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The Wnt/3-catenin pathway promotes proliferation of neural progenitor cells (NPCs) at early stages and induces neuronal dif-
ferentiation from NPCs at late stages, but the molecular mechanisms that control this stage-specific response are unclear. Pin1 is
a prolyl isomerase that regulates cell signaling uniquely by controlling protein conformation after phosphorylation, but its role
in neuronal differentiation is not known. Here we found that whereas Pinl depletion suppresses neuronal differentiation, Pinl

overexpression enhances it, without any effects on gliogenesis from NPCs in vitro. Consequently, Pin1-null mice have signifi-
cantly fewer upper layer neurons in the motor cortex and severely impaired motor activity during the neonatal stage. A pro-
teomic approach identified 3-catenin as a major substrate for Pinl in NPCs, in which Pin1 stabilizes 3-catenin. As a result, Pinl
knockout leads to reduced 3-catenin during differentiation but not proliferation of NPCs in developing brains. Importantly,
defective neuronal differentiation in Pin1 knockout NPCs is fully rescued in vitro by overexpression of 3-catenin but not a
[-catenin mutant that fails to act as a Pin1 substrate. These results show that Pin1 is a novel regulator of NPC differentiation by
acting on [3-catenin and provides a new postphosphorylation signaling mechanism to regulate developmental stage-specific

functioning of 3-catenin signaling in neuronal differentiation.

N eurons are generated from neural stem/progenitor cells
(NPCs) during brain development. Recently, it has been
emerging that an array of extracellular factors, including Wnt,
platelet-derived growth factor, vascular endothelial growth factor,
and bone morphogenic proteins, trigger signaling cascades lead-
ing to activation of downstream transcription factors to regulate
neuronal differentiation from NPCs (6, 16, 18, 22, 23, 33, 51, 68,
86, 91). However, little is known about how these signaling path-
ways are integrated to control the highly ordered events of neuro-
nal differentiation to generate neurons in different layers or sub-
regions of the brain during development.

A well-established key signaling pathway in neurogenesis is the
Wnt/B-catenin pathway (13, 16, 18, 22, 46, 62). For example,
overexpression of constitutively active B-catenin in NPCs induces
neurogenesis and increases cortical size (12, 23, 90). Similarly,
overexpression of Wnt3 increases neurogenesis in cortical pro-
genitor cells (26, 43) and adult hippocampal stem/progenitor cells
(34). Conversely, ablation of B-catenin inhibits neurogenesis,
leading to reduced brain size (23, 90). Finally, activation of the
Wnt/B-catenin pathway leads to the formation of 3-catenin—TCF
complexes to transactivate Wnt target genes, including many pro-
neural transcription factors (25, 30, 48, 79). Significantly, the in
vivo function of Wnt/3-catenin signaling in neuronal differentia-
tion depends on the developmental stage during brain develop-
ment. It appears to promote proliferation of early NPCs (expan-
sion phase) but induces neuronal differentiation of NPCs in the
late stage (neurogenic phase). These stage-dependent responses of
NPCs might play a central role in determining the timing of dif-
ferentiation and the size of the final population of each differen-
tiated cell type (23). However, the molecular mechanisms that
control this developmental stage-specific response of NPCs are
not fully understood. Moreover, although the function of
B-catenin is regulated by phosphorylation, nothing is known
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about whether B-catenin is further regulated after phosphoryla-
tion to control neuronal differentiation.

Proline-directed protein phosphorylation (pSer/Thr-Pro) is a
central signaling mechanism in diverse cellular processes (8, 61,
66). Importantly, recent studies have shown that such phosphor-
ylation events are further regulated by conformational changes
after protein phosphorylation (38, 40). The pSer/Thr-Pro motifs
in certain proteins exist in ¢is or trans conformation, whose con-
version is catalyzed by the unique prolyl isomerase Pinl (39, 42,
87). Such Pinl-catalyzed conformational regulation after phos-
phorylation often functions as a molecular timer, regulating many
key proteins in diverse cellular processes, such as (3-catenin, tau,
and APP in neurons (32, 34, 35, 38, 40, 41, 64, 72, 74, 89, 92, 94).
In fact, cis and trans conformation-specific functions and their
regulation by Pinl have been demonstrated directly by the devel-
opment of conformation-specific antibodies (55).

Significantly, Pin1 is tightly regulated at multiple levels, and its
deregulation has an important role in a growing number of path-
ological conditions, notably cancer and Alzheimer’s disease (AD)
(3,9, 17, 19, 38, 40, 49, 78, 88). For example, we have demon-
strated that Pin1 acts on the pThr231-Pro motif in tau to promote
tau dephosphorylation and degradation and also on the pThr668-
Pro motif in APP to reduce amyloidogenic APP processing and
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toxic AP secretion (35, 41, 45, 64, 65). Consequently, Pin1-defi-
cient mice display both tau- and AB-related pathologies and neu-
rodegeneration, in an age-dependent manner, resembling many
aspects of human Alzheimer’s disease (35, 64). In contrast, mod-
erate Pinl overexpression in postnatal neurons effectively sup-
presses tau-related pathology and neurodegeneration in Alzhei-
mer’s disease mouse models (34). Significantly, Pinl is inhibited
by multiple mechanisms in human Alzheimer’s neurons, includ-
ing downregulation, oxidation, and/or possible single nucleotide
polymorphisms (35, 77, 81, 84). In contrast, the Pinl single nu-
cleotide polymorphism that prevents its downregulation by the
brain-specific transcription factor AP4 is associated with a delayed
onset of Alzheimer’s disease (44). These results indicate that Pinl
plays a pivotal role in protecting against age-dependent neurode-
generation in Alzheimer’s disease. In addition, Pinl has been
shown to regulate several other neuron-enriched proteins, includ-
ing synphilin-1, BIMEL, gephyrin, neurofilament, and JIP3,
which might contribute to neurodegeneration (7, 27, 52, 70, 71,
76). Therefore, the roles of Pin1 in various age-dependent neuro-
pathological conditions have been studied extensively. Although
Pinl levels increase during neuronal differentiation in vitro (20),
little is known about the physiological function of Pinl during
brain development.

In studying this issue, we found that increased Pin1 expression
occurs in parallel with NPC differentiation in mouse embryos.
Furthermore, Pinl knockout (KO) in mice specifically inhibits
neuronal differentiation in vitro and inhibits the birth of upper but
not lower layer neurons in the mouse cerebral cortex, resulting in
fewer upper layer neurons in the motor cortex and severely im-
paired motor activity during the neonatal stage. Moreover, a pro-
teomic approach led to the identification of B-catenin as a major
substrate for Pinl in NPCs, in which Pin1 stabilizes B-catenin by
controlling its protein conformation after phosphorylation to
promote neuronal differentiation from NPCs. These results dem-
onstrate for the first time that Pin1 is a novel regulator of neuronal
differentiation by stabilizing B-catenin and that conformational
regulation after phosphorylation is a new mechanism for control-
ling neuronal differentiation during certain stages of brain devel-
opment.

MATERIALS AND METHODS

Animals. Pinl wild-type (WT) and KO mouse littermates were obtained
by crossing Pin1 heterozygous male and female mice on a C57BL/6 back-
ground with each other (34).

Retroviral constructs. The NcoI-Sall fragment from pMX-IRES-GFP
was ligated with the BspHI-Xhol fragment of the puromycin resistance
gene to yield pMRX-IRES-PURO. The BamHI-SnaBI fragments encoding
WT and constitutively active CS2-B-catenin” 128 (36) were inserted into
the pMRX-IRES-PURO vector digested with Notl and blunted and di-
gested with BamHI to yield WT and constitutively active B-catenin retro-
viral constructs. S246A -catenin was generated using two-step PCR (24)
with CS2-B-catenin™8 as the template, followed by insertion into the
PMRX-IRES-PURO vector. The Wnt3 viral vector (33) was provided by
Fred H. Gage.

NPC cultures. Primary neural precursor cells were prepared from the
cerebral hemispheres of embryonic day 15.5 (E15.5) mouse embryos. Dis-
sected cortices transferred to Neurobasal medium (Invitrogen, Carlsbad,
CA) supplemented with 2% B27 (Invitrogen), 2 mM glutamine (Invitro-
gen), and antibiotics were mechanically dissociated into single cells. The
dissociated cells were cultured in Neurobasal medium supplemented with
2% B27, 2 mM glutamine, antibiotics, human recombinant epidermal
growth factor (EGF; 20 ng/ml) (Invitrogen), and human recombinant
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basic fibroblast growth factor (bFGF; 20 ng/ml) (Invitrogen). For differ-
entiation into neurons, glass coverslips were coated with poly-L-lysine (15
pg/ml) (Sigma, St. Louis, MO) and laminin (5 pg/ml) (Sigma) and were
placed in 24-well plates. The dissociated cells were cultured in the pres-
ence of 1% fetal calf serum (FCS) without EGF and bFGF. For retroviral
infection, cells were mixed with virus solution at 2,000 rpm for 60 min in
the presence of Polybrene (20 pg/ml). For quantification of the percent-
age of BIII tubulin-positive neurons or GFAP-positive astrocytes, 2,000
cells were counted for each genotype. Analysis of B-catenin stability in
neurosphere culture was carried out using cycloheximide (CHX; 100 g/
ml) as described previously (34) (n = 3 per group).

Western blotting, GST pulldown, and immunoprecipitation. Total
lysates were obtained from cultured NPCs as described previously (34),
and Western blotting was done using anti-Pin1 (35), anti-(3-catenin (BD
Biosciences, San Jose, CA), antitubulin (Sigma), and anti-Ki67 antibodies.
Quantification of the intensities of B-catenin signals relative to those of
tubulin signals was carried out using NIH Image as described previously
(75) (n = 3 per group). Cytosol and nuclear proteins were separated using
anuclear/cytosol fractionation kit (BioVision, Milpitas, CA). Glutathione
S-transferase (GST) pulldown and immunoprecipitation were conducted
as reported previously (74).

Immunostaining. The primary antibodies used were goat anti-Brnl
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Brn2 (Santa Cruz), and
anti-BLBP (Santa Cruz), mouse antireelin (Santa Cruz), goat antinestin
(Santa Cruz), goat anti-GFAP (Santa Cruz), mouse anti-PSD95 (BD Bio-
sciences), mouse antibromodeoxyuridine (anti-BrdU) (BD Biosciences),
rat anti-BrdU (Serotec, Oxford, United Kingdom), mouse anti-f-catenin
(BD Biosciences), rabbit anti--catenin (Cell Signaling, Danvers, MA),
mouse anti-Pax6 (Abcam), guinea pig antidoublecortin (anti-DCX) (Mil-
lipore), mouse anti-BIII tubulin (Millipore), rabbit anti-BIII tubulin
(TUJ1) (Covance, Princeton, NJ), mouse anti-Pin1 (35), rabbit anti-Pin1
(35), ratanti-CTIP2 (Abcam, Cambridge, MA), and rabbit anti-Tbr2 (14)
(kindly provided by Robert F. Hevner) antibodies. Immunofluorescence
staining and immunohistochemistry of the mouse brain and cultured cells
were done essentially as described previously (35, 56, 57, 59), and samples
were visualized with a confocal microscope (Zeiss LSM510). The intensi-
ties of BrdU-, DCX-, Pax6-, Tbr2-, Brnl-, and Brn2-positive signals were
counted within the same area for WT and Pin1 KO mice, with WT control
levels being defined as 100% (1 = 2 to 7 per group). For quantitation of
DCX-positive neurons, we identified cells with nuclear staining with he-
matoxylin to prevent counting of nonspecific signals. Neurons positive
for both DCX and hematoxylin were defined as DCX-positive immature
neurons and counted in the same area containing all layers in the motor
cortex for WT and KO mice.

BrdU birth dating. Timed pregnant dams received BrdU by intraper-
itoneal injection (100 mg/kg of body weight) and were sacrificed different
time points (n = 2 to 4 per group). Brains of the pups were fixed by
immersion in cold buffered 4% paraformaldehyde for 16 to 20 h at 4°C
and then processed for BrdU immunostaining. Determination of the
boundary between the upper and lower layers and counting of BrdU-
positive cells were done essentially as described previously (31, 80).
Briefly, anatomically matched sections from each mouse were selected,
and fluorescence images were obtained from the motor cortex. The full
cortical thickness was divided into 10 bins, with the upper 3 bins defined
as upper layers (I to IV) and the remaining 7 bins defined as lower layers
(V and VI).

Luciferase reporter assay. Luciferase reporter assay was done as de-
scribed previously (23). Briefly, a luciferase reporter construct containing
the Ngnl promoter (23) was transfected into control and Pinl knock-
down (KD) SH-SY5Y cells (34), and their lysates were used for measure-
ment of luciferase activities.

Behavioral analyses. Spontaneous motor activity of mice in a novel
environment was evaluated in an open field as described previously (1,
15). Briefly, the open field was a square Plexiglas box (48 cm X 48 cm).
Each mouse was placed in the center of the apparatus, and the open-field
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test was carried out for 5 min, essentially as described previously (58),
using a videoMot2 system (TSE Systems GmbH, Bad Homburg, Ger-
many). Total walking distance, time elapsed to circle or walk, and/or
number of circles turned was measured (1 = 4 to 16). A circle was counted
when a pup turned through one 360° segment. The wire suspension test
was carried out essentially as described previously (83) (n = 10 and 8 for
WT and KO groups, respectively). The front paws of the mouse were
placed on a horizontal wire, and the time taken for the animal to fall was
measured.

Statistics. Values are presented as means = standard errors (SE). Sta-
tistical significance was assessed using two-tailed Student’s ¢ test. P values
of <0.05 were considered statistically significant.

RESULTS

Pinl is expressed in NPCs and regulates neuronal but not glial
differentiation of NPCs in vitro. We have previously shown that
Pinl is expressed in neurons but not glia in the adult brain (35,
41). To determine the role of Pinl in brain development, we ex-
amined Pinl expression in the mouse cerebral cortex at E15.5,
postnatal day 2 (P2), and the adult stage, using immunostaining
with an anti-Pinl monoclonal antibody as described previously
(35). Significantly more expression of Pinl was found in the de-
velopmental stages (E15.5 and P2) than in the adult stage (Fig.
1A). Notably, high Pin1 levels were found in the ventricular zone
(VZ) and subventricular zone (SVZ), as well as the intermediate
zone (IZ) and cortical plate (CP), in the E15.5 mouse cerebral
cortex (Fig. 1A and B). The VZ and SVZ are the regions where
NPCs reside. To examine whether Pinl is expressed in NPCs, we
examined expression of Pinl in nestin-positive NPCs in the E15.5
mouse cerebral cortex (Fig. 1C). Double immunofluorescence
staining revealed colocalization of nestin and Pinl in both the VZ
and SVZ, suggesting high-level Pin1 expression in NPCs. To con-
firm these results, we isolated NPCs from E15.5 mouse brains and
analyzed Pinl expression. Both immunostaining (Fig. 1D) and
Western blotting (see Fig. 5B) demonstrated that Pinl was abun-
dantly expressed in cultured NPCs. These data indicate that Pinl
is highly expressed in NPCs in vitro and in vivo.

Given the high level of Pinl expression in NPCs, Pinl might
affect their neuronal differentiation. To examine this possibility,
we isolated primary NPCs from Pin1 WT and Pin1 KO littermates
at E15.5 and compared their neuronal differentiation abilities in
vitro. Compared with WT controls, Pin1 KO NPCs had a signifi-
cantly lower percentage of differentiated neurons, as indicated by
the marker BIII tubulin, but not astrocytes, as indicated by the
marker GFAP (Fig. 1E and F), suggesting that Pinl knockout
might specifically impair neuronal but not glial differentiation of
NPCs. To further support these findings, we infected NPCs with a
retrovirus expressing Pinl or its dominant-negative mutant.
EGFP-Pinl resulted in a significantly higher percentage of BIII
tubulin-positive neurons than those in non-infected or enhanced
green fluorescent protein (EGFP) vector-infected NPCs, whereas
dominant-negative Pinl strongly inhibited neuronal differentia-
tion (Fig. 1G and H). The impaired differentiation into neurons
was also observed in vivo, because there were fewer BIII tubulin-
positive neurons in Pin1 KO mice (data not shown). These results
indicate that Pinl promotes neuronal but not glial differentiation
of NPCs.

Pinl expression is increased in parallel with NPC differenti-
ation, and its knockout inhibits NPC differentiation during
mouse embryonic development. Given that Pinl knockout sig-
nificantly inhibits neuronal differentiation of NPCs in vitro, we
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wondered whether Pin1 plays any role in neuronal differentiation
in vivo. To address this question, we examined Pinl expression
and the effects of Pinl knockout on neuronal differentiation and
on each neuronal differentiation step from NPCs to immature
neurons in the mouse cerebral cortex, using well-established
markers for progressive neuronal differentiation. There are two
types of neurogenic progenitors, i.e., radial glia (RGC) and inter-
mediate progenitors (IPC), during embryonic development.
Some RGC function as progenitors that make major contribu-
tions to cortical neuronal differentiation, either directly through
mitoses to produce neurons or indirectly through the production
of proliferating IPC (51). IPC divide symmetrically to produce
immature neurons. These immature neurons migrate into the IZ
and CP and eventually become mature neurons. Neuronal differ-
entiation in the cerebral cortex of the mouse occurs under strict
temporal control during E11.5to E17.5, in an “inside-out” fashion
(4, 10, 67); that is, neurons born earlier are destined mainly for
lower (deeper) cortical layers (layers V and VI), whereas those
born later are destined for upper (superficial) cortical layers (lay-
ers II to IV) (6, 86). At E15.5, when most upper layer neurons are
born, Pinl expression in NPCs was recognized, whereas it was
almost below the detection limit at E12.5 (Fig. 2A), when most
lower layer neurons are born. Thus, Pinl might affect NPC differ-
entiation into upper layer neurons at E15.5.

To examine this possibility, we immunostained Pinl WT and
KO embryos at E15.5 for various neuronal differentiation mark-
ers, including DCX, a marker of migrating immature neurons;
Pax6, a marker of RGC; and Tbr2, a marker of IPC (14). Although
the expression of neither Pax6 (Fig. 2B) nor Tbr2 (Fig. 2C) was
affected in Pinl KO mice, the number of DCX-positive cells was
reduced dramatically in Pin1 KO embryos at E15.5 compared with
WT controls (Fig. 2D and E). The number of DCX-positive im-
mature neurons in Pin1 KO embryos was only 35% of that in WT
embryos (Fig. 2F). These results indicate that Pin1 knockout does
not affect the production of NPCs but specifically inhibits their
differentiation into migrating immature neurons at E15.5, which
is consistent with the pattern of Pinl expression.

Pinl knockout inhibits birth of upper layer neurons in the
mouse cerebral cortex. Neural progenitor cells divide to produce
immature neurons. Enhanced NPC proliferation might also result
in a defect of differentiation. However, this seems unlikely, be-
cause the expression of neither Pax6 (Fig. 2B) nor Tbr2 (Fig. 2C)
was affected. Thus, if neuronal differentiation from NPCs was
impaired in Pinl KO mice, their mitotic activity would likely be
reduced. To evaluate the mitotic activity of NPCs, we used acute
incorporation of BrdU, a marker of DNA replication. BrdU was
injected into pregnant females at E15.5, and embryonic cortices
were analyzed for BrdU incorporation 1 h later. Pin1 KO mice had
significantly fewer BrdU-positive cells. The difference was more
apparent in the most basal area of the periventricular region, cor-
responding with the SVZ territory, with a reduction of 35%
(65.1% = 9.1% of the WT level; P < 0.05) (Fig. 3A and B). Indeed,
when we measured the percentage of BrdU-positive cells in the
SVZ among the BrdU-positive cells in the entire cortex, it was
lower for the KO mice (data not shown). These results indicate
that fewer SVZ cells divide to differentiate into neurons in Pinl
KO mice.

The lower mitotic activity described above might lead to a re-
duced efficiency of production of neurons. To determine the im-
pact of Pinl knockout on the birth of the neurons destined for
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FIG 1 Pinl promotes NPC differentiation into neurons but not astrocytes. (A and B) Higher expression of Pinl in the developing cerebral cortex than in the
adult cortex. Brain tissues were obtained from different developmental stages and cut either sagittally (A and B) or coronally (B), followed by immunostaining
with mouse anti-Pinl primary antibody. Bars, 20 pm (A) and 50 wm (B). Dotted line, pial surface; V, ventricle; Cx, cerebral cortex. (C and D) Pinl is highly
expressed in NPCs. Double immunofluorescence staining with antinestin and anti-Pinl antibodies shows expression of Pinl in nestin-positive NPCs in the
mouse cerebral cortex at E15.5. (C) Images at lower (top) and higher (bottom) magnifications. (D) Pinl was also expressed in cultured NPCs isolated from an
E15.5 WT mouse brain. Arrowheads in panel C indicate Pin1-expressing nestin-positive cells. Bar, 10 wm. (E and F) Pin1 knockout reduces BIII tubulin-positive
neurons but not GFAP-positive astrocytes differentiated from cultured NPCs. NPCs were prepared from the cerebral hemispheres of the same set of Pin1 WT and
KO E15.5 mouse embryos. Dissected cortices mechanically dissociated into single cells were cultured in the presence of EGF and bFGF to induce the formation
of neurospheres, and the dissociated NPCs were differentiated by being placed on glass coverslips coated with poly-L-lysine and laminin in the presence of 1% FCS
without EGF and bFGF. (F) Percentages of BIII tubulin-positive neurons and GFAP-positive astrocytes were quantified. (G and H) Manipulation of Pinl
function affects neuronal differentiation of NPCs. NPCs were left untransfected (control) or transfected with EGFP, EGFP-Pinl, or EGFP-dnPin1 and then
immunostained for the neuronal marker BIII tubulin on day 3 after induction of neuronal differentiation. Overexpression of EGFP-Pinl increased the
population of BIII tubulin-positive neurons compared with control NPCs and NPCs expressing EGFP alone. Conversely, overexpression of dominant-negative
Pinl (EGFP-dnPinl) inhibited neuronal differentiation. (H) The number of neurons was quantified. Arrowheads in panels E and G indicate BIII tubulin-positive
neurons. *, P < 0.05.
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FIG 2 Pinl expression is increased in parallel with NPC differentiation, and its knockout inhibits NPC differentiation to immature neurons during embryonic
development. (A) Immunofluorescence staining of cortical sections from E12.5 and E15.5 mouse brains with anti-Pin1 antibody. The Pin1 level was much higher
at E15.5 than at E12.5. (B to F) Emergence of DCX-positive immature neurons, but not NPCs, is impaired in Pinl KO mice. Immunostaining of E15.5 mouse
cerebral cortex was performed with a Pax6 (B), Tbr2 (C), or DCX (D and E) antibody. The same detection gains were applied for Pin1 WT and KO mice to take
confocal images. For immunohistochemistry (D and E), hematoxylin was used for counterstaining. Magnified images of DCX staining are also shown in panel
E. (F) The relative numbers of Pax6-, Tbr2-, and DCX-positive cells were quantified. DCX-positive immature neurons, but not RGCs and IPCs, were decreased
in the KO mice. Bars, 20 um (A) and 50 pm (B). Dotted line, pial surface; SVZ, subventricular zone; VZ, ventricular zone; V, ventricle. ¥, P < 0.05.

each cortical layer in vivo, we performed migrational analysis us-
ing BrdU birth dating. As described previously (31, 80), since pro-
genitor cells that divide to generate neurons can incorporate
BrdU, those neurons that are born at the time when BrdU is in-
jected will be BrdU positive, thus indicating the birth date of those
neurons. When BrdU was injected at E13.5, when most lower layer
neurons and some upper layer neurons are born (51), the majority
of BrdU-positive cells were observed in lower layers at E18.5 (Fig.
3C), as expected. Importantly, there was no significant difference
in BrdU-positive cell numbers in lower layers between Pin1 WT
and KO mice (105% = 6.4% of WT level; P > 0.05) (Fig. 3C and
D). However, BrdU-positive cells in upper layers were signifi-
cantly reduced (by 39%) in Pinl KO mice compared with Pinl
WT controls (61.3% = 9.6% of WT level; P < 0.05) (Fig. 3C and
D). This difference became even more obvious when BrdU was
injected at E15.5, the peak time when upper layer (II/III) neurons
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are born (51). The number of BrdU-positive cells in upper layers
was decreased by 50% in Pin1 KO mice compared with WT con-
trols (49.2% = 5.5% of WT level; P = 0.0001), although there
were no differences in lower layers (74.9% =+ 12.6% of WT level;
P>0.05) (Fig. 3C and D). These results indicate that Pin1 knock-
out does not affect the birth of lower layer neurons but specifically
inhibits the birth of upper layer neurons. These data are consistent
with the increased Pinl expression in NPCs at E15.5 and further
support the notion that Pinl knockout inhibits NPC differentia-
tion into immature neurons destined for upper layers.

The finding that fewer upper layer neurons were generated in
Pin1 KO mice suggests that these mutant mice might have fewer
upper layer neurons at late embryonic stages and in the early post-
natal period. To examine this possibility, we immunostained the
cerebral cortex with anti-Brnl and anti-Brn2 antibodies that spe-
cifically recognize upper layer neurons and part of the lower layer
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FIG 3 Pinl knockout inhibits birth of upper but not lower layer neurons in the mouse cerebral cortex. (A and B) Acute BrdU incorporation is decreased in NPCs
of Pinl KO mice at E15.5. Immunofluorescence staining of E15.5 mouse cerebral cortex was performed with anti-BrdU antibody. One hour of BrdU pulse
labeling was performed. BrdU was injected intraperitoneally into pregnant mice, and embryos were collected 1 h later. Brains of the pups were fixed and processed
for BrdU immunostaining. (B) Percentage of BrdU-positive cells in the SVZ. (C and D) Neuronal differentiation of upper layer neurons, but not lower layer
neurons, is decreased in Pin1 KO mice at E13.5 and E15.5. The distribution of BrdU birth date-labeled cells was examined in the E18.5 cortex after BrdU injection
at E13.5 and in the P2 cortex after BrdU injection at E15.5. Brains of the pups were fixed and processed for BrdU immunostaining. (D) BrdU-positive cells were
quantified separately in the upper layers and lower layers. Determination of the boundary between the upper and lower layers and counting of BrdU-positive cells
were done essentially as described previously (31, 80). Significant differences were found only in the upper layers. (E and F) The number of upper layer neurons
in the motor cortex in Pinl KO mice is reduced at E18 and P2. Coronal sections of motor cortex were immunostained with anti-Brnl antibody, followed by
quantification of Brnl-positive cells in the upper layers. *, P < 0.05; **, P < 0.01. Bars, 50 pm. Dotted line, pial surface; CP, cortical plate; IZ, intermediate zone;

L, lower layers; SVZ, subventricular zone; U, upper layer; V, ventricle; VZ, ventricular zone.

neurons during development (50, 51, 80). We also stained the
samples with anti-CTIP2 antibody, a marker of lower layer subce-
rebral projection neurons (5). As a control, anti-GFAP antibody, a
marker of glia, was used. Although similar results were obtained
for different regions of the cerebral cortex, we chose to focus on
the motor cortex for easier quantification. There was no apparent
difference in the distribution of CTIP- or GFAP-positive cells be-
tween Pinl WT and KO mice at E18.5 or P2 (data not shown),
indicating that Pin1 knockout does not affect NPC differentiation
into either astrocytes or lower layer neurons. However, the num-
ber of upper layer neurons, as indicated by Brnl immunostaining,
was reduced in Pin1 KO mice at E18 (64.9% % 10.1% of WT level;
P =10.02) and P2 (65.2% = 7.5% of WT level; P = 0.004) (Fig. 3E
and F). These findings were further confirmed by Brn2 immuno-
staining at neonatal stages, with the positive neurons in the upper
layers significantly reduced in Pinl KO mice (41.0% = 2.9% of
WT level; P < 0.001). Thus, Pinl knockout in mice not only im-
pairs the birth of upper layer neurons but also leads to fewer upper
layer neurons in the motor cortex at late embryonic stages and in
the neonatal period.

August 2012 Volume 32 Number 15

Pin1 knockout leads to severely impaired neonatal motor ac-
tivity in mice. Given the fewer upper layer neurons in the motor
cortex in Pinl KO mice in the neonatal period, we wondered
whether there were any functional consequences related to the
upper layers in the motor cortex. The main excitatory pathway in
the mouse motor cortex (layers II/III to V) is fractionated into
distinct pathways, targeting corticospinal and corticostriatal neu-
rons, which are involved in motor control (2). We compared
spontaneous motor activities of Pinl WT and KO littermates at
different postnatal days in a novel environment in an open field, as
described previously (1, 15), because the number of upper layer
neurons in the motor cortex is reduced in Pinl mutant mice (Fig.
3E and F). At P5, when mice cannot walk and their movement
involves circling in the open field, the latency to circling and the
number of circles turned were measured. Although the latency to
circling was not significantly different in Pin1 KO mice (P > 0.05),
the number of circles turned was dramatically reduced at P5 (P =
0.04) (Fig. 4A). After P9, when mice can walk, the latency to walk-
ing and walking distance were measured. Pin1 KO mice had lon-
ger latencies (P < 0.05) and walked shorter distances (P < 0.05)
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FIG 4 Impaired spontaneous motor act1V1ty in Pinl KO neonatal mice. (A to
D) Decreased general motor activity in Pinl KO mice at P5, P9, and P11. An
open-field test was performed at P5 (A), P9 (B and C), and P11 (D) to measure
spontaneous motor activity of mice in a novel environment in an open field.
The open field was a square box (48 cm X 48 cm). Each mouse was placed in
the center of the apparatus, and the open-field test was carried out for 5 min,
essentially as described previously (58). Since P5 mice cannot walk and their
movement involves circling in the open field, the latency to circling and num-
ber of circles turned were measured for P5 mice. A circle was counted when a
pup turned through one 360° segment. For P9 and P11 mice, the latency to
walking and walking distance were measured. (B) Representative examples of
the tracks of Pinl WT and KO mice at P9. Lower panels show a higher mag-
nification. ¥, P < 0.05. S, start point; E, endpoint of movement. (E) There was
no difference in the wire suspension test between Pinl WT and KO mice at
P11. The wire suspension test was carried out to examine muscle tone. The
front paws of each mouse were placed on a horizontal wire, and the time taken
for the animal to fall was measured. (F) PSD95 expression is reduced in Pinl
KO mice at P9. Coronal sections of a P9 mouse cerebral cortex were immuno-
stained with anti-PSD95 antibody. I, layer I; II/III, layers II and III.

than control mice at both P9 and P11 (Fig. 4B to D). To exclude
the possibility that weaker muscle tone contributed to the reduced
motor activity in Pin1 KO mice, we performed a wire suspension
test with P11 mice and recorded the time taken before animals fell.
No difference was found between the two genotypes (P > 0.05)
(Fig. 4E). Therefore, the reduced motor activity in Pinl KO mice
was not due to weaker muscle tone in Pinl KO mice. The lower
general motor activity suggests that synaptic organization might
be immature in Pinl KO mice at P9. Since glutamate is a crucial
transmitter that regulates motor function in the motor cortex
(82), we performed immunofluorescence staining of coronal sec-
tions of the motor cortex with anti-PSD95 antibody, a marker of
postsynapses of glutamatergic neurons. Compared with WT con-
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FIG 5 Proteomic identification of -catenin as a major Pinl substrate in
NPCs. (A) Proteomic identification of B-catenin as a Pinl-binding protein in
NPCs. NPCs were cultured under serum-free conditions in the presence of
EGF or bFGF2 for 6 days to give rise to neurospheres and then subjected to
GST-Pinl pulldown experiments, followed by SDS-PAGE and silver staining.
Ninety-kilodalton bands were identified as containing [3-catenin by electros-
pray ionization-mass spectrometry analysis. (B) Endogenous Pinl and
{3-catenin form stable complexes in NPCs. Cell lysates from NPCs were sub-
jected to immunoprecipitation with anti-Pinl antibody or nonspecific IgG,
followed by immunoblotting with B-catenin antibody. (C) Pinl and B-catenin
are detected in both cytosol and nuclei of NPCs. Western blot analysis was
performed on cytosol and nuclear fractions of cultured NPCs, using antibodies
against Pinl, B-catenin, and the nuclear marker Ki67. (D) Colocalization of
Pinl and B-catenin in E15.5 mouse cerebral cortex. Double immunofluores-
cence staining of the sagittal sections of the mouse brain was performed with
anti-B-catenin and anti-Pinl antibodies. Bars, 20 pm (top) and 10 pm
(bottom).

trols, PSD95 signals in the upper layers were weaker in Pinl KO
mice at P9 (Fig. 4F), suggesting that synapses that underlie general
motor activity are immature in P9 Pinl KO mice.

Proteomic approach identifies (3-catenin as a major Pinl
substrate in NPCs. The above results demonstrate the major role
for Pinl in the control of neuronal differentiation from NPCs
both in vitro and in vivo. A key question is the molecular mecha-
nism underlying the action of Pin1 on NPCs. To answer this ques-
tion, we used a proteomic approach to identify Pinl substrates in
NPCs, using a GST-Pinl affinity purification procedure, under
high-salt and -detergent conditions (42, 87), which has been used
to identify almost all known Pin1 substrates (40). Cell lysates from
cultured NPCs were subjected to GST pulldown analysis with
GST-fused Pinl, and captured proteins were separated by SDS-
PAGE, followed by silver staining. We found bands at around 90
kDa, a molecular mass similar to that of 3-catenin (Fig. 5A). Elec-
trospray ionization-mass spectrometry (ESI-MS) analysis re-
vealed significant matches of these 90-kDa bands to sequences
derived from B-catenin. Coimmunoprecipitation analysis using
cell lysates demonstrated that endogenous Pinl associated with
B-catenin in NPCs (Fig. 5B). The interaction of the two molecules
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FIG 6 Pinl controls protein stability of 3-catenin in NPCs in vitro and in vivo. (A and B) Pinl knockout reduces B-catenin levels in cultured NPCs. NPCs were
derived from Pinl1 WT and KO E15.5 embryos and subjected to Western blotting (A) and immunostaining (B) with anti-B-catenin antibody. (A) Intensities of
{3-catenin signals were quantified relative to those of tubulin. Values are presented as means * SE for 3 independent experiments. ¥, P < 0.05. (C and D) Pinl
knockout reduces protein stability of B-catenin in cultured NPCs. Pinl WT and KO NPCs were cultured in the presence of CHX for 0, 3, 6, and 9 h, followed by
immunoblotting using anti-B-catenin and antitubulin antibodies. (D) Intensities of 3-catenin signals relative to those of tubulin were quantified for three
independent experiments. Values are presented as means = SE for three independent experiments. (E and F) Overexpression or inhibition of Pin1 increases or
reduces B-catenin level in NPCs, respectively. NPCs were infected retrovirally with empty vector (EV) or Pinl (E) or with GFP, GFP-Pinl, or GFP-dnPin1 (F)
and selected with puromycin for 48 h. Cells were then subjected to immunoblotting with anti-B-catenin antibody, with Coomassie brilliant blue staining as a
loading control (E), or to immunostaining with anti-Pinl or anti-B-catenin antibody (F). GFP-Pinl and GFP-dnPinl increased and decreased the -catenin
level, respectively. (G and H) Pin1 knockout in mice reduces (3-catenin levels in nestin-positive neuronal progenitor cells (G) and BLBP-positive radial glia (H)
in the VZ and SVZ in the cerebral cortex at E15.5. Sagittal mouse brain sections were subjected to double immunofluorescence staining with antinestin or
anti-BLBP and anti-B-catenin antibodies. Bar, 20 pm. V, ventricle.

KO

is possible, as both were detected in the cytosol and nuclei of
cultured NPCs (Fig. 5C). Moreover, Pinl and B-catenin were also
colocalized in both the VZ and SVZ in the E15.5 mouse cerebral
cortex, where NPCs reside, as shown by double immunofluores-
cence staining (Fig. 5D). These results indicate that Pinl and
[3-catenin interact in NPCs.

Pinl1 stabilizes 3-catenin in NPCs. It has been shown that in
cancer cells, Pinl acts on the Ser246-Pro motif in B-catenin to
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prevent its degradation, leading to enhanced Wnt/B-catenin sig-
naling to promote oncogenesis (74). To examine the effects of
Pinl on B-catenin levels in NPCs, NPCs were derived from Pinl
WT and KO E15.5 embryos and subjected to Western blotting
(Fig. 6A) and immunostaining (Fig. 6B) with anti--catenin an-
tibody. Both assays showed that 3-catenin levels were significantly
reduced in cultured Pin1 KO NPCs compared with those in Pinl
WT controls. Given the reduced amount of B-catenin, we assessed
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the effects of Pinl knockout on protein stability of 3-catenin in
NPCs by using cycloheximide as described previously (74). In this
CHX chase assay, the rate at which B-catenin steady-state levels
decline reflects the half-life of the protein. In Pinl KO NPCs,
B-catenin was much less stable, with a half-life of ~4.5 h, than that
in Pinl WT controls, with a half-life of ~9 h (Fig. 6C and D).
These results suggest that Pinl might control the B-catenin level
by increasing its protein stability in NPCs.

To further confirm this possibility, we examined the impact of
manipulating Pinl function on (-catenin levels in NPCs in vitro
and in vivo. When NPCs were transfected with Pinl or empty
vector and subjected to immunoblotting, Pinl overexpression led
to increased -catenin (Fig. 6E). Similarly, NPCs infected retrovi-
rally with GFP-Pin1 showed higher B-catenin levels than those of
GFP-expressing controls, as determined by immunostaining (Fig.
6F). In contrast, B-catenin levels were reduced in NPCs infected
with GFP-tagged dominant-negative Pinl (Fig. 6F). Moreover,
compared with Pinl WT controls, B-catenin levels in Pinl KO
E15.5 mouse embryos were reduced dramatically in nestin-posi-
tive NPCs (Fig. 6G) and BLBP-positive RGC (Fig. 6H) in both the
VZ and the SVZ. These results together demonstrate that Pinl is a
major regulator of B-catenin protein stability in NPCs, both in
vitro and in vivo.

Pinl controls neuronal differentiation by stabilizing
[B-catenin. Because the Wnt/B-catenin pathway has a well-estab-
lished role in neuronal differentiation during development (13,
16, 18, 22, 46, 62), the above results suggest that decreased neuro-
nal differentiation in Pinl KO NPCs might be due to reduced
B-catenin levels. If so, we would expect that restoration of Wnt/
B-catenin signaling would rescue the defects in neuronal differen-
tiation of Pin1 KO NPCs and that the ability of Pin1/B-catenin to
promote neuronal differentiation depends on the ability of
B-catenin to act as a Pinl substrate and to activate downstream
transcription.

To examine whether restoration of Wnt/B-catenin signaling
would rescue the defects in neuronal differentiation of Pinl KO
NPCs, we infected Pin1l KO NPCs with a retrovirus expressing
wild-type [-catenin, constitutively active S33Y {-catenin, or
Wnt3. In contrast to the vector control, all three expression con-
structs promoted neuronal differentiation in Pin1 KO NPCs, to
levels that were indistinguishable from those in Pin1 WT cells (Fig.
7A and B). These results indicate that upregulating Wnt/[3-
catenin is sufficient to overcome the defects in neuronal differen-
tiation in Pinl KO NPCs. Binding of Pinl to 3-catenin is postu-
lated to alter the protein conformation of B-catenin. To examine
the importance of the ability of B-catenin to act as a Pinl substrate
in neuronal differentiation and to study if a B-catenin mutant to
which Pinl cannot bind would work or not, we introduced a
B-catenin S246A point mutant that fails to act as a Pinl substrate
due to a mutation at the Pinl binding site (74) into Pinl KO
NPCs. Unlike WT B-catenin or its constitutively active mutant,
S246A B-catenin completely failed to promote neuronal differen-
tiation (Fig. 7A and B). These results demonstrate that S246A
B-catenin cannot rescue the defects in neuronal differentiation in
Pinl KO NPCs, indicating that the ability of Pinl to act on
B-catenin is essential for neuronal differentiation from NPCs. Fi-
nally, to examine the importance of 3-catenin transcriptional ac-
tivity for Pinl to promote NPC neuronal differentiation, we used
truncated TCF4 (DN-TCF4), which has been shown to act as a
dominant-negative mutant, to block B-catenin activity (21, 29).
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When cotransfected into NPCs with Pin1, the dominant-negative
TCF4 mutant completely abolished the ability of Pin1 to enhance
neuronal differentiation of NPCs, as estimated by use of another
neuronal marker, MAP2 (Fig. 7C and D). These results suggest
that the enhancing effect of Pin1 is B-catenin/TCF4 pathway de-
pendent. Furthermore, the observations that B-catenin binds to
the neurogenin 1 (Ngnl) promoter and that a mutation in a pu-
tative TCF binding site in the Ngn1 promoter lowers the promoter
activity in NPCs (23) led us to assess Ngnl promoter activity in
Pinl KD SH-SY5Y cells. The luciferase activity in the Pin1 KD cells
was significantly lower than that in the control cells (Fig. 7E).
These results collectively demonstrate that Pin1 controls neuronal
differentiation of NPCs by stabilizing 3-catenin.

DISCUSSION

While Pin1 plays a critical role in age-dependent neurodegenera-
tion, its role in normal brain development is not known. We have
shown that Pin1 is highly expressed in NPCs at the late develop-
mental stage and has a major impact on their neuronal differen-
tiation. Without affecting gliogenesis, Pin1 knockout in mice does
not affect production of NPCs but specifically inhibits their dif-
ferentiation into upper but not lower layer neurons in the cerebral
cortex, resulting in a significant decrease in upper layer neurons in
the motor cortex and severely impaired motor activity during the
neonatal stage. Moreover, our proteomic approach to search for
the substrate of Pin1 in NPCs led to the finding that Pin1 stabilizes
B-catenin in NPCs at late but not early stages during mouse brain
development. Finally, stimulation of the Wnt/(-catenin pathway
rescues the neuronal differentiation defect of Pinl KO NPCs, in a
Pin1 binding site-dependent manner. Conversely, blockade of sig-
naling by dominant-negative TCF4 abolishes the increased neu-
ronal differentiation seen with Pinl overexpression. These results
not only identify for the first time a major function for Pinl in
regulating neuronal differentiation of NPCs but also uncover a
previously unappreciated mechanism by which Wnt/B-catenin
signaling is further regulated after phosphorylation to regulate
neuronal differentiation.

The characterization of the unique peptidyl-prolyl cis-trans
isomerase Pinl, which specifically regulates the conformation of
certain Pro-directed phosphorylation sites in a subset of proteins,
has led to the discovery of a new postphosphorylation regulatory
mechanism (39, 69,73, 87). Such Pin1-dependent conformational
regulation has been shown to regulate many key signaling mole-
cules in many cellular events (32, 34, 35, 38, 40, 41, 65, 72, 74, 89,
92, 94). As for Pinl function in neurons, it has been shown that
Pinl is expressed in most neurons in the brain but is present at an
especially low level in the neurons that are most vulnerable to
neurodegeneration in AD (35). Indeed, Pinl has been shown to
play an important role in age-dependent neurodegeneration in
AD and other related disorders. Although Pinl expression is in-
creased when neuron-like SY5Y cells are induced to undergo neu-
ronal differentiation by use of either retinoic acid or nerve growth
factor (20), little is known about the role of Pinl in neuronal
differentiation and in brain development. In this study, we have
shown for the first time that Pinl protein levels in the brain are
much higher during developmental stages than those in the adult,
and we uncovered a novel physiological function of Pin1 in corti-
cal neuronal differentiation. Thus, Pin1 plays a critical role during
early neuronal development, in addition to its protective role
against age-dependent neurodegeneration.
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FIG 7 Pinl controls neuronal differentiation through B-catenin. (A and B) Restoration of 3-catenin signaling fully rescues neuronal differentiation defects in
Pinl KO NPCs. (A) Pinl WT and KO NPCs were infected with retroviruses expressing control vector, Wnt3, WT 3-catenin, constitutively active B-catenin, or
$246A mutant 3-catenin, followed by neuronal differentiation assay. (B) Two thousand cells were counted for each genotype, and percentages of BIII tubulin-
positive neurons were quantified. Pin1 knockout reduced neuronal differentiation, which was fully rescued by expression of WT B-catenin, constitutively active
{3-catenin, or Wnt3 but not by S246A mutant B-catenin, which cannot act as a Pinl substrate (74). (C and D) Inhibition of B-catenin transcription activity
suppresses the ability of Pinl to promote neuronal differentiation from NPCs. (C) NPCs stably infected with EGFP or EGFP-Pinl were dissociated and
transfected with control vector or dominant-negative TCF4 (29) by use of Nucleofector, followed by immunostaining for MAP2. (D) The number of MAP2-
positive differentiated neurons was quantified. Data from three independent experiments were averaged. Arrowheads indicate differentiated neurons. (E) Lower
Ngnl promoter activity in Pin1 knockdown SH-SY5Y cells. A luciferase reporter construct containing the Ngn1 promoter was transfected into control and Pinl
KD SH-SYS5Y cells, and luciferase activity was measured. *, P < 0.05.

Cortical NPCs sequentially undergo expansion, neurogenic,
and gliogenic phases during development. The fate decision of
NPCs between proliferation and differentiation determines the
number of differentiated cells and the size of each region of the
brain. 3-Catenin has been shown to play a major role in regulating
NPC proliferation and differentiation in mouse embryos, depend-
ing on the developmental stage (13, 16, 18, 22, 46, 62). For exam-
ple, during the expansion phase, transgenic overexpression of sta-
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bilized B-catenin in NPCs, under the control of the nestin
enhancer, which is known to become active at around E8.5, has
been shown to expand the NPC population, resulting in enlarged
brains (12). Using the D6 promoter, which is active from around
El1, ectopic expression of a 3-catenin—LEF1 fusion protein delays
the onset of expression of the neurogenic factors Pax6, Ngn2, and
Tbr2 and subsequent neurogenesis, whereas conditional ablation
of B-catenin accelerates expression of the same neurogenic genes
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(47). Likewise, sustained 3-catenin activity in conditionally trans-
genic animals by use of nestin-Cre driver lines delays maturation
of RGC into intermediate progenitors, specifically for the produc-
tion of upper layer cortical neurons (85).

On the other hand, at later time points during the neurogenic
phase, Wnt signaling instructively promotes neuronal differenti-
ation of cortical NPCs prepared from the E13.5 mouse neocortex
(23). Clonal analysis and serial observations of living clones have
revealed that signaling via the canonical Wnt pathway, through
activation of B-catenin and TCF, increases the neuronal popula-
tion at the expense of multipotential NPCs, even under conditions
not affecting survival or proliferation of neuronal progenitors.
Overexpression of Wnt7a or a stabilized form of B-catenin in
mouse cortical NPC cultures from E13.5 induces neuronal differ-
entiation. In contrast, inhibition of Wnt signaling by axin or
DKK1 leads to suppression of neuronal differentiation of cortical
NPCs in vitro and in the developing mouse neocortex (23). These
results together indicate developmental stage-dependent func-
tions of Wnt/B-catenin signaling in NPCs (22).

Consistent with this idea, we found impaired neuronal differ-
entiation in Pin1 KO mice at E15.5, with no apparent indication of
primary migration defects, as indicated by normal reelin expres-
sion in Pin1 KO mice (data not shown), although Pin1 might also
contribute to promigratory neuronal functions. Furthermore, at
E12.5, there was little Pinl expression and Pinl knockout had no
effects on B-catenin levels in NPCs (data not shown). However, at
E15.5, Pin1 levels were significantly elevated and Pinl knockout
significantly reduced B-catenin levels in NPCs. These results sug-
gest that Pinl may act mainly during late developmental stages
(neurogenic phase) to promote neuronal differentiation, rather
than during the earlier NPC expansion phase. In line with our
results, a recent paper (54) suggests that activation of the Wnt/f3-
catenin pathway by overexpression of Wnt3a promotes differen-
tiation of intermediate progenitors into neurons. However, elec-
troporation of Wnt3a also led to RGC expansion at E16.5 (54).
Thus, balance among multiple ligands for Wnt/B-catenin signal-
ing, as well as the developmental stage, might also influence the
consequence of the balance between proliferation and differenti-
ation of NPCs.

We showed that Pinl controls NPC differentiation by binding
and stabilizing 3-catenin. These results are consistent with the
previous finding that Pin1 increases -catenin levels by inhibiting
its degradation, with Pinl expression tightly correlating with
B-catenin levels in many human cancer tissues and cells (11, 28,
60, 63, 74, 93). Tau and APP are also substrates for Pin1, and the
AP peptide increases the number of newborn hippocampal neu-
rons, with no changes in the rate of cell death or proliferation,
suggesting that the AR peptide could act on hippocampal neuro-
nal progenitors and promote their differentiation into neurons
(37). Because Pinl reduces neurotoxic A peptides (64), it does
not seem likely that the impaired neuronal differentiation in Pinl
KO mice is due to APP. Instead, a similar mechanism was reported
for embryonic stem cells, in which Pinl binds and stabilizes
Nanog, a transcription factor crucial for the self-renewal of em-
bryonic stem cells (53). Thus, Pinl may regulate protein stability
of multiple substrates in different stem cells.

Significantly, Pin1 KO mice showed severely impaired motor
activity during the neonatal period. Abnormal motor activities
during the neonatal period are rarely reported. An example is
Dyrk1A transgenic mice, which show a longer latency to initiation
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of walking at P7 and P10 (1). Since differentiation from NPCs to
immature neurons is impaired in Pin1 KO mice, axonal and den-
dritic development is also likely to be inhibited, such that synaptic
organization is immature during the neonatal stage. Indeed,
PSD95 staining showed that synaptic organization in Pinl KO
mice was immature at P9. Pinl KO mice would be useful for
studying the mechanisms of neonatal defects in motor activities.

In summary, we have shown that Pinl expression is increased
in NPCs during certain developmental stages and that Pinl
knockout in mice inhibits the birth of upper but not lower layer
neurons in the cerebral cortex, without affecting gliogenesis.
Moreover, our proteomic approach identified 3-catenin as a ma-
jor substrate for Pinl in NPCs, in which Pin1 stabilizes B-catenin
by inducing conformational changes after phosphorylation. Con-
sequently, Pinl knockout leads to reduced (3-catenin in NPCs at
late but not early stages during brain development. Functionally,
overexpression of Wnt or 3-catenin, but not a B-catenin mutant
that cannot act as a Pinl substrate, fully rescues the deficits in
neuronal differentiation of Pinl knockout NPCs in vitro. These
results not only identify for the first time a major function for Pin1
in regulating neuronal differentiation of NPCs but also uncover a
previously unappreciated mechanism by which Wnt/-catenin
signaling is further regulated after phosphorylation to orchestrate
the developmental stage-specific response of NPCs during neuro-
nal differentiation.
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