.0-kb EcoRI-NotI fragment was subcloned into the pBluescript
plasmid vector. The homologous recombination was constructed by replacing a
2.2-kb MscI fragment of this plasmid with a neomycin-phosphotransferase gene
under the control of the thymidine kinase promoter for the positive selection. An
HSV thymidine kinase gene under the control of the polyoma enhancer was then
inserted at the 39 side of the 1.2-kb homologous flanking region for the negative
selection. A 1.2-kb BamHI-EcoRI genomic fragment upstream of the 2.6-kb
59 homologous region was used as a probe to distinguish the wild-type (wt) and
mutant (mut) alleles. (b) Germ line transmission of the CDK4 mutation. The
gene targeting event was identified by Southern blotting with BamHI-digested
genomic DNAs and the probe shown in panel a. Germ line transmission was
confirmed by the Southern blot with genomic DNAs of the F1 offspring from
crossbreeding of chimeras with wild-type C57BL/6 mice. An analysis of a repre-
sentative F1 litter is shown. (c) PCR genotyping of day 12.5 embryos obtained
from intercross between CDK4-heterozyous mice. Wild-type (1/1), homozygous
(2/2), and heterozygous (1/2) mice were identified by the presence of PCR
products specific for either the wt or mut allele. (d) Immunoblotting for CDK4
with CDK4 monoclonal antibody (DCS-31) with extracts of fibroblasts obtained
from (1/1), (2/2), and (1/2) embryos.
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at birth than their littermates with the CDK41/1 genotype
(Fig. 2b). The growth retardation of the mutants became
more obvious during prepuberty, and the adult homozygotes of
both sexes were about 42 to 43% smaller than wild-type con-
trols. Body weights of CDK41/1, CDK41/2, and CDK42/2

males at 7 weeks were 28.8 6 3.5, 27.3 6 1.2, and 17.2 6

1.9 g, while those of CDK41/1, CDK41/2, and CDK42/2

females were 20.8 6 0.9, 20.4 6 1.8, and 11.9 6 2.6 g, respec-
tively (means 6 standard deviations; n 5 7). None of homozy-
gous mice attained the size of the wild-type mice.

Testicular atrophy in CDK4-deficient mice. Fertility de-
pends on proliferation and differentiation in the gonads and
other reproductive organs and could be decreased by per-
turbed cell cycle regulation (51, 59). We found that fertility was
compromised in both CDK42/2 males and females. Only 10%
of male homozygous mutants examined (n 5 10) were fertile,
whereas all female mutants (n 5 10) were infertile. The testes
of 12-week-old CDK42/2 mice were remarkably small and
displayed dysplastic changes in histological examination (Fig.
2c and d). Cross sections of seminiferous epithelial tubules in
CDK42/2 testes had smaller diameters than those in CDK41/1

testes and showed reduced numbers of the spermatogonia/
spermatocytes with perturbed layer formation. Mature sper-
matids were rarely found in CDK41/1 testes. Thus, defective
proliferation of gonocytes, together with hypoplastic support-
ing structure (i.e., Sertoli cells) of seminiferous epithelia (34),
may contribute to impaired spermatogenesis in mutants.

Perturbed corpus luteum formation in CDK42/2 ovaries.
Granulosa cells in the ovary proliferate during follicular mat-
uration and differentiate into luteal cells following ovulation
(50). Ovaries of 8-week-old CDK42/2 mice exhibited some
well-developed antral follicles and corpora luteum-like struc-
tures (Fig. 3b and d). However, the organization of granulosa/
luteal cells in the corpora luteum-like structures was signifi-
cantly disturbed, and aberrant luteinization was often observed
with oocytes trapped in the middle (Fig. 3c). These observa-
tions suggest that female infertility in CDK42/2 mice may be
associated with perturbed regulation of proliferation and dif-
ferentiation of granulosa cells.

Diabetes mellitus in CDK42/2 mice. We found that a ma-
jority of adult CDK42/2 mice exhibit glucosuria (Table 1).
While no CDK42/2 mice displayed glucosuria at 2 to 3 weeks
of age, 60 to 80% of homozygous mutants started exhibiting
glucosuria by 6 to 7 weeks. The rest of mutants did not develop
this diabetic phenotype, at least not during our observations up
to 40 weeks. Furthermore, CDK42/2 mice had degenerative
changes in islets of Langerhans of the pancreas (Fig. 4). The
pancreatic islets are an endocrine organ secreting insulin, glu-
cagon, and other peptide hormones (56). Insufficient secretion
of insulin from the islets is a major cause of clinical diabetes
mellitus. At 3 weeks of age, CDK42/2 pancreas had fewer
islets, many of which exhibited disorganized cellularity and
dying cells with condensed nuclei (Fig. 4c). In 6-week-old
CDK42/2 mice that showed glucosuria, most islets were mark-
edly small, with only a few cells, as can be seen in Fig. 4d. No
sign of inflammation, i.e., infiltration of lymphocytes or gran-
ulocytes, was observed in CDK42/2 pancreas. There was no
significant change in exocrine acinar cells in pancreas of
CDK42/2 mice. This diabetic phenotype with islet degenera-
tion was observed in both males and females with no distor-
tion. These data suggest that diabetes mellitus in CDK42/2

mice is associated with degeneration of islets of Langerhans.
CDK6 expression in organs of CDK42/2 mice. Since CDK4

and CDK6 possess common biochemical properties as Rb ki-
nases (2, 35), we examined by immunoblotting whether expres-
sion of CDK6 was affected in organs of CDK42/2 mice (Fig. 5).
In wild-type mice, CDK6 protein in the testis was almost un-
detectable, and that in the pancreas was less abundant than in
the thymus and lung. In CDK42/2 mice, similar patterns of
CDK6 expression were detected. Pancreatic expression of
CDK6 appeared lower in CDK42/2 mice. Thus, there is ap-

FIG. 2. Growth retardation and testicular atrophy in CDK42/2 mice. (a)
CDK41/1 female (left) and the littermate CDK42/2 female (right) at 28 days
after birth. (b) Growth curves of CDK41/1 and CDK42/2 males. Body weights
are indicated as means of mice with each genotype (n 5 6), and bars represent
standard deviations. (c) Testes from 12-week-old CDK41/1 and CDK42/2 mice.
Left, CDK41/1; right, CDK42/2. (d) Morphology of testes of 12-week-old mice.
Sections (3 mm thick) were stained with hematoxylin-eosin. Asterisks indicate
severely dysplastic seminiferous tubules. Magnification, 3200.
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parently no compensatory increase in CDK6 expression, at
least not in these organs of CDK42/2 mice.

Growth of CDK42/2 embryonic fibroblasts. As growth retar-
dation and reproductive dysfunction of CDK42/2 mice sug-
gested that cell cycle progression might be perturbed in CDK4-
null cells, we studied growth properties of fibroblasts from
CDK42/2 mouse embryos. Cultures of CDK42/2 fibroblasts
were morphologically indistinguishable from those of CDK41/1

fibroblasts. The growth curves of passage 4 CDK42/2 fibro-
blasts in the presence of 10% FBS were similar to those of
CDK41/1 fibroblasts from the same litters (Fig. 6a), and the
distribution of CDK42/2 cells in different phases of the cell
cycle during exponential growth was comparable to that of
CDK41/1 cells (Fig. 6b). Cells with these two genotypes dis-
played contact inhibition at similar cell densities. These obser-
vations were confirmed in experiments by using embryos from
three different litters. Growth of CDK42/2 fibroblasts at earlier
passages also appeared to be similar to that of wild-type cells
(data not shown). These data suggest that CDK4 disruption
has a minimal effect on the rate of continuous proliferation of
embryonic fibroblasts.

Delayed cell cycle entry of CDK42/2 fibroblasts. To further
determine whether CDK4 has a rate-limiting role in the tran-
sition between quiescence and proliferation, we examined cell
cycle entry of CDK42/2 and CDK41/1 fibroblasts from quies-
cence. Passage 4 fibroblasts were starved by 72-h culture in
medium supplemented with 0.1% FBS and then stimulated by
the addition of 10% FBS. Flow cytometric analysis of cells
stained with anti-BrdU antibody and propidium iodide dem-
onstrated that by 18 h, wild-type fibroblasts started to enter the
S phase, while most of CDK42/2 cells did not enter S phase
until 21 to 24 h (Fig. 7a and b). These results indicate that the
absence of CDK4 significantly delays the G0-S transition but
does not prevent it.

The delay in S-phase entry of CDK42/2 fibroblasts was as-
sociated with diminished and delayed expression of cyclin D1
protein (Fig. 7c), suggesting that growth factor-dependent sig-
nals that regulate the induction of cyclin D1 (7, 27, 28) are also
influenced by CDK4 deficiency. The retinoblastoma protein

(Rb), a well-characterized substrate for cyclin D- and E-de-
pendent kinases, became hyperphosphorylated just before
CDK41/1 cells entered S phase, consistent with previous stud-
ies (60). In contrast, Rb remained mostly hypophosphorylated
in CDK42/2 cells up to 24 h after serum stimulation, and the
total amount of Rb was lower than that in wild-type cells (Fig.
7c). We further measured phosphorylation of the serine-780
residue of Rb, which is catalyzed specifically by cyclin D-de-
pendent kinases (24). While Ser-780 phosphorylation accumu-
lated significantly during cell cycle entry of wild-type cells, it
was almost undetectable in serum-stimulated CDK42/2 cells
up to 24 h, suggesting that the cyclin D-dependent phosphor-
ylation of Rb was defective. We found that even during expo-
nential growth, the amount of Rb in CDK42/2 cells was about
30 to 50% of that in CDK41/1 cells, and phosphorylation was
diminished (data not shown). The expression of CDK6 was
increased by serum stimulation in CDK42/2 and CDK41/1

cells in similar manners. The expression of cyclins D2 and D3
did not differ significantly for CDK42/2 and CDK41/1 cells. In
addition, CDK4 was constantly expressed in CDK41/1 cells
during serum starvation and restimulation (data not shown).
The cellular amount of p27 decreased somewhat when cells

FIG. 3. Perturbed differentiation of granulosa cells in CDK42/2 ovaries. (a) Ovary of 8-week-old CDK41/1 wild-type mice. (b, c, d) Ovary of 8-week-old CDK42/2

mutant mice. Sections (3 mm thick) were stained with hematoxylin-eosin. Magnification, 3200. F, follicle; CL, corpus luteum. The arrows in panels a, b, and d indicate
antral follicles, and those in panel c indicate oocytes trapped in structures showing abnormal luteinization.

TABLE 1. Diabetes mellitus in CDK42/2 mice

Genotype and
age in weeks

No. of mice
analyzed

No. of mice with
glucosuria

%
Glucosuria

CDK42/2

2 5 0 0
3 5 0 0
6–7 5 4 80
12 5 3 60
20 7 5 71
40 3 2 67

CDK41/1

6–7 6 0 0
40 6 0 0
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entered the cell cycle for both CDK42/2 and CDK41/1 cells.
We also found that levels of p27 in CDK42/2 cells tended to be
30 to 40% lower than those in CDK41/1 cells. CDK2-associ-
ated kinase activity accumulated as wild-type cells entered S
phase, whereas the induction of the kinase activity was sub-
stantially diminished and delayed in CDK42/2 cells (Fig. 7d).
The cellular levels of CDK2 protein in CDK42/2 and CDK41/1

cells were comparable and not affected by serum starvation
and restimulation (data not shown). These data suggest that
CDK4 is part of the rate-limiting mechanism for the G0-S
transition.

Increased binding of p27 to other CDKs in CDK42/2 fibro-
blasts. To determine whether alterations in p27-CDK inter-
actions are involved in the delayed cell cycle entry of CDK42/2

cells, we measured the amounts of CDKs bound to p27 in cells
18 h after serum stimulation by immunoprecipitation, followed
by immunoblotting (Fig. 8a). Wild-type cells showed a substan-
tial amount of CDK4 in complex with p27, while no CDK4 was
detected in complex with p27 in CDK42/2 cells. We detected
increases in the amounts of CDK2 and CDK6 bound to p27 in
serum-stimulated CDK42/2 cells, by 2.0- and 3.4-fold, respec-
tively, compared with those in wild-type cells. In particular, two
forms of CDK2 with different electrophoretic migrations were
detected in the p27-associated complex from CDK4-null cells,
whereas only the faster-migrating form of CDK2 bound to p27
in wild-type cells. Previous studies suggested that the faster-
migrating form of CDK2 is phosphorylated on the Thr-160
residue by CDK-activating kinase (CAK) (17). These results
suggest that p27 in CDK4-null cells may bind not only CAK-
phosphorylated cyclin E-CDK2 complexes but also newly as-
sociated complexes that have not been phosphorylated by
CAK. To further determine whether a larger amount of p27 is
associated with cyclin E-CDK2 in serum-stimulated CDK42/2

fibroblasts than in wild-type cells, we measured the amounts
of p27 in the cyclin E immunoprecipitates from cell lysates
prepared 18 h after serum stimulation. The amount of p27
associated with cyclin E was 2.4-fold greater in CDK42/2 cells
than in CDK41/1 cells, although similar amounts of cyclin E

are expressed (Fig. 8b and c). These results suggest that the
elimination of CDK4 results in the association of more p27
protein with cyclin E-CDK2 and cyclin D-CDK6 complexes.

Restored kinetics of the G0-S transition in CDK42/2 p272/2

fibroblasts. To further determine whether enhanced activity of
p27 to bind cyclin E-CDK2 plays a significant role in the
delayed cell cycle entry of CDK4-null fibroblasts, we examined
fibroblasts from mouse embryos lacking both CDK4 and p27,
which we generated by crossbreeding between the CDK4- and
p27-deficient mouse strains (25). In the presence of 10% FBS,
all cell types examined, such as CDK42/2 p271/1, CDK41/1

p272/2, CDK42/2 p272/2, and CDK41/1 p272/2, displayed
similar patterns of cell cycle distribution, according to the
double staining with BrdU and propidium iodide (data not
shown). After serum starvation and restimulation, CDK42/2

p272/2 cells, which lacked both CDK4 and p27, entered S
phase with only a modest delay compared to the time to entry

FIG. 4. Degeneration of endocrine islets in the pancrease of CDK42/2 mice. (a) Pancreas of wild-type mice at 3 weeks of age. A well-developed islet is surrounded
by exocrine pancreatic tissue. (b) Pancreas of wild-type mice at 6 weeks. (c) Pancreas of CDK42/2 mice at 3 weeks. The arrow indicates a representative condensed
nucleus in the islet. (d) Pancreas of CDK42/2 mice at 6 weeks. The arrow indicates a severely degenerated islet. Magnification, 3400.

FIG. 5. Expression of CDK6 protein in tissues of 3-week-old CDK41/1 and
CDK42/2 mice. Extracts from the tissues indicated were analyzed by immuno-
blotting by using monoclonal CDK6 antibodies (K6.90 plus K6.83).
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of wild-type cells (Fig. 9). This contrasted sharply with the
marked delay of CDK42/2 p271/1 cells. In addition, CDK41/1

p272/2 cells entered S phase with similar or slightly acceler-
ated kinetics compared with those of wild-type cells. These
observations that the elimination of p27 substantially restored
the kinetics of cell cycle entry in CDK4-null cells suggest that
the rate-limiting function of CDK4 for the G0-S transition
depends at least partly on its activity in sequestering p27.

DISCUSSION

In this study, we demonstrated that CDK42/2 mice survive
embryogenesis, suggesting that CDK4 is not essential for
mouse development. Furthermore, examination of CDK42/2

fibroblasts suggested that CDK4 is dispensable during con-
tinuous proliferation. However, our analysis with quiescent
CDK42/2 fibroblasts indicated that CDK4 plays a rate-limiting
role when quiescent cells enter the cell cycle. Growth retarda-
tion, reproductive dysfunction, and degeneration of pancreatic
islets in CDK42/2 mice further suggest that CDK4 plays a
critical role in in vivo regulation of cell cycle progression, the
lack of which other CDKs cannot completely compensate for.

The dwarfism-like phenotype of CDK4-null mice is reminis-
cent of those in cyclin D1-deficient mice (13, 55) and trans-
genic mice with high copy numbers of the Rb gene (4). It also

FIG. 6. Continuous proliferation is not affected by targeted disruption of
CDK4. (a) Growth curves of CDK41/1 and CDK42/2 embryonic fibroblasts at
passage 4. Embryonic fibroblasts were harvested from CDK41/1 and CDK42/2

embryos (day 12.5 postcoitus) and cultured in the presence of 10% FBS. (b) Cell
cycle analysis by flow cytometry after staining with BrdU for DNA replication
and propidium iodide for DNA content. Cells at day 3 of passage 4 were
pulse-labeled with 100 mM BrdU for 30 min, stained with propidium iodide and
anti-BrdU antibody, and subjected to flow cytometry. These data represent three
separate experiments with different clones of embryonic fibroblasts.

FIG. 7. Delayed entry into the S phase of CDK42/2 fibroblasts after serum
stimulation. (a) Cell cycle analysis by staining with BrdU and propidium iodide.
Embryonic fibroblasts were harvested from CDK41/1 and CDK42/2 embryos
(day 12.5 postcoitus) and cultured in the presence of 10% FBS for three pas-
sages. Quiescence was then induced by culturing cells in 0.1% serum for 72 h
(time zero), followed by stimulation of cells with medium containing 10% serum.
Cells were pulse-labeled with 100 mM BrdU for 30 min and harvested at the
times indicated and labeled hours after stimulation. Cells were stained with
anti-BrdU antibody and propidium iodide and subjected to flow cytometry. The
x axis represents the DNA content of each cell by the intensity of propidium
iodide staining, and the y axis demonstrates the amount of BrdU incorporated
into newly synthesized DNA in each cell by the intensity of BrdU staining. The
upper left panel shows the gate settings for cells in G1, S, and G2/M. (b) Kinetics
of S-phase entry. The percentage of cells in S phase from each time point was
figured and plotted according to the flow cytometric analysis (a). (c) Expression
of cell cycle-regulatory proteins and Rb phosphorylation. Cells were harvested at
the times indicated, and lysates were prepared. Lysates with 50 mg of proteins
were analyzed by SDS-PAGE, followed by immunoblotting for cell cycle-regu-
latory proteins as indicated. The asterisk in the lane for Rb indicates the hyper-
phosphorylated form of Rb. Rb(Ser780)P indicates immunoblotting with an
antibody specific for Rb phosphorylated on the Ser-780 residue (New England
Biolabs). (d) CDK2-associated kinase activity. CDK2-associated protein com-
plexes were immunoprecipitated from cell lysates prepared at the times indi-
cated, and histone H1-kinase activity was measured in vitro as described in
Materials and Methods. These data represent three separate experiments with
different clones of embryonic fibroblasts.
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presents an image opposite to that of the gigantism-like phe-
notypes of mice deficient in the CDK inhibitor p27 (25) and
mice lacking p18INK4c, an inhibitor of CDK4 and CDK6 (14,
16, 38). These observations suggest that the genetic pathway
involving p27, p18, cyclin D1, CDK4, and Rb may be important
for regulation of animal growth (46). Perturbed G1 progression
in serum-stimulated CDK42/2 embryonic fibroblasts further
implies that growth retardation of CDK42/2 mice is associated
with defective cell cycle regulation during development. How-
ever, it is also possible that the dwarfism in CDK42/2 mice is
due to another problem, e.g., a neurological or an endocrine
disorder.

The gonads are highly proliferative organs. In the adult
testis, germ cells continuously proliferate and differentiate into
spermatids in response to hormonal signals. Disturbed control
of proliferation in the gonads could lead to reduced or abro-
gated fertility. We have shown that CDK4 deficiency leads to
reproductive dysfunction in both males and females. The tes-
ticular atrophy in CDK42/2 males showed some similarity to
that in mice lacking E2F-1 (15, 62). Phosphorylation of Rb by
cyclin D-CDK4 activates the transcriptional activity of E2F-1
by releasing E2F-1 from sequestration (37). Thus, this genetic
pathway seems to be critical for proper regulation of spermat-
ogenesis.

In contrast with proliferating spermatogonia in the testis,
oocytes in the adult ovary are arrested in meiosis, while so-
matic granulosa cells in the follicle proliferate and differentiate
in response to gonadotropins (50). Maintenance of the oocyte
function depends on interactions between oocytes and granu-
losa cells via cell-cell contact and paracrine factors. Further-
more, upon ovulation, granulosa cells differentiate into luteal
cells, which secrete steroid and peptide hormones required for
the maintenance of pregnancy. CDK42/2 females were infer-
tile, and their ovaries exhibited disturbed cellularity in corpora

luteum and apparently abnormal luteinization. These morpho-
logical changes in CDK42/2 ovaries looked different from
those in infertile cyclin D22/2 mice (51, 54). cyclin D22/2

ovaries had only small follicles and are defective in FSH-
dependent proliferation of granulosa cells. In contrast, the ab-
sence of CDK4 seems to allow granulosa cells to proliferate to

FIG. 8. Increased binding of p27Kip1 to cyclin E-CDK2 in serum-stimulated fibroblasts with targeted disruption of CDK4. (a) CDK proteins in complex with p27.
Fibroblasts from CDK42/2 and CDK41/1 mouse embryos were serum starved for 72 h (time zero) and then restimulated with 10% FBS serum for 18 h, as described
in Materials and Methods and the legend to Fig. 7. Cell lysates were immunoprecipitated with affinity-purified anti-p27 polyclonal antibody or normal IgG (N-Ig) as
a control. The immune complexes were then analyzed by immunoblotting by using anti-p27 (lanes 1 to 4), -CDK2 (lanes 5 to 8), -CDK4 (lanes 11 to 14), and -CDK6
(lanes 15 to 18) monoclonal antibodies. Total lysates without immunoprecipitation were also analyzed by immunoblotting with anti-CDK2 and -CDK6 antibodies (lanes
9, 10, 19, and 20). The asterisks indicate heavy-chain IgG cross-reactive with secondary antibody used for immunoblotting. (b) Expression of cyclin E in CDK42/2 and
CDK41/1 fibroblasts at 18 h after serum stimulation measured by immunoblotting. (c) p27 protein in complex with cyclin E in in CDK42/2 and CDK41/1 fibroblasts
at 18 h after serum stimulation. These data represent three separate experiments with different clones of embryonic fibroblasts.

FIG. 9. Restoration of cell cycle delay in CDK4-null fibroblasts by elim-
ination of p27Kip1. Fibroblasts were harvested from embryos with the follow-
ing genotypes: CDK42/2 p271/1, CDK41/1 p272/2, CDK42/2 p272/2, and
CDK41/1 p271/1. Cells were serum starved for 72 h and then restimulated with
10% FBS. Cells were pulse-labeled with BrdU for 30 min before being harvested
at the times indicated. Cells were stained with anti-BrdU antibody and subjected
to flow cytometry, as described in Fig. 7. The x axis represents time (in hours)
after the readdition of 10% FBS, and the y axis represents the percentages of
cells in S phase determined by flow cytometry with propidium iodide and BrdU
staining, as described in Materials and Methods and Fig. 7. Data are indicated as
means 6 standard deviations (n 5 3), from experiments with different clones of
embryonic fibroblasts.
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form large follicles, although the kinetics of differentiation may
be disturbed. This difference between cyclin D22/2 and CDK42/2

ovaries implies that in the absence of CDK4, cyclin D2 may
activate other CDKs to somehow promote granulosa cell prolif-
eration. Female mice lacking p27 are also infertile in association
with hyperproliferation of granulosa cells during luteal differ-
entiation (25, 59). These studies recapitulate the importance of
the pathway involving cyclin D2, CDK4, and p27 in the homeo-
stasis of the proliferation and differentiation of granulosa cells.

We have found that a majority of CDK42/2 mice develop
diabetes mellitus, associated with degenerative changes in pan-
creatic islets. This spontaneous development of nonobese di-
abetes resembles that in NOD mice or BB rats, which are
animal models of autoimmune type I diabetes (8, 33). How-
ever, CDK42/2 pancreas displayed no sign of insulitis, the
characteristic inflammation of islets due to autoimmunity. The
marked decrease in cell numbers of CDK42/2 pancreatic islets
and the presence of apoptotic cells suggest that CDK4 plays a
critical role for the postnatal proliferation (and possibly for the
maintenance) of these endocrine islet cells. The loss of islets,
and especially of insulin-secreting B cells, leads to the devel-
opment of diabetes (56). It is presently unclear why approx-
imately 30% of CDK4-null mice do not develop diabetes.
Although diabetes could affect postnatal growth, all CDK42/2

mice display similar extents of growth retardation whether or
not they develop symptomatic diabetes. In addition, postnatal
death often observed by 4 weeks of age does not seem to be
related to diabetes, since no CDK42/2 mice developed glucos-
uria until 5 to 6 weeks. We are currently investigating the
mechanism of the incomplete penetrance of diabetes and its
relationship to other phenotypes of these mutant animals.

The delayed cell cycle entry of CDK42/2 fibroblasts with
impaired Rb phosphorylation indicates that CDK4 participates
in the rate-limiting mechanism for the G0-S transition. Dimin-
ished phosphorylation of Ser-780 of Rb, a specific target of
cyclin D-dependent kinases (24), further implies that in fibro-
blasts, CDK4 plays a central role in the initiation of Rb phos-
phorylation. Although CDK6 is bound to D-type cyclins, Rb
kinase activity detected in CDK6 immunoprecipitates is very
weak in both wild-type and CDK42/2 fibroblasts (18a). The
question of whether CDK6 is essential for proliferation with-
out CDK4 awaits future experiments to inactivate CDK6 in
CDK42/2 cells by gene targeting or other methods.

Our data also recapitulate the significance of CDK4-p27
interaction for the control of cyclin E-CDK2 activation. A
larger amount of p27 that is free from sequestration could set
a higher inhibitory threshold for the cyclin E-CDK2 activity.
Therefore, p27 may act as an intermediate coordinator of
CDK4 and CDK2 activation. The partial restoration of the
kinetics of the G0-S transition in CDK42/2 p272/2 fibroblasts
supports the hypothesis that CDK4 functions as an upstream
regulator of p27, although the enhanced proliferation of
CDK42/2 p272/2 cells may involve other regulatory mecha-
nism(s) independent of the CDK4-p27 interaction, such as
redistribution of other CDK inhibitors and modifications of
CDK proteins. The mechanism of this enhanced S-phase entry
is complex, since elevated CDK2 activity by p27 elimination
might also compensate for the absence of CDK4, especially in
Rb phosphorylation. We have observed that in serum-stimu-
lated CDK42/2 p272/2 cells, the amounts of hyperphospho-
rylated Rb are slightly increased compared with those in
CDK42/2 p271/1 cells (data not shown).

In proliferating cells, a majority of p27 molecules are in
complex with cyclin D-dependent kinases (44), which does not
necessarily inhibit the kinase activity (5, 57). In contrast, cyclin
E-CDK2 and cyclin A-CDK2 appear to be inhibited whenever

they bind to p27 (5, 57). Moreover, studies with inducible
expression of p27 or in vitro-purified proteins have demon-
strated that the amount of p27 required for inhibition of cyclin
D-CDK4 is much larger than that required for the inhibition of
cyclin A-CDK2 (5, 43). Our study together with these other
studies suggests the significance of the p27-regulatory action of
CDK4 in the G0-S transition. The p27 reservoir function of
CDK4 may allow multiple modes of control of G1-CDK activ-
ity in response to various extracellular signals. For instance,
transforming growth factor b decreases the expression of
CDK4 (12) and induces the CDK4-specific inhibitor p15INK4b

(18, 49). These changes will disrupt the cyclin D-CDK4-p27
complex, leading to the inhibition of cyclin E-CDK2 and cyclin
A-CDK2. Growth factor deprivation, differentiation, contact in-
hibition, or loss of anchorage will also decrease the expression
of cyclin D and/or CDK4 (23, 26, 32, 44, 63), resulting in the
mobilization of p27 to the CDK2 complexes. In contrast, when
cells enter the cell cycle from quiescence, mitogenic signals facil-
itate complex formation of cyclin D-CDK4 (7), which will se-
quester p27 and allow the timely activation of cyclin E-CDK2.

Growth retardation and reproductive dysfunction in CDK4-
null mice present an opposite image to the phenotype of mice
deficient in p27, such as gigantism and gonadal hyperplasia (14,
25, 38). These observations imply that p27 and CDK4 geneti-
cally counteract to regulate animal growth and reproductive
function, which may depend on the stoichiometric interaction
between these two molecules. Interestingly, 7-week-old mice
deficient in both p27 and CDK4 (n 5 3) are 18 to 33% smaller
than wild-type litter mice, whereas CDK4-null mice with intact
p27 are 35 to 57% smaller than wild-type controls (24a).
CDK4- and p27-null mice provide unique models in which we
can further investigate interactions of cell cycle-regulatory pro-
teins and their roles in development and oncogenesis.
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