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SUMMARY

The psychiatric illness risk gene Disrupted in Schizo-
phrenia-1 (DISC1) plays an important role in brain
development; however, it is unclear how DISC1 is
regulated during cortical development. Here, we
report that DISC1 is regulated during embryonic
neural progenitor proliferation and neuronal migra-
tion through an interaction with DIX domain contain-
ing-1 (Dixdc1), the third mammalian gene discovered
to contain a Disheveled-Axin (DIX) domain. We deter-
mined that Dixdc1 functionally interacts with DISC1
to regulate neural progenitor proliferation by co-
modulating Wnt-GSK3b/b-catenin signaling. How-
ever, DISC1 and Dixdc1 do not regulate migration
via this pathway. During neuronal migration, we dis-
covered that phosphorylation of Dixdc1 by cyclin-
dependent kinase 5 (Cdk5) facilitates its interaction
with the DISC1-binding partner Ndel1. Furthermore,
Dixdc1 phosphorylation and its interaction with
DISC1/Ndel1 in vivo is required for neuronal migra-
tion. Together, these data reveal that Dixdc1 inte-
grates DISC1 into Wnt-GSK3b/b-catenin-dependent
and -independent signaling pathways during cortical
development and further delineate how DISC1 con-
tributes to neuropsychiatric disorders.

INTRODUCTION

Psychiatric diseases, including schizophrenia and bipolar

disease, are highly prevalent and cause lifelong disability for

many people. Despite efforts to better identify disease etiology,

our understanding of the pathophysiology of these diseases is

still very limited. One of the first risk genes to be identified is

Disrupted in schizophrenia-1 (DISC1), which was discovered

as a balanced chromosomal translocation t(1;11) (q42.1;q14.3)

in a large Scottish pedigree that displayed various psychiatric

disorders (Blackwood et al., 2001). A number of studies have

examined the biology of DISC1 to determine the underlying
mechanisms by which it contributes to risk for psychiatric disor-

ders. Studies have demonstrated that DISC1 regulates embry-

onic neurogenesis, neuronal migration, axon differentiation,

and synapse formation, while in the adult brain, DISC1 modu-

lates the genesis and circuit integration of new neurons (Brad-

shaw et al., 2008; Duan et al., 2007; Enomoto et al., 2009; Hay-

ashi-Takagi et al., 2010; Kamiya et al., 2005; Kim et al., 2009;

Mackie et al., 2007; Niwa et al., 2010; Pletnikov et al., 2007).

Furthermore, the many DISC1 mouse models that have been

generated collectively demonstrate that mice with disrupted

DISC1 function, particularly during neurodevelopment, display

behavioral phenotypes that are consistent with psychiatric disor-

ders such as diminished working memory, increased anxiety/

hyperactivity, and increased brain ventricle size (Clapcote

et al., 2007; Hayashi-Takagi et al., 2010; Hikida et al., 2007; Ishi-

zuka et al., 2007; Koike et al., 2006; Kvajo et al., 2008; Li et al.,

2007; Niwa et al., 2010; Pletnikov et al., 2008). These data

support the hypothesis that one of the mechanisms by which

psychiatric risk genes function is to disrupt neural development.

Equally interesting is the number of interacting molecules

through which DISC1 regulates these events. The more well-

known interacting genes include GSK3b, Ndel1, Rac1, the

PDE4 family, and Girdin/KIAA1212, which are thought to regu-

late progenitor proliferation, neuronal migration, synapse forma-

tion, cyclic adenosine monophosphate (cAMP) signaling, and

adult neuron generation, respectively (Duan et al., 2007; Eno-

moto et al., 2009; Kamiya et al., 2006; Kim et al., 2009; Mao

et al., 2009; Millar et al., 2005; Murdoch et al., 2007; Ozeki

et al., 2003; Pletnikov et al., 2007). Although these studies are

beginning to shed light on DISC1-mediated signaling pathways,

the molecular mechanisms by which DISC1 is regulated during

different neurodevelopmental events remains unknown.

We recently identified DISC1 as an essential regulator of

neural progenitor proliferation by directly binding to and inhibit-

ing GSK3b to modulate canonical Wnt signaling (Mao et al.,

2009). This is interesting given that one of the actions of lithium,

the most common mood disorder drug, is to inhibit GSK3b

(Beaulieu et al., 2008; Harwood, 2005) and activate TCF/LEF-

dependent gene transcription (Stambolic et al., 1996). Further-

more, other schizophrenia risk genes such as Akt or a phospha-

tidylinositol 4-kinase (PIK4CA) also lie upstream of GSK3b

signaling and can therefore potentially impact Wnt signaling.
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Figure 1. DISC1 Interacts with Dixdc1

(A) DISC1 interacts with endogenous Dixdc1. E14 brain lysate was subjected to coimmunoprecipitation with anti-HA (negative control), anti-DISC1 or anti-Dixdc1

antibodies and immunoblotted with anti-DISC1 or Dixdc1 antibodies.

(B) Schematic showing the flag-tagged DISC1 fragments used for domain mapping (C) Dixdc1 preferentially binds to the C terminus of DISC1. Western blot

showing lysates from HEK293 cells transfected with GFP-tagged Dixdc1 and each of the flag-tagged DISC1 domains, immunoprecipitated with a flag antibody

and immunoblotted with a GFP antibody.

(D) Schematic of the different Flag-tagged Dixdc1 fragments used for domain mapping.

(E) DISC1 preferentially binds to the N-terminus of Dixdc1, between residues 181 and 370 (Dixdc1 Frag2). Western blot showing HEK293 cells transfected with

full-length GFP- tagged DISC1 together with flag-tagged Dixdc1 fragments, immunoprecipitated with a flag antibody and immunoblotted for GFP.

See also Figure S1.
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For example, Akt inhibits GSK3b activation, and its protein levels

have been shown to be reduced in the brains of schizophrenia

patients (Emamian et al., 2004). In addition, the Akt-GSK3b

pathway is thought to mediate some of the actions of lithium

and antipsychotic drugs in mouse behavioral and biochemical

studies (Beaulieu et al., 2009). PIK4CA is a receptor in the

chromosome 22q11 deletion region that significantly increases

the risk for schizophrenia (Jungerius et al., 2008; Karayiorgou

et al., 1995; Vorstman et al., 2009). Interestingly, this family of

receptors mediates phosphatidylinositol activity that lies

upstream of Akt activation (Stephens et al., 2005). Together,

these studies suggest that GSK3b and Wnt signaling may repre-

sent one underlying pathogenic pathway in psychiatric disor-

ders. Importantly, these data warrant the need to further examine

how risk genes interact with Wnt signaling during brain develop-

ment to better understand the disease etiology.

In this regard, we investigated how DISC1 is regulated during

cortical development by searching for DISC1-interacting pro-

teins. We found an interaction between DISC1 and DIX domain

containing-1 (Dixdc1), a homolog of the Wnt signaling genes

Disheveled and Axin. Dixdc1 is the mammalian homolog of

Ccd1, which was identified in zebrafish as a positive regulator

of Wnt-TCF/LEF signaling (Shiomi et al., 2003). Here, we present

evidence that Dixdc1 integrates DISC1 within Wnt-GSK3b/b-

catenin-dependent and -independent signaling pathways that

are essential for embryonic neural progenitor proliferation and
34 Neuron 67, 33–48, July 15, 2010 ª2010 Elsevier Inc.
neuronal migration, respectively. Together, these results delin-

eate the requirement of canonical Wnt signaling in neural

progenitor proliferation but not neuronal migration and further

sheds light on the mechanisms by which DISC1 may contribute

to psychiatric disease.

RESULTS

Dixdc1 Is a DISC1-Interacting Protein
To determine if Dixdc1 interacts with DISC1 during embryonic

development, we first performed biochemical experiments using

embryonic day 14 (E14) brain tissue. We found that Dixdc1 and

DISC1 coimmunoprecipitated at this embryonic time point,

when neural progenitor proliferation is highly prevalent (Fig-

ure 1A), demonstrating that they form a complex in vivo. We

then mapped the binding domains between Dixdc1 and DISC1

by creating and expressing full-length GFP-tagged Dixdc1 with

FLAG-tagged DISC1 fragments in HEK293 cells. These experi-

ments revealed that Dixdc1 binds most strongly to the C

terminus of DISC1 (fragment 4) and weakly to the middle region

of DISC1 (fragment 3; Figures 1B and 1C). Conversely, we

mapped the region(s) of Dixdc1 which associate with DISC1.

We generated and expressed FLAG-tagged Dixdc1 fragments

with full-length GFP-DISC1 in HEK293 cells. We determined

that DISC1 strongly binds to the N-terminal Dixdc1 region (frag-

ment 2) that lies between the calpain homology and coiled-coil
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domains (Figures 1D and 1E). Taken together, these data

demonstrate that Dixdc1 binds DISC1 in vivo during early brain

development.

Dixdc1 Is Essential for Neural Progenitor Proliferation
DISC1 is required for the regulation of neural progenitor prolifer-

ation and neuronal migration during embryonic cortical develop-

ment (Kamiya et al., 2005; Mao et al., 2009). Given our data that

Dixdc1 binds DISC1, we first examined the developmental

expression profile of Dixdc1 to determine if it might have func-

tions similar to DISC1. Western blot analysis of brain lysates

from different ages revealed that the long and short isoforms of

Dixdc1 (l-Dixdc1 and s-Dixdc1) are highly expressed as early

as embryonic day 10 (E10) and persist throughout the neuro-

genic period (E11–17; see Figure S1A available online). However,

following E18, the expression of s-Dixdc1, is downregulated to

nearly undetectable levels, while l-Dixdc1 expression persists

into adulthood. We then performed immunostaining on embry-

onic brains and found that Dixdc1 colocalizes with Nestin-posi-

tive radial glial cells, which give rise to neurons, in the E12 and

E15 cortex (Figure S1B). We further determined that Dixdc1

also colocalizes with the neuronal marker b-III tubulin (Tuj1) in

the E15 and E17 cortex, demonstrating that Dixdc1 is expressed

in both neural progenitor cells (radial glia) and postmitotic

neurons (Figure S1C). This staining pattern is in good agreement

with a previous study that examined the expressed pattern of

Dixdc1 using in situ hybridization (Shiomi et al., 2003). Together,

the early expression pattern of Dixdc1 suggests that it may play

a role in progenitor proliferation and neuronal differentiation.

To determine whether Dixdc1 regulates neural progenitor

proliferation, we knocked down the expression of Dixdc1 using

shRNA. We tested different shRNA constructs for their ability

to reduce exogenous and endogenous Dixdc1 expression and

selected two that produced the most robust knockdown (Figures

S2A–S2C). We utilized in utero electroporation to introduce

Dixdc1 shRNA constructs together with a GFP-encoding

construct into neural progenitor cells of the developing cortex

in E13 mouse embryos, and analyzed brains at E16. We found

that the knockdown of Dixdc1 resulted in a considerable change

in cell distribution compared to scrambled shRNA controls.

There was a significant loss of GFP-positive cells from the

ventricular/subventricular zones (VZ/SVZ), a phenotype that is

similar to that seen with DISC1 knockdown (Figure 2A; Mao

et al., 2009). This effect was also accompanied by a reduction

of GFP-positive cells in the cortical plate (CP), suggesting an

early migration defect. This resulted in Dixdc1 shRNA-treated

brains having the majority of the GFP-positive cells accumulating

in the intermediate zone (IZ) compared to control brains, which

had an approximately equal percentage of GFP-positive cells

in each of the three zones (Figure 2A).

To examine if the loss of GFP-positive cells from the VZ/SVZ

was due to reduced neural progenitor proliferation, we injected

BrdU into pregnant dams 24 hr prior to brain analysis at E16.

Knockdown of Dixdc1 resulted in a significant decrease in

BrdU incorporation into GFP-positive cells (Figure 2B), suggest-

ing that Dixdc1 is required for neural progenitor proliferation.

These results, together with the observed reduction in the

number of GFP-positive cells in the VZ/SVZ, imply that the loss
of Dixdc1 function leads to premature cell cycle exit and

neuronal differentiation. To test this directly, we first performed

an analysis of cell cycle exit by electroporating embryonic brains

at E13, pulse labeling with BrdU at E15, and collecting brains at

E16, followed by immunocytochemistry for GFP, BrdU, and Ki67.

Using this analysis, we found that Dixdc1 shRNA caused a sig-

nificant increase in the number of cells exiting the cell cycle

(Figure 2C; see Experimental Procedures for calculation). To

examine if this result directly leads to increased neuronal differ-

entiation, we stained electroporated brains with a neuronal

bIII-tubulin (Tuj1) antibody. Quantification of GFP-Tuj1 double-

positive cells revealed that the knockdown of Dixdc1 led to

a significant increase in the percentage of GFP-labeled cells

that were also positive for Tuj1, demonstrating that the loss of

Dixdc1 resulted in an increase in neuronal differentiation

(Figure 2D). Since there is high expression of Tuj1 in the axons

located in the SVZ, this can potentially lead to an overestimation

of the percentage of GFP-Tuj1 double-positive cells. To circum-

vent this, we co-electroporated control or Dixdc1 shRNA plas-

mids together with an mCherry construct and an expression

plasmid encoding GFP under the neuron-specific pNeuroD

promoter (Yokota et al., 2007). We quantified the percentage of

mCherry-positive cells that were positive for pNeuroD-GFP

and found that the loss of Dixdc1 expression led to a significant

increase in neuronal differentiation (Figure 2D), in accordance

with our Tuj1 immunochemistry results.

Dixdc1 has also been shown to bind actin directly through its

calpain homology domain (Wang et al., 2006). It is therefore

possible that the loss of Dixdc1 expression may produce

progenitor proliferation defects by disrupting the apical-basal

polarity of radial glial cells. To examine this possibility, we per-

formed immunolabeling for Nestin, to label radial glia, and phal-

loidin staining for F-actin, which is highly concentrated in the end

feet of radial glial cells at the apical surface. We found that the

staining pattern of these markers was not disrupted after Dixdc1

knockdown (Figures S2E–S2G). Taken together, these experi-

ments demonstrate that the downregulation of Dixdc1 expres-

sion leads to reduced progenitor proliferation, which temporarily

leads to premature cell cycle exit and increased neuronal differ-

entiation.

Dixdc1 and DISC1 Coregulate Wnt-GSK3b/b-Catenin
Signaling
Given our results that DISC1 and Dixdc1 bind one another

in vivo, and that DISC1 modifies the Wnt pathway in progenitor

cells (Mao et al., 2009), we hypothesized that Dixdc1 and

DISC1 may functionally interact to modulate Wnt-mediated

GSK3b/b-catenin signaling and thereby regulate neural progen-

itor proliferation. We first investigated the function of Dixdc1 in

Wnt signaling, since Dixdc1 has been reported to stimulate

TCF/LEF activity (Shiomi et al., 2003). To measure Wnt-mediated

GSK3b/b-catenin activity, we utilized a luciferase reporter

construct containing eight copies of the TCF/LEF binding site

(8XSuperTOPFLASH), since b-catenin stimulates transcription

of genes containing TCF/LEF binding sites (Molenaar et al.,

1996; van de Wetering et al., 1997). We knocked down Dixdc1

expression and determined that the Wnt3a-stimulated TCF/

LEF-reporter activity was reduced by approximately 50%
Neuron 67, 33–48, July 15, 2010 ª2010 Elsevier Inc. 35



Figure 2. Dixdc1 Regulates Neural Progenitor Cell Proliferation In Vivo

(A) Knockdown of Dixdc1 in utero causes cell positioning defects. Control or Dixdc1 shRNA constructs were electroporated into E13 embryonic mouse brains which

wereanalyzedatE16.Left, confocal imagesofelectroporatedE16brains fromeachcondition.The scale bar represents50 mm.Right,graph showing the percentageof

GFP cells in each region (n = 5, ***p < 0.0005, mean ± SEM). CP, cortical plate; IZ, intermediate zone; VZ/SVZ, ventricular zone/sub-ventricular zone.

(B) Reduced BrdU incorporation in Dixdc1 knockdown cells in utero. E13 brains were electroporated and BrdU (100 mg/kg) was administered after 48 hr, followed by

analysis of brains at 72 hr. Left, confocal images of sections stained for BrdU and GFP. Arrow heads indicate cells double positive for GFP and BrdU. Right, graph

showing the percentage of double-labeled GFP-BrdU cells relative to total GFP cell number (n = 5, ***p < 0.0005, mean ± SEM). The scale bar represents 25 mm.

(C) Knockdown of Dixdc1 leads to increased premature cell cycle exit. E13 mouse brains were electroporated with control or Dixdc1 shRNA, BrdU (100 mg/kg) was

administered at E15 and analyzed 24 hr later at E16. Left, confocal images of brain sections stained for GFP, Ki67, and BrdU. Arrowheads indicate GFP+BrdU+Ki67+

cells while arrows indicate GFP+BrdU+Ki67� cells. Right, graph showing quantification of the cell cycle exit index (n = 5, ***p < 0.0005, **p < 0.005, mean ± SEM). The

scale bar represents 25 mm.
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compared to shRNA controls (Figure 3A). We also found that

overexpression of Dixdc1, compared to GFP alone, in cells

that were stimulated with either control conditioned media

(Control CM) or Wnt3a conditioned media (Wnt3a CM), resulted

in a significant increase in TCF/LEF-reporter activity (Figure 3B).

These findings are similar to our previously reported results for

DISC1 (Mao et al., 2009) and suggest that DISC1 and Dixdc1

may comodulate the Wnt pathway in neural progenitor cells.

To further elucidate the concomitant roles of these proteins,

we examined whether DISC1 and Dixdc1 functioned together

to regulate Wnt-TCF/LEF signaling. We overexpressed Dixdc1

and DISC1 together and observed that when cells were stimu-

lated with either Control CM or Wnt3a CM, the expression of

the two genes together additively activated TCF/LEF-reporter

activity compared to either gene alone (Figures 3C and 3D).

We then tested the relationship between Dixdc1 and DISC1 in

Wnt signaling. First, we found that treatment with both Dixdc1

and DISC1 shRNA together resulted in significantly reduced

TCF/LEF-reporter activity compared to knockdown of either

gene alone, demonstrating the interaction between these genes

strongly regulate Wnt signaling (Figure 3E). Interestingly, we also

found that the decreased TCF/LEF-reporter activity due to

Dixdc1 knockdown could be completely rescued by the overex-

pression of DISC1 (Figure 3E). Conversely, the DISC1 shRNA-

mediated decrease in TCF/LEF-reporter activity could be

rescued by overexpression of Dixdc1 (Figure 3E), suggesting

that Dixdc1 and DISC1 can functionally compensate for each

other’s TCF/LEF activity when the reciprocal gene is overex-

pressed. Interestingly, we also found that overexpressing Dixdc1

Fragment 2, which inhibits interaction between DISC1 and

Dixdc1 (Figure S7), also significantly reduced TCF/LEF-reporter

activity, demonstrating the interaction between DISC1 and

Dixdc1 is required for Wnt signaling (Figure 3F). Importantly,

overexpression of a degradation-resistant b-catenin, which

stabilizes its expression levels, also rescues the Dixdc1

shRNA-mediated decrease in reporter activity (Figure 3E),

demonstrating that b-catenin signals downstream of Dixdc1,

similar to DISC1 (Mao et al., 2009). Finally, we determined that

the Dixdc1 shRNA-mediated reduction in TCF/LEF-reporter

activity could be completely rescued by application of GSK3b

inhibitor (SB216763), suggesting that Dixdc1 regulates b-catenin

through GSK3b, similar to DISC1 (Figure 3G).

Since these experiments were performed in vitro, we asked if

Dixdc1 and DISC1 coregulated Wnt-TCF/LEF signaling in vivo.

Using in utero electroporation, we found that both DISC1 and

Dixdc1 shRNA significantly reduced TCF/LEF-reporter activity

in neural progenitor cells to the same degree (Figure 3H). Similar

to the in vitro results, we found there was a further significant

decrease in TCF/LEF-reporter activity when expression of both

DISC1 and Dixdc1 were reduced in vivo. In addition, we found

the DISC1 or Dixdc1 shRNA reduced TCF/LEF-reporter activity
(D) Increased neuronal differentiation of Dixdc1 knockdown cells. Top left, confoca

Dixdc1 shRNA constructs into E13 brain. Top right, quantification of the percentage

a bar graph. Bottom left, confocal images of E16 brains stained for GFP after E13 b

expressing mCherryand theneuronal-specific pNeuroD-GFP.Bottomright,graph re

(n = 4 for each experiment, **p < 0.005, *p < 0.01, mean ± SEM). The scale bar rep

See also Figure S2.
could be completely rescued by overexpression of the reciprocal

gene (Figure 3H). Lastly, we performed gain of function experi-

ments in vivo, and demonstrated that overexpression of either

Dixdc1 or DISC1 alone significantly increases TCF/LEF-reporter

activity, while overexpression of both genes together additively

enhances TCF/LEF signaling (Figure 3I). Taken together, these

results demonstrate both Dixdc1 and DISC1 are necessary for

Wnt signaling, and functionally interact in an additive manner to

regulate Wnt-GSK3b/b-catenin signaling in neural progenitor

cells.

Dixdc1 and DISC1 Functionally Interact
to Modulate Neural Progenitor Proliferation
Our results demonstrating that Dixdc1 and DISC1 are both

required for Wnt-GSK3b/b-catenin signaling suggested that

these factors functionally interact to regulate neural progenitor

proliferation in vivo. To test this, we knocked down expression

of Dixdc1, DISC1 or both genes together in vivo and observed

that the double gene knockdown led to significantly fewer

GFP-positive cells remaining in the VZ/SVZ compared to knock-

ing down expression of either gene alone (Figure 4A). In addition,

we found the double gene knockdown also led to significantly

reduced BrdU incorporation, increased cell cycle exit, and

increased neuronal differentiation compared to reducing expres-

sion of either gene alone (Figures 4B–4D and S3). These data

suggest that Dixdc1 is a major partner of DISC1 in the regulation

of neural progenitor proliferation.

Since our previous results demonstrated that loss of Dixdc1

or DISC1 leads to reduced Wnt signaling which can be restored

by overexpression of the reciprocal gene, we hypothesized that

overexpression of either gene would also rescue the other’s

loss-of-function cellular phenotype in the developing cortex.

For these experiments, we first coexpressed full-length DISC1

together with Dixdc1 shRNA in the developing mouse cortex.

Remarkably, we found that DISC1 overexpression could com-

pletely rescue the Dixdc1 shRNA-mediated loss of GFP-posi-

tive cells from the VZ/SVZ (Figure 4A). Further analysis revealed

that the reduction in BrdU incorporation, increase in cell cycle

exit, and increased neuronal differentiation due to Dixdc1

shRNA were also completely rescued (Figures 4A–4D and

S3). These experiments demonstrate that the overexpression

of DISC1, which stimulates TCF/LEF activation, is sufficient to

restore normal progenitor proliferation after Dixdc1 knock-

down.

To test whether directly increasing TCF/LEF signaling rescues

the Dixdc1 shRNA-mediated progenitor proliferation defects, we

coexpressed Dixdc1 shRNA together with a degradation-resis-

tant b-catenin construct. Importantly, we found that the Dixdc1

shRNA-mediated defects in cortical VZ/SVZ cell positioning,

decrease in BrdU incorporation, increase in cell cycle exit and

increased neuronal differentiation were all completely restored
l images of E16 brain sections stained for Tuj1 after electroporation of control or

of GFP-Tuj1 double-positive cells relative to total GFP positive cells is shown as

rains were electroporated with control or Dixdc1 shRNA together with constructs

presents the percentage ofmCherrypositivecells thatare double positive for GFP

resents 50 mm.
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Figure 3. Dixdc1 and DISC1 Coregulate Wnt-GSK3b/b-Catenin Signaling

(A) Dixdc1 regulates canonical Wnt-GSK3b/b-catenin signaling in vitro. Left, P19 cells were transfected with the TOPFLASH reporter and control or Dixdc1 shRNA

for 30 hr, followed by a 16 hr stimulation with control (CM) or Wnt3a conditioned media (Wnt3a CM) and subjected to a luciferase assay. Graph shows the relative

TCF/LEF luciferase activity (n = 5, *p < 0.05, mean ± SEM).

(B) Dixdc1 can stimulate TCF/LEF activity. HEK293 cells were transfected with GFP or GFP-Dixdc1 and TOPFLASH for 24 hr, stimulated with control conditioned

media (CM) or Wnt3a CM or an additional 16 hr followed by luciferase assay. Graph shows relative TCF/LEF luciferase activity.

(C and D) Dixdc1 and DISC1 synergistically activate canonical Wnt-GSK3b/b-catenin signaling. HEK293 cells were transfected with TOPFLASH and the indicated

constructs, and then treated as in (B) (n = 5, *p < 0.05, mean ± SEM).

(E) Dixdc1 and DISC1 are both required for TCF/LEF signaling. P19 cells were transfected with the indicated constructs together with TOPFLASH and then treated

as in (A). (n = 6, *p < 0.05, mean ± SEM).

(F) The interaction between DISC1 and Dixdc1 is required for TCF/LEF signaling. HEK293 cells were transfected with TOPFLASH and the indicated constructs

and then treated as in (B) with 10mM SB216763. (n = 3, *p < 0.05, mean ± SEM).

(G) Dixdc1 regulates b-catenin through GSK3b. P19 cells were transfected with TOPFLASH and the indicated constructs and then treated as in (A). (n = 3,

*p < 0.05, mean ± SEM).

(H) Dixdc1 and DISC1 are both required for TCF/LEF signaling in vivo. E13 brains were electroporated with TOPFLASH together with the indicated constructs

followed by dissection of the transfected cortical area and a luciferase assay at E15. The graph shows the relative TCF/LEF activity of the transfected area of

E15 brains (n = 4, *p < 0.05, NS = not significant, mean ± SEM).

(I) Dixdc1 and DISC1 synergistically regulate TCF/LEF signaling in vivo. E13 brains were treated as in (F) but electroporated with Dixdc1, DISC1 or both plasmids

together. (n = 5, *p < 0.05, mean ± SEM).
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to control shRNA levels when b-catenin levels were stabilized

(Figures 5A–5C and S4). However, the loss of cells in the cortical

plate after Dixdc1 knockdown was not rescued after stabilizing

b-catenin levels, suggesting b-catenin signaling plays no role in

neuronal migration. This demonstrates that b-catenin mediates

TCF/LEF signaling and neural progenitor proliferation down-

stream of Dixdc1, similar to our previously reported results

regarding DISC1 (Mao et al., 2009).

We also examined whether overexpression of Dixdc1, which

stimulates Wnt-TCF/LEF activity, could rescue the neural

progenitor proliferation deficits induced by DISC1 shRNA. We

coelectroporated embryonic brains with full-length Dixdc1 and

DISC1 shRNA and determined that the reduced neural progen-

itor proliferation, increased cell cycle exit, and increased neu-

ronal differentiation were completely rescued compared to the

DISC1 shRNA conditions (Figures 4B–4D and S3). Together,

these studies demonstrate that the loss-of-function of one

gene in vivo leads to the cellular phenotypes observed due to

reduced downstream Wnt-TCF/LEF signaling in neural pro-

genitor cells. Furthermore, these deficits can be rescued by

overexpression of the reciprocal gene. These data suggest that

progenitor proliferation is tightly regulated downstream of the

DISC1-Dixdc1 interaction by the levels of b-catenin, which

modulate TCF/LEF signaling.

Dixdc1 Regulates Neuronal Migration
in the Developing Cortex
Initial studies of DISC1 reported that it regulates the radial

migration of newborn neurons during the later, but not early,

stages of cortical development (Kamiya et al., 2005; Mao

et al., 2009). To analyze whether Dixdc1 regulates migration,

we performed in utero electroporation with Dixdc1 shRNA at

a later time point (E15) and analyzed brains at E19, a period of

time when neuronal migration is prevalent. We found that knock-

ing down the expression of Dixdc1 resulted in a profound migra-

tion defect, where the majority of GFP-positive cells were

arrested in the IZ compared to control conditions, where the

majority of GFP-positive migrated to the upper cortical plate

(Figure S5A). Since knocking down expression of Dixdc1 led

to progenitor proliferation defects (Figure 2), we confirmed that

the inhibition of migration was not due to disrupted neural differ-

entiation by designing a Dixdc1 shRNA-encoding plasmid under

the control of the pNeuroD promoter to restrict Dixdc1 knock-

down specifically to neurons (Figure S2D). Using this approach,

we confirmed that the knockdown of Dixdc1 in neurons also

inhibited neuronal migration (Figure S5A). To determine if the

inhibition of neuronal migration was a temporary effect, we elec-

troporated E15 embryonic brains with Dixdc1 shRNA, and

analyzed the brains at postnatal day 6 (P6). Interestingly, the

downregulation of Dixdc1 expression caused a persistent

neuronal migration deficit (Figure S5B), where GFP-positive cells

were still arrested in the IZ which, at this time point, is populated

with white matter projections. The inhibited radial migration

could also be due to a change in cell fate, where Dixdc1

shRNA-expressing cells may acquire the identity characteristic

of neurons present in the deeper cortical layers. Therefore, we

stained the cortex with different layer specific markers. First,

we found that GFP-positive cells lacking Dixdc1 still expressed
the mature neuronal marker NeuN, demonstrating that these

cells are postmitotic neurons (Figure S5C). Second, we

observed no difference in the proportion of GFP-positive cells

immunoreactive for the upper layer markers Cux1 and Tbr1 or

the deeper layer marker Foxp2, compared to control condi-

tions (Figures S5D–S5F). Collectively, these data strongly argue

that Dixdc1 is required for neuronal migration during cortical

development.

Dixdc1 and DISC1 Do Not Regulate Neuronal Migration
through GSK3b/b-Catenin-Mediated Signaling
Our data suggest that Dixdc1 and DISC1 interact to regulate

neural progenitor proliferation via the modulation of Wnt-

GSK3b/b-catenin signaling. Since both Dixdc1 and DISC1

loss-of-function result in inhibited neuronal migration, we

hypothesized that they also regulate migration together via

Wnt signaling. To assess this, we electroporated E15 embryos

with either Dixdc1 or DISC1 shRNA and asked whether stimula-

tion of TCF/LEF signaling by overexpression of the reciprocal

gene would rescue the migration deficit. We found that, in both

experimental conditions, overexpression of the reciprocal gene

did not restore neuronal migration (Figures 5D and 5E). We

then directly examined whether increasing b-catenin levels

would rescue the migration deficits specifically in neurons after

DISC1 or Dixdc1 knockdown. We coelectroporated Dixdc1 or

DISC1 shRNA together with degradation-resistant b-catenin

expressed under the neuronal pNeuroD promoter to restrict its

expression to neurons. Using this assay, we did not observe

a rescue of radial migration after Dixdc1 or DISC1 down-

regulation (Figures 5D and 5E). Together, these experiments

suggest that Dixdc1 and DISC1 regulate migration via a pathway

independent of Wnt-GSK3b/b-catenin signaling, which is in

contrast to their regulation of progenitor proliferation via the

Wnt-pathway.

Dixdc1 Interacts with the DISC1-Binding Partner Ndel1
We next examined whether an alternative pathway mediates

DISC1/Dixdc1-dependent radial migration. Since DISC1 has

been previously reported to bind Ndel1 to regulate neuronal

migration (Kamiya et al., 2005), we hypothesized that Dixdc1

might also bind Ndel1 in vivo and regulate neuronal migration

via a tripartite Dixdc1/DISC1/Ndel1 complex. In a tandem

affinity-purification screen using HA and Flag epitope-tagged

Ndel1 as bait, we discovered that Dixdc1 is indeed a Ndel1

binding partner (Figure 6A). We confirmed this interaction in

HEK293 cells, finding that overexpressed GFP-tagged Dixdc1

interacted with endogenous Ndel1 (Figure 6B). Furthermore,

we determined that Dixdc1 and Ndel1 could endogenously co-

immunoprecipitate one another in E17 brain lysate together

with Lis1, a known Ndel1 interacting partner that has important

roles in radial migration (Figure 6C). To test if DISC1 was also

part of the Dixdc1/Ndel1 complex, we performed coimmunopre-

cipitation experiments in brain tissue at E18. We determined that

Dixdc1 can be coimmunoprecipitated in a complex containing

DISC1 and Ndel1 (Figure 6D), suggesting that this tripartite

complex exists at later embryonic time points. We then mapped

the Ndel1-binding site(s) on Dixdc1 using Flag-tagged Dixdc1

fragments expressed together with GFP-tagged Ndel1 in
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Figure 4. Dixdc1 and DISC1 Functionally Interact to Regulate Neural Progenitor Proliferation

(A) Cell positioning defects induced by Dixdc1/DISC1 shRNA are rescued by reciprocal gene overexpression. Left, confocal images of GFP-positive cells. Right,

graph showing quantification of GFP positive cell positioning in each zone (n = 6, **p < 0.005, NS = not significant, mean ± SEM). The scale bar represent 50 mm.

(B) Reduced BrdU incorporation due to DISC1 or Dixdc1 shRNA is rescued by reciprocal overexpression. Left, confocal images of brain sections stained for BrdU
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Figure 5. Dixdc1 and DISC1 Regulate

Progenitor Proliferation, but Not Neuronal

Migration, via b-Catenin Signaling

(A) Cell positioning defects induced by Dixdc1

shRNA are rescued by overexpression of a degra-

dation-resistant b-catenin (stabilized b-catenin).

Left, confocal images of GFP-positive cells. Right,

graph showing quantification of GFP-positive cell

positioning in each zone (n = 3, *p < 0.05, NS =

not significant, mean ± SEM). The scale bar repre-

sents 50 mm.

(B) Reduced BrdU incorporation due to Dixdc1

shRNA is rescued by stabilized b-catenin. Left,

confocal images of brain sections stained for

BrdU and GFP. Arrowheads indicate double posi-

tive cells for GFP and BrdU. Right, graph showing

quantification of the percentage of double-posi-

tive cells divided by the total GFP positive cells

(n = 3, *p < 0.05,**p < 0.005, NS = not significant,

mean ± SEM). The scale bar represents 25 mm.

(C) Dixdc1 shRNA-induced cell cycle exit defects

are rescued by stabilized b-catenin. Left, confocal

images of brain sections stained for GFP, BrdU and

Ki67. Arrowhead, GFP+BrdU+Ki67� cells; Arrow,

GFP+BrdU+Ki67+ cells. Right, graph showing the

quantification of the cell cycle index for each condi-

tion (n = 3, *p < 0.05, NS = not significant, mean ±

SEM). The scale bar represents 25 mm.

(D) Increasing Wnt-b-catenin signaling does not

rescue neuronal migration deficits due to knock-

down of Dixdc1 or DISC1. Left, confocal images

of E15 brains that were electroporated with a

GFP-encoding plasmid together with either control

shRNA, Dixdc1 shRNA with or without DISC1 or

pNeuroD-S/A-b-catenin, and brains were analyzed

at E19. Right, graphs showing quantification of the

percentage of cells in each cortical zone. (n = 4,

***p < 0.0005, NS = not significant, mean ± SEM).

The scale bar represents 50 mm.

(E) Increasing Wnt-b-catenin signaling does not

rescue neuronal migration deficits due to knock-

down of DISC1. Left, confocal images of E15 brains

that were treated as in (D) but electroporated with

either control shRNA, DISC1 shRNA with or without

Dixdc1 or pNeuroD-S/A-b-catenin. Right, graph

showing quantification of GFP-positive cells in the

subdivisions (n = 5, ***p < 0.0005, mean ± SEM).

The scale bar represents 50 mm.

See also Figures S4 and S5.
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HEK293 cells. Surprisingly, we found that Ndel1 binds to the

same Dixdc1 N-terminal region as DISC1, the Dixdc1 fragment

2 (Figure 6E). This suggests that Dixdc1 may facilitate the inter-

action between DISC1 and Ndel1.
and GFP. Arrowheads indicate double positive cells for GFP and BrdU. Right, gra

the total GFP positive cells (n = 5, *p < 0.05, **p < 0.005, NS = not significant, m

(C) Dixdc1/DISC1 shRNA-induced cell cycle exit defects are rescued by reciproca

and Ki67. Arrowhead, GFP+

BrdU+Ki67� cells; Arrow, GFP+BrdU+Ki67+ cells. Right, graph showing the quanti

for calculation; n = 5, *p < 0.05, NS = not significant, mean ± SEM). The scale ba

(D) Defects in neuronal differentiation due to DISC1/Dixdc1 shRNA are rescued b

constructs together with mCherry and pNeuroD-GFP. Left, confocal images of

double-positive GFP+mCherry+ cells divided by the total mCherry cell number (n

50 mm.

See also Figure S3.
Cdk5 Phosphorylates Dixdc1 to Regulate Binding
to Ndel1
Given that both DISC1 and Ndel1 bind to the same N-terminal

region of Dixdc1, the interaction of this complex could be
ph showing quantification of the percentage of double positive cells divided by

ean ± SEM). The scale bar represents 25 mm.

l overexpression. Left, confocal images of brain sections stained for GFP, BrdU

fication of the cell cycle index for each condition (see Experimental Procedures

r represents 25 mm.

y reciprocal overexpression. E13 brains were electroporated with the indicated

brain sections stained for GFP. Right, graph showing the quantification of all

= 5, *p < 0.05, NS = not significant, mean ± SEM). The scale bar represents
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Figure 6. The DISC1/Dixdc1 Complex Inter-

acts with Ndel1 in a Developmental Manner

and Is Regulated by Cdk5-Mediated Phos-

phorylation of Dixdc1

(A) Tandem affinity purification for Ndel1 from

mouse E16 brain lysate. The labeled bands are

proteins that coimmunoprecipitated with Ndel1.

(B) Dixdc1 binds Ndel1. Western blot of overex-

pressed GFP-tagged Dixdc1 in HEK293 cells

immunoprecipitated for GFP and immunoblotted

with Ndel1 and GFP antibodies.

(C) Endogenous Dixdc1 binds Ndel1. Western blot

showing lysates of E17 brain lysate immunopre-

cipitated with Ndel1 or Dixdc1 antibodies, and im-

munoblotted with Dixdc1, Ndel1 or Lis1 anti-

bodies.

(D) Dixdc1 binds in a complex containing DISC1

and Ndel1. Western blots demonstrating E18 brain

lysates immunoprecipitated and immunoblotted

with DISC1, Ndel1 and Dixdc1 antibodies.

(E) Left, Schematic showing the flag-tagged

Dixdc1 fragments used for domain mapping with

GFP-Ndel1. Right, Ndel1 preferentially binds to

the N terminus of Dixdc1, within residues 181-

370 (Dixdc1 Frag2). Western blot showing lysates

from HEK293 cells transfected with GFP-tagged

Ndel1 and each of the Flag-tagged Dixdc1

domains, immunoprecipitated with a flag antibody

and immunoblotted with a GFP antibody.

(F) Cdk5 phosphorylates Dixdc1 at residue serine

250. Top, in vitro kinase assay showing GST-

Dixdc1 fragments 2, 3, 4 and Dixdc1 Fragment 2

containing a Ser250Ala mutation were incubated

with purified Cdk5/p25 proteins, and phosphoryla-

tion was detected by autoradiography. Bottom,

graph showing quantification of the autoradio-

gram demonstrating mutation of Dixdc1 at serine

250 significantly abolishes Cdk5 phosphorylation

(n = 5, *p < 0.05, mean ± SEM).

(G) Dixdc1 Ser250Ala displays reduced binding to

Ndel1 but not DISC1. Left, western blot showing

lysates of HEK293 cells expressing GFP-tagged

DISC1 with flag-tagged Dixdc1 or flag-tagged

Dixdc1 Ser250Ala, immunoprecipitated with a flag antibody, and immunoblotted with GFP and Ndel1 antibodies. Right, graph showing quantification of band

intensities for binding of flag-Dixdc1 or flag-Dixdc1 Ser250Ala to GFP-DISC1 or Ndel1. (n = 3, *p < 0.05, mean ± SEM).

See also Figure S6.
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regulated by the modification of Dixdc1 in this region. We

hypothesized that Dixdc1 may be phosphorylated and therefore

screened different kinases to determine the potential phosphor-

ylation of the N-terminal region. We discovered that Dixdc1 is

phosphorylated by cyclin-dependent kinase 5 (Cdk5) at serine

250, which falls within the region of Dixdc1 to which both

DISC1 and Ndel1 bind (Figure 6F). Cdk5 has been previously

demonstrated by our lab and others to be important for neuronal

migration via its regulation of cortical layering through phosphor-

ylation of a number of substrates (Niethammer et al., 2000;

Sasaki et al., 2000; Tanaka et al., 2004; Xie et al., 2006; Xie

et al., 2003). Based on our discovery that the serine 250 residue

of Dixdc1 is phosphorylated by Cdk5, we hypothesized that this

phosphorylation event regulates the formation of the Dixdc1/

DISC1/Ndel1 complex. To examine this, we asked whether in-

hibiting phosphorylation at residue 250 on Dixdc1, by changing
42 Neuron 67, 33–48, July 15, 2010 ª2010 Elsevier Inc.
serine to alanine (Ser250Ala), altered the binding of Dixdc1 to

either DISC1 or Ndel1. We overexpressed Flag-tagged Dixdc1

or a Dixdc1 Ser250Ala mutant together with GFP-tagged

DISC1 or GFP-tagged Ndel1. Interestingly, we found signifi-

cantly reduced binding of Dixdc1 Ser250Ala to Ndel1, but not

DISC1, compared to wild-type Dixdc1 (Figure 6G). This

suggests Cdk5-phosphorylation of Dixdc1 does not affect its

binding to DISC1 and therefore does not affect its function in

Wnt signaling or neural progenitor proliferation. To confirm

this, we overexpressed Dixdc1 Ser250Ala and observed that it

significantly potentiated Wnt-TCF/LEF reporter activity and

increased neural progenitor proliferation similarly to WT-Dixdc1

(Figures S6A and S6B). Furthermore, we found that knocking

down expression of Ndel1 has no effect on Wnt signaling

(Figure S6C), suggesting Ndel1 itself is not in the canonical

Wnt pathway. Taken together, these data demonstrate that



Figure 7. The Phosphorylation of Dixdc1 and Its Interaction with the DISC1/Ndel1 Complex Is Essential for Radial Migration

(A) The phosphorylation mutant Dixdc1 Ser250Ala is unable restore Dixdc1 shRNA-induced inhibited migration. E15 brains were electroporated with control

shRNA or Dixdc1 30 UTR shRNA together with WT-Dixdc1 or Dixdc1 Ser250Ala mutant and analyzed at E19. Left, confocal images depicting the distribution

of GFP-positive cells. Right, graph showing quantification of GFP-positive cells in the subdivisions (n = 5, **p < 0.005, ***p < 0.0005, NS = not significant,

mean ± SEM). The scale bar represents 50 mm.

(B) Overexpression of the Ndel1/DISC1 binding domain of Dixdc1 inhibits migration. E15 brains were electroporated with pCAG or pCAG plasmids encoding

Dixdc1 Frag1, Dixdc1 Frag2, Dixdc1 Frag3, Dixdc1 Frag4, or full-length Dixdc1 together with a GFP-encoding plasmid and analyzed at E19. Left, confocal images

of sections of E19 electroporated brains. Right top, schematic of the different Dixdc1 fragments and where DISC1 and Ndel1 bind on Dixdc1. Right bottom, graph

showing quantification of cell positioning of GFP-positive cells in the cortex (n = 6, ***p < 0.0005, NS = not significant, mean ± SEM.

See also Figure S7.
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the binding between Dixdc1 and Ndel1 is regulated by Cdk5-

mediated phosphorylation of Dixdc1 at serine 250, which may

regulate neuronal migration, but not neurogenesis or Wnt

signaling.

Phosphorylation of Dixdc1 and Its Interaction
with DISC1/Ndel1 Is Essential for Radial Migration
Our data suggest that both DISC1 and Ndel1 bind to the same

N-terminal region of Dixdc1, and that the phosphorylation of

Dixdc1 at serine 250 is particularly important for its interaction

with Ndel1. Based on these results, we first asked whether

this phosphorylation site is essential for neuronal migration by
inhibiting the phosphorylation of Dixdc1 at serine 250. To

achieve this, we used a 30 UTR Dixdc1 shRNA construct that

does not target the coding region and compared the ability of

full length WT-Dixdc1 versus the Dixdc1 Ser250Ala mutant to

rescue migration. We observed that, while WT-Dixdc1 was

able to significantly restore migration, the Dixdc1 Ser250Ala

mutant was not able to rescue migration (Figure 7A). These

results demonstrate that the Cdk5-mediated phosphorylation

of Dixdc1 at serine 250, which regulates binding to the DISC1-in-

teracting protein Ndel1, is essential for radial migration.

We also asked whether the interaction between Dixdc1

and DISC/Ndel1 is required for neuronal migration. We
Neuron 67, 33–48, July 15, 2010 ª2010 Elsevier Inc. 43
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overexpressed HA-tagged Dixdc1 fragment 2 (181–370 aa),

which inhibited the interaction between Flag-tagged Dixdc1

and GFP-tagged Ndel1 or GFP-tagged DISC1 (Figure S7). We

then overexpressed the different peptide fragments of Dixdc1

together with GFP in vivo and observed that the overexpression

of Dixdc1 fragment 2 was sufficient to completely inhibit radial

migration, producing a phenotype very similar to that seen

with the application of Dixdc1 or DISC1 shRNA (Figure 7B).

Interestingly, the adjacent Dixdc1 fragment 1, which includes

the actin binding domain, also produced a neuronal migration

phenotype, suggesting that Dixdc1 may also regulate actin

dynamics. However, Dixdc1 fragments 3 and 4 did not disrupt

migration, demonstrating that the C terminus of Dixdc1 is not

involved in migration. Taken together, these data strongly

suggest that the interaction between Dixdc1 and DISC1/Ndel1

in vivo, which is regulated by Cdk5-mediated phosphorylation

of Dixdc1, is essential for the radial migration of neurons during

cortical development.

Finally, to determine how Cdk5-mediated phosphorylation of

Dixdc1 regulates migration, we analyzed the morphology of

GFP-positive cells in vivo. Interestingly, we found that GFP-posi-

tive cells either lacking Dixdc1 or expressing Dixdc1 Ser250Ala

failed to adopt the bipolar morphology that control shRNA or

WT-Dixdc1-expressing cells acquired. Instead, these cells

were arrested in the intermediate zone and displayed multiple

thin and dystrophic processes (Figure 8A). To further determine

if this morphological observation was due to a disrupted cyto-

skeletal network, we cultured GFP-positive cells from electropo-

rated brains. Here we found that GFP-positive cells lacking

Dixdc1 or expressing Dixdc1 Ser250Ala had overall diminished

F-actin and a-tubulin staining in the neurites (Figure 8B). Taken

together, this data suggests Dixdc1, and its phosphorylation

by Cdk5, mediates neuronal migration by regulating cellular

morphology through modulation of the actin and microtubule

cytoskeleton.

DISCUSSION

The mechanisms by which the psychiatric illness gene DISC1 is

regulated during cortical development remain unknown. We

report here that Dixdc1, a homolog of the Wnt signaling genes

Disheveled and Axin, regulates DISC1 during embryonic neural

progenitor proliferation and radial migration. We provide

evidence that DISC1 and Dixdc1 interact to regulate neural

progenitor proliferation by modulating Wnt-GSK3b/b-catenin

signaling. We further demonstrate that similar to DISC1, Dixdc1

is essential for neuronal migration. Unexpectedly, we discovered

that the Wnt-GSK3b/b-catenin pathway plays no role in mediating

Dixdc1/DISC1-dependent migration. Instead, Dixdc1 directly

binds to the DISC1-interacting partner Ndel1, and this interaction

is regulated by phosphorylation of Dixdc1 by the multifunctional

enzyme Cdk5. Lastly, our results demonstrate that the phosphor-

ylation of Dixdc1 and its interaction with Ndel1/DISC1 in vivo are

required for the appropriate morphology and migration of

newborn neurons. These data strongly demonstrate that Dixdc1

is a key binding partner of DISC1 and integrates it into Wnt-

GSK3b/b-catenin-dependent and -independent signaling path-

ways during embryonic brain development (Figure 9).
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Regulation of the Wnt-GSK3b/b-Catenin Pathway
by DISC1 and Dixdc1
Our studies suggest that both Dixdc1 and DISC1 interact to regu-

late Wnt signaling during neural progenitor proliferation, since

loss of function of each gene leads to inhibited progenitor prolif-

eration. Is one protein, however, more important than the other

for this process? It is likely that both genes are equally important,

since loss of function of either genes leads to similar deficits in

Wnt-reporter activity and neural progenitor proliferation. Further-

more, overexpression of each gene can rescue the loss of the

other to the same degree, and one gene does not rescue prolifer-

ation better than the other, suggesting there is no epistatic inter-

action between the genes. Although our studies suggest Dixdc1

regulates b-catenin through modulation of GSK3b, future studies

are required to determine whether this is a direct inhibition of

GSK3b or indirectly through DISC1. Given that both Dixdc1 and

DISC1 loss of function phenotypes can be rescued by stabilizing

b-catenin, this also suggests they interact together to determine

the state of neural progenitor proliferation by regulating the over-

all abundance of b-catenin. Indeed, earlier studies have demon-

strated that b-catenin levels in neural progenitor cells dictate

whether the cells are to undergo further proliferation or neural

differentiation in various populations of progenitor cells (Chenn

and Walsh, 2002, 2003; Gulacsi and Anderson, 2008).

Given the interplay between DISC1 and Dixdc1, it is tempting

to speculate that their functional interaction in the Wnt pathway

may also shed light on the incomplete genotype-phenotype

penetrance observed in the Scottish DISC1 family. For example,

not all members of the Scottish family that carry the translocation

manifest a psychiatric disease (Blackwood et al., 2001). One

potential answer to this dilemma may be that an individual with

a DISC1 mutation might not display symptoms due to a potential

compensatory action of Dixdc1. Since Wnt signaling is a crucial

regulator of brain growth, aberrant DISC1 polymorphisms that

disrupt Wnt signaling might not be tolerated, and thus upregula-

tion of Dixdc1 might compensate for this. This implies additional

disease-associated DISC1 polymorphisms might be difficult to

detect due to potential compensatory SNPs in Dixdc1. There-

fore, based on our data, one avenue to solve this problem might

be to analyze both DISC1 and Dixdc1 to determine if SNPs in

Dixdc1 segregate with psychiatric disease and DISC1 SNPs,

which has been shown to occur for DISC1 and Ndel1 (Burdick

et al., 2008).

The Regulation of Neuronal Migration during
Development
Our data suggests that Dixdc1 is essential for regulating

neuronal migration throughout cortical development. However,

the loss of DISC1 function only inhibited migration at later, not

earlier, stages of migration. What can account for such a mecha-

nism? One explanation might be that, during early stages,

because somal translocation is the major mode of migration

for newborn neurons (Nadarajah and Parnavelas, 2002),

DISC1, but not Dixdc1 might be dispensable for this process.

Furthermore, it is possible that, during early brain development,

two different pools of Dixdc1 might exist; one pool could function

with DISC1 to regulate progenitor proliferation through

Wnt-GSK3b/b-catenin signaling, while another pool of Dixdc1



Figure 8. Phosphorylation of Dixdc1 Regulates the Morphology and Structural Integrity of Neurons

(A) GFP-positive cells lacking Dixdc1 or expressing Dixdc1 Ser250Ala display abnormal morphology in vivo. Left, images of GFP-positive cells taken from the

intermediate zone of electroporated brains in the various conditions indicated. Note that either GFP-positive cells lacking Dixdc1 or expressing the Dixdc1

Ser250Ala mutant show a multipolar morphology, while in control or WT-Dixdc1 conditions, cells have adopted the bipolar morphology that is required for migra-

tion into the cortex. Right, graph showing quantification of the percentage of GFP cells that are either multipolar or unipolar/bipolar for the various conditions.

(n = 250 cells from 4 brains for each condition, **p < 0.005, NS = not significant, mean ± SEM). The scale bar represents 20 mm.

(B) Phosphorylation of Dixdc1 regulates the actin and microtubule cytoskeletal network in neurons. Images of GFP-positive cells cultured from electroporated

brains for 72 hr and stained with the indicated markers (phalloidin to label filamentous actin and tubulin for microtubules). Arrows indicate the decreased staining

of both markers in GFP-cells lacking Dixdc1 or expressing Dixdc1 Ser250Ala compared to non-electroporated cells. The scale bar represents 20 mm.
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Figure 9. Model for Dixdc1 Function during Cortical

Development

Model for Dixdc1 function during cortical development. Top,

during early cortical development, Dixdc1 binds DISC1 and

together they synergistically regulate neural progenitor prolif-

eration via modulation of Wnt-GSK3b/b-catenin signaling.

Bottom, during later embryonic development, Dixdc1 inte-

grates DISC1 into a pathway independent of Wnt-GSK3b/b-

catenin signaling. In this neuronal migration pathway, Cdk5

phosphorylates Dixdc1, which regulate the formation of the

DISC1/Dixdc1/Ndel1 complex that is essential for neuronal

migration.
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mediates migration through Ndel1. However, during later stages

of migration, Cdk5-mediated phosphorylation of Dixdc1 could

function as a switch from neurogenesis to neuronal migration

by facilitating the interaction between the DISC1/Dixdc1

complex and Ndel1. This possibility is supported by the expres-

sion pattern of the Cdk5 activator, p35, which is primarily ex-

pressed within the embryonic cortex in postmitotic newborn

neurons as they leave the VZ/SVZ (Delalle et al., 1997). Since

the microtubule and actin networks are essential for proper

neuronal migration (Jaglin and Chelly, 2009), it is likely that

Cdk5-mediated regulation of the Dixdc1/DISC1/Ndel1 complex

would promote neuronal migration by influencing downstream

pathways that impinge upon the cytoskeleton.

It is also equally possible that modifications of DISC1, such as

phosphorylation, may regulate the transition from neurogenesis

to radial migration. Our findings demonstrate that both DISC1

and Ndel1 bind to the same region of Dixdc1, a region which

is a target of Cdk5 phosphorylation. Since Ndel1 itself is a target

of Cdk5 (Niethammer et al., 2000; Sasaki et al., 2000), this

suggests Cdk5 might phosphorylate DISC1 directly. Although

speculative, this suggests Cdk5 could be a downstream compo-

nent of Wnt signaling, and that activation of Cdk5 might regulate

the DISC1/Dixdc1/Ndel1 complex by influencing its activity and/

or localization in newborn migrating neurons.
The Implications of DISC1 and Dixdc1 in Wnt Signaling
and Psychiatric Disease
As GSK3b and Wnt signaling have been implicated in human

psychiatric disease both by human genetic studies, as well as

by the mechanisms underlying current psychotropic drugs

(Beaulieu et al., 2009; Jope and Roh, 2006), it is a pathway that

warrants further investigation. Although our study provides

a link between DISC1 and Dixdc1 via the Wnt pathway, future

studies need to determine whether other candidate psychiatric

risk genes also interact with Wnt signaling. This approach will

begin to construct a framework from which we may understand

the pathways that are disrupted in psychiatric disease.

In conclusion, our study demonstrates that a Wnt signaling

pathway gene, Dixdc1, is a critical regulator of DISC1 function
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during cortical development. This discovery

suggests that Dixdc1 and DISC1 are involved in

Wnt signaling at many levels in the nervous system,

and that mutations in DISC1 likely contribute to
disease pathology by disrupting Wnt signaling during neural

development and in the adult brain.

EXPERIMENTAL PROCEDURES

Reagents (Antibodies and Plasmids)

All antibodies and plasmids generated and used in this study are described in

supplementary experimental procedures.

Cell Culture

Primary cortical neurons were isolated from E17 mouse embryonic brains after

electroporation at E15 and cultured as described previously (Sanada and Tsai,

2005).

293T, P19, and HT22 cells were cultured in DMEM medium containing 10%

FBS, L-glutamine, and penicillin/streptomycin.

Animals and In Utero Electroporation

Swiss Webster pregnant female mice were purchased from Taconic for in

utero electroporation experiments as described previously (Sanada and

Tsai, 2005). Briefly, E13 or E15 embryonic brains were injected with either

control or Dixdc1 shRNA constructs (final concentration 2.4 mg/ml) together

with an enhanced GFP (EGFP)-expressing plasmid (pCAGIG-enhanced YFP;

final concentration 0.8 mg/ml). For rescue experiments where shRNA con-

structs were coinjected with either full length Dixdc1 or DISC1 constructs

(pCAGIG-Dixdc1 or pCAGIG-DISC1), the concentration of these plasmids

was 2-fold higher than the final shRNA plasmid concentration. For all cell cycle

exit experiments, E13 electroporated mice were intraperitoneally (i.p.) injected

with BrdU (100 mg/kg) at E15, sacrificed and processed 24 hr later.

Immunocytochemistry

Embryonic or postnatal brains were fixed in 4% paraformaldehyde and cryo-

protected using 30% sucrose overnight. Brains were cryosectioned on a Leica

cryostat. Brain sections were rehydrated in PBS and blocked for 1 hr in PBS

(containing 10% Donkey serum with 0.3% Triton-X), followed by incubation

with the appropriate antibody overnight at 4 degrees. The next day, slides

were washed three times with PBS, and incubated with the appropriate

secondary antibody for 2 hr at room temperature, washed an additional 3 times

in PBS and mounted using Prolong Gold antifade (Invitrogen). For brains in-

jected with BrdU, slides were treated with 4N HCl for 2 hr prior to blocking.

In brain sections stained with FoxP2, Cux1, or Tbr1 antibodies, citrate antigen

retrieval (Biogenex) was performed prior to the blocking step.

Luciferase Assays

Luciferase assays were performed as described in (Mao et al., 2009) using

P19 or HEK293 cells for in vitro assays while in utero electroporation of E13
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embryonic brains were used for in vivo assays. See Supplemental Information

for further details.

Biochemistry, Kinase Assays, and Tandem Affinity-Purification

Screen

Immunoprecipation and Western blot experiments were performed as

described in (Mao et al., 2009). The tandem affinity-purification screen was

previously described in (Shim et al., 2008). For the Cdk5/Dixdc1 in vitro kinase

assay, 1 mM of purified Cdk5 protein was incubated with 5 ng/ml GST-Dixdc1

fragments in kinase buffer (2 mM MOPS [pH 7.4], 0.05 mM ethylenediaminete-

traacetic acid [EDTA], 2.5 mM MgAcetate, 100 mM ATP, 10 mCi 32P-ATP,

10 mM MgCl2) for 30 min at 30�C. Kinase activity was measured with radiog-

raphy.

Image and Statistical Analysis All images were acquired using a confocal

Zeiss LSM 510 microscope. Images were further analyzed with Adobe

Photoshop and ImageJ v1.42q. Statistical analysis was performed with the

Student’s t test. All bar graphs are plotted as mean ± SEM.
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