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14-3-3¢ is important for neuronal migration by
binding to NUDEL: a molecular explanation for

Miller—Dieker syndrome
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Heterozygous deletions of 17p13.3 result in the human neuronal migration disorders isolated lissencephaly sequence (ILS) and the

more severe Miller-Dieker syndrome (MDS). Mutations in PAFAH1B1 (the gene encoding LIS1) are responsible for ILS and contribute
to MDS, but the genetic causes of the greater severity of MDS are unknown. Here, we show that the gene encoding 14-3-3¢ (YWHAE),
one of a family of ubiquitous phosphoserine/threonine-binding proteins, is always deleted in individuals with MDS. Mice deficient in
Ywhae have defects in brain development and neuronal migration, similar to defects observed in mice heterozygous with respect to
Pafah1b1. Mice heterozygous with respect to both genes have more severe migration defects than single heterozygotes. 14-3-3¢ binds

to CDK5/p35-phosphorylated NUDEL and this binding maintains NUDEL phosphorylation. Similar to LIS1, deficiency of 14-3-3¢
results in mislocalization of NUDEL and LIS1, consistent with reduction of cytoplasmic dynein function. These results establish a
crucial role for 14-3-3¢ in neuronal development by sustaining the effects of CDK5 phosphorylation and provide a molecular
explanation for the differences in severity of human neuronal migration defects with 17p13.3 deletions.

Heterozygous deletions in human chromosome 17p13.3 result in two
clinically distinct disorders with classical lissencephaly (smooth brain), a
severe neuronal migration defect associated with profound mental
retardation and epilepsy: ILS and MDS. Children with either of these
disorders have agyria and pachygyria that result from disorganization of
cortical layering during neuronal migration starting at 9—13 weeks of
gestation!. The spectrum of lissencephaly varies from complete or
nearly complete absence of cerebral convolutions or agyria (grades 1
and 2) to abnormally wide convolutions or pachygyria (grade 4) to nor-
mal convolutions separated by shallow sulci beneath which is a variable
band of misplaced neurons known as a subcortical band heterotopia
(grade 6). Intermediate grades consist of mixed agyria-pachygyria
(grade 3) and mixed pachygyria—subcortical band heterotopia (grade 5).
ILS consists of variable degrees of severity of lissencephaly with no other
associated defects. MDS consists of generally more severe classical
lissencephaly as well as craniofacial defects, such as prominent forehead,
microcephaly, small jaw, small nose, thin vermilion border of the lip and
micrognathial . Overlapping heterozygous deletions of 17p13.3 occur
in individuals with both ILS and MDS?>, suggesting that a gene associ-
ated with classical lissencephaly was located in the region of overlapping

deletions. PAFAHIBI (also called LISI) was identified as a gene consis-
tently deleted in the overlapping region®, and intragenic deletions and
point mutations in individuals with ILS without 17p13.3 deletions con-
firmed that PAFAHIBI is the gene associated with ILS’.

Additional support for an important role for LIS1 dosage in neu-
ronal migration comes from model organisms. Mice with low doses of
Pafah1bl had disorganized cortical layers, hippocampus and olfactory
bulb owing to defects in cell-autonomous neuronal migration (these
mice are a good model for ILS®?), whereas complete loss of LIS1
results in peri-implantation lethality®!0. LIS1 is part of a highly con-
served evolutionary pathway that regulates cytoplasmic dynein motor
function (reviewed in refs. 11,12). This pathway was first outlined in
Aspergillus, where it participates in nucleokinesis during hyphal stalk
formation (reviewed in refs. 11,13), and is functionally conserved in
Drosophila and mammals. We previously reported that NUDEL, a
homolog of NudE from Aspergillus nidulans, is a LIS1-binding protein
that participates with LIS in the regulation of cytoplasmic dynein
heavy chain function through phosphorylation by CDK5/p35 (refs.
14,15), a complex known to be essential for neuronal migration (refs.
16,17 and reviewed in ref. 12).
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Recent studies have identified a correlation in the pattern of dele-
tions in ILS and MDS. About 40% of individuals with ILS have sub-
microscopic deletions of 17p13.3 that include PAFAHI1BI, whereas
25% of individuals with ILS have intragenic mutations of
PAFAHIBI (refs. 18,19). All individuals with MDS have larger
microscopic or submicroscopic deletions of 17p13.3 that include
PAFAHIBI, and all individuals with deletions extending from
PAFAHIBI to the 17p telomere had MDS rather than ILS’. Thus,
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Figure 1 Extent of deletion and brain phenotype of individuals with ILS
and MDS. Schematic representation of human 17p13.3 showing the
extent of deletion in individuals with MDS or ILS and in unaffected
individuals, summarized from ref. 25. The top line shows the relative
location of a subset of genes from centromeric to telomeric ends of this
region (PAFAHIBI1, MNT, HIC1, SERPINF2, SCARF1, PITPN, MYOIC,
CRK, YWHAE and ABR) in black. At the bottom, the extent of deletions
seen in all affected individuals are indicated by solid lines, and the
thicker line denotes the size of the region critical for MDS. Dotted lines
indicate deletions that can occur in these disorders without added
phenotypes beyond deletions in the critical region.

although reduction of LIS1 dosage is responsible for the neuronal
migration defects in ILS and is probably important for at least some
portion of those defects in MDS, recent results suggest that other
genes that have not yet been identified are responsible for the more
severe lissencephaly and craniofacial defects of MDS. The region is
now completely sequenced in human and mouse, and several genes
at 17p13.3 have been identified, one of which (YWHAE) encodes
14-3-3¢, a member of the 14-3-3 protein family.

Figure 2 Production and phenotype of
14-3-3e-mutant mice. (a) Summary of targeting
strategy for the Ywhae locus. Diagrammatic
representation of the targeting vector and
genomic locus. Exons are represented by black
boxes. Arrows indicate primers used for
genotyping with PCR, and the probe used for
Southern-blot analysis is shown as a bar. K,
Kpnl; Bg, Bglll; EV, EcoRV; S, Sall; B, BamHl;

BaKK neo  EV Bk SBB  Bg d Ywhae Pafah1bl VDE, a 34-bp rare cutting enzyme; loxP, site for

Targeted
allele +/+
VDEloxP

Cre recombinase; neo, neomycin resistance gene;
= ==+ HSV-TK, herpes simplex virus thymidine kinase

14-3-3¢ —

gene. (h) Southern-blot analysis of tail DNA from
wild-type (Ywhae*'*; +/+), heterozygous mutant

b —I— +/+ +/— c HH+ - /-

(Ywhae'"-; +/-) and homozygous mutant

4.4 kb

(Ywhae™=; —/-) mice. (¢) PCR genotyping of

740bp . - CRK ' ~ ‘ - 14-3-3¢-deficient mice. PCR was done on tail

DNA isolated from progeny of heterozygous

Lis1 I:m intercrosses. Product sizes (bp) are indicated.
(d) Western-blot analysis of adult brain lysates

3.0 kb

105bp| = = .

were immunoblotted with antibodies specific for
-_— - —| 14-3-3¢, CRK or LIS1, with B-actin used as

loading control. (e-g) Nissl staining of E18.5
hippocampus shows the disorganization of

+/+

the pyramidal cell layer in mutant mice
(representative of n = 3 for each genotype). CA1
and CA3, pyramidal cell regions; DG, dentate
gyrus; arrows, disorganization of the pyramidal
cell layer. (h—j) Nissl staining of adult cortex from
wild-type and mutant adults (representative of

n = 2-3 per genotype). |-VI, cortical layers.

+/—

(k—m) Nissl staining of inbred adult hippocampus
of wild-type and mutant mice (representative of
n=>5 for each genotype). Arrows indicate ectopic
cells and splitting in CA3 as observed in
Ywhaet'~ (1) and Ywhae™~ mutants (m). 1-VI,
cortical layers; CA1l and CA3, pyramidal cell
regions; DG, dentate gyrus; GCL, granule cell
layer; H, hilus; ML, molecular layer; OR,

stratum oriens; PCL, pyramidal cell layer; RAD,
stratum radiatum. Scale bar, 75 pum (h,k).

(n—p) Immunostaining with antibody to Tst-1
showed a second layer of pyramidal cells in CA1
(arrows in 0,p) in both Ywhae*~ and Ywhae™~
mutants (representative of n = 5-6 for each
genotype). All sections in this figure came from
embryos and adults of mixed background.
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14-3-3s are ubiquitous proteins that are highly conserved from
bacteria to humans and plants and have several molecular and cel-
lular functions (reviewed in refs. 20-22). Most notably, 14-3-3 pro-
teins bind to phosphoserine/phosphothreonine motifs in a
sequence-specific manner (RSxpS/TxP or R'pS/TxP; refs. 23,24).
More than 100 14-3-3 binding partners involved in signal trans-
duction, cell cycle regulation, apoptosis, stress responses and
malignant transformation have been identified. There are at least
seven distinct genetic loci (sometimes referred to as isoforms) in
mammals, ten in plants and two each in yeast, Drosophila
melanogaster and Caenorhabditis elegans. The 14-3-3 proteins form
homo- and heterodimers, and there is redundancy of the binding
specificity and function of different 14-3-3 proteins due to their
highly similar amino acid sequence and tertiary structure
(reviewed in refs. 20,22). 14-3-3 proteins can regulate target pro-
tein function by several mechanisms, including alteration of target
protein binding to other partners, regulation of subcellular local-
ization, alteration of catalytic activity, protection from proteolysis
or dephosphorylation and bridging of two targets as an adapter or
scaffold?2. Although the molecular and cellular functions of 14-3-3
proteins have been well studied, there have been fewer studies
addressing the in vivo role of 14-3-3s.

Here, we show that YWHAE encoding 14-3-3€ is deleted in all indi-
viduals with MDS. Moreover, we show that 14-3-3€ is essential for
normal brain development and neuronal migration in the mouse.
This function of 14-3-3€ seems to be accomplished at least in part by
binding to CDK5/p35 phosphorylated NUDEL to maintain NUDEL

Figure 3 BrdU birthdating analysis identifies
neuronal migration defects in 14-3-3¢-deficient

phosphorylation. These data suggest that 14-3-3¢ has an important
role in mammalian neuronal migration and provide an explanation
for the severity of defects in neuronal migration in MDS.

RESULTS

Haploinsufficiency of YWHAE and severe human lissencephaly
We recently published a complete study of these findings in individu-
als with ILS and MDS?%, and we will briefly summarize some of the
salient points here. To determine the genes deleted consistently in
MDS, we first determined the extent of heterozygous deletion by fluo-
rescence in situ hybridization analysis in cells from individuals with
ILS and MDS compared with the severity of the clinical lissencephaly
phenotype. We made somatic cell hybrids that contained the deleted
chromosome from individuals with ILS and MDS without complete
17p terminal deletions, and we used PCR assays to assess the presence
or deletion of eight genes on 17p. The genes PAFAHIBI, SCARFI,
PITPN, MYOIC, CRK, YWHAE and ABR span over 1 Mb from the
centromeric to telomeric ends of the MDS region®>. We compared the
extent of deletions in these individuals and in unaffected individuals
with 17p telomeric deletions and normal phenotype (Fig. 1).
Individuals with grade 2-3 lissencephaly (ILS) had large submicro-
scopic deletions affecting PAFAHIBI and a variable number of genes
telomeric to PAFAHIBI but never including CRK and YWHAE. By
comparison, individuals with MDS with grade 1 lissencephaly (and
characteristic facial features of MDS) had visible or large submicro-
scopic deletions affecting PAFAHIBI and many telomeric genes,
including YWHAE. Two of these individuals had a deletion that

mice. Nissl staining of cortex (a-¢) and
hippocampus (m-0) from wild-type (Ywhae''*;
+/+), heterozygous (Ywhae*; +/-) and
homozygous mutant (Ywhae”—; —/-) embryos at
E18.5 from pregnant dams of mixed background

injected with BrdU at E14.5. CA1 and CA3,
pyramidal cell regions; CP, cortical plate; DG,
dentate gyrus; IZ, intermediate zone; MZ, marginal
zone; VZ, ventricular zone; arrows, pyramidal

cell layer. Scale bars: 75 pm (a,d); 50 pm (m).

Cortex

Adjacent sections are shown of BrdU-labeled

cells in cortex (d—f) and hippocampus (p-T).

(g-i) Quantitative analysis of the percentage of
BrdU labeled cells (x axis) in 10-um bins precisely
adjacent to the cortical sections and grouped by
region (MZ, CP, IP and VZ; along the y axis).

The number of bins in Ywhae™*, Ywhae*~ and
Ywhae”~ mice was 19, 18 and 17 bins,
respectively. Note the shift downward toward the
ventricular zone as 14-3-3¢ dosage was reduced.
(s—u) Quantitative analysis of the percentage of
BrdU-labeled cells (x axis) in 10-um bins of the
boxed areas from p-r from stratum oriens (OR)
through the pyramidal cell layer (PCL), as
indicated along the y axis. Note the shift upward
toward to ventricular zone at the top of stratum
oriens as 14-3-3¢ dosage was reduced. Mean
migration distance was determined for all BrdU-
labeled cells in ten sections each of the cortex
(j-1) and stratum oriens and pyramidal cell layer of
hippocampus (v—x) of four E18.5 embryos for each
genotype and each day of BrdU injection at E13.5
(j,v), E14.5 (k,w) and E15.5 (1,x). Error bars
indicate s.e.m. and significance is indicated by
asterisks (*P < 0.05, **P<0.01, ***P< 0.001).
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included YWHAE but not ABR, the next more telomeric gene in this
region (Fig. 1). Individuals with further telomeric deletions had no
greater severity of the MDS phenotype. These findings suggest that
deletions resulting in haploinsufficiency of PAFAHIBI through
YWHAE on 17p13.3 are sufficient for the severe brain and craniofacial
phenotypes of individuals with MDS and that CRK and YWHAE may
be important in neuronal migration.

Targeted disruption of Ywhae

To determine ifloss of function of Ywhae in vivo results in developmen-
tal defects in the brain, we generated mice lacking a functional gene
(Fig. 2a). We identified a targeted embryonic stem cell (ES) clone in
which exons 2 and 3 of Ywhae were partially replaced by neo, injected it
into C57BL/6] blastocysts and introduced the mutation into the germ
line as mixed (129/S6 and NIH Black Swiss) and inbred (129/S6) lines.
Mice heterozygous with respect to Ywhae (Ywhae™'~) were outwardly
normal and fertile, and we bred them together to produce homozygous
null mice (Ywhae™~). We genotyped mice by Southern-blot analysis
(Fig. 2b) and PCR (Fig. 2c). Virtually all Ywhae~ mice died at birth
with slightly lower weight than wild-type mice (data not shown). Only
about 2.5% of Ywhae~ mice in the mixed background and less than
1% of inbred mice survived to adulthood and looked small but were
otherwise outwardly normal (data not shown). There was no expres-
sion of endogenous 14-3-3¢ in brain lysates from Ywhae™~ mice by

Ywhae Pafahlbl Nissl BrdU

ARTICLES

immunoblot analysis, whereas lysates from Ywhae’~ mice had about
half the levels of 14-3-3¢ protein measured in wild-type mice (Fig. 2d).
In addition, loss of 14-3-3¢ had no effect on CRK or LIS1 protein levels,
and there was no reduction of 14-3-3¢ protein levels in brain lysates
from Pafah1bl heterozygotes (Fig. 2d).

14-3-3¢-deficient mice have hippocampal and cortical defects
Because nearly all 14-3-3&-deficient mice died at birth, we examined
tissues from embryonic day (E) 18.5 Ywhae™'*, Ywhae*'~ and Ywhae '~
mixed background mice; we observed similar results in inbred mice
(data not shown). Except for the brain, all other tissues were similar in
mutants and wild-type mice. Compared to Ywhae™'* mice, all Ywhae'-
and Ywhae™'~ mice had hippocampal defects (Fig. 2e-g) and thinning
of the cortex (data not shown). The pyramidal cell layer of the hip-
pocampus of Ywhaet'~ mice was mildly disorganized and less cellular.
These phenotypes were more severe in brains from Ywhae™~ mutants.
We also observed dose-dependent cortical thinning in brains of adult
Ywhae™'~ and surviving Ywhae™'~ mutant mice in a mixed background
(Fig. 2h—j). Cortical thickness was significantly less in brains from adult
Ywhae'~ mice (340.4 + 3.91 pm) compared with Ywhaet/* mice (382.7
+ 3.91 um) and even less in brains from surviving Ywhae/~adults
(276.6 + 5.51 pm). We detected no differences in proliferation in the
ventricular zone of brains from wild-type and mutant mice between
E12.5 and E15.5 by measuring uptake of 5-bromo-2-deoxyuridine
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Figure 4 Genetic link between Ywhae and Pafah1b1 during cortical and hippocampal migration. Nissl staining (a-d, n-q), BrdU birthdating (e-h, v-y)

with bin analysis as in Figure 3 (i-1, z—¢') and Tst-1 marker analysis (r-u) of cortex (a-1) and hippocampus (n-¢') from wild-type (a,e,i,n,r,v,z), Ywhae~
Pafah1bI** (bf,j,0,s,w,a"), Ywhaet* Pafah1bI*~ (c,gk,pt,x,b') and Ywhaet~ Pafah1bI1*~ (d,h,1,q,u,y,c') mice in an inbred 129/SvEv background. Mice
were injected with BrdU at E14.5 and killed at E18.5. Scale bars, 37.5 pm (a), 75 pm (e), 50 pm (v). The boxes in v—y denote the regions where 10-um bins
were quantified in stratum oriens (OR) and the pyramidal cell layer (PCL). Mean migration distance was determined for all BrdU-labeled cells in ten sections
each of the cortex (m) and stratum oriens and pyramidal cell layer of hippocampus (d') of four E18.5 embryos for each genotype and after BrdU injection at
E14.5. Error bars indicate s.e.m. and significance is indicated by asterisks (**P < 0.01, ***P < 0.001).
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(BrdU) for S phase and staining for mitotic cells positive for phospho-
rylated histone H3 (data not shown). We observed a small but signifi-
cant three-fold increase in the number of TUNEL-positive cells in
brains from Ywhae = versus Ywhae®/* littermates at E12.5 (data not
shown), suggesting that the thinned cortex of mutant mice may be due
to more cell death rather than less proliferation of neuronal precursors.

We also observed hippocampal defects in brains of adult Ywhae™'~
and surviving Ywhae™~ mutant mice of mixed background (Fig. 2k-m).
In the CA1 region of the hippocampus of Ywhae '~ mutants, the stratum
pyramidale had a two-layered appearance with ectopic cells present in
stratum oriens, whereas in the CA3 region, this layer was diffusely
packed and split with heterotopic pyramidal cells located throughout
the entire hippocampal subfield, including stratum oriens and stratum
radiatum. Granule cells were loosely packed in the dentate gyrus. We
used Tst-1, a neuronal marker expressed in the pyramidal cells of the
CA1 region in hippocampus and in layers ILIII and V of the cortex?%, to
examine cortical layering. The CA1 pyramidal cells of mutant mice were
clearly defective, but the large pyramidal cells in layer V were correctly
positioned in mice of both genotypes, indicating no cortical layer inver-
sion (Fig. 2n—p).

Neuronal migration defects in mice with mutations in Ywhae

Similar dose-dependent brain defects have been observed in mice with
mutations in Pafahlbl due to abnormal neuronal migration®>%’. To
determine whether mice with mutations in Ywhae had neuronal migra-
tion defects, we carried out BrdU birthdating analysis. We injected preg-
nant dams from heterozygous mixed background crosses with BrdU on

E13.5, E14.5 and E15.5 and detected BrdU-positive cells in coronal sec-
tions of brains from mice of all three genotypes on E18.5 (because
Ywhae '~ mice die at birth). A single example of BrdU injection at E14.5
is presented for each genotype. Sections from cortex (Fig. 3a—c) and hip-
pocampus (Fig. 3m-o) stained with cresyl violet showed morphology,
and adjacent sections showed BrdU-labeled cells (Fig. 3d—f,p—r). To
quantify migration, we divided the brain regions into 10-pm bins and
determined the percentage of labeled cells located in each bin in the cor-
tex (Fig. 3g-i) and hippocampus (Fig. 3s—u) as indicated for each geno-
type. The cortex and hippocampus were formed in an inside-out
fashion, but as the dose of 14-3-3¢€ was reduced, the distribution of
labeled cells was shifted downward toward the ventricular zone in the
cortex (Fig. 3g—i), whereas BrdU labeling was more diffusely localized in
the hippocampus (Fig. 3s—u).

We calculated average mean neuronal migration distances for labeled
cortical cells as well as cells in stratum oriens and the pyramidal cell layer
in ten sections from four brains per genotype at each day of BrdU injec-
tion. We found similar mean migration distances of BrdU-labeled corti-
cal cells in mice of all three genotypes injected at E13.5 (Fig. 3j), but
migration distances were significantly shorter in a dose-dependent fash-
ion in brains from Ywhae™~ and Ywhae”~ mice labeled at E14.5 and
E15.5 than in wild-type brains (Fig. 3k,1). Likewise, we observed similar
mean migration distances in the hippocampus at E13.5 (Fig. 3v) and
E15.5 (Fig. 3x) in mice of all three genotypes, but these distances were
significantly shorter in a dose-dependent fashion in brains from
Ywhaet~ and Ywhae '~ mice labeled at E14.5 than in wild-type brains
(Fig. 3w). Thus, mice deficient for 14-3-3¢ have slower neuronal
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CDK5/p35 in the presence of [y-32P]-ATP and
incubated with His-tagged 14-3-3¢. Proteins
were pulled down by glutathione-sepharose

beads (d) or Ni beads (e). Adsorbates were analyzed by immunoblotting with antibody to GST (GST-NUDEL), antibody to His (His-14-3-3¢) and
autoradiography (32P-NUDEL). Above the panels, GST-NUDEL and His-14-3-3¢ lanes refer to interaction controls using only these proteins, and
+Roscovitine indicates that NUDEL phosphorylation by CDK5/p35 was inhibited in the presence of roscovitine. The introduced mutations are indicated
above the lanes. (f) Left, Western-blot analysis of lysates from E16.5 and adult brains using a pan-14-3-3 antibody, a 14-3-3¢-specific antibody and NUDEL
and LIS1 antibodies. 14-3-3¢ is larger than other 14-3-3 isoforms. Right, co-immunoprecipitation of 14-3-3¢, other 14-3-3 isoforms and LIS1 by NUDEL

from E16.5 and adult brains lysates using an antibody to NUDEL.
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migration without cortical layer inversion. These defects were similar to
those found in mice with mutations in Pafah1b1 and show that 14-3-3¢
is required for normal migration of hippocampal and cortical neurons.

Ywhae and Pafah1b1 genetically interact in the brain

Because mice with mutations in Pafah1bl and Ywhae both have dose-
dependent defects in brain development and migration, we determined
whether there were genetic interactions between these genes. Inbred
mice heterozygous with respect to either Pafahlbl or Ywhae were
mated to decrease any potential variability due to mixed backgrounds.
We examined the cortical and hippocampal migration phenotypes of
mice of all four resulting genotypes by BrdU birthdating analysis with
injection at E14.5 and analysis at E18.5, as described above. We
observed slowing of cortical migration (indicated by a downward shift
in distribution of labeled cells) in mice heterozygous with respect to
either Ywhae (Fig. 4b,f,j) or Pafahlbl (Fig. 4c,gk) compared with
wild-type mice (Fig. 4a,e,i). Migration was even slower in double het-
erozygotes (Fig. 4d,h,1). In the hippocampus of wild-type mice, there
was a distinct packed layer of pyramidal cells (Fig. 4n,r). We observed a
mild defect in the CA3 region of Ywhae heterozygous mice, with het-
erotopic pyramidal cells and splitting of the stratum pyramidale
(Fig. 40,s). As previously described®?’, pyramidal cell layering in
Pafah1bl heterozygous mice was especially disorganized in the CAl
region, though the CA3 region was also involved (Fig. 4p,t). In double
heterozygous mice, we observed more severe abnormalities of pyrami-
dal cell packing throughout all hippocampal subfields (Fig. 4q,u).
BrdU birthdating (Fig. 4v—y) and quantitative bin analysis (Fig. 4z—c")
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confirmed this order of severity of migration in the hippocampus
among these genotypes. We calculated mean migration distances as
above and found that there was a significant slowing of migration in the
cortex (Fig. 4m) and hippocampus (Fig. 4d') of double heterozygotes
compared with single heterozygotes and wild-type mice. Taken
together, these data suggest that Ywhae genetically interacts with
Pafah1bl during brain development and neuronal migration.

14-3-3¢ directly binds NUDEL
The similarity in phenotype in mice with mutations in Ywhae and
Pafahlbl and the genetic interaction between Ywhae and Pafahlbl
suggested that the proteins they encode, 14-3-3€ and LIS, respec-
tively, are in the same pathway. Yeast two-hybrid screening carried out
to further define proteins important for NUDEL function provided
evidence for this notion. Full-length mouse NUDEL was used as bait
to screen 11 x 10° independent transformants from a mouse fetal brain
library. Sixty-seven colonies contained LIS1, providing a positive con-
trol for the screen. Notably, 156 other clones encoded five 14-3-3 family
members (14-3-3€, 14-3-3T, 14-3-3(, 14-3-3yand 14-3-3a/f3), with the
greatest number of colonies represented by 14-3-3€ (87 of 156; 56%).
To determine the region of NUDEL that binds to 14-3-3¢, we car-
ried out directed yeast two-hybrid interaction assays using several
truncated NUDEL expression constructs (Fig. 5a). LIS1 binds to the
coiled-coil region of NUDEL (amino acids 56-166), whereas a differ-
ent region of NUDEL (amino acids 189-256) was required for binding
of 14-3-3¢. Three specific phosphorylation sites (Ser198, Thr219 and
Ser231) and two weak phosphorylation sites (Ser242 and Thr245) for
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Figure 6 14-3-3¢ sustains NUDEL phosphorylation and protects it from phosphatase. (a) Representative western-blot analysis of lysates from E16.5 brains,
adult brains and MEFs from wild-type (Ywhae*'*; +/+) and 14-3-3¢-deficient (Ywhae'; —/-) mice, using antibody against P-NUDEL, against NUDEL or against
B-actin as loading control. Densitometry analysis of western-blot data for these ages and genotypes, expressed relative to wild-type protein levels (n =5 for
E16.5, n =3 for adult brains). (b) Inhibition of dephosphorylation of NUDEL by 14-3-3¢. NUDEL phosphorylated by CDK5 in presence of [y-32P] ATP was
incubated with PP2A in the presence of various concentrations of 14-3-3¢ (in pg) as indicated above the panels. Reaction mixtures were subjected to
SDS-PAGE and then Coomassie staining (top panel). The same filter was subjected to autoradiography (bottom panel). The left panel shows dephosphorylation
of P-NUDEL by PP2A and its inhibition by phosphatase inhibitors. The right panel indicates inhibition of PP2A dephosphorylation by 14-3-3¢. BSA, bovine
serum albumin; OA, okadaic acid. (c) Suppression of the inhibitory effect of dephosphorylation by non-phosphorylated NUDEL. NUDEL phosphorylated by
CDKS5 in the presence of [y-32P] ATP was incubated with PP2A in the presence of various concentrations (in ug) of unphosphorylated NUDEL, as indicated
above. The proportion of each molecule is described above. After incubation, each reaction mixture was subjected to SDS-PAGE and then Coomassie staining
(top panel), immunoblotting by antibody to 14-3-3¢ (middle panel) and autoradiography (bottom panel). Radiation activity was measured and quantified as
percentage of P-NUDEL dephosphorylation at various ratios of NUDEL/P-NUDEL (bottom graph). BSA, bovine serum albumin.
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CDK5/p35 are located in this region of NUDEL!*!5. This suggests
that CDK5/p35 phosphorylation may be crucial for the interaction
between NUDEL and 14-3-3€. Because yeast contains a highly con-
served and functional CDK5 homolog, Pho85 (ref. 28), and because
NUDEL was phosphorylated in yeast (data not shown), it was possi-
ble to examine this hypothesis in yeast. The CDKS5 inhibitor roscovi-
tine nearly eliminated the interaction of NUDEL with 14-3-3¢
without affecting its interaction with LIS1 (Fig. 5b). We produced

substitution mutants for each of the CDKS5 sites of NUDEL: S198A,
T219A and S231A (Fig. 5b). Each single or double mutant compro-
mised, and the triple mutant completely eliminated, interaction with
14-3-3¢. These Ser/Thr mutants had no effect on the interaction of
LIS1 and NUDEL in yeast (Fig. 5b) or as recombinant proteins (Fig.
5¢). Mutation of two other phosphorylation sites (Ser242, Thr245)
located outside of the binding region had only mild effects on interac-
tion (data not shown).
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Figure 7 14-3-3¢ is important for normal localization of NUDEL, LIS1 and B-COP. (a—f) Loss of 14-3-3¢ influences distribution of NUDEL (a,d), B-COP
(b,e) and LIS1 (c,f) in primary cortical neurons. NUDEL and LIS1 localization (arrowheads and bracket in a and c) was detected in the soma and neurites
(brackets) in wild-type (Ywhaet'*; +/+) neurons. In 14-3-3¢e-deficient (Ywhae'~; —/-) neuronal cells, NUDEL and LIS1 were localized in the soma (arrows

in d,f). B-COP was localized throughout the neuron in Ywhae'~ cells (e, arrows) in contrast to the tight perinuclear localization in wild-type neurons

(b, arrowhead). Scale bar in a, 5 pm. (g-i) Quantification of distribution patterns of NUDEL (g), B-COP (h) and LIS1 (i) in cortical neurons each from
Ywhaet'* and Ywhae”~ mice after 2 d in culture. For NUDEL and LIS1 patterns: C, predominantly centrosomal localization; S, soma localization only; S+N,
both soma and neurite localization; N, neurite localization only. For B-COP patterns: D, diffuse distribution; N, perinuclear. One hundred cells each of 2-3
mice per genotype were counted. (j-0) Transfection of GFP-tagged 14-3-3¢ rescued the mislocalization of NUDEL (j-I) and 3-COP (m-o) in primary cortical
neurons from Ywhae'~ mutants. GFP-14-3-3¢ was localized in the soma and neurites (j,m). NUDEL was diffusely localized in soma and neurites of
transfected neurons (k, arrows) in contrast to untransfected neurons (k, arrowhead). Merged images show colocalization of 14-3-3¢ and NUDEL around the
nucleus and neurites (1, arrows). Similarly, B-COP was tightly localized around the soma in transfected neurons (n,0, arrow) in contrast to untransfected
neurons (n,0, arrowhead). (p,q) Bar graphs display the percentage of cells with different distribution patterns of NUDEL (p) and B-COP (q) in untransfected
or GFP-14-3-3¢ transfected Ywhae”~ mutant neurons. One hundred transfected and untransfected cells were examined. Error bars indicate s.e.m. (r-¢')
Cortical neuronal cells were transfected with NUDEL-GFP (r-w) or triple mutant NUDEL-GFP (x-c¢') and were untreated (r,s,x,y) or treated for 2 d with 1 uM
roscovitine (t,u,z,a’) or 10 nM okadaic acid (v,w,b’,¢'). The percentage distribution of localization of NUDEL-GFP (d') and mutant NUDEL-GFP (e') in the
two genotypes and with each treatment are shown. One hundred transfected cells of preparations from each of 2-3 mice per treatment were examined.
Scale bar in r, 5 um. RVT, roscovitine; OA, okadaic acid.
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The yeast two-hybrid data were generally consistent with in vitro
interaction assays with recombinant glutathione S-transferase
(GST)-NUDEL and histidine (His)—14-3-3¢ fusion proteins, using
glutathione-sepharose beads to pull down GST-NUDEL (Fig. 5d) or
Ni beads to pull down His-14-3-3¢ (Fig. 5e). Wild-type NUDEL was
phosphorylated in vitro by CDK5/p35. Phosphorylated NUDEL (P-
NUDEL) interacted strongly with 14-3-3€. Both phosphorylation
and subsequent binding were inhibited by the CDKS5 inhibitor
roscovitine. Introduction of single, double and triple mutations pro-
portionally reduced the extent of NUDEL phosphorylation by
CDK5/p35 and NUDEL/14-3-3¢ interaction. Both NUDEL phos-
phorylation and NUDEL/14-3-3¢ interaction were completely abro-
gated in the triple mutant (S198A, T219A, S231A), suggesting that
these three sites are the primary targets of CDK5 phosphorylation
and interaction with 14-3-3¢.

We analyzed by western blotting endogenous proteins in E16.5
and adult brain lysates from wild-type (Ywhae™'*) and 14-3-3¢-
deficient (Ywhae™~) mice using antibodies that recognize all 14-3-3
isoforms (pan-14-3-3), 14-3-3¢€ only, LISI and NUDEL. 14-3-3¢ is
slightly higher in molecular weight than the other 14-3-3 isoforms
and can be distinguished from the other isoforms with the pan-14-
3-3 antibody. 14-3-3¢ was present only in brains from Ywhae*/*
mice, but appreciable amounts of other 14-3-3 isoforms were pre-
sent in embryonic and adult brain of either genotype (Fig. 5f). The
amount of NUDEL was greater in the adult than in the embryo,
whereas LIS1 was present in equal amounts in brains from E16.5
and adult mice. There was no effect of genotype on amounts of
NUDEL or LISI at either age. To determine whether 14-3-3¢ and
NUDEL interact in vivo, and whether there was preferential binding
of NUDEL to 14-3-3€ compared with other 14-3-3 isoforms, we car-
ried out co-immunoprecipitation with antibody to NUDEL on
native proteins followed by western-blot analysis. In brains from
Ywhaet!* mice, 14-3-3€ was the predominant isoform pulled down
with NUDEL (Fig. 5f), whereas no 14-3-3¢ was detected in
immunoprecipitates from Ywhae”~ mutant mice. No apparent
binding differences to other 14-3-3 isoforms or to LIS1 were
detected between Ywhae't and Ywhae'~ mutants. Thus, 14-3-3¢
preferentially binds to NUDEL in vivo.

14-3-3¢ maintains phosphorylation of NUDEL

14-3-3 proteins can have many effects on phosphoproteins, includ-
ing protection from dephosphorylation?2. Consistent with such an
effect, there were detectable differences in the levels of P-NUDEL in
brain and MEF lysates of different genotypes, measured by western-
blot analysis with an antibody to P-NUDEL (Fig. 6a). There were
small amounts of NUDEL protein in brains from Ywhae*'* E16.5
embryos, which increased in the adult. Notably, the levels of P-
NUDEL were lower in brains from E16.5 or adult Ywhae'™ mice, as
well as in Ywhae'~ MEF lysates. Although MEFs do not contain
active CDKS5, they do contain CDC2 kinase, which has similar sub-
strate specificities?.

One potential mechanism for these effects is that 14-3-3¢ bind-
ing protects P-NUDEL from phosphatase attack. Consistent with
this hypothesis, yeast two-hybrid screening with NUDEL identified
the regulatory subunit A of PP2A phosphatase, PR650, as a
NUDEL-interacting protein. We found that PP2A efficiently
dephosphorylated CDK5/p35-phosphorylated P-NUDEL in vitro
(Fig. 6b), an activity that was abrogated in the presence of a univer-
sal phosphatase inhibitor (NaF) or a PP2A inhibitor (okadaic acid).
Notably, 14-3-3¢ protected NUDEL from PP2A dephosphorylation
in a dose-dependent fashion (Fig. 6b). We carried out competition
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assays to examine the ability of 14-3-3¢ to protect P-NUDEL from
PP2A dephosphorylation in the presence of various concentrations
of non-phosphorylated NUDEL (Fig. 6c). One-hundred-fold
excess of non-phosphorylated NUDEL was required for PP2A
dephosphorylation of 50% of P-NUDEL in the presence of 14-3-3¢.
LISI binds to a region of NUDEL distinct from the phosphoryla-
tion sites (see Fig. 5a) and did not afford protection to P-NUDEL
from PP2A in vitro (data not shown). Taken together, these results
indicate that 14-3-3€ selectively binds P-NUDEL and is important
in its metabolism and the maintenance of its CDK5/p35 phospho-
rylation status.

14-3-3¢ is required for normal NUDEL, LIS1 and 3-COP
localization

If NUDEL binding by 14-3-3¢ is functionally important, then loss of
14-3-3¢ should result in dynein motor function defects similar to
those seen in mutants with reduced levels of LIS1 or after inhibition of
NUDEL or CDK5/p35 (refs. 14,15,30,31). For example, reduction of
LIS1 dosage altered distribution of LIS1 and NUDEL as well as local-
ization of B-COP, a Golgi marker whose distribution is affected by
cytoplasmic dynein function!#1>39,

We examined the localization of NUDEL, LIS1 and -COP in
embryonic (E15.5) cortical neuron cultures from brains of wild-
type (Ywhae''™) or 14-3-3¢-deficient (Ywhae ) mice. NUDEL and
LIS1 were initially present in the centrosome or microtubule orga-
nizing center immediately after plating (data not shown) and after
2 d in culture, they were distributed in the soma and throughout
the neurites of Ywhaet/* neurons (Fig. 7a,c,g,i), as expected!4. In
Ywhae™'~ neurons, however, NUDEL (Fig. 7d,g) and LIS1 (Fig. 7f,i)
were distributed more prominently in the soma. The distribution
of B-COP was diffusely disorganized in the neurites of Ywhae™~
neuronal cells (Fig. 7e,h) compared with its tight perinuclear local-
ization in Ywhae''* cells (Fig. 7b,h). Defective localization of
NUDEL (Fig. 7j-1,p) and B-COP (Fig. 7m-o0,q) was rescued by
transfection of Ywhae™'~ neurons with 14-3-3¢ tagged with green
fluorescent protein (GFP). Similar results were found in MEFs
(data not shown).

We next determined whether the localization pattern of NUDEL-
GFP or NUDEL-GFP with triple amino-acid substitutions at S198A,
T219A and S231A (mutant NUDEL-GFP) was affected in E15.5 corti-
cal neurons by inhibition of CDK5 and phosphatase by roscovitine
and okadaic acid, respectively. As neurons were transfected after 3 d
in culture, NUDEL-GFP was distributed throughout the soma and
the neurites in more than 60% of Ywhae*'* neurons 2 d after transfec-
tion (Fig. 7r,d’). In Ywhae'~ neurons, NUDEL-GFP was concen-
trated in the soma in 40% of the cells but peripherally distributed to
the neurites in only 15% of cells (Fig. 7s,d’). Treatment with roscovi-
tine inhibited the peripheral distribution of NUDEL-GFP in
Ywhae*'* neurons (Fig. 7t,d’) without affecting the distribution in
neurons from Ywhae”~ mice (Fig. 7u,d’). Treatment with okadaic
acid, however, resulted in apparent rescue of NUDEL-GFP distribu-
tion in Ywhae”~ neurons (Fig. 7w,d’) without effects in Ywhaet/*
neurons (Fig. 7v,d'). These changes were obvious when examining
the percentage of cells with different patterns of NUDEL-GFP distrib-
ution (Fig. 7d’). By contrast, mutant NUDEL-GFP was similarly
localized throughout the soma and neurites irrespective of genotype
and treatment (Fig. 7x—c',e'), indicating that the effects of the
inhibitors were not the result of non-specific effects. These in vivo
results are consistent with an important role for 14-3-3€ in regulating
dynein motor function through binding to P-NUDEL and protection
from dephosphorylation.
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DISCUSSION

Here, we show that 14-3-3¢ is essential for normal brain develop-
ment and neuronal migration in a dose-dependent fashion. These
functions can be linked to two complexes required for neuronal
migration: LISI/NUDEL/dynein and CDK5/p35. Mice heterozygous
with respect to both Pafahlbl and Ywhae had more severe brain
defects than mice heterozygous with respect to either gene individu-
ally, and human deletion data were consistent with the pivotal role of
14-3-3gin MDS.

The 14-3-3 protein family is highly conserved and ubiquitously
expressed with high levels in the brain, and its members function as
regulatory proteins that interact with a wide range of target phospho-
proteins, so they may have redundant functions. But certain isoforms
of 14-3-3 proteins seem to bind preferentially to particular tar-
gets?*3233 and genes encoding various 14-3-3 proteins are expressed
in differential patterns during development, although all seem to be
expressed in the brain (for review, see refs. 20,22). In D. melanogaster,
14-3-3 proteins are important for neuronal differentiation. The gene
encoding 14-3-3¢ is non-essential and is required for RAS/MAPK sig-
naling in the eye*®. Homozygous-null mutants with respect to the
gene leonardo (encoding 14-3-3() in D. melanogaster die as mature
embryos with defects in synaptic vesicle dynamics, and low levels of
expression of leonardo in mushroom bodies result in olfactory learn-
ing deficits®. This raises the possibility that there are at least some
isoform-specific and non-redundant functions in the central nervous
system of eukaryotes. Our data are consistent with this possibility, as
the absence of 14-3-3¢ results in the disruption of neuronal develop-
ment, migration and survival. A unique role for 14-3-3¢ is also sup-
ported by NUDEL co-immunoprecipitation experiments with the
pan-14-3-3 antibody (Fig. 5f) indicating that 14-3-3¢ preferentially
binds NUDEL.

Neuronal migration is a complicated process that is regulated at
several levels by at least three independent but partially overlapping
pathways or complexes: the reelin pathway, the CDK5/p35 complex
and the LIS1 complex. The CDK5/p35 and CDK5/p39 kinase com-
plexes have an integrating function during neuronal migration,
whereas the LIS1 complex regulates dynein motor function. LIS1 is
part of a conserved pathway that regulates nuclear movement
through dynein activity?®3137:38 by binding CDHC and NUDEL%13
as well as the light-intermediate chain through mNudE?°. The activity
of this complex is regulated by phosphorylation of NUDEL through
CDKS5 (refs. 14,15). Presumably, modification of NUDEL by
CDKS5/p35 phosphorylation changes its affinity for other proteins,
such as the CDHC subunit, to regulate activity or motility, as the
region of NUDEL containing the phosphorylation sites is required for
CDHC binding!4.

14-3-3g provides an additional molecular and functional link
between the LIS1 pathway and CDK5/p35 in neuronal development
and migration. NUDEL, 14-3-3¢g, CDK5/p35 and LIS1 all seem to have
positive effects on dynein motor function and the LIS1 pathway of
neuronal migration. This conclusion is derived from loss-of-function
studies®!®17, inhibitor and overexpression studies!®!>3! and studies
presented here. Our data provide additional evidence for the impor-
tance of NUDEL phosphorylation and 14-3-3¢ in the LIS1 pathway
and dynein motor function.

We provide some evidence that 14-3-3€ may act by protecting P-
NUDEL from PP2A. A PP2A regulatory subunit binds to NUDEL. In
vitro studies identified the protective effect of 14-3-3€ on P-NUDEL
against PP2A attack. We tested the possibility that PP2A phosphatase
could be relevant in vivo by using the phosphatase inhibitor okadaic
acid. Treatment of neurons lacking 14-3-3¢ with okadaic acid rescued

the mislocalization of NUDEL-GFP, an effect that required the three
CDKS5 S/T sites on NUDEL. Thus, PP2A is a good candidate for an
important NUDEL phosphatase in the cell. PP2A dephosphorylates
CDK5/p35 sites in several proteins?®l, it is present on micro-
tubules*>*? and its deficiency results in dissociation of the nuclear
and centrosome cycles in D. melanogaster**. Although a role for PP2A
in neuronal migration has not previously been shown, mice deficient
for the catalytic subunit of PP2A die during early embryogenesis*>.

NUDEL is an important target of 14-3-3¢ binding, but many other
proteins are potential binding partners for 14-3-3¢. For example, it is
known that CDK5/p35 regulates cell-cell adhesion molecules and
phosphorylates a number of microtubule associated proteins
(reviewed in ref. 12). mNudE contains the same Ser/Thr residues as
NUDEL? and may also be a CDK5 substrate. Any protein phospho-
rylated by the CDK5/p35 complex is a potential binding partner for
14-3-3¢ and could be important for the regulation of neuronal migra-
tion and survival by 14-3-3¢.

MDS consists of the most severe grades of lissencephaly, charac-
teristic facial anomalies and occasionally other malformations. The
disorder is usually fatal in early childhood, except for rare mild
forms. ILS is more heterogeneous with variable lissencephaly
(grades 2—4, mainly 3 and 4) and no other malformations. Our data
implicate YWHAE in the greater severity of neuronal migration
defects observed in individuals with MDS and suggest that the com-
plete agyria seen in this syndrome may be the consequence of the
heterozygous deletion of PAFAHIBI and YWHAE, two genes
required for optimal neuronal migration. Deletion up to but not
including YWHAE is compatible with normal brain function.
Additionally, deletions including YWHAE (and other genes such as
MYOIC and CRK) but not PAFAHIBI result in mental retardation
without lissencephaly?. This latter finding suggests that the locus
YWHAE may be important in mental retardation, and this is consis-
tent with the defects observed in Ywhae mutant mice (K.T. and
AW.-B., unpublished data). The human data collected to date are
correlative and cannot formally prove a role for YWHAE in these
phenotypes. In addition, the deletion data cannot rule out that
CRK, the gene adjacent to YWHAE, is also involved in the MDS phe-
notype (see Fig. 1; ref. 25). CRK encodes an adaptor signaling pro-
tein that has a role in cell proliferation, differentiation and
migration*®7, as well as axonal growth*%. No mouse knock-out has
been described. Although CRK may also participate in neuronal
migration, our studies in the mouse assign a definitive role for 14-3-
3¢ in neuronal migration and imply an important role in the brain
phenotype of MDS.

We can propose a molecular model to explain the greater severity
of neuronal migration defects observed in MDS. In the wild type,
LIS1 binds to NUDEL regardless of its phosphorylation status. 14-3-
3¢ binds to P-NUDEL at the CDK5 phosphorylation site and pro-
tects this site from phosphatase attack, perhaps from PP2A. This
stabilizes P-NUDEL, which then binds to CDHC near the site of
phosphorylation to promote dynein motor function. In the absence
of 14-3-3¢, there is less protection of P-NUDEL from phosphatase
attack, and less P-NUDEL to bind normal amounts of LIS1 and
CDHG, resulting in lower dynein motor activity. When LIS1 dosage
is reduced in individuals with ILS, there is less LIS1 to bind to normal
amounts of P-NUDEL to form a complex with the CDHC and pro-
mote dynein function. When both proteins are reduced in individu-
als with MDS, the combined effect of reduction of LIS1 and
P-NUDEL from reduction in 14-3-3¢ results in even fewer functional
CDHC complexes, and mice with these deficiencies have the most
severe phenotype.
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The proximity of two genes, PAFAHIBI and YWHAE, in the same
genomic region of human and mouse that have dosage-dependent
loss-of-function phenotypes in the same developmental pathway reg-
ulating neuronal development suggests that this genomic linkage may
have functional importance. It is unclear if genes other than
PAFAHIBI through YWHAE in the MDS region contribute to the
neuronal or extraneuronal phenotypes of individuals with MDS. For
example, the identification of other genes in this region that can con-
tribute to the craniofacial defects seen in MDS will require further
study. Based on our studies, the combined use of mouse models and
human deletion studies will probably help to identify these genes.

METHODS

Generation of 14-3-3¢-deficient mice. We generated ES cells deficient in
Ywhae (encoding 14-3-3€) using a previously described construct®®, except
we used PGK-#neo instead of a hyg-positive selectable marker. We injected tar-
geted ES cells into C57BL/6] blastocysts and obtained germline transmission.
We maintained heterozygous mutant mice in both mixed 129/S6 x NIH Black
Swiss and inbred 129/S6 backgrounds. For Southern-blot analysis, we
digested tail DNA with BgIlI, separated it on a 0.8% agarose gel and trans-
ferred it to Hybond N+ (Amersham). We probed the transferred membrane
with a 500-bp HindIIl/BamHI fragment to detect a 4.4-kb wild-type allele or
a 3.0-kb mutated allele. We used PCR for routine genotyping of tail DNA
(from E14.5 to adulthood) or yolk sac DNA (E12.5 or E13.5 embryos). The
primer sequences and conditions for genotyping are available on request. All
animal experiments were carried out under protocols approved by the US
National Human Genome Research Institute and the National Institutes of
Health and the University of California San Diego Animal Care and Use
Committees and following guidelines of the US National Institutes of Health.

Histology and immunohistochemistry. We fixed brains of adult mice by
perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS),
dissected them and placed them in 4% paraformaldehyde in PBS overnight.
We saturated fixed brains with 20% sucrose in PBS overnight at 4 °C and
cut them into 40-pm sections with a frozen sliding microtome. We dis-
sected embryos and fixed them with 4% paraformaldehyde in PBS
overnight at 4 °C. We embedded fixed embryos in paraffin and sectioned
them at 6 pm on a microtome. We embedded brains from E18.5 embryos in
optimal cutting temperature (OCT; Tissue-Tek) compound and sectioned
them at 14 pm on a cryostat. For immunohistochemistry, we incubated sec-
tions in PBS with 5% normal goat serum and 0.01% Triton-X 100 for
20 min at room temperature. We used antibody to Tst-1 (ref. 26; provided
by M.G. Rosenfeld, UCSD School of Medicine) at 1:1,000 in PBS with 3%
normal goat serum and 0.5% Tween 20. After overnight incubation at 4 °C,
we incubated sections with 5 pig ml~! of biotinylated goat secondary anti-
body to rabbit IgG (Vector) in 1.5% normal goat serum in PBS for 1 h at
room temperature and then used the peroxidase-conjugated ABC kit
(Vector). We visualized signals with diaminobenzidine. We measured aver-
age cortical thickness on 10 sections each of the brains of 4-6 mice stained
by Nissl or hematoxylin and eosin.

BrdU birthdating. Pregnant dams from timed matings were injected
intraperitoneally at E13.5, E14.5 and E15.5 with 100 mg g~! BrdU (Sigma) and
then dissected at E18.5. We processed embryos for paraffin embedding, cut
them at 4-5 pm and pretreated them with 10 mM citrate buffer (pH 6.0) for
10 min, boiling in microwave for antigen retrieval. We blocked pretreated sec-
tions with 3% normal goat serum in 0.5 % Triton-X 100 in PBS for 30 min at
room temperature and stained them with monoclonal antibody to BrdU (1:50;
Becton Dickinson) in 3% normal goat serum in 0.5% Tween 20 in PBS and
then with biotinylated goat secondary antibody to mouse IgG (1:100; Sigma)
in PBS with 1.5% normal goat serum. We visualized BrdU-labeled cells with
peroxidase-conjugated ABC kit (Vector) and diaminobenzidine with metal
enhancer (Sigma) and counterstained them with hematoxylin. We quantified
migration by dividing a 200-pum-wide area of matched E18.5 cortex sections
into 10-pm-deep bins and counting the number of labeled cells per bin. Only
strongly BrdU-positive cells were counted for analysis, as these represent cells
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that became post-mitotic soon after BrdU injection. Lightly labeled cells, gen-
erated by dilution of BrdU by the following progenitor cell divisions, were not
counted. We converted raw numbers in each bin into percentages of total
numbers of labeled cells, and the results are represented by a histogram. We
analyzed 10 sections each of 4 mice per genotype. We determined the average
migration distance of neurons in the same sections and areas of migration
assay, and values are presented as mean * s.e.m. Data were analyzed by
ANOVA with the Bonferroni correction.

Yeast two-hybrid analysis. We conjugated full-length NUDEL ¢DNA to
pLexA (Clontech) and used it to screen a fetal mouse brain cDNA library as
described'#. To identify the site of binding of NUDEL with 14-3-3€, we cloned
several truncated cDNAs of NUDEL into pLexA. To produce full-length or
truncated NUDEL, we cloned BclI-NotI (amino acids 1-345), Smal-NotI
(104-345), BgllI-Notl (256-345), EcoRV-Notl (291-345), Bcll-Pstl (1-63),
Rsal-Rsal (56-166), Bcll-Tsp451 (1-189) or Bell-BgllI (1-256) fragments into
pLexA vector. We generated mutant NUDEL proteins conjugated to pLexA
using Quick-Change (Stratagene). We generated the LIS1-pLexA plasmid and
measured lacZ activity as described 4.

Production of recombinant proteins and phosphorylation by CDK5/p35.
We expressed GST-tagged recombinant NUDEL protein in bacteria using
pGEX4T (Pharmacia) and then purified it on glutathione-sepharose 4B
(Pharmacia). We expressed His-tagged recombinant 14-3-3¢, LIS1, CDK5 and
p35 in High Five (Invitrogen) using Fast Bac baculovirus expression system
(Invitrogen) and then purified it using metal affinity resin (Talon; Clontech).
We incubated 10 pg of recombinant NUDEL with 0.5 pg of recombinant
CDKS5/p35 in 50 pl of 50 mM morpholinopropanesulfonic acid (pH 7.2),
6 mM MgCl,, 1 mM ATP and 4 pCi [y->2P] ATP for 1 h at 30 °C. NUDEL was
collected after incubation by adding an equal volume of 90% ammonium sul-
fate and then centrifuged at 15,000 r.p.m. for 10 min. The pellet was resus-
pended in 25 mM Tris-HCl at 1 mg mI™".

In vitro binding assay. We incubated 1 pg of each GST-tagged recombinant
NUDEL protein with 1 pg of His-tagged recombinant 14-3-3¢€ in 25 mM Tris-
HCI (pH 8.0), 140 mM NaCl, 0.1% Triton X-100 overnight. We retrieved His-
tagged 14-3-3¢ bound to GST-tagged NUDEL (Fig. 5d) or GST-tagged
NUDEL bound to His-tagged 14-3-3¢ (Fig. 5e) by binding to glutathione-
sepharose beads or Ni beads, respectively, at 4 °C for 1 h. After extensive wash-
ing of GST-fusions and bound proteins in the same buffer used for incubation,
we separated proteins by SDS-PAGE and visualized them by Coomassie bril-
liant blue staining or immunoblotting with antibody to His or to GST. The
Coomassie-stained filter was subjected to autoradiography.

Immunoprecipitation. We seeded E14.5 MEFs (1 x 10°) from wild-type or
14-3-3¢-deficient mutant mice on 10-cm plates. For immunoprecipitation,
we lysed labeled cells in 500 pl of 10 mM HEPES buffer (pH 7.4), 2 mM
MgCl,, 0.1% Triton X-100, 150 mM NaCl, Protease Inhibitor Cocktail
(Roche), 10 mM glycerophosphate-Na and 1 mM sodium vanadate. We
added 5 pg of C-6 NUDEL antibody'* to 500 pg of lysate and incubated it
overnight at 4 °C. We retrieved antibody-bound NUDEL by binding to pro-
tein A—sepharose beads at 4 °C for 8 h. After extensive washing in lysis buffer,
bound NUDEL was released, separated by SDS-PAGE, and immunoblotted
using antibody to NUDEL.

Dephosphorylation assays with PP2A. We used phosphorylated NUDEL for
a substrate of PP2A (CALBIOCHEM). We incubated 1 pig of substrate in 0.5 U
PP2A, 40 mM Tris-HCI (pH 7.4), 20 mM MgCl,, 10 mM MnCl,, 0.04%
bovine serum albumin, 0.1 mM dithiothreitol, 0.1 mM EGTA and Protease
Inhibitor Cocktail (Roche) at 30 °C for 30 min. After incubation, we separated
the reaction mixture by SDS-PAGE and then carried out immunoblotting
with antibody to NUDEL and autoradiography. Radioactivity was measured
by Phospho-Imager (BAS2000; Fuji).

NUDEL-GFP expression vectors. We cloned a blunt-ended Bcll-Hpal frag-
ment of NUDEL into the blunt-ended Agel site of pEGFP C1 (Clonetech). We
introduced Ser/Thr-to-Ala mutations by the Quick-Change site-directed
mutagenesis kit (Stratagene).
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Immunoprecipitation and western-blot analysis. We homogenized brains or
MEFs in lysis buffer (10 mM Tris-HCI pH 7.3, 100 mM NaCl, 20 mM KCl and
0.1 % Nonidet P-40 supplemented with protease inhibitor cocktail (Roche),
1 mM NaF and 1 mM sodium vanadate). We incubated 500 pg of lysate with
10 pg of C-6 antibody to NUDEL and precipitated it with protein G-separose.
After extensive washing, we eluted interacting proteins and separated them by
SDS—-PAGE. We detected LIS1 (sc-7577 antibody; Santa Cruz) and 14-3-3 iso-
forms (pan-14-3-3 antibody; Santa Cruz). We generated the P-NUDEL anti-
body against the phosphorylated Ser231. We injected a KLH-coupled peptide
(TENTFPpSPKAIPC) into a rabbit. The serum was first subjected to affinity
purification against a non-phosphorylated peptide and then the flow-through
was further purified in a phospho-peptide column. Finally, the purified anti-
body was shown to recognize P-NUDEL phosphorylated at Ser231.

Primary cell culture, transfection and immunofluorescence. For E15.5 corti-
cal neuronal cells, we treated minced cortices with 2.2 mg ml™! papain
(Worthington Biochemical) in Earle’s balanced salt solution (GIBCO BRL)
with 0.5 mM EDTA and 0.13 mg ml™! cysteine for 15 min at 37 °C. After cen-
trifugation, supernatants were treated with 0.001% DNase (Worthington
Biochemical) in Earle’s balanced salt solution supplemented with 10 mg ml™!
bovine serum albumin (Roche) and 10 mg ml™! trypsin inhibitor (Sigma) for
5 min at room temperature. After centrifugation, we plated cortical neuronal
cells with Neurobasal medium (GIBCO BRL) supplemented with 2% B27
(GIBCO BRL) and 50 g mI~! gentamycin at 37 °C in 5% carbon dioxide/95%
air for 2-3 d. We detected neuronal cells using antibody to class III B-tubulin
(BabCO), and >95% of cells were neuronal cells (data not shown). No obvious
genotype or treatment differences were observed using this antibody.

For immuncytochemistry, we cultured 1 x 10° cells on coverslips coated with
50 pg ml~!' poly-L-lysine (Sigma) overnight at room temperature and then
incubated them with 10 g mI~! laminin (Sigma) for 1 h at room temperature
in 24-well plate. After 2 d in culture, we washed cells with PBS and fixed them
with ice-cold methanol or acetone for 2 min. After blocking with 4% donkey
normal serum (Jackson Immunoresearch) for 20 min at room temperature, we
incubated cells with various primary antibodies overnight at 4 °C or for 1 h at
room temperature. We used goat antibody to LISI (Santa Cruz) and mouse
antibody to 3-COP (Sigma) at 1:100 and 1:80 in 1.5% donkey normal serum in
PBS, respectively. We used antibody to NUDEL C-6 at 1:50. After washing
4 times with PBS, we used Rhodamine Red-labeled donkey antibody to rabbit
IgG, tetramethyl rhodamine isothiocyanate—labeled donkey antibody to goat
IgG or fluorescein isothiocyanate—labeled donkey antibody to mouse IgG sec-
ondary antibodies (Jackson Immunoresearch) at 1:200 in 1.5% donkey normal
serum in PBS for 30 min at room temperature. We visualized nuclei with
300 nM DAPI and mounted them with Prolonged antifade kit.

For transfection, we cultured 1.5 X 10° cortical neuronal cells on coverslips
treated with both poly-L-lysine and laminin in 24-well plates. After 3 d in cul-
ture, we transfected cells with 2 g 14-3-3e-GFP fusion protein in 2 pl LIPO-
FECTAMINE 2000 reagents in 100 pl OPTI-MEM media without fetal bovine
serum for 24 h, resulting in 20% transfection efficiency.

For quantification of distribution pattern of NUDEL, LIS1, B-COP,
NUDEL-GFP and mutant NUDEL-GFP, we analyzed 100 cells of preparations
from each of 2-3 mice per genotype and classified them into two (for B-COP)
or four (for other antibodies) categories as indicated in figure legends. The cri-
teria for scoring the cells for localization in soma, neurites and centrosome are
as follows: soma, signals appear only around nuclei, sometimes as dots because
neurons have small cytoplasm (see Fig. 7d); neurites, signals were only in neu-
rites, not around nuclei at all; soma and neurites, signal was seen in both
places; centrosome, signals appeared as one or two small dots, not more than
three dots; punctate, cells with more than three dots after transfection. For 3-
COP: diffuse, signals were apparent around nuclei and in neurites in the same
cell (as in Fig. 7e); peri-nuclear, signals were only tightly surrounding the
nucleus (as in Fig. 7b). In fixed cells, or in transfected cells expressing GFP, we
took photos with the same shutter speed with the charge-coupled device cam-
era for each individual experiment. These photo sets still included various
intensities of signals even if they came from same staining and culture condi-
tions. We selected for analysis cells that had the same or similar intensities and
a healthy cellular morphology (single smooth nuclei, well attached to the plate
and non-senescent in appearance). We excluded cells with saturated signals.

We treated cells with 1 UM roscovitine!® or 10 nM okadaic acid for 2 d to
inhibit CDKS5 or PP2A, respectively. The concentration of okadaic acid was
chosen to selectively inhibit PP2A based on sensitivity to apoptosis, IC80 data
and cell data (for review, see ref. 50).
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