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The cyclin-dependent kinase inhibitor (CKI) p57Kip2 plays a pivotal role in cell cycle arrest during devel-
opment, in particular, in the regulation of the entry of proliferating progenitors into quiescence. The gene
encoding p57 undergoes genomic imprinting, and impairment of the regulation of p57 expression results in
various developmental anomalies in humans and mice. We now show that p57 is expressed predominantly in
the subcommissural organ and cerebellar interneurons in the mouse brain and that mice with brain-specific
deletion of the p57 gene (Kip2) manifest prominent nonobstructive hydrocephalus as well as cerebellar
malformation associated with the loss of Pax2-positive interneuron precursors and their descendants, includ-
ing Golgi cells and �-aminobutyric acid-containing neurons of the deep cerebellar nuclei. These abnormalities
were found to be attributable to massive apoptosis of precursor cells in the developing brain. The morpho-
logical defects of the p57-deficient mice were corrected by knock-in of the gene for the related CKI p27Kip1 at
the Kip2 locus. The abnormalities were also prevented by additional genetic ablation of p53 or E2F1. Our
results thus implicate p57 in cell cycle arrest in the subcommissural organ and Pax2-positive interneuron
precursors, with the lack of p57 resulting in induction of p53-dependent apoptosis due to hyperactivation of
E2F1.

Organogenesis can be viewed simplistically as the result of a
combination of patterning cues acting on differentially prolif-
erating tissues, and thus the shape of organs or tissues is
intimately dependent on cell cycle control, in particular, on
regulation of the exit of proliferating progenitors from the cell
cycle. Cyclin-dependent kinase (CDK) inhibitors (CKIs) ap-
pear to play key roles in the timing of cell cycle exit before
differentiation. For example, ablation of the CKI p27Kip1 in
mice results in an increase in the number of granule cells in the
cerebellum (21). The role of the CKI p57Kip2, which is struc-
turally related to p27, in such control of cell cycle exit remains
poorly characterized, however, mainly because mice deficient
in p57 die immediately after birth, manifesting severe devel-
opmental defects (33, 38, 40). We recently generated a
knock-in mouse model (Kip2[�]/Kip1KI) in which the nonim-
printed allele of the p57 gene has been replaced with the
mouse p27 gene (Kip1) (31). Most of the developmental de-
fects characteristic of p57-deficient mice were corrected by p27
knock-in. Such observations highlight the importance of the
control of cell cycle exit by CKIs for proper development.

The mammalian cerebellar cortex is a useful system for

studies of the fundamental mechanisms controlling neurogen-
esis as a result of its relative simplicity, clear cytoarchitecture,
and small number of neuronal cell types. Two primary regions
of the embryonic brain, the rhombic lip and the ventricular
zone of the embryonic fourth ventricle, give rise to the princi-
pal neurons that make up the cerebellum (1): the former re-
gion generates cerebellar granule cells and glutamatergic pro-
jection neurons of the deep cerebellar nuclei (DCN), whereas
the latter produces Purkinje neurons and cerebellar interneu-
rons, such as Golgi, stellate, and basket cells, as well as �-amino-
butyric acid (GABA)-containing interneurons of the DCN (3,
7). These various inhibitory interneurons are descendants of
Pax2-positive precursors (15, 36).

The laminar structure of the cerebellum is composed of
three main layers: the granule cell layer, Purkinje cell layer,
and molecular layer (29). The localizations of cerebellar in-
terneurons differ for the various cell types: stellate and basket
interneurons reside in the molecular layer, whereas Golgi cells
are present in the granule cell layer (30). Golgi, stellate, and
basket cells are integral to cerebellar function as a result of
their modulation of Purkinje and granule cell output, with the
DCN serving as the main output centers of the cerebellum.
However, little is known of the role of cell cycle regulation in
the development of these cells.

We have now established mice in which the p57 gene is
conditionally disrupted in the brain. Acute inactivation of p57
resulted in massive apoptosis predominantly in Pax2-positive
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interneuron precursors of the developing cerebellar primor-
dium as well as in severe nonobstructive hydrocephalus. Our
observations indicate that p57 regulates the activities of E2F1
and p53 to ensure the proper proliferation and survival of cells
in the subcommissural organ (SCO) as well as of Pax2-positive
cells in the cerebellar primordium.

MATERIALS AND METHODS

Antibodies. Antibodies to p57 for immunofluorescence analysis (M-20, H-91)
or for immunoblot analysis were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA) and Sigma (St. Louis, MO), respectively; those to calbindin or par-
valbumin were from Swant (Bellinzona, Switzerland); those to GABA or �III-
tubulin were from Sigma; those to neurogranin or NeuN were from Millipore
(Schwalback, Germany); those to bromodeoxyuridine (BrdU), p27, or HSP90
were from BD Biosciences (San Diego, CA); those to nestin or Lhx1/5 were from
Developmental Studies Hybridoma Bank (Iowa City, IA); those to glial fibrillary
acidic protein (GFAP), myelin basic protein (MBP), Pax2, activated caspase-3,
or SMI32 were from DakoCytomation (Riga, Latvia), Abcam (Cambridge,
United Kingdom), Zymed (San Francisco, CA), Cell Signaling (Danvers, MA),
and Calbiochem (San Diego, CA), respectively; those to Rb or Ser780-phosphor-
ylated Rb were from Cell Signaling Technology; those to Ptf1a were generated
in-house (8); and those to Corl2 were kindly provided by Y. Ono.

Generation of nestin-Cre/Kip2[�]/F mice. The generation of Kip2[�]/F mice was
described elsewhere (16). Briefly, the 5� and 3� regions of homology in the
targeting vector for the p57 gene (Kip2) were generated by PCR with appropriate
primers. The neomycin resistance gene (neo) flanked by loxP sites was isolated
from the plasmid pL2-Neo (kindly provided by D. R. Littman) and inserted
downstream of exon 4 of Kip2, and a loxP site was also inserted upstream of exon
2. A diphtheria toxin A cassette was ligated at the 5� end of the targeting
construct. The maintenance, transfection, and selection of embryonic stem (ES)
cells were performed as previously described (23, 24). The recombination event
was confirmed by Southern blot analysis. ES clones that had undergone homol-
ogous recombination were transfected with pMC-Cre (kindly provided by D. R.
Littman) to excise the loxP-neo cassette. Colonies were screened for acquired
sensitivity to G418, and loss of the cassette was confirmed by Southern blot
analysis. ES clones were injected into C57BL/6 mouse blastocysts to generate
chimeric mice, and germ line transmission of the floxed Kip2 allele was achieved
by crossing chimeras with C57BL/6 mice. Female mice heterozygous for the
floxed Kip2 allele (Kip2[�]/F or Kip2[F]/�; symbols within brackets represent the
imprinted, inactive allele) were then crossed with male nestin-Cre transgenic
mice (34) to generate nestin-Cre/Kip2[�]/F offspring. Deletion of Kip2 in these
offspring was detected by PCR analysis with the primers AM83 (5�-ATGAGC
GTCTGTTAGGGACAGAC-3�), AM84 (5�-GACCAGACAGTCGAAATGGT
TCC-3�), and AM85 (5�-GCCGCGGTGTTGTTGAAACTG-3�).

Other mice. Nestin-Cre/Kip2[�]/F mice were also crossed with Tp53�/� mice
(Taconic, Hudson, NY), Kip1�/� mice (23), or E2f1�/� mice (37). Kip2[�]/Kip1KI

mice were described previously (31). All mouse experiments were approved by
the animal ethics committee of Kyushu University.

Immunoblot analysis. Total protein extracts were prepared from tissue with
the use of radioimmunoprecipitation assay buffer and were subjected to immu-
noblot analysis as previously described (31).

Quantitative RT-PCR analysis. Total RNA was extracted from tissue by the
guanidinium thiocyanate-phenol-chloroform method, purified, and subjected (1
�g) to reverse transcription (RT) with random hexanucleotide primers (Quanti-
Tect RT kit; Qiagen, Tokyo, Japan). The resulting cDNA was then subjected to
real-time PCR analysis with 1� SYBR green PCR master mix (TaKaRa, Shiga,
Japan) and 200 nM gene-specific primers. Assays were performed in triplicate
with a StepOnePlus real-time PCR system (Applied Biosystems, Foster City,
CA). The amplification protocol comprised initial incubation at 60°C for 30 s and
95°C for 3 s, followed by 40 cycles. The sequences of the various primers (sense
and antisense, respectively) were 5�-GGACCCGAGAAGACCTCCTT-3� and
5�-GCACATCACTCAGAATTTCAATGG-3� for hypoxanthine phosphoribo-
syltransferase (HPRT), 5�-TGTCTTGCACTCTGGTGTCTGAGC-3� and 5�-T
CTTGCAGAAGACCAATCTGCG-3� for p21, 5�-AGTGTCCAGGGATGAG
GAAGCGAC-3� and 5�-TTCTTGGGCGTCTGCTCCACAGTG-3� for p27, 5�-
GCGCAAACGTCTGAGATGAGT-3� and 5�-AGAGTTCTTCCATCGTCCG
CT-3� for p57, 5�-ACTCAGGAAGATCGGAGACAAAGTG-3� and 5�-ACAC
TCGTCCTTCAAGTCTGCTGG-3� for Noxa, 5�-CGCAGGAAGAATGAAAA
GAGGG-3� and 5�-CTGAGGAAGCAGGAAGTGAGAGTC-3� for Mcm3, 5�-
AGTTCTGTGCCCGCAAAGTG-3� and 5�-AGCAGCAAAGAGCAAACCA
GG-3� for Cdc6, 5�-TATGGAGGTGGTCTGTGCAA-3� and 5�-GGCAAGGA

GCTCAAAGTCAC-3� for Cdt1, and 5�-ACCTGCAGAACCTTACCATCG
A-3� and 5�-AGTCATGGCTCTGCTTCAGGTC-3� for p73. Reactions for
HPRT mRNA were performed concurrently on the same plate as those for the
test mRNAs, and results were normalized by the corresponding amount of
HPRT mRNA.

Histological and immunohistofluorescence analysis. Tissue was fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS). For hematoxylin-eosin
staining, the fixed tissue was embedded in paraffin and cut into serial sections
with a thickness of 4 �m. For immunofluorescence staining, the fixed tissue was
cut serially into 40-�m-thick sections with a vibrating microtome (VT1000; Leica,
Wetzlar, Germany). The sections were then incubated for 2 days at room tem-
perature with primary antibodies in PBS containing 1% bovine serum albumin
and 0.3% Triton X-100, washed thoroughly with PBS, and incubated overnight at
room temperature with Alexa Fluor 488- or Alexa Fluor 546-conjugated goat
secondary antibodies (Molecular Probes, Eugene, OR). Cell nuclei were stained
with Hoechst 33258. The sections were finally mounted with Vectashield medium
(Vector, Burlingame, CA) and examined with a laser-scanning confocal micro-
scope (LSM510; Carl Zeiss, Oberkochen, Germany). For BrdU labeling, dams
were injected intraperitoneally with BrdU (40 �g per gram of body weight; BD
Biosciences) before immunostaining of isolated embryos.

Primary culture. Neurons were isolated from the cerebella of mice at postna-
tal day 0.5 (P0.5) and were cultured with the use of a nerve cell culture system
(Sumitomo, Tokyo, Japan) in dishes coated with poly-L-lysine (Sigma). After
being cultured for 7 days, the cells were fixed with 4% paraformaldehyde and
incubated with antibodies to p57, �III-tubulin, GFAP, or MBP. Immune com-
plexes were detected with Alexa Fluor 488- or Alexa Fluor 546-conjugated goat
secondary antibodies (Molecular Probes). Cell nuclei were stained with Hoechst
33258.

Statistical analysis. Quantitative data are presented as means � standard
deviations (SD) and were analyzed by Student’s t test. A P value of 	0.05 was
considered statistically significant.

RESULTS

p57 is expressed predominantly in the SCO and Pax2-pos-
itive neurons. We examined the expression of p57 in the brains
of wild-type mice and found that only a small subset of cere-
bellar cells expressed this CKI during early postnatal develop-
ment. Most cerebellar cells reactive with antibodies to Pax2, a
marker of inhibitory interneuron precursors (15, 36), also ex-
pressed p57 (Fig. 1A). We confirmed that only a small subset
of neurons—not astrocytes or oligodendrocytes—expressed
p57 in primary cultured cells isolated from neonatal cerebella
(Fig. 1B). We measured the percentages of p57-positive cells
among neurons (�III-tubulin�), astrocytes (GFAP�), and oli-
godendrocytes (MBP�) after 2 and 7 days of primary culture
(Fig. 1C). After 2 days of culture, 
15% of neurons were
positive for p57, whereas 	5% of neurons were positive for
p57 after 7 days. We did not detect p57 expression in GFAP-
or MBP-positive cells at any time point examined. Given that
the number of neurons did not change substantially during
culture (data not shown), these results suggested that p57 is
specifically expressed in neural precursor cells of the cerebel-
lum and that these cells lose p57 expression during differenti-
ation in culture. This downregulation of p57 expression during
culture may recapitulate that which normally occurs in the
mouse cerebellum after birth (Fig. 1A). The number of p57-
expressing cells thus decreased after birth as the cells differ-
entiated, and they were almost undetectable at P15 (data not
shown). These patterns of p57 expression in the developing
cerebellum suggested that p57 functions to restrain the cell
cycle when immature Pax2-positive interneuron precursors be-
gin to differentiate and to cease proliferating. In addition, p57
was found to be highly expressed in the SCO, especially around
the lateral region, at embryonic day 14.5 (E14.5) (Fig. 1D).
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p57 deficiency in the brain leads to severe hydrocephalus.
The Kip2 locus undergoes genomic imprinting, with only the
maternal allele being expressed (17). To ablate the maternal
Kip2 allele only in the nervous system, we crossed female mice
heterozygous for the floxed allele (Kip2[F]/� or Kip2[�]/F; sym-
bols within brackets represent the imprinted, inactive allele)
(17) with male mice harboring a Cre transgene under the
control of the promoter for the nestin gene, to yield nestin-
Cre/Kip2[�]/F mice. We confirmed that the floxed allele was
efficiently inactivated by Cre in the brain of the resulting off-
spring, although a small subset of cells retained the floxed
allele (Fig. 2A to C).

Whereas most conventional p57 knockout (Kip2[�]/�) mice
die soon after birth as a result of respiratory distress likely
caused by skeletal anomalies, nestin-Cre/Kip2[�]/F mice were
born in approximately the expected Mendelian ratio. The de-
velopmental defects of the palate and intestine apparent with
conventional p57 knockout mice were absent in nestin-Cre/
Kip2[�]/F mice (data not shown). In contrast, like conventional
p57 knockout mice, nestin-Cre/Kip2[�]/F mice exhibited abnor-
mal lens development at E16.5 (Fig. 2D). The body size of the
mutant mice was substantially smaller than that of wild-type
littermates, and skeletal deformities, such as protrusion of the
skull and kyphosis, were apparent in the nestin-Cre/Kip2[�]/F

animals (Fig. 2E and F). The mutant mice also showed a
balance disorder and ataxic gait (data not shown). Nestin-Cre/
Kip2[�]/F mice died as early as 2 weeks of age, with most dying
within 3 weeks after birth (Fig. 2G). Histopathologic examina-
tion revealed severe hydrocephalus in mutant brains at P15
(Fig. 2H), although no apparent anatomic obstruction was
detected (a condition known as communicating or nonobstruc-
tive hydrocephalus). The ventricles were greatly expanded, and
the cerebral cortex exhibited marked thinning at P15 as a result
of hydrocephalus. One of the causes of nonobstructive hydro-
cephalus is damage to the SCO, which synthesizes SCO-spon-
din, a component of Reissner’s fiber, which is required for the
smooth flow of cerebrospinal fluid (18). As mentioned above,
p57 is highly expressed in the lateral region of the SCO at
E14.5 (Fig. 1D). In nestin-Cre/Kip2[�]/F mice, the SCO at P5
appeared atrophic, with ependymal denudation (Fig. 2I). We
found that p57 was efficiently ablated in the SCO region at
E14.5 (Fig. 2J). These results suggested that dysfunction of the
SCO is responsible for the nonobstructive hydrocephalus of
the mutant mice. The thinning of the cerebral cortex in nestin-
Cre/Kip2[�]/F mice apparent at P15 was likely a secondary
effect of the hydrocephalus attributable to the SCO defect. No
impairment of layer formation in the cerebral cortex was ap-
parent in nestin-Cre/Kip2[�]/F mice at E18.5, which is before
the onset of hydrocephalus (Fig. 2K).

Malformation of and loss of Pax2-positive cells in the p57-
deficient cerebellum. Gross inspection revealed the cerebellum
of nestin-Cre/Kip2[�]/F mice to be atrophic and deformed (Fig.
3A). Histopathologic examination showed that the normal lay-
ered structure of the cerebellum—consisting of the granule
cell, Purkinje cell, and molecular layers—was highly defective
in the mutant mice (Fig. 3A and B). We also examined sagittal
sections of the cerebella from nestin-Cre/Kip2[�]/� and nestin-
Cre/Kip2[�]/F mice at P15 (Fig. 3C). Cerebellar malformation
in nestin-Cre/Kip2[�]/F mice was apparent only in the hemi-
spheres, not in the vermis. The morphological deformity was
most profound in the anterior region of the cerebellar hemi-
spheres of nestin-Cre/Kip2[�]/F mice. However, the size of and
folium number for all regions of the cerebellum were substan-
tially smaller for nestin-Cre/Kip2[�]/F mice than for control
mice. The differences in the extent of malformation are likely
attributable to those in the efficiency of Kip2 deletion by Cre,
whose expression is driven by the nestin gene promoter. The
efficiency of Kip2 deletion by Cre recombinase in nestin-Cre/
Kip2[�]/F mice was relatively low (Fig. 2A to C). By means of
immunostaining for p57, we examined the deletion efficiency
for Kip2 in various regions of the cerebella of nestin-Cre/
Kip2[�]/F mice at P0.5 (Fig. 3D and E). Cells reactive with
antibodies to p57 were virtually absent (that is, Kip2 was almost
completely deleted) in the anterior region of the cerebellar
hemispheres in nestin-Cre/Kip2[�]/F mice, whereas p57 was still
expressed in �40% of cells (unlike in control mice) in the
posterior region of the hemispheres. On the other hand, p57
expression in the vermis of the cerebella (both anterior and
posterior regions) of nestin-Cre/Kip2[�]/F mice did not differ
significantly from that in control mice. These results indicate
that the extent of malformation in the cerebellum is well cor-
related with the extent of Kip2 deletion. We thus conclude that
the loss of p57 results in a marked defect in the normal devel-
opment of the cerebellum.

We next performed immunofluorescence analysis with anti-
bodies to calbindin as a marker for Purkinje cells, to GFAP as
a marker for astrocytes, and to MBP as a marker for oligoden-
drocytes. Purkinje cells were present but were highly disorga-
nized in the cerebella of nestin-Cre/Kip2[�]/F mice (Fig. 4A). In
addition to neurons, glial cells, such as astrocytes and oligo-
dendrocytes, appeared atrophic and unorganized (Fig. 4A).
Given that hydrocephalus in other mutant mouse models is not
usually accompanied by cerebellar anomalies (5, 10, 28), the
disorganized layer pattern in the cerebella of nestin-Cre/
Kip2[�]/F mice is not likely a secondary effect of hydrocephalus.
These results thus suggested that the loss of p57 affects the
morphology of most cells in the cerebellum, resulting in severe
cerebellar malformation.

FIG. 1. Expression of p57 in Pax2-positive cells in the cerebellum. (A) Immunofluorescence staining of Pax2 and p57 in the cerebellum
(demarcated by the dashed line) of a wild-type mouse at P0, P5, and P10. WM, white matter. Scale bar, 50 �m. A schematic representation of the
brain is also shown, with the red box indicating the position of the section. (B) Primary cultures prepared from the cerebella of wild-type mice at
P0.5 and maintained for 7 days were subjected to immunofluorescence analysis of p57, �III-tubulin, GFAP, and MBP, as indicated. Cell nuclei were
stained with Hoechst 33258. Arrows indicate p57-positive cells. �III-Tubulin staining is shown at higher magnification in the inset, revealing the
cytoplasmic localization of this protein. Scale bar, 40 �m. (C) Quantitative analysis of cells positive for p57 among the various marker-positive cells
in primary cultures prepared from the cerebella of wild-type mice at P0.5 and maintained for 2 or 7 days. Data are means � SD (n � 3). *, P 	
0.003; N.D., not detected. (D) Immunofluorescence staining of p57 in the SCO of a wild-type mouse at E14.5. Scale bar, 25 �m.
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Despite the fact that various cell types in the cerebellum
were affected by the loss of p57, p57 is expressed predomi-
nantly in Pax2-positive cells (Fig. 1A). We therefore examined
the number and development of Pax2-positive cells in the cer-
ebella of nestin-Cre/Kip2[�]/F mice. The number of Pax2-pos-
itive cells was greatly reduced in the cerebella of nestin-Cre/
Kip2[�]/F mice at P0 (Fig. 4B). Although a small number of
Pax2-positive cells remained in the mutant cerebellum, these
cells also expressed p57 (Fig. 4C), indicating that deletion of
the floxed Kip2 allele was not complete. Pax2-positive cells
yield GABA-positive DCN, Golgi, stellate, and basket cells
within 2 weeks after a mouse’s birth (15, 36). Among these cell
populations, GABA-positive DCN and neurogranin-positive
Golgi cells were virtually absent in nestin-Cre/Kip2[�]/F mice at
P15 (Fig. 4D). In contrast, stellate and basket cells, both of
which are recognized as parvalbumin-positive and calbindin-
negative cells in the molecular layer, were present in nestin-
Cre/Kip2[�]/F mice, although their arrangement was markedly
disorganized. These results suggested that the Pax2-positive
cells remaining as a result of incomplete deletion of Kip2
specifically yielded stellate and basket cells or that the lineage
of stellate and basket cells neither expresses p57 nor depends
on p57 for survival. The number of and the area occupied by
SMI32-positive glutamatergic DCN neurons (8) were also
markedly decreased in nestin-Cre/Kip2[�]/F mice (Fig. 4D).
Together, our observations thus suggested that ablation of
p57 results in the loss of GABA-positive DCN and Golgi
cells, a subset of the descendants of Pax2-positive cells, and
that this loss gives rise to the disorganized layers of the
cerebellum.

p57 deficiency results in apoptosis during embryonic devel-
opment. To explore the mechanism underlying the decrease in
the number of Pax2-positive interneuron precursors in nestin-
Cre/Kip2[�]/F mice, we examined whether such cells might be
eliminated by apoptosis during development. Immunostaining
for the cleaved (activated) form of caspase-3 revealed that the
level of apoptosis was greatly increased in the cerebellar pri-
mordia of nestin-Cre/Kip2[�]/F mice at E12.5 compared with
that in control mice (Fig. 5A). The frequency of apoptosis in
the mutant embryos was reduced at E14.5 and E16.5 compared
with that at E12.5, but it was still greater than that in age-
matched control animals (Fig. 5B to D). In addition, an in-
creased level of apoptosis was apparent in the SCO region of
nestin-Cre/Kip2[�]/F mice compared with that of control ani-
mals (Fig. 5E). These results thus suggested that the loss of

Pax2-positive cells and defects of the SCO in the mutant mice
are attributable to an increased level of apoptosis resulting
from p57 deficiency.

At E12.5, however, only a small number of p57-positive cells
in the cerebellar primordia of wild-type mice also expressed
Pax2, whereas the number of such cells was increased at E14.5
(Fig. 6A and B). In the cells expressing both p57 and Pax2, the
level of p57 expression varied at E12.5, probably reflecting cell
cycle status. Most cells that expressed p57 were also positive
for Pax2 at E14.5 and E16.5. Given that p57 is abundant in
many cells other than Pax2-positive cells in this region at
E12.5, we attempted to characterize the p57-positive cells by
combined immunostaining with antibodies to nestin (a marker
for neural progenitor cells), to NeuN (a marker for mature
neurons), to �III-tubulin (a marker for mature neurons), to
Ptf1a (a marker for progenitors of all GABAergic neurons [8]),
to Lhx1/5 (a marker for GABAergic neurons, including
GABA-positive DCN neurons, Purkinje cells, and inhibitory
interneurons [3]), or to Corl2 (a marker for immature Purkinje
cells [20]). Most p57-positive cells were not reactive with an-
tibodies to nestin or to �III-tubulin (Fig. 6C and D), suggesting
that p57 is expressed transiently in neuronal cells at a stage
intermediate between the nestin-positive and �III-tubulin/
NeuN-positive stages. The expression of p57 overlapped par-
tially that of Ptf1a (Fig. 6C and D), but it persisted longer than
did that of Ptf1a. In contrast, the expression of p57 also over-
lapped partially that of Lhx1/5 (Fig. 6C and D), but it appeared
earlier than did that of Lhx1/5. In vivo labeling with BrdU
revealed that the cells expressing p57 at E12.5 incorporated
BrdU when it was administered to pregnant females at E11.9
(Fig. 6E), suggesting that the p57-positive cells were generated
from neural progenitor cells at E11.9. Cells generated from
neural progenitors at this stage were previously shown to be
either Purkinje cells, Golgi cells, or glutamatergic DCN neu-
rons (19). However, the expression of p57 did not overlap
substantially that of Corl2 (Fig. 6C and D), making it unlikely
that the p57-positive cells are immature Purkinje cells. These
findings, together with our observation that Golgi cells and
GABAergic DCN neurons were virtually absent in nestin-Cre/
Kip2[�]/F mice (Fig. 4D), suggested that most of the cells ex-
pressing p57 at E12.5 might differentiate into Golgi cells and
GABAergic DCN neurons in wild-type mice. The cells express-
ing p57 in the developing cerebellum at E12.5 are therefore
likely precursors of Pax2-positive cells or a cell population that
is closely related to Pax2-positive cells. Furthermore, massive

FIG. 2. Severe hydrocephalus as a result of p57 ablation specifically in the central nervous system. (A) PCR analysis of genomic DNA from the
brains of mice of the indicated genotypes at P15. The positions of amplified fragments corresponding to wild-type (WT), floxed, and deleted (
)
alleles are indicated. (B) RT and real-time PCR analysis of p57 mRNA in the brains of mice of the indicated genotypes at E13.5. Normalized data
are expressed relative to the corresponding value for control mice and are means � SD (n � 3 mice of each genotype). (C) Immunoblot (IB)
analysis of p57 in the brains of mice of the indicated genotypes at E13.5. (D) Hematoxylin-eosin staining of the lenses of mice of the indicated
genotypes at E16.5. Scale bars, 100 �m. (E) Gross appearance of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P15. The arrow indicates
the outspread cranium. Scale bar, 5 mm. (F) Body weights of control (n � 31) and nestin-Cre/Kip2[�]/F (n � 12) mice at P15. *, P � 3.56 � 10�11.
(G) Kaplan-Meier plot of the overall rates of survival of control (n � 38) and nestin-Cre/Kip2[�]/F (n � 13) mice. (H) Hematoxylin-eosin staining
of coronal sections of the forebrains from nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P15. Scale bar, 1 mm. (I) Hematoxylin-eosin
staining of coronal sections of the SCOs in nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P5. The arrow indicates the abnormal SCO, and
arrowheads indicate ependymal denudation in the lateral region for the mutant. Scale bar, 50 �m. (J) Immunofluorescence staining of p57
in the SCOs of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E14.5. Cell nuclei were stained with Hoechst 33258. Scale bar, 25 �m.
(K) Hematoxylin-eosin staining of coronal sections of the cerebral cortices in nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E18.5.
Scale bar, 50 �m.
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apoptosis during midembryogenesis is likely responsible for
the loss of Golgi cells and GABAergic DCN neurons in nestin-
Cre/Kip2[�]/F mice.

Additional deletion of Tp53 prevents hydrocephalus and
cerebellar malformation. Given that the amounts of mRNAs
for p21 and Noxa, both of which are downstream targets of
p53, were increased in the brains of nestin-Cre/Kip2[�]/F

mice (Fig. 7A), we investigated the possible role of p53 in

the abnormal induction of apoptosis in these animals. We
thus crossed nestin-Cre/Kip2[�]/F mice with Tp53�/� mice to
generate animals that lack both p57 and p53 in the brain.
Nestin-Cre/Kip2[�]/F/Tp53�/� mice were viable and indistin-
guishable from wild-type mice, at least within the first 3 months
after birth, and they thus did not manifest hydrocephalus or
cerebellar malformation (Fig. 7B and C). Furthermore,
nestin-Cre/Kip2[�]/F/Tp53�/� mice also exhibited substantial re-

FIG. 3. Cerebellar malformation in the cerebella of p57-deficient mice. (A and B) Hematoxylin-eosin staining of coronal sections of the
cerebella from nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P15. The boxed regions in panel A are shown at higher magnification in panel
B. Scale bars, 1 mm (A) and 100 �m (B). (C) Hematoxylin-eosin staining of sagittal sections of the indicated regions of the cerebella from
nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P15. A schematic representation of the brain is also shown, with the dashed red lines
indicating the positions of the sections. Scale bars, 500 �m. (D) Immunofluorescence staining of p57 (green) in the indicated regions of the
cerebella from nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P0.5. Nuclei were stained with Hoechst 33258 (blue). A schematic repre-
sentation of the cerebellum is also shown, with the dashed red lines indicating the positions of the sections. Scale bars, 50 �m. (E) Quantitative
analysis of cells positive for p57 in images similar to those in panel D. Data are expressed relative to the corresponding control value and
are means � SD (n � 3). *, P 	 0.005; NS, not significant.

FIG. 4. Loss of Pax2-positive cells in the cerebella of p57-deficient mice. (A) Immunohistofluorescence analysis of calbindin, GFAP, and MBP
in the cerebella of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at P15. Sagittal sections from the anterior lobe of the hemisphere are shown.
Scale bars, 50 �m. (B to D) The cerebella of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice were subjected to immunofluorescence staining
with antibodies to Pax2 at P0 (B), with antibodies to Pax2 and to p57 at P0 (C), or with antibodies to the indicated proteins at P15 (D). Arrows
indicate GABAergic DCN neurons. Coronal sections from the anterior lobe of the hemisphere are shown in panels B and C. (D) Sagittal sections
from deep cerebellar nuclei are shown for GABA/SMI32 staining, and those from the anterior lobe of the hemisphere are shown for calbindin/
neurogranin (NG) and parvalbumin/calbindin staining. Scale bars, 50 �m.

VOL. 31, 2011 ROLE OF p57 IN BRAIN DEVELOPMENT 4183



FIG. 5. Massive apoptosis in the cerebellar primordium induced by p57 ablation. (A to C) Immunofluorescence staining of cleaved caspase-3
in the cerebella of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E12.5 (A), E14.5 (B), and E16.5 (C). Horizontal sections (A and B) and
coronal sections (C) of the cerebellar primordium are shown. Dashed lines demarcate the cerebellar primordium (Ce). Cell nuclei in panel A were
stained with Hoechst 33258. Schematic representations of the brain are also shown, with dashed red lines indicating the positions of the sections.
Scale bars, 100 �m. (D) Quantitative analysis of cells positive for cleaved caspase-3 in images similar to those in panels B and C. Data are
means � SD (n � 4 independent experiments). *, P � 0.003; **, P � 0.0006. (E) Immunofluorescence staining of cleaved caspase-3 in
coronal sections of the SCOs of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E14.5. 3rd V, third ventricle. Scale bar, 50 �m.
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FIG. 6. Characterization of p57-positive cells in the cerebellar primordium. (A) Immunofluorescence staining of p57 and Pax2 in the cerebella
of wild-type mice at E12.5, E14.5, and E16.5. Scale bars, 25 �m. (B) Quantitative analysis of cells positive for Pax2 among p57-positive cells in
images similar to those in panel A. Data are means � SD (n � 3). (C) Characterization of p57-expressing cells in the cerebella of wild-type mice
at E12.5 by immunofluorescence staining with antibodies to p57 and to the indicated proteins. Scale bars, 25 �m. (D) Quantitative analysis of cells
positive for each marker among p57-positive cells in images similar to those in panel C. Data are means � SD (n � 3). (E) Immunofluorescence
staining of BrdU and p57 in the cerebella of wild-type mice at E12.5 after BrdU administration at the indicated times. Scale bars, 50 �m.
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covery with regard to these anatomic abnormalities. Immuno-
fluorescence analysis revealed that the layered organization of
the cerebella and number of Golgi cells appeared normal in
nestin-Cre/Kip2[�]/F/Tp53�/� mice at P15 (Fig. 7D and E). We
also found that the increased level of apoptosis apparent in
nestin-Cre/Kip2[�]/F mice at E12.5 was normalized in nestin-
Cre/Kip2[�]/F/Tp53�/� mice (Fig. 7F). The cellular composi-
tions of adult cerebella also did not differ substantially between
nestin-Cre/Kip2[�]/F/Tp53�/� and control mice (data not
shown), suggesting that all developmental defects in nestin-
Cre/Kip2[�]/F mice are attributable to the increased level of
apoptosis rather than to other mechanisms, such as skewed
cellular differentiation or a defect in cell migration. Collec-
tively, our results suggested that the loss of p57 results in
aberrant apoptosis in the SCO and cerebellum during devel-
opment in a manner dependent on p53.

p57 function in brain development is replaceable by p27.
Whereas the members of the Cip/Kip family of CKIs (p21, p27,
and p57) share a CKI domain that is essential for inhibition of
CDKs, p57 also contains a central domain that is absent in p21
and p27 and is thought to mediate functions other than inhi-
bition of CDKs (17). To test whether p57 function in brain
development is replaceable by p27, we examined the brains of
Kip2[�]/Kip1KI mice, in which the expressed allele of the p57
gene has been replaced with the p27 gene (31, 32). We first
examined the expression of p27 in the cerebella of Kip2[�]/�

and Kip2[�]/Kip1KI mice at P0.5 (Fig. 8A). Whereas few Pax2-
positive cells in the cerebella of Kip2[�]/� mice expressed p27,
p27 appeared to be expressed in most Pax2-positive cells in the
cerebella of Kip2[�]/Kip1KI mice. The gross appearance of the
brains of Kip2[�]/Kip1KI mice was indistinguishable from that of
wild-type mice (Fig. 8B), and there was no sign of increased
intracranial pressure associated with hydrocephalus (Fig. 8C
and D). Microscopic examination of cerebellar structure did
not reveal any morphological abnormalities in Kip2[�]/Kip1KI

mice (Fig. 8C and E). Furthermore, the number of Golgi cells,
which are mostly absent in nestin-Cre/Kip2[�]/F mice, appeared
unchanged in Kip2[�]/Kip1KI mice from the number in control
animals (Fig. 8F). We also generated nestin-Cre/Kip2[�]/F/
Kip1�/� mice, in which both p57 and p27 are absent in the
brain. The double mutant mice died immediately after birth,
whereas most nestin-Cre/Kip2[�]/F mice survived for 2 to 3
weeks after birth (Fig. 8G). Histopathologic examination did
not reveal any large defects that might account for this neo-
natal mortality (data not shown), the reason for which awaits
further clarification.

We further examined whether the loss of Pax2-positive cells
was also apparent in the cerebella of constitutive p57 knockout
(Kip2[�]/�) mice. Whereas p57 ablation resulted in the loss of
Pax2-positive cells in the conditional knockout mice, such a
loss was not obvious in the cerebella of the constitutive knock-
out mice (Fig. 9A). The abundance of p27 mRNA was in-
creased in the brains of constitutive p57 knockout mice at
E12.5, whereas such upregulation of p27 mRNA was not ob-
served in nestin-Cre/Kip2[�]/F mice (Fig. 9B and C). These
results therefore suggested that p27 might compensate in part
for the chronic p57 deficiency in constitutive p57 knockout
mice but not for the acute inactivation of p57 in nestin-Cre/
Kip2[�]/F mice. Collectively, these results suggested that the
total amount of CKIs is an important determinant of brain
development, although p57 appears to be especially important
in regions of the brain such as those containing DCN neurons
and Golgi cells. The phenotype of the p57-deficient brain is
thus likely attributable to an increase in CDK activity that
results from the loss of the CKI function of p57.

The increased activity of E2F1 contributes to the phenotype
of the p57-deficient brain. Finally, we investigated how in-
creased CDK activity might trigger p53-dependent apoptosis,
focusing on the possible contribution of the retinoblastoma
protein (Rb)-E2F pathway. The excessive activity of E2F1 was
previously shown to induce p53-dependent or -independent
apoptosis in a manner dependent on cellular context (4, 14, 26,
27). Phosphorylation of Rb in the brains of nestin-Cre/
Kip2[�]/F mice at E12.5 was increased compared with that in
control mice (Fig. 10A). We also examined the expression of
E2F target genes in p57-deficient brains at E12.5 (Fig. 10B).
Expression of the genes for Mcm3, Cdc6, and Cdt1, all of
which are E2F targets related to the cell cycle, was moderately
but significantly increased. In addition, expression of the gene
for p73, which is an E2F target related to apoptosis, was mark-
edly increased. These results thus indicated that E2F activity is
indeed increased by ablation of p57 in the brain. We next
crossed nestin-Cre/Kip2[�]/F mice with E2f1�/� mice to gener-
ate animals that lack both p57 and E2F1 in their brains. Nestin-
Cre/Kip2[�]/F/E2f1�/� mice manifested recovery from the de-
fects of nestin-Cre/Kip2[�]/F mice, including hydrocephalus,
cerebellar malformation, and loss of Golgi cells, although the
penetrance of such recovery did not reach 40% (Fig. 10C to E),
suggesting that other members of the E2F family might con-
tribute to the abnormalities of nestin-Cre/Kip2[�]/F mice. We
therefore concluded that the loss of p57 in the brain results in
excessive E2F activity, which in turn induces p53-dependent

FIG. 7. Reversal of the abnormalities of the p57-deficient brain by additional ablation of p53. (A) RT and real-time PCR analysis of mRNAs
derived from p53 target genes in the brains of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E12.5. Normalized data are expressed relative
to the corresponding value for control mice and are means � SD (n � 4 mice of each genotype). *, P 	 0.001; **, P 	 0.0001. (B) Gross
appearance of the brains of nestin-Cre/Kip2[�]/�, nestin-Cre/Kip2[�]/F, and nestin-Cre/Kip2[�]/F/Tp53�/� mice at P15. Scale bar, 2.5 mm. (C) Sum-
mary of the recovery rate for hydrocephalus and cerebellar malformation in mice of the indicated genotypes at P15. (D) Immunofluorescence
staining of the cerebella of nestin-Cre/Kip2[�]/�, nestin-Cre/Kip2[�]/F, nestin-Cre/Kip2[�]/�/Tp53�/�, and nestin-Cre/Kip2[�]/F/Tp53�/� mice at P15
with antibodies to calbindin and to neurogranin (NG). Sagittal sections from the anterior lobe of the hemisphere are shown. Scale bar, 50 �m.
(E) Quantitative analysis of Golgi cells. The cerebella of nestin-Cre/Kip2[�]/�, nestin-Cre/Kip2[�]/F, nestin-Cre/Kip2[�]/�/Tp53�/�, and nestin-Cre/
Kip2[�]/F/Tp53�/� mice at P15 were subjected to immunofluorescence staining with antibodies to neurogranin, and the number of neurogranin-
positive cells in the granule cell layer was counted. Data are means � SD (n � 4 independent experiments). (F) Immunofluorescence staining of
cleaved caspase-3 in horizontal sections of the cerebella from nestin-Cre/Kip2[�]/�, nestin-Cre/Kip2[�]/F, and nestin-Cre/Kip2[�]/F/Tp53�/� mice at
E12.5. Cell nuclei were stained with Hoechst 33258. Dashed lines demarcate the cerebellar primordium (Ce). A schematic representation of the
brain is also shown, with the dashed red line indicating the position of the sections. Scale bar, 100 �m.
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FIG. 8. Normalization of the phenotype of the p57-deficient brain by p27 knock-in. (A) Immunofluorescence staining of p27 and Pax2 in
the cerebella of Kip2[�]/� (wild-type) and Kip2[�]/Kip1KI mice at P0.5. Arrows indicate cells with a high level of p27 expression. Scale bar, 100
�m. (B) Gross appearance of the brains of Kip2[�]/� and Kip2[�]/Kip1KI mice at P25. Scale bar, 2 mm. (C) Summary of the recovery rate for
hydrocephalus and cerebellar malformation in Kip2[�]/Kip1KI mice at P15. (D and E) Hematoxylin-eosin staining of coronal sections of the
forebrains (D) and cerebella (E) of Kip2[�]/�, nestin-Cre/Kip2[�]/F, and Kip2[�]/Kip1KI mice at P15. Scale bars, 500 �m. (F) Immunofluo-
rescence staining of the cerebella of Kip2[�]/�, nestin-Cre/Kip2[�]/F, and Kip2[�]/Kip1KI mice at P15 with antibodies to calbindin and to
neurogranin (NG). A schematic representation of the cerebellum is also shown, with the red box indicating the position of the sections. Scale
bar, 50 �m. (G) Summary of the ratios of death immediately after birth for mice of the indicated genotypes.
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apoptosis, finally leading to hydrocephalus and cerebellar mal-
formation.

DISCUSSION

We have elucidated the physiological importance of p57
during brain development by analysis of the effects of brain-
specific deletion of the p57 gene in mice. The mutant mice
manifested severe nonobstructive hydrocephalus and cerebel-
lar malformation, which appear to be attributable to an in-
creased level of apoptosis during midembryogenesis. This
apoptosis is dependent on the E2F-p53 axis, given that addi-
tional ablation of either E2F1 or p53 in brain-specific p57-
deficient mice prevented both hydrocephalus and the cerebel-
lar anomaly. We thus propose that the loss of p57 results in
hyperactivation of E2F and the consequent induction of p53-
dependent apoptosis.

The related CKIs p27 and p57 differ in the times and places
of their expression in many tissues and organs, including the
brain (22). In the cerebellum, p27 is expressed mostly in gran-
ule cells (glutamatergic excitatory neurons) after birth (21). In

contrast, p57 is expressed predominantly in Pax2-positive cells,
which are precursors of GABAergic inhibitory neurons, from
midembryogenesis to the neonatal period. The effects of p27 or
p57 gene deletion in the cerebellum thus also differ: p27 defi-
ciency results in hyperproliferation of granule cells during
adulthood (21), whereas p57 deficiency results in the apoptosis
of Pax2-positive interneuron precursors during embryogenesis.
Nevertheless, the defects induced by p57 deficiency were re-
versed by p27 knock-in, suggesting that the molecular roles of
these CKIs are indistinguishable. The specific response of cells
to the lack of each CKI is therefore dependent on cell type
rather than on CKI type. This relation between p27 and p57 in
the brain is similar to that observed in most (but not all) other
tissues (31, 32).

In regions of the central nervous system other than the
cerebellum, p57 is expressed predominantly in the SCO, the
subventricular and mantle zones of the hippocampus, the sep-
tum, the basal ganglia, the thalamus, the hypothalamus, the
midbrain, and the spinal cord from E12.5 to E16.5 (2, 6, 39).
The expression of p57 precedes that of p27 as cells undergo
differentiation, and a subset of cells expresses both p27 and

FIG. 9. Brain phenotype of conventional p57 knockout mice. (A) Immunostaining of Pax2 in the cerebella (demarcated by the dashed line) of
Kip2[�]/� and Kip2[�]/� mice at E18.5. Sections from two different Kip2[�]/� mice are shown. Scale bar, 100 �m. (B and C) RT and real-time PCR
analysis of p27 mRNA in the brains of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F (B) and of Kip2[�]/� and Kip2[�]/� (C) mice at E12.5.
Normalized data are expressed relative to the corresponding values for control mice and are means � SD (n � 4 mice of each genotype).
*, P 	 0.01.
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p57, suggesting potentially related yet distinct functions of
Cip/Kip family members during neurogenesis (2, 6, 39). This
finding is consistent with our observation that mice lacking
both p27 and p57 in the brain die immediately after birth.
After E18.5, expression of p57 is limited to regions under-
going differentiation and ceases within a short period after
birth.

One of the most prominent defects induced by ablation of
p57 is the loss of Pax2-positive cells in the cerebellum. How-
ever, the detailed mechanism by which the loss of such cells
results in cerebellar disorganization remains unclear. Ap-

propriate interactions among multiple cell lineages are
thought to be essential for formation of normal cerebellar
architecture as well as for efficient cell proliferation. For
example, Sonic hedgehog secreted from Purkinje cells pro-
motes the proliferation of granule cells, which constitute a
large subset of cerebellar neurons (35). The hypoplasia as-
sociated with the marked malformation of the cerebella in
p57-deficient mice might therefore be attributable directly to
the massive apoptosis observed during embryogenesis or to a
proliferation defect resulting from the loss of such intercellular
interactions (or both).

FIG. 10. Role of E2F1 in the action of the p57-p53 axis in brain development. (A) Immunoblot (IB) analysis of Rb and phosphorylated Rb in
the brains of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E12.5. Each lane corresponds to a different animal. (B) RT and real-time PCR
analysis of mRNAs derived from E2F target genes in the brains of nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F mice at E12.5. Normalized data
are expressed relative to the corresponding values for control mice and are means � SD (n � 3 mice of each genotype). *, P 	 0.05; **, P 	 0.005.
(C) Gross appearance of the brains of mice of the indicated genotypes at P15. Scale bar, 2.5 mm. (D) Summary of the recovery rates from
hydrocephalus and cerebellar malformation for mice of the indicated genotypes at P15. (E) Immunofluorescence staining of the cerebella of
nestin-Cre/Kip2[�]/� and nestin-Cre/Kip2[�]/F/E2f1�/� mice at P15 with antibodies to calbindin and to neurogranin (NG). A schematic represen-
tation of the cerebellum is also shown, with the red box indicating the position of the sections. Scale bar, 50 �m.
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Most p57-positive cells in the cerebella of wild-type mice did
not express Pax2 at E12.5, at which time maximal apoptosis
was apparent in the p57-deficient mice. Although these p57-
positive cells may be precursors of Pax2-positive cells, we are
not able to exclude the possibility that they belong to a lineage
other than Pax2-positive neuronal precursors but are essential
for the development of the latter cells. Given that a large
subset of p57-positive cells expresses Pax2 at E14.5, at which
time the extent of apoptosis was still increased in the p57-
deficient cerebellar primordium, most of the apoptotic cells in
the mutant brain are likely Pax2-positive neuronal precursors.
Further analysis is required to determine the lineage of the
cells that undergo apoptosis in response to the loss of p57 in
the brain.

The CKI p57 performs various biological functions in addi-
tion to inhibition of the cell cycle. First, p57 controls neural
differentiation through transcriptional regulation. It directly
interacts with the transcription factor Nurr1 and modulates its
trans-activation activity, resulting in promotion of the differen-
tiation of MN9D cells into dopaminergic neurons (12). It also
binds to the product of the proneural gene Mash1 and inhibits
its potential for trans activation of target genes (11). These
actions of p57 in transcriptional control are not dependent on
CKI activity. Second, p57 (and also p27) functions in the reg-
ulation of neuronal migration in the cerebral cortex (9, 13, 25).
These non-CKI functions of p57 might also contribute to cer-
ebellar development. However, this seems unlikely because the
brain abnormalities of p57-deficient mice were prevented by
p27 knock-in or by additional ablation of p53 or E2F1. Our
results thus support the notion that the cerebellar malforma-
tion associated with p57 deficiency is the result of a loss of the
CKI activity of p57 rather than that of other non-CKI func-
tions. Collectively, our data indicate that the p57-E2F-p53 axis
is required for the normal development of a subset of neurons
in the cerebellum.
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