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INTRODUCTION
The mammalian cerebral cortex is the center for higher functions
of the brain. The cortical area has been evolutionarily expanded,
acquiring a distinct six-layer structure (Preuss and Kaas, 1999).
During early cortical development, neuronal migration plays an
important role in functional organization of the cortex. Several
genetic malformations, such as lissencephaly and subcortical band
heterotopia (SBH), are caused by deficient neuronal migration
(Ross and Walsh, 2001; Kato and Dobyns, 2003; Guerrini and
Marini, 2006). For example, mutations in the LIS1 (PAFAH1B1 –
Human Gene Nomenclature Committee) gene or in the X-linked
gene doublecortin (DCX) lead to classical lissencephaly in humans,
which has been shown to be caused by neuronal migration defects
(Reiner et al., 1993; des Portes et al., 1998; Gleeson et al., 1998).

During corticogenesis, glutamatergic neurons are generated from
progenitors called radial glia and intermediate progenitors in the
ventricular/subventricular zone of the dorsal pallium. These neurons
then migrate radially into the cortical plate in an inside-out pattern
(Rakic, 1972; Miyata et al., 2001; Noctor et al., 2001; Tamamaki et
al., 2001; Nadarajah and Parnavelas, 2002). By contrast, most
GABAergic interneurons arise from the ganglionic eminence, then
migrate tangentially and settle in the cerebral cortex (Anderson et al.,
1997; Tamamaki et al., 1997; Marín and Rubenstein, 2003). The
radial migration of glutamatergic neurons is strictly controlled by
coordinated extracellular and intracellular molecules to establish the
distinct layers of the cerebral cortex (Hatten, 2002). For example, the
secreted protein reelin is well known to act as a guidance cue for the
radial migration of cortical neurons (Rice and Curran, 2001), and
cyclin-dependent kinase 5 (CDK5) and the cytoskeletal regulator
RhoA are also involved in cortical radial migration (Gilmore et al.,
1998; Hand et al., 2005). Neuronal polarization is also important for
neuronal migration (Reiner and Sapir, 2009). Knockdown of the
polarity kinases Par1/Mark2 and Par4/Lkb1 (Stk11) disrupts radial
migration by affecting centrosome positioning and microtubule
dynamics in vivo (Asada et al., 2007; Sapir et al., 2008). However,
much less is known about the regulation of cerebral cortex-specific
neuronal migration during development.

To elucidate the molecular mechanisms specific to glutamatergic
neuron development, single-cell microarray analysis was used to
screen for genes expressed strongly and/or specifically within
glutamatergic neurons. From this screen we identified Dpy19l1 as
being prominently expressed in glutamatergic neuronal lineage
cells in the developing mouse cerebral cortex. DPY-19, a multi-
transmembrane protein, was first identified in C. elegans. Mutation
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SUMMARY
During corticogenesis, the regulation of neuronal migration is crucial for the functional organization of the neocortex.
Glutamatergic neurons are major excitatory components of the mammalian neocortex. In order to elucidate the specific
molecular mechanisms underlying their development, we used single-cell microarray analysis to screen for mouse genes that are
highly expressed in developing glutamatergic neurons. We identified dpy-19-like 1 (Dpy19l1), a homolog of C. elegans dpy-19,
which encodes a putative multi-transmembrane protein shown to regulate directed migration of Q neuroblasts in C. elegans. At
embryonic stages Dpy19l1 is highly expressed in glutamatergic neurons in the mouse cerebral cortex, whereas in the subpallium,
where GABAergic neurons are generated, expression was below detectable levels. Downregulation of Dpy19l1 mediated by
shRNA resulted in defective radial migration of glutamatergic neurons in vivo, which was restored by the expression of shRNA-
insensitive Dpy19l1. Many Dpy19l1-knockdown cells were aberrantly arrested in the intermediate zone and the deep layer and,
additionally, some extended single long processes towards the pial surface. Furthermore, we observed defective radial migration
of bipolar cells in Dpy19l1-knockdown brains. Despite these migration defects, these cells correctly expressed Cux1, which is a
marker for upper layer neurons, suggesting that Dpy19l1 knockdown results in migration defects but does not affect cell type
specification. These results indicate that Dpy19l1 is required for the proper radial migration of glutamatergic neurons, and
suggest an evolutionarily conserved role for the Dpy19 family in neuronal migration.
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in any of the dpy genes causes the ‘dumpy’ phenotype in C.
elegans, which is characterized by short body length (Brenner,
1974). In C. elegans, Q neuroblasts (QL and QR) are generated in
bilaterally symmetrical positions and then undergo asymmetrical
migration posteriorly and anteriorly, respectively. In dpy-19
mutants, the polarization of Q neuroblasts becomes randomized,
resulting in defective migration, suggesting involvement of dpy-19
in the polarization and migration of neuroblasts (Honigberg and
Kenyon, 2000). Four dpy-19-like genes (Dpy19l1-4) encoding
putative multi-transmembrane proteins have been identified in both
the human and mouse genomes (Carson et al., 2006). The Dpy19l1
gene encodes a protein of 746 amino acids; however, its expression
and function during development of the mammalian cerebral cortex
have yet to be determined.

In this study we investigated the role of Dpy19l1 in mouse
corticogenesis. Dpy19l1 knockdown mediated by short hairpin
RNA (shRNA) resulted in defective radial migration of
glutamatergic neurons in vivo, which could be rescued by the
expression of shRNA-insensitive Dpy19l1. This migration defect
was partly caused by the abnormal migration of bipolar cells in
Dpy19l1-knockdown brains. Dpy19l1-knockdown cells correctly
expressed the layer-specific marker Cux1 despite their aberrant
positioning. Two to 3 weeks after electroporation, most of the
downregulated cells in the intermediate zone showed an abnormal
rounded or multipolar morphology, whereas many of the cells
arrested in the deep layer were of the characteristic pyramidal
morphology. Our study identifies the significance of the
transmembrane protein Dpy19l1 in the proper migration of
glutamatergic neurons during mammalian corticogenesis.

MATERIALS AND METHODS
Animals
Timed-pregnant ICR and C57BL/6 mice were obtained from Japan SLC.
NEX/Neurod6-Cre (NEX-Cre) mice were kindly provided by Dr K. A.
Nave (Schwab et al., 2000). Genotyping of NEX-Cre and GAD67-GFP
(GAD67 is also known as Gad1) knock-in mice was as described
previously (Schwab et al., 2000; Tamamaki et al., 2003). NEX-Cre and
GAD67-GFP heterozygous embryos were obtained by time-mating
C57BL/6 wild-type female mice with NEX-Cre homozygous and GAD67-
GFP heterozygous male mice, respectively. Noon on the day of vaginal
plug was considered embryonic day (E) 0.5. All procedures were approved
by the Animal Research Committee of Kumamoto University.

Plasmids
shRNA sequences against Dpy19l1 were as follows (5� to 3�): Dpy19l1
sh647, GGACTCAGTCCGATTGAGA; Dpy19l1 sh1769, GGTTCAGC -
AAACCTACAAA; Dpy19l1 sh2069, GAGTCATGGTGCATAAGAA;
and the scrambled sequence Dpy19l1-control shRNA, ACAGCTAG -
GCTCGGATATG. Each shRNA oligonucleotide was inserted into
pSilencer 1.0-U6 (Ambion). All plasmids contained a 9 nt hairpin loop
sequence (5�-TTCAAGAGA-3�). These constructs were co-transfected
with a reporter plasmid by in utero electroporation as described below.

To generate the Dpy19l1-EGFP fusion construct, both the EcoRI-BspHI
Dpy19l1 5� fragment (I.M.A.G.E. cDNA clone ID 6856095, Invitrogen)
and the BspHI-ApaI 3� fragment (PCR-amplified fragment) were cloned
into the EcoRI and ApaI sites of pEGFP-N1 (Takara Clontech).

To generate the Dpy19l1 shRNA-insensitive construct (Dpy19l1-i), a
mutated 3� fragment was synthesized. Both the EcoRI-BspHI Dpy19l1 5�
fragment and the BspHI-NotI mutated 3� fragment were cloned into the
EcoRI and NotI sites of the pCAG-RB vector (a pCAG-GS vector
containing a modified multiple cloning site).

In utero electroporation
Timed-pregnant mice were deeply anesthetized using pentobarbital (50
mg/kg). Plasmid DNA (1-2 g/l) was microinjected into the lateral
ventricles of E13.5 or E14.5 forebrains and electroporated (five 50-

msecond pulses of 30 V for E13.5 or 33 V for E14.5, with an interval of
950 mseconds; CUY21 electroporator, Nepagene). Embryos were dissected
24 hours to 3 weeks after electroporation, then single-cell microarray and
histological analyses were carried out as described below. In order to obtain
sparse labeling of GFP-positive cells, we used Cre-mediated recombination
in which 10-50 ng/l pCAG-Cre along with 2 g/l GFP reporter plasmids
and either Dpy19l1 shRNA or control shRNA plasmid were electroporated
at E14.5.

Single-cell microarray analysis
Single-cell microarray analysis was performed as described previously
(Esumi et al., 2008). E13.5 NEX-Cre embryos (C57BL/6 background) were
electroporated with pCAG-loxP-RFP-loxP-EGFP (Wu et al., 2005). After
24 hours, the cortices of NEX-Cre and GAD67-GFP knock-in mice were
dissected and dissociated into single-cell suspensions by digestion with
0.25% trypsin and 0.01% DNaseI at 37°C for 5 minutes. GFP-positive cells
were identified under a fluorescence microscope and picked up using the
Quixell Automated Cell Selection and Transfer System (Stoelting).

Total RNA from a single cell was reverse transcribed into cDNA using
the Super SMART PCR cDNA Synthesis Kit (Takara Clontech). We then
assessed the quality of the Super SMART PCR products by capillary
electrophoresis (Bioanalyzer 2100, Agilent Technologies) and quantitative
real-time PCR (qPCR) analysis (ABI 7500, Applied Biosystems). The
following PCR profile was used: 10 minutes at 95°C; 50 cycles of 15
seconds at 95°C, 1 minute at 60°C. Primers used in this study are listed in
supplementary material Table S1.

The quality-checked products were subjected to one cycle of a T7 RNA
polymerase reaction to produce biotinylated cRNA. The cRNA was
subsequently fragmented and hybridized to a GeneChip Mouse Genome
MOE430 2.0 array (Affymetrix), according to the manufacturer’s protocol.
The microarray image data were processed with a GeneChip Scanner 3000
(Affymetrix). We performed per-chip normalization (normalized to the
fiftieth percentile). Absolute calls (present, absent and marginal) were
calculated with GCOS (Affymetrix) in the default setting. Further data
analysis was carried out using GeneSpring software (Agilent).

RT-PCR
Total RNA from E14.5 or adult mouse cerebral cortex was extracted with
TRIzol reagent (Invitrogen) following the manufacturer’s protocol. Single-
stranded cDNAs were prepared using SuperScript reverse transcriptase III
(Invitrogen) and amplified by PCR. Primers used for RT-PCR are listed in
supplementary material Table S1.

Histology
Mouse embryos were fixed with 4% paraformaldehyde (PFA) in PBS for 60
minutes to overnight at 4°C, cryoprotected in 20% sucrose, then embedded
in OCT compound (Sakura Finetechnical). Frozen sections were cut at 20 or
50 m on a cryostat (CM1850, Leica) and then mounted onto MAS-coated
glass slides (Matsunami). Immunohistochemical staining was performed as
described (Watanabe et al., 2006). Primary antibodies used were: rat anti-
GFP (1:2000, Nacalai Tesque), rabbit anti-GFP (1:1000,
Invitrogen/Molecular Probes), mouse anti-beta III tubulin (1:1000, Covance),
mouse anti-TAG-1 (Cntn2; 4D7, 1:5, DSHB), mouse RC2 (1:500, DSHB),
mouse anti-BrdU (1:500, BD Pharmingen), rabbit anti-Cux1 (M-222, 1:50,
Santa Cruz Biotechnology), rabbit anti-Ctip2 (1:200, Novus Biologicals),
rabbit anti-calretinin (1:500, Swant), mouse anti-MAP2 (1:1000, Sigma),
rabbit anti-Tbr1 [1:2000, a gift from Dr R. Hevner (Englund et al., 2005)]
and rabbit anti-Tbr2 (1:2000, a gift from Dr R. Hevner). Rabbit anti-Dpy19l1
serum was generated against two mouse Dpy19l1 C-terminal peptides
(SRKAPEDVKKELMKLKVC and VEDPDNAGKTPLC; 1:2000, MBL).
For immunofluorescence, sections were labeled with species-specific
secondary antibodies conjugated to Alexa Fluor 488 or 594 (Invitrogen) and
counterstained with Hoechst 33342 (Sigma). Sections were processed by the
ABC method (Vector Laboratories) following the manufacturer’s protocol.
Detection with horseradish peroxidase was performed by incubation in
0.05% diaminobenzidine (DAB) and 0.015% hydrogen peroxide in PBS.

In situ hybridization (ISH) was performed as described (Watanabe et al.,
2006). Mouse Dpy19l1 and Dpy19l3 cDNAs were generated by RT-PCR
and used as probes. Primers for ISH are listed in supplementary material
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Table S1. DIG-labeled RNA hybrids were reacted with alkaline
phosphatase-conjugated anti-DIG antibody (Roche). The reaction product
was visualized by incubating the sections with nitroblue tetrazolium
chloride (NBT; Roche) and 5-bromo-4-chloro-3-indolylphosphate (BCIP;
Roche).

Images were taken with a digital camera (DP72, Olympus). Confocal
images were captured with a confocal laser-scanning microscope (FV300,
Olympus).

BrdU labeling
Pregnant mice were given two intraperitoneal injections of BrdU (50 g/g
body weight; Sigma) with a 30-minute interval. One hour after the first
injection, embryos were isolated and fixed for immunostaining.

Time-lapse imaging
Slice culture was performed as described previously (Tabata and Nakajima,
2003) with minor modifications. Electroporation with shRNA and pCX-
EGFP plasmids was performed at E14.5. After 3 days, embryonic brains
were dissected and 250 m coronal neocortical slices were prepared using
a vibratome (Dosaka EM). The slices were placed on a Millicell-CM filter
(Millipore), embedded in collagen gel and cultured in Neurobasal medium
supplemented with B27, 2 mM Glutamax and penicillin-streptomycin
(Invitrogen) at 37°C under 5% CO2. Seven optical z-sections at 5 m
intervals were captured at intervals of 30 minutes for 6-12 hours using the
FV300.

Quantification
To quantify GFP-positive cells in the cortex at postnatal day (P) 2, we
counted cells in eight areas formed by dividing the images of the cortical
plate and intermediate zone of the lateral cerebral cortex into eight equal
squares, and then analyzed the data from at least three embryos using
Student’s t-test.

Neuron morphology was defined as having an apical dendrite and/or
triangular morphology as observed in 50 m sections.

RESULTS
Identification of genes specific to glutamatergic
neuronal lineages
To study the molecular mechanisms underlying the development of
cortical glutamatergic neurons, we performed single-cell
microarray analysis to identify genes that are specifically expressed
in glutamatergic neurons (Esumi et al., 2008). We labeled newly
born glutamatergic neuron precursors by GFP expression utilizing
NEX-Cre mice, and labeled GABAergic neuronal lineages using
GAD67-GFP knock-in mice (Fig. 1A-D) (Schwab et al., 2000;
Tamamaki et al., 2003). To label glutamatergic neurons, E13.5
NEX-Cre embryos were electroporated with a pCAG-loxP-RFP-
loxP-EGFP construct; single GFP-positive cells were then selected
after 24 hours (Fig. 1A,B).

Immunohistochemical analysis was used to examine the
properties of GFP-positive cells in littermates. Many NEX-GFP-
positive cells were also positive for Tbr2 (Eomes – Mouse Genome
Informatics), a marker of intermediate/basal progenitors (Englund
et al., 2005), and some also colabeled with the neuronal marker
beta III tubulin, suggesting that most GFP-positive cells were
glutamatergic neurons/progenitors (Fig. 1C-D�) (Wu et al., 2005).

Additionally, we collected single GABAergic neurons from the
medial ganglionic eminence of E12.5 GAD67-GFP mice (Fig. 1A)
and performed single-cell microarray analysis on cells from both
lineages: seven NEX-positive cells and six GAD67-positive cells
were analyzed. Cluster analysis (including data from P0 GAD67-
positive cells) (Esumi et al., 2008) revealed distinct gene
expression profiles in the two lineages and identified 123 genes that
were present only in NEX-positive cells (present call in at least
three out of seven NEX-positive cells, absent call in all E12.5 and

4981RESEARCH ARTICLEDpy19l1 in radial migration

Fig. 1. Subtraction screening of cortical glutamatergic neuron-
specific genes by single-cell microarray. (A)The labeling procedure
for glutamatergic or GABAergic neuron lineage cells. (B)Localization of
GFP-positive cells in the NEX-Cre cerebral cortex 24 hours after
electroporation with a reporter plasmid. The border of the section is
outlined. (C-D�) Immunohistochemistry of cortical sections of E14.5
NEX-Cre mouse embryos labeled with a GFP reporter showing overlay
of Tbr2 (C-C�) or beta III tubulin (D-D�) and GFP. C� and D� show
magnified images. Yellow arrowheads indicate cells positive for GFP
and beta III tubulin. (E)Cluster analysis. Distinct gene expression profiles
for glutamatergic and GABAergic neuron lineage cells were detected.
(F)Expression levels of genes strongly expressed in glutamatergic
neuronal lineage cells. (G)We selected 123 genes that were specifically
expressed in glutamatergic neurons by filtering with present/absent
calls. Scale bars: 200m in B; 100m in C-C�,D-D�; 20m in C�,D�. D
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P0 GAD67-positive cells; Fig. 1E-G). We subsequently examined
the expression pattern of ~40 genes of interest at E14.5 by ISH,
from which we identified several genes that were expressed in
cortical glutamatergic neurons. Although some of these genes are
expressed in the subpallium as well as the dorsal cortex, we were
able to identify several genes that are expressed predominantly in
glutamatergic neurons (supplementary material Fig. S1; data not
shown). Among these genes, we focused on the Dpy19 family, as
Dpy19l1 mRNA is highly expressed in the developing cerebral
cortex (Fig. 2).

Dpy19l1 is highly expressed in glutamatergic
neurons of the developing cerebral cortex
The Dpy19 gene is evolutionarily conserved in C. elegans, rodents
and human; four genes (Dpy19l1-l4) are found in mouse (Mouse
Genome Informatics). We first examined the expression of Dpy19
family members in the mouse telencephalon by ISH and RT-PCR.
At E14.5, strong expression of Dpy19l1 and Dpy19l3 were observed
in the developing cerebral cortex (Fig. 2B,C), whereas Dpy19l2 and
Dpy19l4 mRNA could not be detected with our ISH probes.
However, mRNAs of all the Dpy19 family members were detected
in both the E14.5 and adult cerebral cortex by RT-PCR (Fig. 2A)
(Sugiura et al., 2001). Dpy19l2 mRNA was detected at relatively low
levels at both stages. At E12.5, Dpy19l1 expression was detected in
the cortical plate (CP) of the dorsal telencephalon (Fig. 2D). At
E14.5, Dpy19l1 was expressed in a lateromedial gradient within the
cerebral cortex, whereas Dpy19l3 showed an opposite expression
gradient (Fig. 2B,C). At this stage, high levels of expression were
observed in both the CP, where neurons terminate their migration,
and the intermediate zone (IZ), through which neurons migrate to
reach the CP, and weak expression was observed in the proliferative
ventricular zone (VZ) and the subventricular zone (SVZ) (Fig. 2B,E).
Additionally, the surface of the VZ showed intense expression of
Dpy19l1 (Fig. 2E, arrows). By contrast, very low expression of
Dpy19l1 was detected in the ganglionic eminence, the source of
cortical GABAergic interneurons (Fig. 2B). We observed a very
restricted expression of Dpy19l1 in other regions, such as the
diencephalon and the dorsal midline of the brain stem
(supplementary material Figs S2, S4). During perinatal stages,
Dpy19l1 expression was apparent in the deep cortical layer and the
surface of the VZ, whereas weaker expression was detected in the
upper layer, particularly in the lateral regions of the cortex (Fig. 2F,
arrows in 2G). At this stage, intense expression of Dpy19l1 mRNA
could also be detected in regions other than the cerebral cortex (Fig.
2F). Dpy19l1 expression was also observed in the adult cerebral
cortex, with stronger signals in the deep layer compared with the
upper layer (Fig. 2H,I).

To determine the cellular distribution of Dpy19l1 protein, we
generated an antibody against the C-terminal region of Dpy19l1
and then used it for immunohistochemistry. The pattern of
immunostaining was similar to that of ISH (supplementary material
Fig. S2). Dpy19l1 protein was primarily localized in the IZ, the CP,
the marginal zone (MZ) and the surface of the VZ in the E14.5
cerebral cortex, with weak expression detected in the VZ/SVZ (Fig.
2J,K; supplementary material Fig. S2A,B). Localization in the
ganglionic eminence was barely detectable (Fig. 2J,L). Dpy19l1
protein also appeared to be localized in the axons of the CNS and
peripheral tissues (supplementary material Figs S2, S3, arrows;
data not shown).

To confirm that Dpy19l1 is expressed in glutamatergic neurons,
we examined the colocalization of Dpy19l1 mRNA with cortical
subtype-specific markers. At E14.5, many Dpy19l1-expressing

cells in the CP co-expressed Tbr1, a marker of layer VI neurons, or
Ctip2 (Bcl11b – Mouse Genome Informatics), a marker of layer V
neurons (Fig. 3A,B). At E17.5, Dpy19l1-positive cells expressed
Cux1, a marker of upper layer neurons (layers II-IV), although
Dpy19l1 expression in the upper CP was weaker at E17.5 than at
E14.5 (Fig. 3C). These results suggest that Dpy19l1 is strongly
expressed in glutamatergic neuronal lineage cells during
corticogenesis.

Dpy19l1 regulates the radial migration of cortical
neurons
To study the function of Dpy19l1 during the development of
glutamatergic neurons, we performed shRNA-mediated
knockdown of Dpy19l1. Three shRNA constructs designed against
Dpy19l1 and a scrambled shRNA plasmid as a control were tested.
Co-transfection of COS-7 cells with any of the Dpy19l1 shRNAs
along with the Dpy19l1-EGFP fusion plasmid specifically
suppressed Dpy19l1-EGFP mRNA expression after 3 days,
whereas co-transfection with the control shRNA did not (Fig. 4A).

We next examined whether Dpy19l1 regulates the development
of cortical glutamatergic neurons. The lateral cortices of E14.5
wild-type mice were electroporated with either a Dpy19l1 shRNA
construct (sh1769 had a strong RNAi effect; sh2069 had a
moderate effect; Fig. 4A) or control shRNA along with the pCX-
EGFP plasmid. Two days to 3 weeks post-electroporation, the
distribution of GFP-positive cells in the cerebral cortex was
analyzed by GFP immunostaining (Fig. 4B). Neurons in the upper
layers were labeled as a result of the experimental conditions. At
P2, 7 days after electroporation, a time point at which most GFP-
positive cells have terminated their migration, shRNA-mediated
knockdown by two of the Dpy19l1 shRNAs (sh1769 and sh2069)
resulted in cells with neuronal migration defects, whereas the
control shRNA had no effect (Fig. 4C-I). A large number of
Dpy19l1-knockdown GFP-positive cells remained in the IZ, and
some were ectopically located in the deep cortical layer
(arrowheads in Fig. 4G,H), whereas almost all GFP-labeled cells
transfected with control shRNA had reached the upper layer
(arrowheads in Fig. 4F). The migration defect was less severe in
brains transfected with sh2069 than with sh1769 (Fig. 4D-I; see
Discussion). Moreover, this migration defect could also be induced
between P8 and P14 by downregulating Dpy19l1, suggesting that
aberrant neural migration upon Dpy19l1 knockdown cannot be
entirely attributed to developmental delay (Fig. 7A-D;
supplementary material Fig. S7).

To determine whether the migration defect caused by Dpy19l1
shRNAs is a direct result of Dpy19l1 deficiency, we performed a
rescue experiment in which a construct was introduced that
expressed shRNA-insensitive Dpy19l1 (Dpy19l1-i). We
electroporated the control, pCAG or pCAG-Dpy19l1-i plasmid
along with Dpy19l1 sh1769 and pCX-EGFP at E14.5 and observed
the localization of GFP-positive cells at P2. Re-expression of
Dpy19l1 in Dpy19l1-knockdown cells partially rescued the
migration defect, whereas the injection of control pCAG and
Dpy19l1 shRNA plasmids perturbed radial migration (Fig. 4J-L).
These results suggest that Dpy19l1 is required for the proper radial
migration of glutamatergic neurons during corticogenesis.

Disruption of radial migration of bipolar cells by
Dpy19l1 downregulation
Prior to arriving at their terminal destination, glutamatergic neuron
progenitors transit to a multipolar stage in the SVZ, transform into
a bipolar shape in the IZ and then migrate into the CP while
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Fig. 2. Expression analyses of the Dpy19 family in the developing cortex. (A)RT-PCR of Dpy19 family genes in E14.5 and adult mouse brains.
beta-actin provides a control. (B-L)Expression of Dpy19l1 and Dpy19l3 mRNAs visualized by in situ hybridization (ISH) in the telencephalon. (B-E)At
E12.5, expression of Dpy19l1 was observed in the dorsal telencephalon. At E14.5, Dpy19l1 mRNA was intensely expressed in the CP, the IZ and
weakly in the VZ/SVZ of the cerebral cortex. Dpy19l3 mRNA showed an opposite gradient of expression. The boxed area in B is magnified in E.
(F,G)Expression of Dpy19l1 was also observed in the P0 cortex, especially in the deep layer. The boxed area in F is magnified in G. (H,I)Dpy19l1
expression persists in the adult cerebral cortex at 12 weeks. The boxed area in H is magnified in I. (J-L)Distribution of Dpy19l1 protein at E14.5. In J,
Dpy19l1 immunoreactivity is white. Dpy19l1 was mainly distributed in the IZ as well as the CP of the cortex. Inset in K shows a magnified view of
the CP. Boxed areas in J are magnified in K and L. This section was counterstained with Hoechst 33342. CP, cortical plate; ctx, cerebral cortex; GE,
ganglionic eminence; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone; L, lateral; M, medial. Scale bars: 300m in B,C; 200m
in D,J; 50m in E,K,L; 500m in F; 100m in G,I; 1 mm in H. D

E
V
E
LO

P
M
E
N
T



4984

extending their axons (Tabata and Nakajima, 2003; Kriegstein and
Noctor, 2004). To investigate which of these processes is affected
by the downregulation of Dpy19l1, we performed morphological
analyses of Dpy19l1-knockdown cells. Dpy19l1 shRNA-
transfected cells were labeled using Cre-mediated GFP
recombination in order to facilitate the morphological
characterization of GFP-labeled cells (see Materials and methods).
Four days post-electroporation (at E18.5), we observed that many
Dpy19l1-knockdown cells did not pass through the subplate (SP)
and instead were arrested within the upper IZ (Fig. 5A,B).
Moreover, many of these cells assumed a bipolar morphology,
although some of them extended a long process towards the pial
surface (arrowheads in Fig. 5C). Some of the cells that were
aberrantly stalled in the IZ were adjacent to the radial fibers of
radial glial cells (arrowheads in Fig. 5D-D�).

To examine this migration further we performed time-lapse
imaging. E14.5 embryos were electroporated with shRNA, and
cortical slices were cultured 3 days later. We observed that some
bipolar cells in the IZ and the CP continued to extend a leading
process towards the pial surface, but their cell body was almost
immobile (Fig. 5F,G; supplementary material Movies 2-4). By
contrast, many bipolar cells in the control brain translocated their
cell soma during radial migration (Fig. 5E; supplementary material
Movie 1). These results suggested that the defective migration in
Dpy19l1-knockdown brains was caused, in part, by the abnormal
migration of bipolar cells.

Normal cell type specification in Dpy19l1-
knockdown cells
The impaired migration in Dpy19l1-knockdown brains could be the
indirect result of abnormal specification of glutamatergic neuron
progenitors. However, 2 days after electroporation, no significant
change in the rate of BrdU incorporation was observed in the VZ
of the Dpy19l1-knockdown cortex compared with the control brain
(Fig. 6A-C). We next labeled GFP-positive cells with markers for
cortical neurons/progenitors. In the E17.5 SVZ (3 days post-
electroporation), the majority of Dpy19l1-knockdown/GFP-
positive cells expressed Tbr2, a marker of intermediate/basal
progenitors, similar to control shRNA-transfected cells
(supplementary material Fig. S5). Furthermore, almost all GFP-
positive cells expressed Cux1 in both control and Dpy19l1-
knockdown brains at E17.5 (Fig. 6D; supplementary material Fig.
S6) (Nieto et al., 2004). At P2, Dpy19l1-knockdown cells in the
upper cortical layer expressed Cux1, as did control embryos (Fig.

6E,F). GFP-positive cells that were aberrantly stalled in the deep
CP and the IZ also expressed Cux1 (Fig. 6F-H�). These results
indicated that cells settling in aberrant positions maintained the
ability to differentiate into layer-specific cortical neurons, even
though knockdown of Dpy19l1 caused a defect in neuronal
migration.

Morphology of Dpy19l1-downregulated cells
To investigate if cells with defective migration can differentiate into
mature neurons, we performed morphological analysis of shRNA-
transfected cells. Two weeks after electroporation (at P8), most
control neurons in the superficial layer had a triangular soma and
a single apical dendrite (Fig. 7A,C). The majority of Dpy19l1-
knockdown cells arrested in the deeper CP had a similar
morphology, although they also had a longer process extending
from the deeper layer towards the pial surface (arrows in Fig.
7D,E). Furthermore, most cells ectopically positioned within the IZ
were either round in shape or exhibited a multipolar morphology
(arrowheads in Fig. 7F). Some cells in the IZ had a long apical
dendrite-like process extending towards the pial surface (arrows in
Fig. 7G) and an axon-like structure extending towards the dorsal
midline (arrows in Fig. 7H).

To accurately evaluate dendrite formation, we analyzed P14
embryos that had been labeled by Cre-mediated GFP
recombination. In both control and Dpy19l1-knockdown embryos,
many GFP-positive cells in the cortical upper layer assumed the
characteristic pyramidal morphology, characterized by the
extension of one apical dendrite and several basal dendrites, which
were positive for the dendritic marker MAP2 (Mtap2 – Mouse
Genome Informatics) (Fig. 7I,J; supplementary material Figs S7,
S8). Many Dpy19l1-knockdown cells in the deep layer had a
similar pyramidal morphology (116/150, 77.3%; Fig. 7K;
supplementary material Fig. S7B-B�). However, most GFP-positive
cells that were arrested in the white matter showed an abnormal
rounded or multipolar morphology (70/80, 87.5%; Fig. 7L-L�;
supplementary material Fig. S7B-D�).

DISCUSSION
In this study, we used single-cell microarray analysis to identify
genes that are expressed specifically and/or strongly in cortical
glutamatergic neurons. Among the candidate genes, we found that
Dpy19l1 was prominently expressed in glutamatergic neurons of the
developing cerebral cortex. Dpy19l1 knockdown studies showed that
it is required for proper radial migration. However, Dpy19l1
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Fig. 3. Dpy19l1 is expressed in cortical glutamatergic neurons. (A-C)Immunostaining for Tbr1 (A), Ctip2 (B) and Cux1 (C) after ISH for
Dpy19l1 in the developing mouse cerebral cortex at E14.5 (A,B) and E17.5 (C). Insets are magnified views. Dpy19l1-positive cells co-express
different glutamatergic neuron markers: Tbr1, layer VI; Ctip2, layer V; Cux1, layers II-IV. Scale bar: 30m.
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Fig. 4. Dpy19l1 regulates radial migration of cortical neurons. (A)Knockdown experiment in COS-7 cells. Either control shRNA or one of three
Dpy19l1 shRNA constructs along with a CMV-Dpy19l1-GFP fusion plasmid were co-transfected into COS-7 cells, and expression was examined by
RT-PCR. Each shRNA construct downregulated Dpy19l1 expression. (B)Time line of these experiments. (C-I)Either control (C,F) or one of the
Dpy19l1 shRNAs (sh1769 in D,G; sh2069 in E,H) was electroporated along with pCX-EGFP at E14.5. The distribution of cells with shRNA-mediated
knockdown was analyzed at P2. Sections were counterstained with Hoechst 33342. (I)Quantification of GFP-positive cells in the P2 cerebral cortex.
The percentage of GFP-positive cells is plotted as the mean ± s.e.m. (three embryos were analyzed per shRNA). *, P<0.05; **, P<0.01; versus
control by t-test. Dpy19l1 downregulation disrupted the radial migration of cortical neurons. Many Dpy19l1-knockdown cells were aberrantly
positioned in the IZ and the deep CP (arrowheads in G,H), whereas almost all cells reached the cortical upper layer in control brains (arrowheads in
F). (J-L)Rescue experiments. Co-electroporation of pCAG control plasmid (J) or shRNA-insensitive pCAG-Dpy19l1 (Dpy19l1-i) expression plasmid (K)
along with Dpy19l1 shRNA1769 and pCX-EGFP constructs was performed. (L)Quantification of GFP-positive cells at P2. The percentage of GFP-
positive cells is plotted as the mean ± s.e.m. (three embryos for control shRNA, three for sh1769 + pCAG-Dpy19l1-i and six for sh1769 + pCAG). *,
P<0.05; **, P<0.01; by t-test. The neuronal migration defect caused by Dpy19l1 knockdown was partially restored by re-expression of Dpy19l1-i.
Scale bars: 200m in C-E; 100m in F-H,J,K. D
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downregulation did not affect cell type specification of cortical
neurons. These results demonstrate that Dpy19l1 regulates radial
migration of cortical glutamatergic neurons during development.

Identification of Dpy19l1 as a glutamatergic
neuron-specific gene
Many studies have used genome-wide screens in an attempt to
identify genes that regulate cell differentiation, migration and other
developmental processes and that are specifically expressed in
various cell types (Gray et al., 2004; Arlotta et al., 2005). Recently,
Kawaguchi et al. reported the spatiotemporal heterogeneity of
cortical progenitors using single-cell microarray analysis (Kawaguchi
et al., 2008). In the present study, gene expression profiles were
compared between glutamatergic and GABAergic neurons using the
single-cell microarray method in order to identify genes that are
expressed in developing glutamatergic neurons (Fig. 1) (Esumi et al.,
2008). This type of single-cell microarray analysis is useful for
detecting distinct expression patterns of each neuron/progenitor,
although this technique is disadvantaged by its low sensitivity. With
single-cell microarray analysis, however, we identified several genes,
including Dpy19l1, that are prominently localized in glutamatergic
neurons of the E14.5 telencephalon (Fig. 2; supplementary material
Fig. S1; data not shown). We predict that our results will pave the
way for the identification of other genes that regulate distinct
developmental processes within each neuronal subtype.

Evolutionary conservation of Dpy19 genes
In C. elegans, DPY-19 is a putative multi-transmembrane protein
that is required for the proper polarization and migration of Q
neuroblasts (Honigberg and Kenyon, 2000). At least three Dpy19

genes are present in vertebrates (Carson et al., 2006). In the
mammalian genome, four Dpy19 genes (Dpy19l1-4), encoding 8-
11 predicted transmembrane proteins, have been identified,
although the Dpy19 proteins lack any predicted functional
domains. For the first time, we reveal that mammalian Dpy19l1 is
crucial for directed neuronal migration during corticogenesis. Our
results suggest a possible conserved role for the Dpy19 family
during neuronal migration in both C. elegans and mammals.
Interestingly, DPY19L3 has been reported to be associated with
bipolar disorder by genome-wide association studies (Smith et al.,
2009). More recently, DPY19L2 deletion has been found to cause
human globozoospermia, which is a severe male infertility disorder
resulting from round-headed spermatozoa that lack an acrosome
(Harbuz et al., 2011; Koscinski et al., 2011). These observations
are indicative of the importance of Dpy19 family members in
development and disease.

Gradient expression of Dpy19l1 and Dpy19l3 in
the developing cerebral cortex
We revealed that Dpy19l1 is mainly expressed in glutamatergic
neurons, and not in GABAergic neurons, during embryonic
development (Fig. 2). At E14.5, Dpy19l1 is expressed in a
lateromedial gradient within the cerebral cortex, whereas Dpy19l3
is expressed in an opposite gradient (Fig. 2). Dpy19l1 expression
also occurred in a rostral-to-caudal gradient (supplementary
material Fig. S4). During early corticogenesis, when cortical
neuron progenitors are initially specified, some transcription
factors, such as Pax6, Emx2 and COUP-TFI (Nr2f1 – Mouse
Genome Informatics), exhibit gradient expression in the VZ and
regulate regional identity within the neocortex (Bishop et al., 2000;
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Fig. 5. Impaired neuronal migration of Dpy19l1-knockdown cells. (A-D�) Control (A) or Dpy19l1 shRNA (sh1769, B-D�) was electroporated
along with Cre and GFP reporter plasmids at E14. The morphology of GFP-positive cells was analyzed at E18.5 (A-C) or E17.5 (D-D�). (A,B)The
subplate (SP) was identified by immunostaining for calretinin (calbindin 2) and by nuclear staining (Hoechst 33342, blue). At E18.5, many Dpy19l1-
dowregulated cells were abnormally stalled in the IZ (yellow arrowheads in B). Some cells in the IZ had single long processes extending towards the
pial surface (arrowheads in C). (D-D�) Double immunostaining for GFP and RC2 (Ifaprc2), a marker of radial glial cells. (E-G)Time-lapse imaging of
migrating cells expressing either control (E) or Dpy19l1 (F,G) shRNA. Time-lapse imaging was performed 3 days after electroporation. In Dpy19l1-
knockdown brains, the leading process of bipolar cells in the IZ (F) and the CP (G) actively grew towards the pial surface, but the cell body remained
in place. Arrowheads and arrows indicate the tip of the leading process and the cell body, respectively. Time is shown in hours:minutes. Scale bars:
100m in A,B; 50m in C; 10m in D-D�; 20m in E-G.
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Hamasaki et al., 2004). Pax6 expression shows a rostral/lateralhigh

to caudal/mediallow gradient, and caudal areas are expanded in
Pax6 mutants (Bishop et al., 2000). This lateromedial gradient is
similar to that of Dpy19l1, although Dpy19l1 is strongly expressed
in postmitotic neurons (Fig. 2; supplementary material Fig. S4). It
is possible that Dpy19l1 is a downstream target of transcription
factors such as Pax6 and that they might regulate neuronal
migration once cell fate is determined in the specific cortical areas.

Regulation of glutamatergic neuronal migration
by Dpy19l1
A large number of Dpy19l1-knockdown cortical neurons were
stalled deep within the CP and the IZ (Fig. 4). However, Dpy19l1-
knockdown cells properly expressed the cell type-specific maker
Cux1 (Fig. 6). These results suggest that the primary function of
Dpy19l1 is the regulation of neuronal migration, but not neuronal
specification. Furthermore, our results suggest that the efficiency
of the shRNA is directly correlated with the severity of the
migration defect (Fig. 4). Moreover, when we applied Dpy19l1
shRNA at reduced concentrations, the number of cells arrested in
the IZ was decreased (data not shown). Thus, complete knockout
of Dpy19l1 would likely result in a more severe migration defect
in cortical neurons.

Defects in radial migration have also been observed in several
mouse mutants and shRNA-transfected brains in which the
cytoskeletal machinery has been modified, although there are
differences in the severity of the migration defects (LoTurco and
Bai, 2006). For example, Cdk5 loss-of-function in mice and Dcx
knockdown in the rat neocortex result in severe migration defects
in which a large number of cortical neurons are confined to the IZ
(Gilmore et al., 1998; Bai et al., 2003). Lis1 heterozygous mice also
show abnormalities in cortical neuronal migration (Hirotsune et al.,
1998). A small percentage of Lis1 shRNA-transfected cells
assumed a bipolar morphology and reached the IZ. Although the
cell body was immobile, the leading process continued to grow
(Tsai et al., 2005). Interestingly, we observed a phenotype similar
to that of the Lis1 knockdown in the brains of Dpy19l1
knockdowns (Fig. 5). In C. elegans, dpy-19 is involved in the
polarization of neuroblasts (Honigberg and Kenyon, 2000). In the
mammalian brain, knockdown of the polarity kinases Mark2 and
Lkb1 causes the arrest of neuronal migration in the IZ (Asada et
al., 2007; Sapir et al., 2008). Although, at present, we do not know
what signaling pathways interact with Dpy19 proteins to cause the
defective migration, it is possible that Dpy19l1 participates in some
of the aforementioned pathways to regulate neuronal migration
during corticogenesis. It will be intriguing to investigate the
possible interactions between Dpy19l1 and known migration
regulators during corticogenesis. We are also in the process of
designing a proteomic screen to identify binding partners of the
Dpy19 family.

In addition to the proteins mentioned above, extracellular
diffusible factors and cell adhesion molecules are also important
for proper neuronal migration. Reelin and Sema3A have been
shown to guide the radial migration of cortical neurons (Rice and
Curran, 2001; Chen et al., 2008). Moreover, a recent report has
shown that inhibition of the endocytic pathways also causes
aberrant migration via disruption of N-cadherin trafficking
(Kawauchi et al., 2010). Although dpy-19 and unc-40 (dcc), the
receptor for unc-6 (netrin), are suggested to function in a shared
signaling pathway in Q neuroblast migration in C. elegans
(Honigberg and Kenyon, 2000), we did not observe any apparent
defects in cortical layer formation in Dcc mutant mice (data not
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Fig. 6. Dpy19l1 knockdown does not affect neuronal
differentiation. E14.5 mouse embryos were electroporated with
control (A-A�,E) or Dpy19l1 shRNA (sh1769, B-B�,F-H�) and analyzed at
E16.5 (A-B�) or P2 (E-H�). (A-B�) BrdU incorporation in VZ cells at E16.5.
(C)Quantification of BrdU-labeled cells. The percentage of GFP and
BrdU double-positive cells in the basal region of the VZ (brackets in
A�,B�) is plotted as the mean ± s.e.m. (three embryos each for control
and sh1769). (D)Quantification of Cux1-positive cells. The percentage
of GFP and Cux1 double-positive cells in the E17.5 CP-IZ is plotted as
the mean ± s.e.m. (three embryos each for control and sh1769). 
(E-H�) Double immunostaining of GFP and Cux1 at P2. In control
embryos, most GFP-positive cells were immunolabeled by Cux1. In
Dpy19l1-downregulated brains, Cux1 was expressed in GFP-positive
cells that had stalled abnormally in the IZ and the CP, as well as in
neurons that were correctly positioned in the upper cortex. Boxed areas
in F are magnified in G-H�. Scale bars: 20m in A-B�,G-H�; 100m in
E,F. D
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shown), suggesting that Dcc signaling is dispensable in the radial
migration of mammalian cortical neurons. However, it is possible
that Dpy19l1 mediates extracellular signals and/or is a component
of the cell adhesion machinery, as Dpy19 family members are
putative multi-transmembrane proteins.

Dendrite and axon formation in Dpy19l1-
knockdown neurons
We observed that Dpy19l1-knockdown cells were localized in
abnormal positions within the deep CP (Fig. 5). These cells
assumed the characteristic pyramidal morphology but failed to

correctly integrate into the upper layer (Figs 5, 6). Furthermore, the
majority of Dpy19l1-knockdown cells in the IZ showed an
abnormal rounded or multipolar morphology (Fig. 7;
supplementary material Fig. S7). These results suggest that
Dpy19l1 is involved in dendrite formation in addition to regulating
neuronal migration. However, we cannot exclude the possibility
that the morphological defects in the IZ are a reflection of the
effects of the extracellular environment.

Since Dpy19l1 protein was localized in cortical axons (Fig. 2;
supplementary material Fig. S3), it is possible that Dpy19l1
regulates axonal growth and/or pathfinding. We compared the
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Fig. 7. Morphological changes within migration-disrupted neurons in the Dpy19l1-knockdown brain. (A-H)Control (A,C) or Dpy19l1
shRNA (sh1769; B,D-H) was electroporated along with pCX-EGFP at E14.5. Dpy19l1-downregulated cells were analyzed at P8. (A,C)Almost all GFP-
positive cells were found in the upper layer. (B,D-H) Dpy19l1-downregulated cells were stalled in the deeper CP and the IZ, although some cells in
the IZ extended a long process towards the pial surface and an axon-like process towards the dorsal midline (arrows). Many of these cells showed a
rounded or multipolar morphology in the IZ (arrowheads in F). Sections were counterstained with Hoechst 33342. (I-L�) E14.5 embryos were
electroporated with control (I) or Dpy19l1 shRNA (sh1769, J-L�) together with Cre and GFP reporter plasmids and analyzed at P14. (L-L�) Double
immunostaining of GFP and MAP2. Most Dpy19l1-downregulated cells in the deep layer assumed the characteristic pyramidal morphology,
whereas many cells in the white matter showed abnormal morphologies (arrowheads). Scale bars: 200m in A,B; 100m in D; 50m in C,E-L�.
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axonal growth of cortical neurons in control and Dpy19l1 shRNA-
electroporated neurons at P2. Many axons of Dpy19l1-knockdown
neurons crossed the dorsal midline, similar to what is observed in
control brains (supplementary material Fig. S9). Migrating neurons
in the IZ started to extend their axons towards the dorsal midline
in Dpy19l1 knockdowns (data not shown). However, we cannot
exclude the possibility that the Dpy19l1 protein remaining after
shRNA knockdown might still have a role in directing proper
axonal projections. Additional complete loss-of-function studies
using Dpy19l1 knockout mice will be required to clarify the role of
Dpy19l1 in axonal projections.

Conclusions
The mammalian neocortex has been evolutionarily expanded to
acquire higher functions. However, the developmental mechanisms
specific to this region of the brain are poorly understood (Martínez-
Cerdeño et al., 2006). Here, we identify Dpy19l1 as a gene
expressed strongly in cortical glutamatergic neurons and as a
regulator of radial neuronal migration. In mammals, the four
members of the Dpy19 family are known to be associated with
various diseases (Smith et al., 2009; Harbuz et al., 2011; Koscinski
et al., 2011). Future study of Dpy19 family members might lead to
further elucidation of the developmental mechanisms and
functional organization of the mammalian neocortex.
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