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Ablation of the CDK inhibitor p57*'?>
results in increased apoptosis and
delayed ditterentiation during

mouse development
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p57%P2 is a paternally imprinted gene that encodes a potent inhibitor of several cyclin/Cdk complexes.
p57%i*2 js primarily expressed in terminally differentiated cells, associates with G, Cdks, and can cause cell
cycle arrest in G, phase. To investigate the role of p57¥i*? in vivo, we have ablated the p57%%? gene by
homologous recombination in ES cells and generated mice devoid of p57%i*? expression. Most p57%%? null
mice die after birth and display severe developmental defects with varying degrees of penetrance. As expected,
heterozygous mice that inherit a maternal, but not a paternal, targeted allele exhibit similar deficiencies and
neonatal death. Developmental defects of p575%PZ mutant mice include cleft palate and gastrointestinal
abnormalities ranging from an inflated GI tract to loss of the jejunum and ileum. These tissues display a
significant increase of apoptotic cells in the absence of p57%?2, Most p57%?> mutant mice have short limbs, a
defect attributable to abnormal endochondral ossification caused by delayed cell cycle exit during chondrocyte
differentiation. A similar defect has been observed in mice lacking p107 and p130, thus suggesting that p57%>
might be an upstream regulator of these Rb-related proteins. The p57<%? locus has been implicated in the
Beckwith-Wiedemann syndrome and in the development of sporadic Wilms’ tumors and lung carcinomas. To
date, we have not observed neoplastic development even in those p5757? mutant mice that have survived for

>5 months of age. These findings indicate that p57%i®2 has an important role during mouse development that

cannot be compensated by other Cdk inhibitors.
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Cells become committed to divide when they meet the
requirements for entry into S phase. When these require-
ments are not met, either because of insufficient mito-
genic stimulation or prevalence of antimitogenic mecha-
nisms, cells may progress from G, phase toward quies-
cence or terminal differentiation. These fates are
determined, in part, by the activity of cyclin-dependent
kinases (Cdks). The activity of Cdk2, Cdk4, and Cdké is
essential for G, progression into S phase and is tightly
controlled by both positive and negative regulators (Nor-
bury and Nurse 1992; Hunter and Pines 1994}. The func-
tion of these regulators is therefore critical for normal
embryonic development as well as for maintenance of
proper homeostasis in the adult organism.
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Over the past few years, proteins that function as stoi-
chiometric inhibitors of G, Cdk have emerged as major
regulators of Cdk activity (Sherr and Roberts 1995).
These proteins may function as regulators of mamma-
lian development, and their loss may cause hyperprolif-
erative disorders. Two families of mammalian Cdk in-
hibitors have been identified. The Ink4 family includes
four members, plg™k4a, pl5lnkeb plglnkie gnd p1otmkad
which are specific inhibitors of Cdk4 and Cdké (Sherr
and Roberts 1995). p16™¥%9 is a tumor suppressor gene
located in human chromosome 9p21 and deleted or mu-
tated in hereditary melanomas and in several sporadic
cancers (Hall and Peters 1996). p16™%49 null mice have
abnormal hematopoiesis and are highly susceptible to
development of sarcomas and B-cell lymphomas (Serrano
et al. 1996). These and other observations suggest that
p16™*42 may normally function to limit the life span of
the cell (Hall and Peters 1996). p15™%** on the other
hand, is under positive control by transforming growth
factor-p (TGF-B) (Hannon and Beach 1994; Reynisdottir
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et al. 1995), and its induction by this cytokine mediates
G, arrest (Reynisdéttir and Massagué 1997). The
p15™%% locus maps on 9p21, almost next to pl67k4a,
Deletions in this tumor suppressor gene often affect
p15'%4P a5 well (Hall and Peters 1996). The functions of
pl8™k4c and p19™k4d are largely unknown (Sherr and
Roberts 1995).

The Cip/Kip family of mammalian Cdk inhibitors in-
cludes three members, p21<iP/WAFL - po7Kiel = and
p57%> (Sherr and Roberts 1995). Cip/Kip proteins in-
hibit G, cyclin~Cdk complexes by binding to the cyclin
subunit and blocking the catalytic site of the associated
Cdk subunit (Russo et al. 1996). p21CPV/WAFL 44
p27%P! have been implicated as mediators of the anti-
mitogenic action of diverse agonists. For example,
p21CiPH/WAFL expression is elevated by a p53-dependent
mechanism in response to DNA damage (El-Deiry et al.
1994). Increased levels of p21<P/WAF! cayse Cdk inhi-
bition and a delay in G, (Harper et al. 1993). p21<iPl/
wAF1 expression is also increased in response to TGFB
(Datto et al. 1995; Reynisdottir et al. 1995), whereas the
expression of p27¥®! is increased upon mitogen with-
drawal or contact inhibition (Kato et al. 1994; Nourse et
al. 1994; Polyak et al. 1994; Slingerland et al. 1994;
Toyoshima and Hunter 1994, p21©P/WAFL gpd po7Kirt
are elevated in response to differentiation agents in vitro
(Steinman et al. 1994; Liu et al. 1996) and during cell
differentiation in vivo (Havely et al. 1995; Parker et al.
1995; Lee et al. 1996). The physiological role of these
Cdk inhibitors has been investigated recently by gene
targeting in embryonic stem (ES) cells. p21©P1/WAFL pyj]
mice do not show developmental defects or elevated tu-
mor incidence. However, fibroblasts derived from these
animals are partially deficient in radiation-induced G,
arrest (Brugarolas et al. 1995; Deng et al. 1995). p27X¥ir!
null mice have increased size and cellularity in many
adult organs and are predisposed to tumors of the pitu-
itary (Fero et al. 1996; Kiyokawa et al. 1996; Nakayama
et al. 1996). However, the lack of p21¢P1/WAFL op pp7Kip?
function does not lead to gross developmental defects,
suggesting the existence of compensatory mechanisms
during development. Interestingly, dacapo, a new mem-
ber of the Cip/Kip family of Cdk inhibitors identified in
Drosophila, has a key role during embryogenesis by regu-
lating the timely exit of certain cells from the cell cycle
(de Noolj et al. 1996, Lane et al. 1996).

Much less is known about the role of p57%P2. This
inhibitor differs structurally from p21<®P/WAFl and
p27%P! in that it has a long insert consisting of proline/
alanine-rich or acidic motifs following the conserved
Cdk inhibitory domain (Lee et al. 1995; Matsuoka et al.
1995). Interest in p57%'P? also arises from the fact that its
gene maps to chromosome 11pi5 (Matsuoka et al. 1995)
and is paternally imprinted in mice and humans (Hatada
and Mukai 1995; Matsuoka et al. 1996). These are prop-
erties predicted for a tumor suppressor gene linked to the
Beckwith-Wiedemann syndrome, a genetic defect char-
acterized by prenatal organ overgrowth and predisposi-
tion to embryonal tumors, including Wilms’ tumor and
rhabdomyosarcoma (Scrable et al. 1989). Misense and
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frameshift mutations in p575%2 have been identified re-
cently in the maternal allele of two patients with Beck-
with-Wiedemann syndrome (Hatada et al. 1996). p57<#2
may also be involved in the development of somatic tu-
mors. For instance, it has been reported recently that 11
of 13 lung carcinomas carrying 11p15 deletions have se-
lectively lost their maternal allele (Kondo et al. 1996).
Moreover, Wilms’ tumors have drastically reduced levels
of p57XiP2 transcripts {5%—-10% of those found in
matched normal kidney tissue from the same patients)
(Thompson et al. 1996). These observations suggest that
absence or decreased expression of p57%'*> may have a
role in the development of certain forms of human can-
cer.

To investigate the physiological role of p57%'*%, we
have generated mice carrying a targeted deletion in the
p575%P2 locus. p57%P2 null mice have major developmen-
tal defects in the formation of palate, intestine, and en-
dochondral bone, apparently resulting from increased
apoptosis (palate and intestine) or proliferation at the
expense of cell differentiation [endochondral bone).
Thus, in contrast to the other mammalian Cdk inhibi-
tors analyzed to date, p57%i*2 has an essential role as a
cell cycle regulator during mouse development.

Results
Expression of p57%P? during embryogenesis

We have analyzed the expression of the cell cycle regu-
lator p57%®? during embryonic development. To this
end, we submitted frozen sections obtained from em-
bryos at various stages of development to immunohisto-
chemical analysis using a polyclonal antibody generated
against a carboxy-terminal peptide from p57%*> (see Ma-
terials and Methods). At embryonic day 10.5 (E10.5), we
observed high p57¥P? immunoreactivity in newly differ-
entiated neurons that have finished their last cell cycle
and are in the process of migrating out of the ventricular
zone (Fig. 1a). Little or no p57%"*? expression could be
found in the ventricular zone where progenitor cells are
proliferating. High levels of p57%®2 expression were also
observed in the somites {Fig. 1a) and in muscle cells of
the developing heart (Fig. 1b). No significant p575%> im-
munoreactivity could be detected in other tissues at this
developmental stage.

During mid- and late embryogenesis, p57%*2 is ex-
pressed in additional tissues and structures, presumably
as more cells exit the cell cycle and start the process of
terminal differentiation. For instance, E17.5 embryos
display significant levels of p57**> immunoreactivity in
various muscle cells, including those of cardiac (data not
shown| and skeletal muscle (Fig. lc). p57%%? is also
highly expressed in epithelial cells during late embryo-
genesis. For instance, E17.5 embryos display high levels
of p57%'*2 immunoreactivity in the differentiated epithe-
lia of the renal glomeruli and some of the renal ducts
(Fig. 1d) as well as in the epithelial cells of the lens (Fig.
le). In the intestinal epithelia, p57%P? is expressed in the
differentiated cells of the apical region of the villi but not
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Figure 1. p57%'?? expression during embry-
onic development. Frozen sections (10 pm
thick) from E10.5 (a,b) and E17.5 {c-f) em-
bryos were incubated with anti p57%%*? anti-
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i
;

in the dividing cells of the crypts (see below), suggesting
that p57%'P> may be up-regulated when cells exit the cell
cycle and start their differentiation program. p57%%2 is
also highly expressed in the palate (Fig. 1f). In general,
these observations are in agreement with previous stud-
ies using Northern blot analysis and in situ hybridiza-
tion techniques (Lee et al. 1995; Matsuoka et al. 1995).

Targeted disruption of the p57%%? Jocus

Analysis of the genomic structure of the human p57%#2
locus has revealed four exons of which only two {second
and third) encompass coding sequences (Tokino et al.
1996). Analysis of genomic clones of 129/Sv mice re-
vealed a similar organization (Fig. 2a). Whereas the 922-
bp-long second exon contains those sequences encoding
the start codon, the CDK inhibitory domain, the proline-
rich domain, and the acidic domain, the third exon codes
for the 44 carboxy-terminal amino acid residues (Lee et
al. 1995; Matsuoka et al. 1995). To ablate the p57%72
gene, we designed a targeting plasmid, designated pYY2,
which contains a phosphoglycerokinase (PGK}-neo cas-
sette used for positive selection (see Materials and Meth-
ods) flanked by 4 kb (left arm) and 7.5 kb (right arm) of
mouse 129/Sv genomic sequences (Fig. 2a). A PGK-thy-
midine kinase cassette used for negative selection was
placed 3’ of the genomic sequences. Homologous recom-
bination with this targeting plasmid results in the elimi-
nation of 1.1 kb of p57%P2 genomic sequences that en-
compass the entire first exon and about half of the sec-
ond exon, including those nucleotides encoding amino
acid residues 1-181 of the p57%®2 protein.

ES cells (R1 clone) were transfected with pYY2 DNA
and incubated in the presence of G418 and gancyclovir
[(Klein et al. 1993). Double resistant colonies were ex-
panded and submitted to Southern blot analysis to de-
termine the occurrence of homologous recombination.
Of 183 G418%/Gan® ES cell clones analyzed, two, clones
B302-36 and B302-319, displayed the diagnostic DNA

bodies. {a) Cross section of the neural tube.
Newly generated neurons (N} migrate from
the ventricular zone and are strongly labeled;
somites (S] are also stained intensely. (b)
High level of p57%'*? expression in cardiac
muscle (C). (¢} Robust expression of p57%P?
in skeletal muscle cells. (M} An elongated
nucleus. (d) p57%? expression in the kidney
is localized in the differentiated epithelial
cells of the glomeruli (G) and some of the
ducts (D). (e} High levels of p57%%> expres-
sion in lens epithelial cells (LE). (f) Coronal
section of palate displaying p57%?? expres-
sion in most cells.

fragments (Fig. 2b). To generate chimeric mice contain-
ing the targeted p57%%2 allele, these ES clones were ei-
ther microinjected into C57BL/6 blastocysts or aggre-
gated with cells derived from morulas of ICR mice. Male
chimeras were bred to wild-type mice from the corre-
sponding strain until the targeted p57%%% allele was
transmitted to their offspring. C57BL/6 and ICR chime-
ras derived from clone B302-319 and ICR chimeras de-
rived from B302-36 cells yielded germ-line transmission
of the mutant p57%¥2 allele. The phenotypes of the
p575%72 mutant mice (see below) generated from these ES
cell clones were grossly the same. Moreover, no signifi-
cant differences were observed when mutant mice de-
rived from the B302-319 clone were maintained in a
mixed 129/Sv-C57BL/6 or 129/Sv-ICR genetic back-
ground. Offspring derived from the B302-319 ES cell
clone in a mixed 129/Sv—C57BL/6 genetic background
were selected for detailed characterization in this study.

Early postnatal death of p57%'®* (-/-) mutant mice

Genotypic analysis of 200 live births derived from mat-
ings between p57%72 heterozygous mice revealed that 56
(28.0%) were (+/+), 97 (48.5%) were (+/-), and 47 (23.5%)
were (—/-). The slightly higher than expected percentage
of wild-type animals suggests limited embryonic lethal-
ity of those embryos carrying the targeted allele. This
was confirmed in subsequent breedings when we ob-
served the presence of dead (+/-) and (-/-) embryos at
stages ranging from E10.5 to E16.5. Morcover, about half
of the (+/-) and most of the (-/-) newborn mice died
within several hours after birth and displayed various
anatomical defects. The presence of developmental de-
fects in the heterozygous animals is most likely a con-
sequence of paternal imprinting in this locus (Hatada
and Mukai 1995) (see below).

Forty-one of the 47 (-/-) mice (87.2%) died at postnatal
day 0/1 (PO/P1), 1 survived for 30 days and died of un-
determined causes, and 5 (10.6%) are still alive at the
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Figure 2. Generation of p57%%2 (/- a
mice. {a) Targeting strategy. (Top) Partial
restriction map of wild-type 129/Sv geno-

mic DNA encompassing the four exons Wild type Allele
{solid boxes) of the p57%P2 gene. (RI) EcoRI;
(RV) EcoRV; (N] Notl; (X) Xhol. (Middle) pYY2

The targeting vector pYY2 contains the
neo (open box) and thymidine kinase
(stippled box) genes driven by the PGK pro-
moter. The PGK-neo cassette has replaced
1.1 kb of p57%P2 genomic sequences that
encompass the entire first exon as well as
those nucleotides in the second exon that
encode amino acid residues 1-181 of the
p57%P2 protein. (Bottom) Schematic dia-
gram of the predicted targeted allele result- b
ing from homologous recombination be-
tween the wild-type allele and the target-
ing vector. Sequences used for Southem
blot analysis of recombinant ES cell clones
{probes a and b} are indicated by solid bars.
Probe a recognizes EcoRV DNA fragments

of 18 kb (wild-type allele) and 13 kb (tar- —/— +/+ +/-

S ¢ 350bp d

geted allele). Probe b detects Xhol DNA C
fragments of 15.8 kb (wild-type allele) and
16.9 kb (targeted allele). (b) Southern blot
analysis of the parental ES cells (clone R1)
and of two representative recombinant

R
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clones (B302-36, B302-319} used to generate chimeric mice. Migration of EcoRV (probe a) and Xhol {probe b} DNA fragments are
indicated by arrows. (c) PCR-aided amplification of DNAs isolated from tails of littermates derived from crosses between p5 752 (1))
mice. Migration of DNA fragments derived from wild-type (150 bp) and targeted (350 bp) alleles is indicated by arrows. (d) Western blot
analysis of primary embryo fibroblasts derived from (+/+) and (-/-) mice. The migration of the p57%'F? protein is indicated by an arrow.

time of this writing {Table 1). None of the six (-/-) ani-
mals that survived beyond P1 displayed detectable mor-
phologic or behavioral abnormalities. However, each of
the 41 (-/-) mice that died shortly after birth displayed
various levels of limb shortening. In addition, these mice
have difficulty in suckling, as revealed by the frequent
absence of milk in their stomachs. This defect could be
partially explained by the presence of a cleft palate in
about half of these mice (23 of 47; 48.9%) (Table 1). Most
of the 23 animals with a cleft palate (16 of 23; 70%) also
displayed an inflated gastrointestinal (GI) tract, suggest-
ing inappropriate intake of air in their GI. In addition,
~40% of the (-/-) mice possessed a grossly shortened and
abnormal intestine. This phenotype was observed re-
gardless of whether the mice had cleft palate or not, sug-
gesting that the absence of p57¥'P? causes developmental
abnormalities in the GI tract. Finally, 1 of the 47 {-/-)
mice displayed an umbilical hernia, and 4 did not present
additional abnormalities.

Phenotypic defects in imprinted p57%P> heterozygous
mice

Previous studies have demonstrated that the p57%¥?
gene is paternally imprinted (Hatada and Mukai 1995;
Matsuoka et al. 1996). In humans, imprinting does not
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Table 1. Phenotypic defects observed in surviving p57%P>
mutant mice

Number of

mice Survival Phenotype

Heterozygous mice (targeted paternal allele)
80/80 (100%) >P150 no detectable abnormalities

Heterozygous mice (targeted maternal allele)®

12/40 (30.0%) PO/P1 cleft palate/air in GI
tract/short limbs

6/40 (15.0%) PO/P1 cleft palate/short and/or
disrupted intestine/short limbs

15/40 (37.5%)  PO/P1 short and/or disrupted
intestine/short limbs

2/40 (10.6%) PO/P1 no detectable abnormalities

5/40 (12.5%) >P150 no detectable abnormalities

Homozygous mice

16/47 (34.0%) PO/P1 cleft palate/air in GI
tract/short limbs

7/47 (14.9%) PO/P1 cleft palate/short and/or
disrupted intestine/short limbs

12/47 {25.5%)  PO/P1 short and/or disrupted
intestine/short limbs

1/47 (2.1%) PO/P1 umbilical hernia/short limbs

5/47 (10.6%) PO/P1 short limbs

1/47 (2.1%) P30 no detectable abnormalities

1/47 {2.1%) >P70 no detectable abnormalities

4/47 (8.5%) >P150 no detectable abnormalities

2Not all progeny was checked for limb defects.
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appear to be complete, as low levels of expression of the
paternal allele have been observed in certain tissues
(Matsuoka et al. 1996). In mice, the paternal allele ap-
pears to be transcriptionally repressed and methylated
{Hatada and Mukai 1995). As expected, none of 162 ani-
mals born from crosses between {+/-) males and (+/+)
females displayed any obvious anatomical or behavioral
defects. These results indicate that ablation of the pater-
nal allele does not have significant phenotypic conse-
quences in mice. However, when we analyzed the prog-
eny of crosses between (+/+) males and (+/-) females, 59
{59.6%) of 99 live births were (+/+) and only 40 (40.4%)
were {+/-), suggesting that targeting of the maternal al-
lele results in partial embryonic lethality. More impor-
tantly, 35 of the 40 (+/-) animals that inherited the ma-
ternal allele died within their first day of life, a percent-
age very similar to that observed in the null (-/-)
mutants. None of these {+/-] mice had detectable milk
in their stomachs and they displayed the same anatomi-
cal defects as the (-/-) mice, including short limbs, cleft
palate, and intestinal abnormalities (Table 1). Five (+/-)
mice carrying a targeted maternal allele have survived
without apparent defects for at least 6 months, a similar
proportion of mice observed in those with a null geno-
type (Table 1). These results support the notion that the
paternal allele is completely imprinted in mice.

Defective palate formation in p57%*% null mice

The cleft palate observed in (-/-} and imprinted (+/-)
mice had defects in both the hard and soft palate (Fig. 3).
Palatal development is a complex process that involves
fine-tuned interactions between the epithelial and mes-
enchymal cells {Ferguson 1988). During early embryonic
stages, the oral and nasal cavities form a single compart-
ment. At E12.5, bilateral palatal shelves arise from the
maxillary process of the first branchial arch (Ferguson
1988; Kaufman 1992). The palatal shelves grow, first

Role of p57%iP2 during mouse development

downward along the sides of the tongue and then upward
to a horizontal position. Subsequently, they extend to-
ward the midline, meet, and fuse above the tongue. As a
result, the oral and nasal cavities are separated. Devel-
opmental defects in which the two palatal shelves fail to
grow and meet in the midline, or fail to fuse completely,
result in cleft palate in which the oral and nasal cavities
remain connected.

Close examination of the p57%2 (- /-) mice with cleft
palate suggests that the two palatal shelves have failed to
grow and meet at the midline, indicating a defect in the
growth of the palatal shelves (Fig. 3e). To determine the
possible cause of this impaired growth, we examined pal-
ate formation at E14.5, a time at which the palatal
shelves are in the process of growing toward the midline
(Ferguson 1988; Kaufman 1992). In these embryos,
p57%iP2 ig expressed in the palatal shelves, both in epi-
thelial cells on the surface and in the mesenchymal cells
located deep in the shelves (data not shown). Analysis of
El14.5 (-/-) embryos by the terminal deoxynucleotide
transferase (TdT)-mediated dUTP-biotin nick-end label-
ing (TUNEL) assay revealed a significant number of
apoptotic epithelial cells on the surface of the palatal
shelves (Fig. 3f,g). In contrast, very few apoptotic cells
were observed in the same region of their (+/+) litter-
mates (Fig. 3b,c). Likewise, we observed increased apop-
tosis in the mesenchyme located at the base of the pala-
tal shelves in the (-/-) mutant animals (Fig. 3h). Whereas
it is not possible to determine whether the cells under-
going apoptosis in the palatal shelves of p57%%2 (-/-)
mice are those that express p57%*> in wild-type animals,
it is tempting to hypothesize that the absence of p57¢'*>
in these cells may fail to regulate their exit from the cell
cycle and trigger apoptosis.

Disruption of the p57%®? gene causes developmental
defects in the gastrointestinal tract

As indicated above, ~75% of the (-/-) mice that die dur-

Figure 3. Palatogenesis in wild-type {a—d)
and p57%%F? (e-h) mutant mice. (a) Normal
- fused palate (P); (¢) cleft palate. The palatal
; shelves (PS) do not grow toward the midline
leaving the nasal cavity (NC) connected
with the oral cavity. TUNEL assay of com-
parable frontal sections of the snout of (+/+)
(b} and (-/~) (f) E14.5 embryos. At this time,
the palatal shelves (PS] are in the process of
growing toward the midline. The tongue
(T), which is underneath the nasoseptum
{S), will later move downward so that pala-
tal shelves will meet above the tongue. (M)
>, mandible. Few apoptotic nuclei are ob-
. served among the epithelial cells (c) on the
s surface of palatal shelves (lower square in b)
or among the mesenchymal cells (d) inside
the palatal shelves (upper square in b) of the
(+/+) mouse. However, there are abundant
apoptotic figures in the corresponding re-
- gions (g,h, respectively} of {-/-) mice.

[+
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Figure 4. Defects in the gastrointestinal
tract of p57¥#2 mutant mice. (a) GI tracts
of neonatal (left) {+/+) and {-/-) mice dis-
playing either inflated stomach and small
intestine (middle) or a grossly abnormal
and disrupted small intestine (right). {App)
Appendix; (D) duodenum; {DI) distal ileum;
(LI} large intestine; (S) stomach; (SI} small
intestine. (b) Expression of p57%¥®2 in the
small intestine. Robust p57%? immunore-
activity can be observed in the differenti-
ated cells of the apical region of the villi (V)
but not in the dividing cells of the crypts
{C). p57%P> expression could also be de-
tected in the smooth muscle cells (SM) of
the intestinal wall. (¢,d) Double-labeling of
cross sections from the small intestine of
{(+/+) (c) and (-/-) (d) mice with TUNEL as-
say (green fluorescence) and polyclonal an-
tibodies against smooth muscle-specific
MLCK (red fluorescence). Sections from {-/
-) mice correspond to an area near dis-
rupted small intestine tissue.

ing early postnatal development (PO/P1) have defects in
their GI tracts {Table 1). Some of these mutant animals
display inflated stomachs and small intestines because
of the presence of air bubbles (Fig. 4a). Histological
analysis did not reveal gross pathological defects in the
GI tract of these mice, except for a significant stretching
of the tissues presumably attributable to the pressure
exerted by the air bubbles (data not shown). As indicated
above, it is likely that the lack of separation between the
oral and nasal cavities in animals with a cleft palate con-
tributes to the accumulation of air bubbles by misrout-
ing air to the GI tract. However, it is also possible that
this phenotype might be caused by a defect in peristaltic
movements, an activity regulated by the enteric and
sympathetic nervous systems. To examine this possibil-
ity, tissue sections were incubated with antibodies
against PGP9.5 and tyrosine hydroxylase, two markers
that stain enteric neurons and sympathetic nerve fibers,
respectively. No significant defects could be observed in
either type of neurons (data not shown).

More than half of the {~/-) mice that died at PO/P1
have developmental GI defects. The stomach and duo-
denum of these mice appeared grossly normal; however,
most of their jejunum and ileum was absent (Fig. 4a).
The duodenum ended blindly and was open to the ab-
dominal cavity. At the blind ends of the duodenum and
distal ileum, there was hemorrhage in the intestinal
wall, suggesting tissue degeneration. In the intestine, the
p57%% protein is expressed in the differentiated cells of
the apical region of the villi as well as in the smooth
muscle cells of the GI wall (Fig. 4b). To determine
whether any of these regions may undergo increased
apoptosis as a consequence of the absence of p57%P2, we
carried out TUNEL assays on sections from these intes-
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tinal regions of (+/+] and (-/-) PO mice. The overall level
of apoptosis in the villi and intestinal wall of the (-/-)
animals was higher than in the same regions of their
(+/+) littermates (data not shown). Moreover, there was
massive apoptosis in those regions near the ends of the
disconnected intestines (Fig. 4d). Double staining of
these sections with an antibody elicited against the
smooth muscle-specific myosin light-chain kinase
(MLCK) indicated that the observed apoptosis was re-
stricted to the smooth muscle cell layer of the intestinal
wall (Fig. 4d). Examination of the same regions in those
(-/-) mice that do not display disruption of their small
intestines failed to reveal this massive increase in apop-
tosis. Therefore, it is not clear whether the high levels of
apoptotic cell death in the intestinal wall is cause or
consequence of the disruption of the small intestine ob-
served in some (-/-) animals. Finally, no obvious abnoi-
malities or significant increase in apoptotic figures could
be observed in the intestine of E15.5 (-/-) embryos, in-
dicating that the degeneration of the intestine in p57%?*
mutant mice occurs during the late stages of embryonic
development.

Defective endochondral bone formation in p57%P>
(-/-) mice

Postnatal (PO/P1) p57%¥2 (—/-) mice have consistently
shorter limbs than their wild-type littermates (Fig. 5a).
To examine whether there was a defect in skeletal for-
mation in these mutant mice, we stained PO mice with
alcian blue and alizarin red, two dyes specific for carti-
lage and bone, respectively (Kaufman 1992). The overall
structure of the skeleton of the (-/-) mice appeared nor-
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Figure 5. Defective endochondral bone formation in p57%2 mutant mice. (a) External appearance of {+/+) and (-/-) neonatal mice. (b)
Skeleton preparation of whole body from PO mice stained with alcian blue and alizarin red. Forelimbs (c) and hindlimbs {d) of neonatal
mice. (s) Scapula; (h) humerus; (r] radius; (u) ulna; (f) femur; (t) tibia; (fi} fibula. The bones are significantly shorter in the mutant animals.
Cartilages appear to be longer in the humerus (h) and the digits. () Posterior view of the skull. The interparietal bones (ipb) in the (-/-)
mice appear to be underdeveloped with three ossification centers, indicated by three areas of red color separated by blue-colored
cartilage. In the interparietal bone of the (+/+) mouse, the three ossification centers had already become one, indicating a more
advanced developmental stage. The genotype of each mouse is indicated.

mal (Fig. 5b). However, the ossified part of their bones
was substantially shorter, resulting in shorter limbs de-
spite having a slightly longer cartilaginous region (Fig.
5c,d). This defect is specific for those bones formed
through endochondral ossification, as most cranial
bones, which develop through intramembranous ossifi-
cation, appeared to be normal (Fig. 5¢). In support to this
concept, the interparietal bone that forms at the base of
the skull through endochondral ossification is also sig-
nificantly underdeveloped in the p57%#2 (- /-) mice (Fig.
Se).

During the initial stages of endochondral ossification,
the chondrocytes located in the cartilage, the tissue that
forms the scaffold of the bone, are at resting stage. Later
in the development, they proliferate, undergo hypertro-
phy, and stop dividing. Finally, they are calcified and
replaced by the invading osteocytes, which form the ma-
ture bone tissue. Histological analysis of the long bones
in the limbs of the p575?? mutant mice indicates that
the chondrocytes undergo hypertrophy at a greater dis-
tance from the epiphysis than in the wild-type mice (Fig
6a,c), suggesting that the terminal differentiation of the
chondrocytes is delayed in the absence of p57%*2, Im-
munohistochemical analysis revealed that whereas rest-
ing and proliferating chondrocytes express low to mod-
erate levels of p57%2, hypertrophic chondrocytes under-
going terminal differentiation express high levels of
p57%®2 (Fig. 6b). This pattern of expression suggests that
p57%P2 plays a role in chondrocyte differentiation. In the
absence of p57%i*2, chondrocytes undergo a delay in dif-
ferentiation which, in turn, causes a decrease in the
space in which the osteocytes can be formed, resulting in
shorter bones. No defect in osteoclast formation was ob-
served in p57%P2 {~ /- animals [data not shown).

In support of this hypothesis, the density of chondro-
cytes in the epiphysis of long bones is significantly
higher (46%) in the (-/-) than in the (+/+) mice (Fig. 7a).
The increase in chondrocyte numbers may be the result
of increased proliferation or decreased cell death. To dis-
tinguish between these two possibilities, we carried out
a TUNEL assay. No significant apoptosis was found in
the epiphysis from either p57%%#2 (- /-) or wild-type mice

(data not shown). However, when E16.5 embryos were
labeled with BrdU, almost twice as many chondrocytes
became labeled in the {-/-) embryos (15%) than in their
(+/+) littermates (8% (Fig. 7b). Taken together, these re-
sults, indicate that p57% has a key role in the differ-
entiation of chondrocytes by regulating their exit from
the cell cycle.

Figure 6. Delayed chondrocyte differentiation in p57%%? mu-
tant mice. {a,c) Hematoxylin and eosin staining of longitudinal
sections proximal to the humerus growth plate from PO (+/+] (a)
and (-/-) (c) mice. (E) Epiphysis; (F) zone of flattened cells; (H}
zone of hypertrophic cells. Chondrocytes undergo hypertrophy
at a greater distance from the epiphysis in the (-/-) than in the
(+/+) animals. (b,d) p57%'P? expression in sections adjacent to
those shown in a and c, respectively. The hypertrophic cells of
the (+/+) mouse are strongly labeled, whereas the cells in the
epiphysis and the proliferation zone are stained at lower inten-
sity. No detectable signal can be seen in the section derived
from the {-/-) mouse.
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Figure 7. (a) Quantification of chondro-
cyte density in the epiphysis of neonatal
mice. The number of chondrocyte nuclei
were counted within a defined area of he-
matoxylin- and eosin-stained sections {10
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Discussion

Targeted disruption of the p57%'P? gene results in devel-
opmental abnormalities. These observations are in con-
trast to those obtained with mice carrying homozygous
disruptions in genes encoding other Cdk inhibitors such
as p16'7%42 (Serrano et al. 1996), p21€P/WAFT (Deng et al.
1995), p27%P! (Fero et al. 1996; Kiyokawa et al. 1996;
Nakayama et al. 1996), p15/7%4P, and p18/¥% (E. Latres
and M. Barbacid, unpubl.), in which no significant devel-
opmental defects have been observed. Furthermore,
characterization of the p57%""2 (-/-) mice suggests that
pS'/'K‘pz plays a unique role in controlling critical steps
that determine the exit from the cell cycle during em-
bryonic development. These observations are remines-
cent of the the role that the Drosophila dacapo gene,
another member of the Cip/Kip family of Cdk inhibitors,
plays during Drosophila embryogenesis (de Noolj et al.
1996; Lane et al. 1996).

Accumulating evidence indicates that alterations in
the orderly progression through cell cycle checkpoints
often trigger apoptotic events (El-Deiry et al. 1994; Lee et
al. 1994; Field et al. 1996). Increased apoptosis in the
growing palatal shelves of p57%%2 (- /-) mice is likely to
be responsible for the formation of a cleft palate in about
half of these animals. Unscheduled apoptosis is also
likely to be responsible for the shortened intestines
found in the targeted p575%2 mice, as those areas sur-
rounding the missing GI tract display massive levels of
apoptotic figures. Whether this apoptosis is directly
caused by the lack of p57%? protein in GI tissue or
results as a consequence of another physiological defect
remains to be determined. However, the presence of an
apparently normal enteric nervous system makes it un-
likely that the observed apoptosis is caused by defective
innervation. p57¥%2 mutant mice also display increased
levels of apoptotic cells in other tissues with high levels
of p57%P2 expression such as cardiac and skeletal muscle
{Y. Yan, J. Frisén, and M. Barbacid, unpubl.}. However, no
significant anatomical defects have been observed in
these tissues, suggesting that the increased apoptosis is
either compensated or not sufficient to alter their ho-
meostasis. The existence of defects in the lens as well as
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in components of the hematopoietic and nervous sys-
tems is currently under investigation.

Mice lacking p57%"72 display rather variable levels of
penetrance. For instance, a limited, albeit significant,
percentage of p57%'#2 null mice (~10%) survive without
any obvious abnormalities, and only half of the mutant
animals have a cleft palate. Likewise, disruption of the
GI tract only occurs in about one-third of the homozy-
gous targeted animals and only encompasses a limited
(and variable) region of the intestine. Analysis of the
morphologically normal areas of the GI tract in those
(-/-) mice showing a disrupted GI tract did not reveal
significantly increased levels of apoptosis, thus indicat-
ing that massive apoptotic cell death only occurs in lo-
calized regions of the intestine. The molecular bases for
the variable penetrance observed in mice lacking p57***>
protein remain to be established. However, it is likely to
be a consequence of the complex feedback circuits that
control the progression and exit from the cell cycle.

p5752 null mice display short limbs, a defect attrib-
utable to shortening of their limb bones. These bones
have a larger cartilaginous region but a shorter ossified
area, resulting in a diminished overall length. In addi-
tion, all of the p575P? null mice analyzed in this study
have an underdeveloped interparietal bone but no defects
in any of the other cranial bones. The cartilaginous re-
gion of these bones in p57%* (-/-) mice has elevated
numbers of chondrocytes, a likely consequence of their
increased proliferation. Moreover, histological analysis
of the long bones of these mutant animals indicates that
their chondrocytes undergo hypertrophy at a greater dis-
tance from the epiphysis than in their wild-type litter-
mates. These observations are consistent with the idea
that p57%i*? plays an important role in the regulation of
cell cycle exit and differentiation in chondrocytes. In the
absence of p57¥*?, chondrocytes experience a delay in
cell cycle withdrawal and do not become hypertrophic in
a timely fashion, thus resulting in fewer cells undergoing
terminal differentiation. In normal mice, chondrocytes
in the epiphysis express low to moderate levels of
p57XiP2 protein. However, the levels of p57%"*> increase
greatly in those distal regions where chondrocytes be-
come hypertrophic. The temporal correlation between
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chondrocyte differentiation and up-regulation of p57%ir?
expression, along with the phenotype displayed by those
bones of p57%""? null mice formed by endochondral os-
sification, strongly suggests that p57%®2 has a critical
role in regulating chondrocyte differentiation.

The endochondral ossification defect observed in
p57%%2 null mice bears a high resemblance to that ob-
served in mice defective for p107 and p130, two mem-
bers of the retmoblastoma (Rb) family of proteins (Co-
brinik et al. 1996). Rb, p107, and p130 are structurally
related molecules that differ in their specificity for bind-
ing to the E2F family of transcription factors (Weinberg
1995}. In p107/p130 double mutant mice, the chondro-
cyte density is higher than in either single mutant or
wild-type littermates. BrdU labeling experiments similar
to those performed with p57%%2 null mice also suggest
that the higher density of chondrocytes in these mice is
attributable to a deregulated cell cycle {Cobrinik et al.
1996). Moreover, the p107/p130-defective chondrocytes
experience a delay in differentiation similar to that seen
in chondrocytes lacking the p57%'?? protein. These ob-
servations raise the possibility that p57%? regulates
those cyclin-Cdk complexes responsible for the phos-
phorylation of p107 and p130.

The p57%P2 gene maps at 11pl5, a chromosomal re-
gion that contains paternally imprinted genes likely to
be involved in the development of embryonic tumors as
well as in the Beckwith-Wiedemann syndrome, a ge-
netic defect characterized by various growth abnormali-
ties such as macroglossia, gigantism, and visceromegaly
(Cohen and Gorlin 1971; Eaton and Maurer 1971; McNa-
mara et al. 1972). Beckwith-Wiedemann syndrome pa-
tients also have a high risk of developing childhood tu-
mors (Wiedemann 1983). The possible involvement of
p57%P2 in the development of the Beckwith-Wiedemann
syndrome has been substantiated by the identification of
two Beckwith-Wiedemann syndrome patients carrying
mutated p57%P? genes (Hatada et al. 1996; Kondo et al.
1996). The p57%P2 gene has also been implicated in the
development of certain human tumors. For instance,
p57%P2 transcripts in Wilms’ tumors are only 5%-10%
of those found in matched normal kidney tissue from the
same patients (Thompson et al. 1996). Moreover, the
functional maternal p57%'?2 allele has been found to be
selectively lost in 11 of 13 lung carcinomas carrying
11p15 deletions (Kondo et al. 1996).

Our results confirm previous observations indicating
that the mouse p577? locus is paternally imprinted
(Hatada and Mukai 1995). Heterozygous mice derived
from crosses between wild-type males and p575%? (+/-)
females display the same incidence of developmental de-
fects as the null p57%F2 (- /-) animals, indicating that the
penetrance of the imprinted p57%%#2 allele in mice is
complete, at least in the affected tissues. However,
p57%P2 mutant mice do not exhibit the phenotypic char-
acteristics of patients with Beckwith-Wiedemann syn-
drome. It is possible that mutations in the p57%%2 gene
have somewhat different phenotypic consequences in
mice and humans, as observed previously with other tu-
mor suppressor genes such as Rb (Jacks et al. 1992; Lee et
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al, 1992). In addition, we have not observed tumors in
these p575%2 mutant animals. However, increased num-
bers of surviving homozygous mice will be necessary to
fully assess the role of the p57%P? gene in neoplastic
development.

In summary, we report that elimination of the cell
cycle regulator p57%'P? causes significant developmental
abnormalities most likely to result from increased apop-
tosis and delayed differentiation. However, the pheno-
typic consequences of targeting the p57%?% gene could
only be observed in a subset of cells that normally ex-
press this protein. Moreover, the penetrance of the de-
velopmental defects of p57%*%? null mice varies tremen-
dously, as some of these mutant animals develop nor-
mally. These observations illustrate the complex nature
of the circuits that control the mammalian cell cycle and
underscore the importance of studying the role of indi-
vidual cell cycle regulators in vivo.

Materials and methods
Generation of p57%#* mutant mice

The targeting vector pY Y2 was generated by subcloning a 4.0-kb
Notl-Xhol DNA fragment of genomic 129/Sv DNA encompass-
ing sequences upstream of the four exons of the p57%%2 gene
into the NotlI and Xhol sites of the pPNT plasmid (left arm) and
a 7.5-kb EcoRI DNA fragment of genomic 129/Sv DNA that
contains part of the second exon as well as the entire third and
fourth exons of the p575P2 gene {amino acid residues 182-348)
in the EcoRI site of pPNT (right arm| (Fig. 2) (Tybulewick et al.
1991). pYY2 DNA was transfected into R1 ES cells as described
previously (Joyner 1993). G418% /Gan™ ES cell clones were ana-
lyzed by Southern blot using as probes a 0.6-kb HindIIl DNA
fragment (probe a) and a 0.7-kb EcoRI-HindIll DNA fragment
(probe b) derived from genomic 129/Sv DNA sequences (Fig. 2a).
G418R/Gan® ES cell clones carrying a targeted p57%%2 allele
were either microinjected into C57BL/6 mouse blastocysts
(clone B302-319) or aggregated with morula cells from ICR mice
(clones B302-36 and B302-319). Chimeras derived from these
clones transmitted the targeted allele when bred to wild-type
C57BL/6 and ICR mice, respectively. The resulting heterozy-
gous mice were subsequently bred to the corresponding strain of
mice to propagate the mutant allele or among themselves to
generate homozygous mice. Mice were routinely genotyped by
submitting DNA isolated from tail clips to PCR-aided amplifi-
cation using primers specific for either the wild-type [p57%72
sequences corresponding to amino acid residues 49-98 that
were deleted during homologous recombination; YY11, ATGC-
GCCTGGCCGAGCTGAA, and YY12, CGGTAGAAGGC-
GGGCACAGA) or the targeted (neo sequences, BH81, GAG-
GCTATTCGGCTATGA, and BH82, ATGTTTCGCTTGGTG-
GTC)allele. YY11 and YY12 amplify a DNA fragment of 150 bp,
whereas BH81 and BH82 amplify a DNA fragment of 350 bp
(Fig. 2c).

Western blot analysis

Mouse embryo fibroblasts (MEFs) were obtained and cultured as
described previously (Deng et al. 1995). Cells were lysed in RI-
PAE buffer (10 mm Tris-HCI at pH 8.0, 0.1% Triton X-100, 150
mM NaCl, 1% aprotinin, 250 pm PMSF), and the lysate was
quantified with a Bio-Rad Kit following the conditions sug-
gested by the manufacturer. Proteins (50 pg) were loaded onto a
10% SDS-polyacrylamide gel and subjected to electrophoresis.
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Electrophoresed proteins were transferred to an Immobilon
membrane (Millipore, Bedford, MA) and probed with a poly-
clonal rabbit antiserum (no. 522} elicited against peptide PP3
(AQENKASNDVPPGCPSPN, corresponding to amino acid resi-
dues 314-331 of p57%*2), Immunocomplexes were visualized by
enhanced chemiluminescence (Amersham, Arlington Heights,
IL) using goat anti-rabbit IgG antibodies coupled to horseradish
peroxidase {Amersham).

Histological analysis

Fixed frozen tissues were sectioned at 10 pm thickness. Sec-
tions were incubated in blocking solution {0.3% Triton X-100,
2% BSA in PBS) for 10 min followed by incubation (37°C for 1
hr) with anti-p57%®2 antibodies {1:100 dilution in blocking so-
lution). Sections were washed three times with PBS and incu-
bated (at room temperature for 1 hr) with thodamine-conjugated
bovine anti-rabbit IgG antiserum.

TUNEL assay

Tissues were fixed overnight in 4% paraformaldehyde buffered
with PBS, incubated overnight in a 10% sucrose solution in PBS,
embedded in OTC, and sectioned at 10 um thickness. An Apop-
Tag kit (Oncor, Gaithersburg, MD) was used to carry out the
TUNEL assay following the conditions suggested by the manu-
facturer.

Bone and cartilage staining

Skeletal preparations were carried out as described previously
{Kessel and Gruss 1991). Briefly, newborn mice were eviscer-
ated, fixed in 100% ethanol for 4 days, kept in acetone for 3
days, and rinsed with water. Bones and cartilage tissue were
stained for 10 days in staining solution consisting of 1 volume
of 0.3% alcian blue 8GX (Sigma) in 70% ethanol, 1 volume of
0.1% alizarin red S (Sigma) in 95% ethanol, 1 volume of 100%
acetic acid, and 17 volumes of ethanol. Tissues were kept in
20% glycerol and 1% potassium hydroxide at 37°C for 16 hr,
and then at room temperature until they had cleared com-
pletely. For storage, specimens were transferred to 50%, 80%,
and finally 100% glycerol.

BrdU staining

For BrdU labeling experiments, heterozygous females (16.5 dpc)
were injected intraperitoneally with 1 ml of 100 mg/ml BrdU in
0.9% NaCl. Animals were sacrificed 1 hr later and the embryos
collected. Tissues were fixed overnight in 4% paraformaldehyde
buffered with PBS, incubated overnight in a 10% sucrose solu-
tion in PBS, embedded in OTC, and sectioned at 10 pm thick-
ness. Staining was carried out using a BrdU staining kit (Cal-
biochem, Cambridge, MA] according to conditions recom-
mended by the manufacturer.
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Ablation of the CDK inhibitor p57Kip2 results in increased apoptosis
and delayed differentiation during mouse development.
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