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Summary

Mice lacking p27X*! have been created by gene tar-
geting in embryonic stem cells. These mice are larger
than the control animals, with thymus, pituitary, and
adrenal glands and gonadal organs exhibiting striking
enlargement. CDK2 activity is elevated about 10-fold
in p27~/~ thymocytes. Development of ovarian follicles
seems to be impaired, resulting in female sterility. Sim-
ilar to mice with the Rb mutation, the p27~/~ mice often
develop pituitary tumors spontaneously. The retinas
of the mutant mice show a disturbed organization of
the normal cellular layer pattern. These findings indi-
cate that p27*! acts to regulate the growth of a variety
of cells. Unexpectedly, the cell cycle arrest mediated
by TGFB, rapamycin, or contact inhibition remained
intact in p27~'~ cells, suggesting that p27¢*! is not re-
quired in these pathways.

Introduction

A series of cyclin and cyclin-dependent kinase (CDK)
complexes plays a central role in the regulation of cell
cycle progression (reviewed by Sherr, 1994; Hunter and
Pines, 1994). In mammalian cells, the cyclin D-CDK4
and cyclin E-CDK2 complexes are catalytically active
during late G1 phase and are implicated in the regulation
of G1/S progression. The retinoblastoma protein (pRb),
the first identified oncosuppressor product, is one of
their putative substrates, and phosphorylation of pRb
appears to inactivate its ability to inhibit transactivation
of certain transcription factors that are important for cell
cycle control (reviewed by Weinberg, 1995). Another
oncosuppressor gene product, p53, is also involved in
the control of G1/S phase progression by regulating the
gene expression of p21°¥! (also known as Wafl, Sdil,
or CAP20). p21°* was the first of a group of proteins
identified as CDK inhibitors. These proteins all block the
kinase activity of cyclin~-CDK complexes (El-Deiry et al.,
1993; Harper et al., 1993; Xiong et al., 1993; Gu et al.,
1993; Noda et al., 1994) and include p27¢P* (Toyoshima
and Hunter, 1994; Polyak et al., 1994b), p57%*? (Matsuoka
et al.,, 1995; Lee et al., 1995), p16"“ (Serrano et al.,

1993), p15™“8 (Hannon and Beach, 1994), p18"¢ (Guan
et al., 1994; Hirai et al., 1995), and p19"™“ (Chan et al.,
1995; Hirai et al., 1995). CDK inhibitors are classified
into two families. The Cip/Kip family members (p21, p27,
and p57) possess the ability to inhibit a variety of cyclin—
CDK complexes and share partial structural similarity.
The Ink4 family members (p16, p15, p18, and pl9) are
CDK4/CDKG6-specific inhibitors. All CDK inhibitors cause
G1 arrest when overexpressed in transfected cells (re-
viewed by Sherr, 1994; Sherr and Roberts, 1995).

Cell proliferation is precisely controlled by growth-
stimulatory and growth-inhibitory signals transduced
from the extracellular environment. Because some of
the inhibitory signals are believed to be mediated by
CDK inhibitors, it is possible that these molecules con-
tribute to cell cycle exit during differentiation. Consistent
with this hypothesis, p21°ftisinduced in cell lines under-
going differentiation in vitro (Jiang et al., 1994; Steinman
etal., 1994; Noda et al., 1994; Parker et al., 1995; Halevy
etal., 1995) and is expressed in vivo during embryogene-
sis, primarily in a subset of cells that are amitotic (Parker
et al.,, 1995). Recently, however, it was shown that
p21°ri-deficient mice undergo normal development, but
fibroblasts from these mice are defective in G1 arrest
in response to DNA damage and nucleotide pool pertur-
bation (Deng et al., 1995; Brugarolas et al., 1995). How-
ever, in response to wy-irradiation, the G1 checkpoint
is only partially impaired, indicating the existence of a
second p53-dependent function capable of arresting the
cell cycle in G1. In addition, unlike the p53~—/~ animals,
p21~'~ mice do not exhibit early tumorigenesis or an
inability to induce apoptosis. Consistent with this experi-
mental animal model is the failure to find mutations in
the p21¢** gene inhuman tumors (Shinoharaetal., 1994).

p27Pt is associated predominantly with cyclin
D-CDK4, but shows the ability to inhibit a variety of
cyclin-CDK complexes in vitro (Toyoshima and Hunter,
1994, Polyak et al., 1994b). p27%* shares homology with
p21°rt and p57%*? at the N-terminal domain (CDK-bind-
ing/inhibitory domain). Several lines of evidence suggest
that p27¥?! mediates G1 arrest induced by transforming
growth factor g (TGFB), contactinhibition, or serum dep-
rivation in epithelial cell lines (Polyak et al., 1994a). TGFRB
elevates the expression of the CDK4/CDK6-specific in-
hibitor p15™® and induces the release of p27¢F* from
CDK4 and CDK®. In turn, the released p27€rt apparently
binds to the cyclin E-CDK2 complex, resulting in inhibi-
tion of its kinase activity (Reynisdottir et al., 1995). In T
cells, p27¢r! is expressed at very high levels (Firpo et
al., 1994; Nourse et al., 1994; this study). Moreover, it
was recently shown that interleukin-2 (IL-2) eliminates
p27%* from T cells, thus leading to progression of the
cell cycle from quiescence to the S phase (Nourse et
al., 1994). The elimination of p27¥*! by IL-2 is prevented
by rapamycin. This implies that p27<** may act to hold
T cells in a quiescent state (G0). These findings support
the notion that p27¥F* may play a central role in the
negative regulation of cell growth in a broad range of
tissues.

Gene targeting in embryonic stem (ES) cells provides
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Figure 1. Immunoblot Analysis of p27€P in Multiple Tissues
Expression of p27<P* was assessed by immunoblot analysis with an
anti-p27€Pt MAD. Lysates from the indicated organs (50 wg of protein
equivalent) were loaded in each lane. The amount of protein and
the integrity of transfer were verified by staining with Ponceau-S
solution (Sigma). As a control, expression of B-tubulin was also
assessed with an anti-B-tubulin antibody. Bands corresponding to
p27¢Pt and B-tubulin are indicated.

a powerful tool for the disruption of a gene and gener-
ates a loss of function animal model (Mansour et al.,
1988). While biochemical data implicate the involvement
of p27¥f! in the basic machinery controlling both cell
growth and cell differentiation, we wanted to explore
the biological importance of p27%** in mouse develop-
ment by this gene-targeting technology. Here we de-
scribe p27%ri-deficient animals displaying a variety of
abnormalities. These data indicate that p27<r* acts to
regulate the growth of multiple types of cells. The biolog-
ical roles of p27¢r* and a possible genetic link among
pRb, cyclin D, and p27¢! are discussed.

Results

Tissue-Specific Expression of p27€f! Protein

The p27€Pt mRNA is present at similar levels in various
tissues (Polyak et al., 1994b). Since levels of p27¥*! pro-
tein appear to be controlled mainly at the level of protein
degradation by the ubiquitin/proteasome pathway (Pa-
gano et al., 1995), we examined the protein expression
of p27¢P! in various murine tissues. Immunoblot analysis
showed that p27¥P! is highly expressed in thymus,
spleen, brain, and testis, but there were relatively low
levels in liver, kidney, skeletal muscle, and fibroblasts
(Figure 1). This pattern of p27X¥! expression correlates
roughly with the sites of abnormalities that appeared in
p27XPt gene-ablated mice, as described below.

p27¥Pt Gene Targeting

The murine p27¢P* genomic locus comprises three exons
spanning about 4 kb. The protein-coding region resides
only in exons 1 and 2. Because these exons were con-
tained within a 1.3 kb stretch of genomic DNA, the tar-
geting construct was designed to delete the entire pro-
tein-coding region of the p27¥P* gene (Figure 2A).
Electroporation of the linearized targeting vector and
G418/gancyclovir selection for homologous recombi-
nants were carried out as described in Experimental

Procedures. G418/gancyclovir double-resistant ES cell
clones (160) were screened for homologous recombina-
tion events by the polymerase chain reaction, and 24
clones (15%) were found to be homologously recom-
bined. All of these clones were confirmed to contain the
desired targeted allele by Southern blot analysis (data
not shown). Of these, 14 clones were injected into
C57BL/6 blastocysts, and high coat color chimeric
males that transmitted the mutant allele to the germline
were obtained. Heterozygous offspring of chimeras ap-
peared entirely normal and were fertile. Heterozygotes
were bred to produce p27~/~ mice, which were identified
by Southern blot analysis of tail DNA (Figure 2B).

Tissues from p27*'*, p27*~, and p27~'~ animals were
analyzed by immunoblot to determine the presence or
absence of p27¢*! protein (Figure 2C). Whole-cell lysates
from the thymus at 4 weeks of age showed detectable
amounts of p27¥®! protein in p27++ and p27+'~ animals,
but not in p27 ~/~ animals. Of particular interest, the level
of p27%¥! protein was lower in p27*/~ than in p27*'*
mice, indicating a dose-dependent expression of the
p27€rt alleles. In contrast, the amount of CDK2 was not
altered in p27~/~ thymocytes. However, CDK2 kinase
activity was elevated in p27~/~ thymocytes by approxi-
mately 10-fold in comparison with p27*/* or p27*'~ cells
(Figure 2D). Even though there was somewhat more
p27¥Ptin the p27*/* thanin the p27*/~ thymocytes, CDK2
kinase activity was essentially the same. Thisrepresents
direct genetic evidence indicating that a CDK inhibitor
significantly suppresses the kinase activity of a CDK
under physiological conditions.

Phenotype of p27~/~ Mice

Heterozygote matings yielded wild-type (+/+), hetero-
zygous (+/-), and nullizygous (—/—) offspring at roughly
the expected Mendelian ratio, indicating no significant
embryonic lethality. At birth, these homozygotes were
indistinguishable from their wild-type and heterozygous
littermates. Surprisingly, however, by 4-6 weeks of age
it became evident that many, but not all, p27~/~ mice
weighed more than the littermate control animals (Fig-
ures 3A and 3B). This weight difference became more
pronounced with age. In most cases, they were the
largest animals in an individual litter, although some of
the mutant animals did not gain weight any faster than
the control animals. The reason for this heterogeneity
in phenotype is uncertain, but is probably due to the
mixed genetic background (129/Ola and C57BL/6) of
the mice.

Despite the increased body size of the p27~/~ mice,
the outward appearance of these mice showed normal
proportions (Figure 3A). The only exception was a signifi-
cantly swollen scrotum in adult male p27~/~ mice (data
not shown; see Figure 6). This increased body weight
was not due to simple obesity, because the weight of
all organs tested had increased in proportion to the
whole body weight except for several enlarged organs,
including the thymus, spleen, testis, ovary, pituitary
gland, adrenal gland, and prostate, as described below.
The levels of growth hormone in serum from p27-/~ mice
were comparable with those from littermate controls
(data not shown). There was no evidence of illness in
the p27~/~ mice up to 7 months of age, suggesting that
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Figure 2. Targeted Disruption of the Mouse p27<F* Gene

(A) Structure of the targeting vector, pMK.KO-neo, restriction map of the mouse p27¢?! gene, and the structure of the mutated locus following
the homologous recombination. The coding exons are depicted by closed boxes and are numbered; the open box denotes the noncoding
portion of the third exon. The structure of the noncoding portion of the first exon has not been determined. A genomic fragment used as a
probe for Southern blotting is shown as a stippled box. Abbreviations are as follows: PGK-neo, the neomycin transferase gene linked to the
phosphoglycerate kinase (PGK) promoter; PGK-tk, thymidine kinase gene derived from herpes simplex virus linked to the PGK promoter.
Both PGK-neo and PGK-tk were placed in a reverse orientation relative to the p27¥* transcription. Restriction site abbreviations: B, BamHI;
E1, EcoRI; E5, EcoRV; H, Hindlll; N, Ndel; S, Smal. Portions of all Ndel sites have not been fully determined. Expected sizes of the BamHI
fragments that hybridize with the probe are indicated.

(B) Southern blot analysis of genomic DNA extracted from mouse tails. The DNA was digested with BamHI and hybridized with the probe.
The sizes of wild-type (W.T.) and disrupted (K.O.) alleles are shown; the genotypes of mice are presented above the lanes.

(C) Immunoblot analysis of extracts prepared from p27*/*, p27*/~, and p27~'~ mouse thymocytes. Whole-cell lysates of thymocytes derived
from the indicated mouse genotypes were subjected to SDS-PAGE and blotted to the membrane. The blot was probed with anti-p27P* MAb
and then reprobed with rabbit anti-CDK2 antibody. Bands corresponding to p27¥°* and CDK2 are indicated. CDK2 mRNA in mouse cells is
translated as two protein isoforms of 32 and 40 kDa (Noguchi et al., 1993).

(D) CDK2 kinase assay in vitro. Whole-cell lysates of thymocytes derived from six independent mice with the indicated genotypes were
immunoprecipitated with anti-CDK2 antibody plus protein A-agarose beads and then subjected to in vitro kinase assay. Bands corresponding
to histone H1 are indicated. Quantitation by a BAS 3000 image analyzer indicates that the average intensity of the bands is 100 (+/+), 88

(+/-), and 998 (—/-).

the absence of p27¥*! does not increase the occurrence
rate of cancer except for pituitary tumors described
below.

Lack of p27€Pt Results in a Strikingly

Enlarged Thymus

At necropsy, thymi from p27~/~ mice were found to be
grossly enlarged (Figure 4A); they sometimes totally cov-
ered the heart. The number of thymocytes contained in
the enlarged thymus was so elevated that it sometimes
reached 1 X 10° cells per thymus at 4 weeks of age
(Figure 4B). Nevertheless, flow cytometric analysis
showed that the CD4/CD8 and o T cell receptor (TCR)
profiles of the thymocytes from the mutant animals were
always within anormal range (Figure 4C). Histopatholog-
ical examination of thymi from mice lacking p27¢* re-
vealed relatively normal architecture in spite of the ex-
treme increase in size (Figure 4D). These data indicate

that all populations of thymocytes expand proportionally
and that lymphoid malignancy is unlikely to account for
the swelling of the thymus. The percentage of cycling
cells in the thymus from p27~/~ mice was comparable
with that from control mice (data not shown). However,
because the total cell number was increased, the abso-
lute number of cycling cells was also augmented in the
thymus, suggesting that the cycling ancestor cells may
increase and produce descendants resulting in the
expansion of all populations of thymocytes.

Since it has been believed that about 97% of thymo-
cytes die in the thymus during selection (Egerton et al.,
1990), a lower sensitivity to apoptosis of thymocytes
from the p27—'~ mice might be responsible for the en-
largement. However, we could not find a marked differ-
ence among thymocytes from p27*/*, p27*/~, and p27~'~
mice in culture with respect to susceptibility to sponta-
neous apoptosis, +y-irradiation-induced apoptosis, or
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Figure 3. Appearance of p27~/~ Mice

(A) Larger body in p27~/~ mice. The agouti mouse is a p27 '~ mice;
the white mouse is wild type. Both mice were 12-week-old lit-
termates. Note that the enlargement of the body seems to be propor-
tional rather than obese.

(B) Representative growth curve of wild-type (open squares), hetero-
zygous (open triangles), and p27—'~ (closed circles) littermates, as
indicated in the figure. Mice were weighed at intervals and plotted
against age in days.

dexamethasone-induced apoptosis (data not shown).
We also examined the blood level of corticosterone,
which affects size of thymus by controlling apoptosis
of thymocytes. No obvious alteration in corticosterone
levels was observed in p27~/~ mice (data not shown).
Histological examination of the adrenal gland showed
marked hyperplasia of the medulla in p27~/~ mice,
whereas the cortex remained relatively normal (data not
shown).

Compared with the dramatic abnormality in the thy-
mus, changes in peripheral lymphoid organs were less
striking. Some mice with larger body sizes contained

more T cells in their spleens and lymph nodes by up to
2-fold. In contrast, the number of B cells found in
spleens, lymph nodes, and bone marrow from these
mice was normal: no abnormality could be observed in
B cell development by flow cytometric analysis (data
not shown). Almost all lymphocytes in the spleen and
lymph nodes from the mutant mice remained in the GO
phase, indicating that p27¢?! is not essential for main-
taining quiescence of peripheral lymphocytes. However,
lack of p27¢Pt may retard the timing of the exit from the
cell cycle, result in more cell cycles during the early
development of T cells in the thymus, or both.

TGFB and Rapamycin Inhibit the

Proliferation of p27~/~ T Cells

It was recently shown that IL-2 treatment results in the
elimination of p27%* from peripheral T cells (Nourse et
al.,, 1994). This raised the possibility that p27¥rt may
regulate the timing of onset or the amplitude of prolifera-
tion upon stimulation (or both). T cells from the lymph
nodes of p27**, p27*/~, and p27~'~ mice were pre-
pared, and proliferation was tested with anti-CD3 and
anti-CD28 monoclonal antibodies (MAbs) in the pres-
ence or absence of IL-2. Unexpectedly, the proliferation
of p27—/~ T cells upon mitogenic stimulation was compa-
rable with that of the p27** or p27*~ T cells (Figure
5). IL-2 augmented the response to anti-CD3 plus anti-
CD28 MAbs of T cells, and there was no significant
difference in this augmentation among p27*'*, p27+*/-,
and p27~/~ T cells (data not shown).

It has been generally accepted that p27¥?* mediates
the cell cycle-inhibitory signal of TGFB. Since TGFR is
known to be a potent inhibitor of lymphocyte prolifera-
tion (Kehrl et al., 1986; Ahuja et al., 1993), the effect
of TGFB on p27%ri-deficient lymphocytes was tested.
Surprisingly, TGFg clearly inhibited the growth of p27-/~
T cells as well as that of the p27+'* and p27+~ T cells
(Figure 5). Thus, we conclude that p27¢*! is not essential
for the inhibitory effect of TGFB on the cell cycle. We
next soughtto examine the effect of the anti-proliferative
compound, rapamycin, which prevents IL-2-induced
elimination of p27¥*! (Nourse et al., 1994). Upon stimula-
tion, rapamycin treatment inhibited the proliferation of
T cells from p27*/*, p27*/~, and p27~/~ mice in a similar
dose-dependent manner (Figure 5). This indicates that
the inhibitory effect of rapamycin on T cell growth does
not require p27krt,

p27~/~ Mice Demonstrate Testicular

and Ovarian Hyperplasia

Enlargement of testis was anticipated before necropsy
because of the high expression level of p27%! in testis
and the extremely protruded scrotum in adult male mice
lacking p27¥*l. Macroscopic examinations indicated
that testis and ovary were about 2-fold larger in p27-/~
mice than in p27+/+ or p27*+/~ mice (Figures 6A and 6B).
Histopathological examination did not show obvious
structural abnormalities in testis except for the remark-
able hyperplasia (data not shown). In agreement, male
p27¥rt gene—disrupted mice were fertile, indicating nor-
mal development and function of spermatids in testis.
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Figure 4. Extensive Hyperplasia in p27~/~
Thymus
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(A) Gross appearance of thymi from a wild-
type mouse (left) and a p27—/~ mouse (right).
The thymus from the mutant mouse seems
to be proportionally enlarged. Scale bar is
5 mm.

(B) Total cell numbers contained in whole
thymi from 4-week-old p27+/*, p27*/~, and
p27~~ mice. The mean and standard devia-
tions are shown. Statistical analysis was done
with a two independent sample t test. Two-
tailed P values are <0.01 (double asterisks).
NS, not significant.
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(C) Flow cytometric analysis of thymocytes

from a 4-week-old wild-type mouse (left) and

J a p27-'~ mouse (right). No significant differ-
ences were observed.

(D) Histopathological sections of thymi de-
rived from a 4-week-old wild-type mouse
(left) and a 4-week-old p27-/~ mouse (right).
The paraffin sections were stained with he-
matoxylin and eosin. The p27~/~ thymus re-

2.8

tains a relatively normal ratio of cortex (C) and
medulla (M), but contains a large number of
thymocytes. Scale bar is 200 pm.
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Thus far, we have failed to detect pregnancy in female
p27~'~ mice, indicating that female mutant mice are
sterile. In ovaries from the 4-week-old female p27~/~
animals, a marked accumulation of atypical follicles with
extensive hyperplasia of granulosa cells was observed,
whereas theca cells around the follicles seemed to re-
main normal (Figures 6C and 6D). The endometrium and
interstitial tissue of the uterus were always hyperplastic,
suggesting a high production of estrogen from the hy-
perplastic ovarian follicles (data not shown). In the atypi-
cal follicles, the formation of the cavity (antrum) was
much less prominent than that seen in normal mice.
Indeed, Graafian follicles were not evident in ovaries

from p27~/~ mice. These follicles also contained fewer
apoptotic cells and degenerative granulosa cells, which
were commonly seen in atretic follicles of normal mice.
Moreover, the formation of the corpus luteum was not
observed in 12-week-old p27~'~ mice, whereas it was
readily found in ovaries from age-matched control ani-
mals (Figures 6E and 6F). Consequently, the ovarian
follicles from the p27~'~ mice appeared to be homoge-
neous. Most of the accumulated follicles were primary
and secondary follicles, but further development ap-
peared to be impaired. In contrast, ovaries from normal
animals displayed a variety of developmental stages,
containing primary follicles, secondary follicles, Graa-



Cell
712

TGFB Rapamycin

H 0 ng/ml
[ 0.1 ng/mi
1 ng/mi
[ 10 ng/ml

W 0 ng/mi
3 0.04 ng/ml
0.4 ng/ml

05

Specific Absorbance at 490nm

Figure 5. Inhibition of T Cell Proliferation by TGFB or Rapamycin

Inhibitory effects of TGF (left) and rapamycin (right) on T cell prolif-
eration with immobilized anti-CD3 and anti-CD28. TGF and rapa-
mycin were added in culture at the indicated concentrations. Shown
are the mean =+ standard deviations of specific absorbance at 490
nm from triplicated cultures. Specific absorbance means values
from which background (absorbance without stimulations) was re-
duced. Genotypes of T cells are shown at the bottom of the figure.

fian follicles, atretic follicles, and corpus luteum. These
histological findings suggest an impairment of ovulation
from p27-'~ ovaries.
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High Incidence of Pituitary Tumors in p27~'~ Mice

Mice heterozygous for the Rb mutation, or chimeric for
homozygous inactivation of Rb, are highly predisposed
to intermediate lobe pituitary tumors (Jacks et al., 1992;
Lee et al., 1992; Williams et al., 1994). Given the bio-
chemical connection between pRb and p27¥r, we fo-
cused on pathological examinations of the pituitary
gland in p27~/~ mice. The pituitary gland was usually
hyperplastic in p27 7/~ mice. At 4 weeks of age, the weight
of the pituitary was more than 2-fold that of the wild-
type pituitary (data not shown). Histopathological exam-
ination revealed that the intermediate lobes, a vestigial
structure in adult humans, were hyperplastic, while the
anterior and posterior lobes maintained relatively normal
architecture. About half of p27~/~ mice were found to
develop a pituitary tumor, originating from the intermedi-
ate lobe, by 12 weeks of age (Figure 7A). There was a
large number of atypical cells in the intermediate lobe
that showed an irregularly shaped nucleus with an in-
creased content of chromatin and pleomorphismin size.
Also, the cellular sheets displayed irregularly increased
thickness and papillary protrusion, which suggested
proliferation beyond a regenerative or hyperplastic na-
ture. The atypical cells tended to form a cystic structure
(Figure 7C). Hemorrhage was often seen in the cysts,
sometimes leading to the formation of a large hema-
toma. Based on these morphological features, we diag-
nosed the lesion as “benign pituitary adenoma.” This
pituitary tumor showed no sign of invasion or metastasis

Figure 6. Testicular and Ovarian Hyperplasia
in p27~'~ Mice

(A) Weight of testes (left) and ovaries (right)
from 12-week-old p27*/* and p27~~ mice.
The mean and standard deviations are
shown. Statistical analysis was done with a
two independent sample t test. Two-tailed P
values are <0.01 (double asterisks) or <0.001
(triple asterisks).

(B) Gross appearance of testes from a wild-
type mouse (left) and a p27~/~ mouse (right).
(C-F) Histopathological sections of ovaries
derived from 4-week-old (C and D) or 12-
week-old (E and F) wild-type (C and E) or
p27~'~ mice (D and F). The paraffin sections
were stained with hematoxylin and eosin.
Atypical ovarian follicles with remarkable hy-
perplasia of granulosa cells are accumulated
in the p27~/~ ovary. Arrow in (C) indicates a
Graafian follicle; arrowheads in (E) indicate
corpus luteum (CL); the asterisk (E) marks a
follicle just after ovulation. Scale bar is 500
pwm in (C) and (D) and 200 pm in (E) and (F).
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in mice up to 7 months of age. Long-term observation
will be necessary to gauge the late-onset lethality of this
tumor in p27~/~ mice.

Disorganized Layer Pattern in Retina
Histopathological examination of the retinas of p27Xir-
deficient mice showed a marked disorganization of the
cellular layer pattern in the neural retina. The outer gran-
ular layer, which is composed of the nuclei of photore-
ceptor cells, invaded the layer of rods and cones beyond
the outer limiting membrane (Figure 8A). The lesion was
not diffuse but was scattered. The degree of severity
varied, probably owing to the mixed genetic background
of the mice. The outer limiting membrane was irregular
and not clearly recognizable in some regions. In addi-
tion, in the inner granular layer, a displacement of bipolar
cells, with an increase in the number of amacrine cells
(astrocyte-like cells) and Muller’s supporting cells, and
a disorganization of the network of cell fibers were also
observed. The pigment epithelium layer was thickened,
and cells composing the pigment epithelium were taller
than normal. The lack of a secondary response, such
as phagocytosis of the abnormal photoreceptor cells by
pigment epithelial cells, indicates that the abnormality
of photoreceptors may be developmental.

To elucidate the cause of the highly focused abnor-
mality seen in the neural retina of p27~/~ mice, we exam-
ined the pattern of p274! protein expression in the retina
of normal mice using an immunohistochemical ap-
proach. Specific expression of the p27¢*! protein could
be exclusively detected in the photoreceptor cells (Fig-
ure 8B). This intense expression of p27¥**in photorecep-
tors in wild-type mice may explain the profound effect
of p27€Pt inactivation on the outer layers of the retina.
The slight disorganization seen in the inner granular
layer and the pigment epithelium layer of p27~'~ mice
might be attributable either to a secondary effect related

Figure 7. Spontaneous Pituitary Tumor in
p27~'~ Mice

(A) Macroscopic appearance of a pituitary tu-
mor that had developed in a 12-week-old
p27-'- mouse (right). A wild-type littermate
is also shown (left). Arrowheads indicate pitu-
itary glands.

Histopathological sections of pituitary glands
are shown in (B) and (C).

(B) Normal pituitary gland from a 12-week-
old wild-type mouse. P, posterior lobe; I, in-
termediate lobe; A, anterior lobe. Arrowheads
indicate the boundary between posterior and
intermediate lobes.

(C) The pituitary tumor that had developed in
a 12-week-old p27~/~ mouse. Note that the
intermediate lobe is extremely hyperplastic
withanirregular marginand that several cysts
filled with blood had formed. H, a portion of
large hematoma. The anterior lobe is not seen
in this picture. Scale bar is 100 pm.

to the abnormality of the photoreceptor cells or to a low
expression of p27¢rt, undetectable by our immunohisto-
chemisty.

To determine whether retinas of the mutant mice were
able to respond properly to light, we measured electro-
physiologic potentials generated in the retina following
exposure of the mice to a short pulse of light. Two
waves of electrical signaling can be observed in this
electroretinographic (ERG) study: the a wave arises
mainly from the photoreceptors, while the b wave is
generated largely by bipolar cells. We carried out ERG
studies with p27~~ mice soon before necropsy, and
compared the ERG results with the histopathological
findings. Severely affected p27~/~ mice showed an ap-
proximately 2-fold reduction of their ERG amplitudes
(Figure 8C), while mildly or moderately affected mice
usually showed an almost normal ERG pattern. The ob-
served reductionin ERG amplitudes could be accounted
for by the partial loss of the rod and cone layer.

p27%P! Is Not Required for the G1 Arrest
in Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were prepared
from p27 ' and p27~/~ 13.5 days postcoitum (dpc) em-
bryos, and the initial growth properties of these MEFs
during culture in vitro were examined. At passage 3, all
of the MEFs, irrespective of their genotype, grew quite
rapidly and had similar growth rates before reaching
confluence (Figure 9A). All MEFs showed contact inhibi-
tion, and there was no significant difference in saturation
densities between p27** and p27 '~ MEFs. At passage
6, the growth of both p27+/+ and p27-'~ MEFs slowed,
and we could not observe any significant difference in
saturation densities between p27++ and p27-'~ MEFs
(data not shown).

G1 arrest in MEFs is induced in response to many
extracellular signals, including contact inhibition, serum
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starvation, DNA damage due to y-irradiation, and meta-
bolic perturbations by chemicals such as N-phosphona-
cetyl-L-aspartate (PALA), which is a specific inhibitor of
de novo uridine biosynthesis (Swyryd et al., 1974). We
tested p27 '~ MEFs as to whether G1 arrest caused by
these treatments was maintained. However, we could
not find any significant increase in S phase (or decrease
in G1 phase) of p27~/~ MEFs compared with wild-type
MEFs in response to contact inhibition, serum starva-
tion, y-irradiation, or PALA treatment (Figures 9B and
9C). Thus, it appears that the G1 arrest caused by these
treatments does not require p27rL,

Discussion

The biological roles of the CDK inhibitors are largely
unknown, although extensive studies have emerged
concerning the putative roles of CDK inhibitors in cell
cycle control, cancer, and development (reviewed by
Sherr and Roberts, 1995). Despite specific expression

Time {maec)

Figure 8. Disorganized Retinal Layers in
p27~'~ Mice

(A) Histological sections of retinas derived
from 4-week-old p27++ (left)and p27—'~ mice
(right). The paraffin sections were stained
with hematoxylin and eosin. Abbreviations
are as follows: GC, ganglion cell layer; IP,
inner plexiform layer; IG, inner granular layer;
OP, outer plexiform layer; OG, outer granular
layer; OLM, outer limiting membrane; RC,
rods and cones layer; PE, pigment epithelium.
Scale bar is 20 pm.

(B) Immunohistochemical examinations for
p27KPL expression in a wild-type mouse.
Cryostat sections were incubated with anti-
mouse p27¢Pt MAD followed by anti-mouse
1gG1 antibody conjugated with FITC (left) or
only with secondary antibody (right). Specific
expression of p27«r! js seen exclusively in the
photoreceptor cells.

(C) Representative ERG potentials recorded
from a 12-week-old wild-type (left) and a
p27~'~ (right) mouse in response toa 0.3 joule
Xenon light delivered at time 0.

of p21°r! in cells or tissues undergoing differentiation,
mice lacking p21°rt exhibit neither developmental ab-
normalities nor early tumorigenesis. In contrast, the
studies concerning the p27¢P* gene-ablated mice pre-
sented here have both refined and broadened the roles
for p27¥®t, Because p27¥F! has been considered as a
mediator of contact inhibition, we anticipated that ho-
mozygous inactivation of the p27¢** gene in the mouse
germline would severely compromise tissue organiza-
tion in the developing embryo, leading in turn to early
embryonic lethality. However, p27~'~ mice complete an
apparently normal prenatal development and are born
at roughly the expected Mendelian ratio.

Increased Body Size

An apparent phenotype observed in the p27-'~ mice was
that the mice were significantly larger in size than control
littermates. This increase of body size was found to be
of late onset: it started at about 4-6 weeks postnatally.
This is consistent with the fact that the expression level
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Figure 9. Growth Properties and G1 Arrest in
MEFs Remain Normal in p27~/~ Mice

(A) Saturation densities and growth analyses
of MEFs derived from p27+/+ (open circles)
and p27-"- (closed circles) mice at passage
3. Cells (10°% were plated in 100 mm culture
dishes as described in Experimental Proce-
dures. Cell number at each timepoint repre-
sents the average of duplicate plates.

(B and C) The ability to block S phase entry
in p27** and p27~/~ MEFs. Representative
two-color flow cytometric analyses of unsyn-
chronized (B) or synchronized (C) p27*/* and
p27~'~ MEFs are shown with the percentage

of cells entering S phase (BrdU™, boxed) after
the indicated treatments.

29.0% 28.2% 60.7 %
s

Growing

(B) MEFs were harvested at logarithmic
growth (top), after reaching confluence (mid-
dle), or after a 48 hr culture in serum-starved

No
treatment

media (bottom) with 10 wM BrdU labeling for

30 min prior to harvest. Cells were stained for

Confluent

Anti-BrdU (FITC)
Anti-BrdU (FITC)

DNA content with propidium iodide and for
" replicative DNA synthesis with anti-BrdU anti-
body conjugated with FITC. (C) Serum-
starved cells were released into complete

16.7 %

media containing 10 .M BrdU with no treat-
ment (top), with 20 Gy vy-irradiation (middle),

s
Serum

Starvation

PALA or with 500 uM PALA (bottom). At 24 hr after
500 M release, cells were harvested and stained.

DNA Content (Propidium todide)

of p27¥rt in day-10 embryos seems to be barely detect-
able (Toyoshima and Hunter, 1994). Although it has been
believed that contact inhibition may play an important
role in development, the molecular basis of contact inhi-
bition remains largely unclear. While the hypothesis that
a CDK inhibitor, p27¥rt, may mediate growth suppres-
sion when cells become confluent is fascinating, we dem-
onstrated that p27~'~ MEFs retained the property of con-
tact inhibition in vitro. However, it is possible that there
may be several types of contact inhibition and that one
of them that requires p27<?* for growth suppression
might be responsible for controlling the size of organs
at a later phase of development. Such a type of contact
inhibition may play arole as a “brake” on growth, which
might not be required during embryogenesis because
of the extensive growth rate of the embryo.

We have compared the percentage of proliferative cell
nuclear antigen-positive cells as cycling cells in mutant
and control animals by immunohistochemistry, and we
could not detect any significant difference (data not
shown). However, because the size of the organs was
enlarged, the absolute number of cycling cells increased
as the total cell number increased. This may have re-
sulted in the larger body size of the mutant animals.

Tumor Suppressive Activity of p27kit

Recently, evidence is accumulating that many mole-
cules involved in oncogenesis are also involved in cell
cycle control. An oncosuppressor gene, Rb, negatively
regulates the cell cycle and is probably regulated by the
cyclin D-CDK4 kinase complex. Mutations of Rb lead
to retinoblastoma in humans, whereas mice heterozy-
gous for a mutant Rb allele develop pituitary tumors by

DNA Content (Propidium lodide)

1 year ofage (Jacks etal., 1992; Lee et al., 1992; Williams
et al., 1994). In addition, cyclin D1 is amplified in a subset
of human cancers, acting as an activated oncogene
(Motokura et al., 1991; Lammie et al., 1991; Gillett et
al., 1994). By regulating cyclin-CDK complex activity,
individual CDK inhibitors are potential tumor suppres-
sors. Indeed, mutations or deletions in the human p16/
p15 locus are common in esophageal carcinomas and
melanomas (Mori et al., 1994; Hussussian et al., 1994).
However, there has not been direct evidence indicating
that other CDK inhibitors act as oncosuppressors.

In humans, the p27¢*! gene was mapped to the short
arm of chromosome 12 at the 12p12-12p13.1 boundary
(Ponce-Castaneda et al.,, 1995), which is reported to
harbor deletions and rearrangements in leukemias and
mesotheliomas (Chan et al., 1992; Decker et al., 1990).
Despite an extensive search for molecular aberrations
modifying the human p27¢P! locus, no significant alter-
ations of the p274P! gene have been reported (Bullrich
et al., 1995; Pietenpol et al., 1995; Ponce-Castaneda et
al., 1995; Kawamata et al., 1995; Morosetti et al., 1995).
Heterozygous Rb*/~ mice acquire Rb ™/~ tumors later in
life, originating from the intermediate lobe of pituitary
gland (Jacks et al., 1992; Lee et al., 1992; Williams et
al., 1994). Similar pituitary tumors arise in the p27~'~
mice. Although the phenotype of p27 mutant mice was
less severe than that of Rb mutant mice, this similarity
may reflect some common underlying molecular pro-
cess responsible for regulating pituitary cell proliferation
and differentiation. Future examinations might reveal a
genetic aberration in the p27%*! locus in human pituitary
tumors. Given that p27* inhibits the cyclin D-CDK4
kinase complex, which phosphorylates pRb leading to
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its inactivation, one would speculate that loss of p27k!
might result in constitutive inactivation of pRb owing
to hyperphosphorylation. The phosphorylation state of
pRb in p27-/~ cells will be tested. It is noteworthy that
p27-'~ animals display hyperplasia of the adrenal me-
dulla, which is also observed in mice chimeric for homo-
zygous inactivation of Rb (Williams et al., 1994).

Multiple Organ Hyperplasia

There was tissue specificity with respect to the abun-
dance of p27¢*! protein: lymphocytes, gonad cells, and
neurons appeared to express p27¢?t highly, whereas
liver, kidney, skeletal muscle, and fibroblasts had arela-
tively small amount of p27¥*, A common feature among
the lymphoid, reproductive, and nervous systems is that
progenitor cells are mitotic and cycling vigorously, but
thereafter the cell cycle stops, leading to a postmitotic
state in which many cells are destined to die by pro-
grammed cell death. Finally, the surviving cells become
mature, butstill remain ina quiescent (G0) stage. Consis-
tent with the abundance of p27¢! in these tissues, the
major abnormalities that occurred in p27¥° gene-
ablated mice were enlargement of thymus, testis, ovary,
and adrenal medulla and a possible overgrowth of the
neuroepithelium in retina. The reason that the brain
weight did not increase as strikingly as the thymus did
was not clear, butitis possible that redundant molecules
may exist. Alternatively, the skull may somehow limit
the size of the brain, whereas the thymus and testis
or ovary have room to expand in the thoracic and the
peritoneal cavities, respectively.

Growth expansion of thymocytes normally begins at
the CD4/CD8 double-negative stage and is mediated by
a signal from an immature TCR complex comprised of
pTa and TCRB (Mombaerts et al., 1992; Fehling et al.,
1995). This signal mediates not only growth but also
differentiation to the CD4/CD8 double-positive stage.
Thereafter, a cell stops cycling and becomes quiescent.
We hypothesize that the period in which a cell is cycling
may be longer in p27~/~ thymocytes, probably due to a
retardation of cell cycle arrest at the CD4/CD8 double-
positive stage. Indeed, the absolute number of cells that
were cycling was greater in the thymus of p27~'~ mice
(unpublished data). Redundant molecules, such as
p21°Pt may finally act to pause the cell cycle in the
thymus. Finer analyses will be necessary to prove this
hypothesis.

Despite the marked hyperplasia in testis from p27 7/~
mice, p27¥*! is apparently not necessary for functional
maturation of spermatids: male p27 '~ mice were fertile.
In contrast, female p27~/~ mice apparently sterile. This
is probably due to a maturation arrest of ovarian follicles.
The block seems to reside in the formation of the cavity
(antrum) in the follicles, because Graafian follicles were
not found in p27~/~ ovaries. We speculate that p27kr!
is responsible for the proper timing of the growth arrest
of granulosa cells, which leads to the formation of cavity.

A Dispensable Role of p27¢Pt in Signaling via TGFB

Most studies concerning the anti-mitogenic activity of
TGFB have been performed using two epithelial cell
lines, Mv1Lu mink lung epithelial cellsand HaCaT human

keratinocytes. A recent study by Reynisdottir et al.
(1995) demonstrated that TGFB elevates expression of
the CDK4/CDKG6-specific inhibitor p15 and induces
the release of p27¥P! from CDK4 and CDK6, which in
turn is transferred to the cyclin E-CDK2 complex. We
could not examine the anti-mitogenic activity of TGF@
in epithelial cells lacking p27* because the establish-
ment of a primary culture system with epithelial cells is
in progress. TGFB is also a potent immunoregulatory
agent that inhibits lymphocyte proliferation. Both lym-
phocytes and monocytes produce TGFB, suggesting a
role for TGFB in the host immune response (Kehrl et al.,
1986; Wahl et al., 1989; Ahuja et al., 1993). In T cells,
TGFB also inhibits the phosphorylation of the pRb in
response to mitogenic signals. Taken together, these
results suggest that inhibition of T cell proliferation by
TGFB seemed to be, atleast in part, mediated by p27¢r?,
which inactivates cyclin D and CDK4/CDKG6 kinase com-
plexes, leading to the prevention of pRb phosphoryla-
tion. Here, however, we demonstrate that p27¢r* was
not essential for mediating anti-mitogenic signals via
TGFB in T cells. If the signaling pathway of TGFB in T
cells is identical to that in MvlLu and HaCaT cell lines,
the surge in p15™® levels induced by TGFB would be
sufficient to pause the cell cycle at the G1 phase. Mice
lacking TGFB display premature death due to severe
autoimmune myocarditis (Shull et al., 1992), while
p27¥rt-deficient mice have never developed such auto-
immune disorders. This genetic evidence further sug-
gests that the pathways involving TGFB and p27<! are
not identical.

Retinal Development and Cell Cycle Control:

A Genetic Link among pRb, Cyclin D, and p27kt
Here we demonstrated that photoreceptor cells exclu-
sively express p27¥¥! in the retina. In agreement, the
major abnormality in p27~/~ retinas reside in the photo-
receptor layers: the outer granular layer, composed of
photoreceptor nuclei, invade the rod and cone layer
beyond the outer limiting membrane. Although the pre-
cise cause remains to be determined, this seems to
be attributable to an inappropriate control of growth, a
structural abnormality of photoreceptors, or a loss of
integrity in the outer limiting membrane. Considering the
enlargement of the thymus, testis, and ovary, organs
where p27¥¥! is highly expressed, we speculate that the
p27¥Pt may play an important role in the growth control
of photoreceptor cells and that loss of p27¥P* may allow
photoreceptors to grow beyond the outer limiting mem-
brane. As far as we know, there is no human genetic
disease exactly resembling the retinal abnormality seen
in the p27%*! gene—disrupted mice. Similar changes were
reported as senile retinopathy or chemically induced
retinopathy in rodents (Lee et al., 1979; Li and Turner,
1988). Thus, p27XP! gene-ablated mice may be useful
as an animal model of retinal dystrophy.

The retinal cells appear to be critically dependent on
cell cycle regulation for their development. A distur-
bance of cell cycle control often results in abnormalities
in the retina. Loss of pRb functions was first discovered
ina rare human malignancy of theretina, retinoblastoma.
pRb regulates the progress of the cell at the late G1
phase of the cell cycle. Anti-mitogenic activity of pRb
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is lost by its phosphorylation, which causes a release
of factors important for cell cycle progression, such as
E2F, from pRb (reviewed by Weinberg, 1995). An in-
creasing body of biochemical evidence indicates that
the cyclin D-CDK4/CDK6 complexes phosphorylate
pRb to trigger the G1/S transition. Surprisingly, cyclin
D1 gene-ablated mice display a dramatic reduction in
cellnumber inthe neural retina due to proliferative failure
during embryonic development (Sicinski et al., 1995;
Fantl et al., 1995). The genetic evidence from cyclin
D1-deficient mice supports the idea that pRb is an au-
thentic substrate of a cyclin D-CDK complex and that
growth of retinal cells is regulated by pRb and cyclin D.
p27%rt is associated predominantly with cyclin D-CDK4
and shows the ability to inhibit its kinase activity (Toyos-
hima and Hunter, 1994). Given this connection, one
might anticipate the retinal phenotype in p27r!-defi-
cient animals. Collectively, retinal development appears
to be founded on a critical balance among positive and
negative regulators of the cell cycle such as pRb, cyclin
D-CDK4, and p27%*t, Taken together with the high inci-
dence of pituitary tumors, our study indicates a genetic
link among pRb, cyclin D-CDK4, and p27X®t,

Experimental Procedures

Isolation of Mouse p274** cDNA

RNA was extracted from mouse spleen cells by the APCG single-
step method (Chomczynski and Sacchi, 1987). The resulting RNA
preparation was then used as a template in a cDNA synthesis reac-
tion using p(dN); random primers (Invitrogen). This cDNA was used
as a template for polymerase chain reaction (PCR) amplification
with a set of primers corresponding to the beginning and the end
of coding region of p27* (5'-ATGTCAAACGTGAGAGTGTCTAAC-3'
and 5'-TTACGTCTGGCGTCGAAGGCCGGG-3’, respectively). The
amplified DNA fragment was subcloned into a pBluescript SKII(+)
vector.

Construction of p27%*! Targeting Vector

and Production of Gene-Disrupted Mice

A 129/Sv mouse genomic library (Stratagene) was screened with
p27€PL cDNA as a probe. Of 3 X 10° phages screened, a recombinant
phage containing genomic DNA of the p27¥P locus was isolated.
The targeting vector, pMK. KO-neo was constructed by replacement
of a 2.5 kb Smal-Smal fragment containing the entire p27¢*! coding
region with a PGK-neo-polyadenylate (poly[A]) cassette derived
from pKJ-1 (Tybulewicz et al., 1991). The targeting vector contained
7.2 kb of homology 5 and 1.0 kb 3’ of the neomycin-resistance
marker. The PGK-tk-poly(A) cassette (Tybulewicz et al., 1991) was
ligated into a restriction site in a vector polylinker at the 5’ end of
the insert.

The maintenance, transfections, and selections of E14 ES cells
were carried out as described previously (Nakayama et al., 1993,
1994). To screen homologous recombinant ES clones, we used cell
lysates of the G418- and gancyclovir-resistant clones as templates
for PCR amplifications with a p27* flanking primer (5'-GGGCTTTA
GAAATAGAGAATGCTG-3') and a PGK promoter-specific primer
(5'-ATGCTCCAGACTGCCTTGGGAAAA-3'). To verify the results of
our PCR screening, DNA prepared from PCR-positive ES clones
were digested with BamH]I, transferred to a nylon membrane (Pall),
and then hybridized with the 0.5 kb Ndel-Ndel probe that flanked
the 3’ homology region (Figure 2A). Expected sizes for wild-type
p27¥Pt and mutant p27¢°* are 5.8 kb and 3.8 kb, respectively. Fre-
quency of the homologous recombinations was 15.0% of the dou-
ble-resistant ES clones.

ES cells heterozygous for the targeted mutation were microin-
jected into C57BL/6 blastocysts and implanted into pseudopregnant
ICR females. The resulting male chimeras were mated with female
C57BL/6 mice. The germline transmission of injected ES cells was
confirmed by the inheritance of agouti coat color in the F1 animals,
and all agouti offspring were tested for the presence of the mutated

p27¥rL allele by Southern blot analysis using the same conditions
for the detection of homologous recombination events in the ES
cells. All mice were maintained in a specific pathogen—free animal
facility at Nippon Roche Research Center.

Immunoblot Analysis

Organs from adult C57BL/6 mice were homogenized by a Polytron
homogenizer in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris-HCI
[pH 8.0], 200 mM NaCl, 20 mM NaF, 20 mM B-glycerophosphate,
0.1 mM NazVO,, 1 mM dithiothreitol, 10 pg/ml leupeptin, 10 KIU/ml
aprotinin, 1 mM PMSF). The lysates were incubated on ice for 15
min and then cleared by centrifugation at 10,000 X g. The protein
concentration was determined by the Bradford method (protein
assay; Bio-Rad). Total lysates (50 ng) from the indicated organs
were subjected to SDS-polyacrylamide gel electrophoresis (SDS—
PAGE) on a 12% gel and transferred onto Immobilon-P membranes
(Millipore). The transferred membrane was soaked in Ponceau-S
solution (Sigma) to check the comparable amount of proteins loaded
on the gel and the homogeneity of the transfer. The membranes
were then probed with a MADb directed against mouse p27<** (Trans-
duction Laboratories), B-tubulin (Sigma), or CDK2 (Santa Cruz Bio-
technology). The ECL blotting system (Amersham) was used to visu-
alize proteins according to the instructions of the manufacturer. In
some cases, we used our own biotinylated anti-p27<** MAb and
streptavidin conjugated with horseradish peroxidase (Amersham).

Immune Complex Kinase Assay

Thymocytes from the indicated mouse genotypes were suspended
at 2.5 X 10° per milliliter in Tween 20 lysis buffer (0.1% Tween 20,
50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA,
1 mM dithiothreitol, 10 pg/ml leupeptin, 10 KIU/ml aprotinin, 1 mM
PMSF), followed by sonication three times for 3 s onice. The lysates
were cleared by centrifugation at 10,000 X g for 15 min, quickly
frozen on powdered dry ice, and stored at —80°C until use. Total
lysates (200 pg) were incubated with rabbit anti-CDK2 antibody
(Santa Cruz Biotechnology) for 12 hr at 4°C with gentle agitation.
Immunocomplexes bound to protein A-Sepharose were collected
by centrifugation and washed several times in Tween 20 lysis buffer.
For the determination of kinase activity, complexes bound to Sepha-
rose beads were washed once more with 50 mM HEPES (pH 7.5)
and suspended in 30 pl of kinase buffer (50 mM HEPES [pH 7.5],
10 mM MgCl,, 1 mM dithiothreitol, 1 pg of histone H1 [Calbiochem],
25 uM unlabeled ATP, and 10 pCi of [y-**P]JATP [6000 Ci/mmol;
Amersham]). The samples were incubated for 30 min at 30°C, dena-
tured in SDS sample buffer, and applied to a 12% SDS-
polyacrylamide gel. Dried gels were exposed with BAS 3000 image
analyzer for 10 min (Fuji Film).

Histopathological Examinations

For morphological evaluation, tissues were dissected and fixed in
15% buffered formaldehyde, except for the eyes, which were fixed
with a 3.1% glutaraldehyde, 2.5% buffered formaldehyde mixture;
this fixative was injected into the eyes. Paraffin sections were pre-
pared by standard procedures and stained with hematoxylin and
eosin.

Immunohistochemistry

Tissues were dissected, mounted in OCT compound (Miles), and
snap frozen in a dry ice-hexane bath. Cryostat sections were cut
and incubated with anti-mouse p27¢P* MAb prior to fixation. After
this washing, the sections were fixed in methanol and then visualized
by anti-mouse immunoglobulin G1 (IgG1) conjugated with fluores-
cein isothiocyanate (FITC) (Southern Biotech).

Flow Cytometry Analysis

Single cell suspensions were prepared from bone marrow, spleen,
thymus, and lymph nodes. For examination of lymphoid develop-
ment, cells were stained by a combination of anti-CD8-FITC and
CD4-phycoerythrin (PE) or anti-B220-FITC and anti-aBTCR-PE. For
cell cycle analysis, bromodeoxyuridine (BrdU)-pulsed cells were
fixed in 70% ethanol at —20°C overnight and denatured by 2N HCI,
0.5% Triton X-100 for 30 min at room temperature, followed by
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neutralization with borax buffer (pH 8.5). Treated cells were sub-
jected to dual color staining with anti-BrdU MAb conjugated with
FITC (Becton Dickinson) and 5 pwg/ml propidium iodide. All analyses
were carried out using the FACSCalibur flow cytometer and Cell
Quest software (Becton Dickinson).

Lymphocyte Proliferation Assay

Single cell suspensions from lymph nodes of 4-week-old p27*",
p27*/~, and p27~'~ mice were prepared and enriched for T cells by
magnetic depletion of B cells using rat anti-mouse IgM MAb plus
magnetic beads conjugated with sheep anti-rat IgG antibody. The
purity of T cells was checked by flow cytometry and was usually
over 95%. The purified T cells (10%) were placed in a culture in
96-well plates coated with anti-CD3 plus anti-CD28 MADbs in the
presence or absence of 100 U/ml IL-2. Proliferation was monitored
every 24 hr after 48 hr of culture until 148 hr by an XTT colorimetric
assay according to the protocol of the manufacturer (Boeringer
Mannheim). Absorbance at 490 nm, which correlates with viable cell
number, was measured by a model 3550 microplate reader (Bio-
Rad).

ERG Examination

Mice were adapted to the dark for 1 hr before testing. Examination
was performed as described previously (Olsson et al., 1992; Sicinski
et al., 1995). ERGs were recorded by ERG-50 (Kowa) from one eye
of each mouse with 0.3 Joule Xenon flash.

Preparation of MEFs and Cell Cultures

Primary MEFs were obtained from 13.5 dpc embryos that were either
p27*'* or p27~'~ using established procedures (Robertson, 1987).
Cells were cultured at 37°C (6% CO,) in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) supple-
mented with 2 mM L-glutamine, 0.1 mM sodium pyruvate, 0.1 mM
MEM nonessential amino acid solution, 100 U/ml penicillin G, 100
wrg/ml streptomycin sulfate, and 50 uM 2-mercaptoethanol. For test-
ing G1 arrest due to contact inhibition, the cells were plated in 10
cm culture dishes at a density of 1 X 10° cells per plate. Cells were
harvested and counted every 24 hr. BrdU (10 pM; Sigma) was pulsed
30 min before harvesting. For our serum starvation experiments,
asynchronous cultures at approximately 50% confluence were
washed with phosphate-buffered saline and placed in DMEM con-
taining 0.1% FBS for 48 hr. BrdU (10 M) was pulsed 30 min before
harvesting. For y-irradiation experiments, GO-synchronized cells ob-
tained by 96 hr serum starvation were exposed to 0 or 20 Gy irradia-
tion and then cultured in DMEM containing 10% FBS and 10 puM
BrdU for 24 hr. For PALA experiments, cells were synchronized by
serum starvation for 84 hr, and then PALAwas added at the indicated
concentrations and incubated for 12 hr prior to release into DMEM
containing 10% FBS, PALA, and 10 uM BrdU. PALA was obtained
from the Drug Synthesis Branch (Developmental Therapeutics Pro-
gram, Division of Cancer Treatment, National Cancer Institute).
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