
nature NEUROSCIENCE  VOLUME 13 | NUMBER 5 | MAY 2010	 551

a r t ic  l e s

In humans, mice and flies, the size and structure of the adult brain 
depend on precise control of NSC division during development. 
NSCs, composed initially of neuroepithelial cells and then radial glia, 
are located in the ventricular zone bordering the ventricle of the neo­
cortex1. NSCs undergo proliferative symmetric and asymmetric divi­
sions to replenish themselves and to produce INPs, respectively. INPs,  
which reside next to the ventricular zone in the subventricular zone 
(SVZ), are thought to produce a majority of cortical neurons2,3. 
Neurons are also produced by NSCs undergoing neurogenic asym­
metric divisions. Thus, a balance of symmetric and asymmetric NSC  
divisions regulates the number of NSCs, INPs and neurons produced and 
is critical for defining the adult brain. This balance may be influenced 
by both alterations in the NSC mitotic division plane and asymmetric 
inheritance of proteins that regulate cell fate4–6. The exact mechanisms 
that define NSC divisions remain, however, poorly understood.

Defects in NSC division can cause microcephaly, a congenital 
neurodevelopmental disorder characterized by markedly smaller 
brain size and cognitive deficiency of varying severity7. Microcephaly 
and microcephaly syndromes are associated with genes that regulate 
aspects of NSCs, including cell division and genomic integrity8–10. 
CENPJ, ASPM and CDK5RAP2, three genes associated with auto­
somal recessive microcephaly, encode proteins that regulate 
centrosomes, the microtubule organizing centers that anchor the  
mitotic spindle8,9,11. Increased and decreased dosages of Lis1, a 
microtubule-associated protein essential for mitotic spindle integ­
rity, is associated with human microcephaly syndromes12–14. In 
addition, microcephaly-associated syndromes, Seckel syndrome and  

microcephalic osteodysplastic primordial dwarfism type II are caused 
by mutations in genes encoding centrosome and DNA damage sig­
naling proteins15–17. Although studies of these genes highlight the 
fundamental role of mitosis in the etiology of microcephaly, very 
few genes are known to regulate both NSC mitosis and microcephaly  
in vivo. Thus, the genetic mechanisms regulating these processes are 
poorly defined. Here we have used a mouse mutant to explore how 
NSC aberrations cause microcephaly and to identify an essential 
regulator of NSC mitosis and brain size.

RESULTS
Magoh haploinsufficiency causes microcephaly
From an N-ethyl-N-nitrosourea (ENU) mutagenesis screen, we identi­
fied Mos2 (Modifier of Sox10; ref. 18), a hypopigmented mouse mutant 
that is homozygous lethal before embryonic day 9.5 (E9.5) and het­
erozygous lethal with incomplete penetrance (Table 1). Mos2+/− mice 
were 33% smaller than control littermates (P < 0.05) but showed no 
significant differences in hematology, serum chemistry or histology 
of most organs (Fig. 1a, Supplementary Table 1 and Supplementary 
Data). By contrast, Mos2+/− brains weighed significantly less than those 
of control littermates (0.234 g versus 0.509 g; P < 0.05) and were 28% 
smaller when normalized for overall reduced body size (0.9 ± 0.1% 
versus 1.3 ± 0.06%; Fig. 1a and Supplementary Table 1). These analyses 
demonstrate that Mos2+/− mice show reduced body size and micro­
cephaly, in addition to hypopigmentation and premature death.

Linkage analysis using 573 backcrossed mice segregating the Mos2 
phenotypes defined a critical region of 2.4 Mb containing 38 annotated  
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Brain structure and size require precise division of neural stem cells (NSCs), which self-renew and generate intermediate neural 
progenitors (INPs) and neurons. The factors that regulate NSCs remain poorly understood, and mechanistic explanations of how 
aberrant NSC division causes the reduced brain size seen in microcephaly are lacking. Here we show that Magoh, a component 
of the exon junction complex (EJC) that binds RNA, controls mouse cerebral cortical size by regulating NSC division. Magoh 
haploinsufficiency causes microcephaly because of INP depletion and neuronal apoptosis. Defective mitosis underlies these 
phenotypes, as depletion of EJC components disrupts mitotic spindle orientation and integrity, chromosome number and genomic 
stability. In utero rescue experiments showed that a key function of Magoh is to control levels of the microcephaly-associated 
protein Lis1 during neurogenesis. Our results uncover requirements for the EJC in brain development, NSC maintenance and 
mitosis, thereby implicating this complex in the pathogenesis of microcephaly.
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genes (Fig. 1b). Sequence analysis of 12 genes  
in this interval identified one mutation 
(198delG) in the Magoh gene (NM_010760) 
that was not present in parental strains 
(Fig. 1c). Magoh encodes a component of 
the core EJC, which also contains RBM8A, 
EIF4A3 and CASC3 and binds spliced mRNA 
upstream of exon-exon junctions19–23. Magoh 
is highly conserved, showing 100% amino 
acid identity between mouse and human.

The MagohMos2 allele is predicted to cause 
a frameshift resulting in a truncated protein.  
Immunoblot analyses of MagohMos2/+ cortical lysates showed, 
however, smaller amounts of Magoh, but normal protein size 
(Supplementary Fig. 1a). Expression profile analysis of E10.5 cortices  
showed a 50%  reduction in Magoh mRNA levels in MagohMos2 
as compared with control cortices (P < 0.005; Supplementary  
Table 2). This result was confirmed by quantitative gene expres­
sion analysis of control and MagohMos2 cortices at E10.5 (normal­
ized values: 0.91 ± 0.14 versus 0.45 ± 0.14) and E12.5 (0.81 ± 0.03 
versus 0.52 ± 0.15; both P < 0.0005). Expression of the MagohMos2 
mutant allele was not detectable by restriction digestion or sequence 
analysis of real-time (RT)-PCR products (Supplementary Fig. 1b,c). 
Aberrantly sized RT-PCR products were also not observed, sug­
gesting that abnormal splicing of the MagohMos2 mutant transcript 
does not occur at high frequency in the neocortex (Supplementary  
Fig. 1b). Because the MagohMos2 transcript contains a premature 
nonsense codon and was not detectable, we propose that the mutant 
allele undergoes nonsense mediated decay (NMD), a process depend­
ent on EJC function. We cannot distinguish, however, whether NMD 
of Magoh occurs owing to degradation of a properly spliced mutant 
transcript or degradation of mis-spliced mRNA containing a pre­
mature termination codon.

Two approaches confirmed that mutation of Magoh caused the 
Mos2 phenotypes. First, transgenic mice carrying either of two bacte­
rial artificial chromosomes (BACs) expressing wild-type Magoh fully 
rescued the hypopigmentation, lethality, reduced body size and micro­
cephaly phenotypes of MagohMos2/+ mice (Table 1 and Supplementary 
Fig. 2). Second, two independent Magoh mutant alleles, MagohGT0150/+ 
and MagohGT027/+, showed hypopigmentation, lethality, reduced body 
size and microcephaly, as seen in MagohMos2/+ (Fig. 1d, Table 1 and 
Supplementary Fig. 2). Taken together, the molecular and genetic 
evidence shows that MagohMos2 is a null allele and that Mos2/+ pheno­
types result from Magoh haploinsufficiency.

Disorganized layers and fewer neurons in MagohMos2/+ brains
Histological analysis of adult MagohMos2/+ brains showed hypo­
plasia and global reduction of the cerebral cortex, corpus callosum 
and cerebellum (data not shown). The microcephaly was appar­
ent prenatally, because the brains of E18.5 MagohMos2/+ embryos 
were notably smaller and the cerebral cortex was disproportionately 
reduced in size (Fig. 2a–f). The cortical layers of E18.5 MagohMos2/+ 
brains were thinner and somewhat disorganized (Fig. 2c,f). Cux1-
positive neurons, produced late in neurogenesis and located in the 
outer layers of the cerebral cortex (layers II–IV), did not form a 
cohesive layer in MagohMos2/+ brains (Fig. 2g,h,k,l). By contrast, 
older and deeper layers that are produced early in neurogenesis 
(layers V–VI), marked by Foxp1, Foxp2 and Tbr1, were present 
but markedly thinner in MagohMos2/+ brains relative to controls 
(Fig. 2i,j,m–v and Supplementary Fig. 3a). MagohMos2/+ E18.5 
brains also contained 60% fewer Foxp1-, Foxp2- and Tbr1-positive 
neurons (Supplementary Fig. 3b). Overall, these analyses show that 
MagohMos2/+ brains contain fewer neurons and that several neuronal 
layers are markedly affected.

Evaluation of younger MagohMos2/+ embryos indicated that the onset 
of microcephaly occurs at approximately E12.5. E10.5 and E11.5 con­
trol and MagohMos2/+ cortices showed a similar thickness and overall 
size, and were properly patterned, as assessed by in situ hybridization 
with Wnt1, Gli3 and Bmp4a, early forebrain and midbrain markers 
(Supplementary Fig. 3c and data not shown). However, the cortical 
thickness of MagohMos2/+ embryos was reduced by 10% at E12.5, 25% 
at E13.5, and 50% at E14.5 relative to controls. Consistent with a role in 
neurogenesis, Magoh protein expression was detected throughout the 
cortex from E11.5 to E16.5, a period that spans the onset and peak of 
neurogenesis (Supplementary Fig. 1d). At E14.5, Magoh mRNA expres­
sion was enriched in the ventricular zone and SVZ of the cortex, regions 
that are composed of NSCs and INPs (Supplementary Fig. 1e).

Table 1  Viability of Magoh mutants and BAC rescue
Observed genotypea

Genotype Wild type MagohMos2/+ Tg-BAC; Magoh+/+ Tg-BAC; MagohMos2/+

MagohMos2/+ 90% (500) 10% (57)** NA NA
MagohMos2/+ (E18.5) 50% (14) 50% (14) NA NA
MagohGT0150/+ 89% (321) 11% (40)** NA NA
MagohGT027/+ 93% (192) 7% (15)** NA NA
Tg-BAC1; MagohMos2/+ 37% (65) 0% 33% (58) 30% (51)**
Tg-BAC2; MagohMos2/+ 31% (84) 1% (3) 33% (88) 35% (96)**
aPercentage of viable offspring observed from mice of the indicated genotype crossed to wild type. Offspring were  
genotyped at weaning except where indicated (E18.5). The number of mice analyzed is given in parentheses.  
NA, not applicable; **P < 0.001.

D4MIT169
6/573

D4MIT175
6/573

Body (g) 39.48

a c

d

b

0.51 0.23

0.9%1.3%

25.96

MagohMos2/++/+

Wild type

MagohMos2/+

Magoh+/+

Magoh

GT027 GT0150

Mos2

Wild type

Brain (g)

Brain (%)

rs13477908
3/573

rs3709496
1/573

Mos2

Figure 1  Mutation of Magoh causes 
microcephaly and reduced body size.  
(a) X-ray images of control and MagohMos2/+ 
adult mice. Average body size, brain size 
and brain size as a percentage of total body 
weight are listed beneath each genotype. 
(b) Representation of linkage analysis on 
chromosome 4 with the indicated single-
nucleotide polymorphisms and simple 
sequence length polymorphisms (bold) and  
the number of recombinants/meioses 
evaluated. For all markers shown, P < 0.0005. 
(c) Sequence chromatogram and corresponding 
sequences of control (top) and MagohMos2/+ 
(bottom) genomic DNA. The MagohMos2/+ DNA 
sequence contains a G deletion (right of the white line), and from this position onward, two peaks, representing the control and Mos2 alleles, are 
apparent. (d) The Magoh gene, indicating exons (gray boxes), introns (lines, not drawn to scale) and the locations of three alleles.
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Magoh is required for proper numbers of INPs
The Magoh expression pattern, combined with the neuronal deple­
tion in MagohMos2/+ embryos, suggested that the microcephaly reflects 
defects in NSCs and/or INPs (Fig. 3). At E13.5, E14.5 and E16.5, the 
density of Pax6-positive NSCs and thickness of the ventricular zone 
layer were similar in control and MagohMos2/+ cortices (Fig. 3a–f,o,p). 
In contrast, the density of Tbr2-positive INPs of the SVZ and inter­
mediate zone layers was markedly reduced in INPs in MagohMos2/+ 
cortices at E13.5, E14.5 and E16.5 (Fig. 3g–n,q). Consistent with 
this, MagohMos2/+ brains showed a 75% reduction in the total 
number of bromodeoxyuridine (BrdU)-positive cells in the SVZ and 
intermediate zone at E16.5 (P < 0.005; Supplementary Fig. 4a,b).  
The density of BrdU-positive cells remained the same, but the 
proportion of BrdU-positive cells expressing Tbr2 was signifi­
cantly lower in MagohMos2/+ cortices (P < 0.05; Fig. 3i,j,m,n,r and 
Supplementary Fig. 4c).

In support of these findings, both microarray and RT-PCR analyses 
showed that, in MagohMos2/+ cortices, Pax6 mRNA levels were normal, 
whereas mRNA levels for Tbr2 (also known as Eomes) were reduced 
(Supplementary Fig. 4d and Supplementary Table 2). Together, these 
analyses indicate that Magoh is required for maintenance and/or gen­
eration of INPs. Because INPs produce a large fraction of neocortical 
neurons, this phenotype is consistent with the smaller number of neu­
rons in E18.5 MagohMos2/+ brains.

Ectopic neuron differentiation and apoptosis in MagohMos2/+

The INP depletion in the MagohMos2/+ brain suggested that the bal­
ance of asymmetric divisions might be disrupted, resulting in an 
increase in neuron production. To test this hypothesis, we evaluated 
new neuron production by monitoring expression of the neuro­
nal markers Tuj1 and DCX (Fig. 4). At E10.5 and E11.5, no neuro­
nal defects were observed in MagohMos2/+ brains (Supplementary 
Fig. 5a,b and data not shown). Beginning at E12.5 and continuing 
through E13.5, however, the number of Tuj1- and DCX-positive 
cells was higher in MagohMos2/+ (Fig. 4a–d,g–j and Supplementary 

Fig. 5c–h). This finding was confirmed by quantifying dissociated 
TuJ1-positive neurons of control and MagohMos2/+ cortices (17.5 ± 
3.3% versus 25.8 ± 5.7; P < 0.0005; Fig. 4m). Calretinin-positive cells 
were also expanded in number at E13.5 and E14.5, indicating that 
Cajal Retzius cells are ectopically produced in MagohMos2/+ embryos  
(Fig. 4e,f,k,l). Consistent with these findings, the intermediate zone 
and cortical plate layers were significantly thicker in E13.5 MagohMos2/+ 
embryos than in control embryos (P < 0.005; Fig. 4n). Together, 
these results indicate that Magoh is required to prevent ectopic and  
precocious neurogenesis.

Although E12.5 and E13.5 MagohMos2/+ embryos contained ectopic 
neurons, E18.5 MagohMos2/+ embryos had fewer neurons relative to con­
trol littermates, suggesting that the ectopic neurons did not survive. In 
MagohMos2/+ but not control brains, we observed higher numbers of 
apoptotic cells (cleaved-caspase3 (CC3)- and TUNEL-positive) between 
the SVZ and cortical plate in a pattern similar to migratory neurons 
(Fig. 4o–z and Supplementary Fig. 5a–f). Colocalization of CC3 with 
Tuj1 and DCX confirmed that most of the dying cells were new neurons 
(Fig. 4v,w and Supplementary Fig. 5). By contrast, Tbr2-positive cells 
were TUNEL-negative, indicating that INPs did not undergo cell death 
(Fig. 4r–t,x–z). These results show that in MagohMos2/+ embryos most 
ectopically produced neurons undergo cell death. In summary, we con­
clude that the microcephaly in MagohMos2/+ cortices is due to both an 
increase in neuronal apoptosis and depletion of the neuron-producing 
INP population.

Magoh and core EJC components regulate the mitotic spindle
In microcephaly mutants such as Lis1hc/ko (also known as Pafah1b1hc/ko),  
NSC and INP depletion, ectopic neurogenesis and neuronal apoptosis  
are associated with abnormal orientation of the NSC mitotic division 
plane24–26. In E10.5 MagohMos2/+ embryos, evaluation of dividing 
cells with phospho-histone H3 (PH3) showed no defects in division 
or PH3 number (Supplementary Fig. 6a,b). At E11.5 and E12.5, 
however, the number of intermediate and horizontal divisions was 
significantly higher in MagohMos2/+ embryos (P < 0.005 and P < 0.05,  
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Figure 2  E18.5 MagohMos2/+ brains contain disorganized 
layers and fewer neurons. (a–f) Whole-mount brains (a,d), 
Nissl-stained sagittal sections (b,e), and hematoxylin and 
eosin–stained coronal sections (c,f) from the indicated 
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Tbr1 (q,r,u,v). The neuronal layers that they mark are given 
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respectively; Fig. 5a,b). The onset of this spindle defect at E11.5, 
before massive apoptosis or premature differentiation, suggests that 
the spindle defect is not an artifact of general tissue disorganiza­
tion (Supplementary Fig. 5i–l). Thus, we conclude that Magoh is 
required for proper orientation of the NSC mitotic division plane.

The apoptosis of MagohMos2/+ neurons might result from aberrant  
chromosome numbers owing to defective NSC division. Consistent 

with this theory, metaphase analysis indicated that MagohMos2/+ 
mouse embryonic fibroblasts (MEFs) had twice as many polyploid 
cells as did controls (P < 0.0005; Fig. 5c). Spectral karyotyping (SKY) 
analysis of metaphase spreads also showed more chromosomal aneu­
ploidy in MagohMos2/+ MEFs as compared with controls (P < 0.0005; 
Fig. 5d). Aneuploidy was random relative to the number and type 
of chromosomes affected. These results demonstrate that Magoh is 

required to maintain chromosome number 
during mitosis.

To evaluate further the requirement of 
Magoh for cell division, siRNA knockdown in 
HeLa cells was used to deplete Magoh protein  
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Figure 4  Magoh is required to prevent 
premature neuronal differentiation and 
apoptosis. (a–l) Low-magnification (a,c,g,i) 
and high-magnification (b,d,e,f,h,j–l) confocal 
micrographs of coronal sections from the 
indicated genotypes and ages, stained for Tuj1 
(green) and DAPI (blue; a–d,g–j), or Calretinin 
(green) and DAPI (blue; e,f,k,l). (m) Confocal 
micrographs of dissociated E12.5 cortical  
cells from the indicated genotypes stained  
for Pax6 (green), Tuj1 (red) and DAPI (blue).  
(n) Thickness of the cortical plate and 
intermediate zone together as a percentage of 
total cortical thickness. The average value for 
all embryos (n = 3–4 per genotype, four to five 
sections per embryo) is shown, quantified within 
a 318-µm2 field. (o–z) Confocal micrographs 
of E12.5 coronal sections (o–q,u–w) of the 
indicated genotypes stained for DCX (green; 
o,u), CC3 (red; p,v), or DCX (green) and CC3 
(red; q,w), and E14.5 coronal sections (r–t,x–z) 
of the indicated genotypes stained for Tbr2 
(green; r,x), TUNEL (red; s,y), or Tbr2 (green) 
and TUNEL (red; t,z). **P < 0.005. Error bars, 
s.d.; scale bars, 50 µm.

thickness in the indicated genotypes at E13.5 and E14.5. (q) Percentage of total DAPI cells that are Tbr2-positive in cortices from the indicated 
genotypes at E13.5, E14.5 and E16.5. (r) Percentage of Tbr2-positive cells that are BrdU-positive (left) and percentage of BrdU-positive cells that are 
Tbr2-positive (right). Pregnant females were dissected 1 h after BrdU injection. For o–r, the average values for all embryos (n = 2–4 per genotype,  
four to five sections per embryo) is shown, quantified within a 318-µm2 field. *P < 0.05, **P < 0.005; no asterisk indicates no significant differences 
were observed. Error bars, s.d.; scale bars, 50 µm.
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(Supplementary Fig. 6c). Analysis of the 
mitotic spindle with α-tubulin revealed 
that 42% of dividing Magoh knockdown cells 
failed to form a bipolar spindle and instead 
showed an apparent monopolar spindle  
(P < 0.005; Fig. 5e–i). Because spindle 
defects are frequently caused by dysfunc­
tional centrosomes, we assessed centrosome 
number and integrity using γ-tubulin, a peri­
centriolar marker of centrosomes. In Magoh knockdown cells, the 
average centrosome distance was smaller (5.78 µm versus 8.1 µm 
in controls, P < 0.0005; Fig. 5h). Of the cells showing monopolar 
spindles, 37% contained a single centrosome and spindle, indicat­
ing these were bona fide monopolar spindles (Fig. 5f,h). Of the cells 
with monopolar spindles, 63% contained two adjacently located 
centrosomes, most of which were less than 4 µm apart (Fig. 5g,h  
and Supplementary Fig. 6d). Knockdown of the other core EJC 
components Rbm8a and Eif4a3, but not Casc3, caused spindle 
defects similar to those observed for Magoh knockdown (P < 0.005, 
P < 0.005 and P = 0.065, respectively; Fig. 5i). Using fluorescence- 
activated cell sorting (FACS), we observed an average doubling in 
the proportion of cells in G2/M phases, confirming the disruption 
of mitosis (Supplementary Fig. 7a). Together, these data show that 
EJC components are required for cells to proceed from prophase into 
metaphase, for proper centrosome number and separation, and for 
integrity of the bipolar mitotic spindle.

Given the widespread apoptosis in MagohMos2/+ embryos, and involve­
ment of microcephaly-associated genes in DNA damage repair10,15, we 
evaluated whether Magoh is required for genome stability by using the 
double-stranded break marker γ-H2AX. In contrast to control brains, in 
MagohMos2/+ brains, the number of γ-H2AX-positive cells was signifi­
cantly higher between E11.5 and E14.5 (P < 0.05 and P < 0.005; Fig. 5j,k 
and Supplementary Fig. 7b). We extended this analysis to assess the role 
of additional EJC components in genome stability using siRNA depletion 
in retinal pigment epithelial (RPE) cells. Reduced expression of Magoh, 
Eif4a3, Rbm8a and Casc3 each resulted in a significant increase in DNA 
damage foci (Fig. 5l,m,n and Supplementary Fig. 7c). Taken together, 
these analyses show that components of the EJC are required for mitosis 
and DNA integrity, two processes that are disrupted in microcephaly.

Magoh acts upstream of Lis1 to regulate neurogenesis
Similar to MagohMos2/+ mutants, Lis1−/− mutants show microcephaly, 
altered NSC mitotic cleavage planes, precocious neurogenesis, an 

Figure 5  Magoh and core EJC components 
regulate the mitotic spindle, ploidy, mitosis 
and genomic stability. (a) Confocal micrographs 
of E11.5 coronal sections stained with DAPI 
(blue) and rhodamine phalloidin (red), and for 
PH3 (green). Metaphase cells dividing vertically 
(arrows) and those with intermediate orientation 
(arrowheads) are indicated. (b,c) Percentage of 
NSCs showing the indicated mitotic cleavage 
planes at E11.5 (left, b) and E12.5 (right, b), 
and MEFs showing polyploidy and aneuploidy (c).  
(d) Representative SKY image from a 
MagohMos2/+ MEF showing aneuploidy (three 
copies of chromosomes 8 and 13).  
(e–g) Confocal micrographs of HeLa cells  
treated with scrambled (e) and Magoh (f,g) 
siRNA, and stained with DAPI (blue) for  
α-tubulin (red) and γ-tubulin (green). 
Percentages indicate Magoh siRNA-treated 
monopolar cells containing one (f) or two (g) 
centrosomes. (h) Percentages of siRNA-treated 
metaphase cells showing the indicated pole-to-
pole distances. Bipolar and monopolar cells are 
shown independently (left) and together (inset). 
(i) Percentages of siRNA-treated cells that are 
monopolar. (j) Images of E11.5 coronal sections 
stained for γ-H2AX (brown, arrows). (k) Number 
of γ-H2AX–positive cells at the indicated ages. 
(l,m) Images of siRNA-treated RPE cells stained 
with DAPI (blue) and for γ-H2AX-positive foci 
(green, arrows). (n) Percentages of siRNA-
treated RPE cells showing >5 γ-H2AX–positive 
and 1–5 γ-H2AX–positive foci. Graphs indicate 
average values for two to four embryos per 
genotype (b,c,k), for all siRNA-treated cells (h), 
and for three to six independent experiments 
(i,n). *P < 0.05, **P < 0.005, ***P < 0.0005. 
Error bars, s.d. Scale bars, 5 µm (e–g), 10 µm 
(a,m), 50 µm (l).
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increase in apoptosis and a reduction in neural progenitors24–26. Given 
the role of the EJC in transcript regulation, and similarities between 
Magoh and Lis1 mutant phenotypes, we hypothesized that Magoh might 
regulate brain size, in part, by controlling Lis1 expression. Inspection 
of Lis1 mRNA levels in MagohMos2/+ cortices showed minimal changes 
at E10.5 (22% reduced) and no changes at E12.5 (Fig. 6a). By contrast,  
immunoblot analyses showed that the amount of Lis1 protein was reduced 
in both MagohMos2/+ E10.5 (34%) and E12.5 (30%) cortices (Fig. 6b  
and Supplementary Fig. 8a). A significant reduction in Lis1 protein  
was also independently detected by quantitative two-dimensional  
(2D) gel analysis of mutant E12.5 cortices (20% reduction; P < 0.00005)  
and by immunoblot analyses of Magoh-knockdown HeLa cells (50% 
reduction; Supplementary Fig. 8b and data not shown). These 
changes in Lis1 expression were not reflective of global alterations 
in steady-state mRNA and protein levels in E10.5 MagohMos2/+  
cortices, because expression profile analysis identified only 147 tran­
scripts (0.8% of genes on the microarray) with altered levels (P < 0.05; 
Supplementary Table 2). Most of these changes were less than twofold 
higher or lower, indicating that the expression changes observed were 
not substantial. In addition, 2D gel analyses uncovered only eight 
significantly altered proteins (0.4%; P < 0.05). Consistent with our 
quantitative RT-PCR analyses, the mutant to wild-type ratio of Lis1 
mRNA detected by microarray was 0.85 (P = 0.1166). Thus, Magoh is 
required for proper expression of Lis1 protein, suggesting that altered 
amounts of Lis1 might account for some of the phenotypes resulting 
from Magoh haploinsufficiency.

We tested this hypothesis by determining whether Lis1 expression is 
sufficient to rescue phenotypes associated with Magoh loss of function. 
We used in utero electroporation to introduce green fluorescent protein 
(GFP) along with either Magoh short hairpin RNA (shRNA) or luciferase 
shRNA (control) into E13.5 cortices, and then analyzed the distribution 
of GFP-positive cells at E16.5. GFP-positive cells in control electropo­
rated brains showed a relatively even distribution throughout the corti­
cal plate, intermediate zone and SVZ/ventricular zone layers (Fig. 6c,d 
and Supplementary Fig. 8c). In Magoh shRNA electroporated brains, 
however, there were significantly more GFP-positive cells in the upper 
cortical plate layer and significantly fewer in the lower SVZ/ventricular 
zone layer (P < 0.05 and P < 0.005, respectively; Fig. 6c,d), consistent 
with the neurogenesis defects observed in MagohMos2/+ cortices. We 
observed similar distribution defects both on knockdown with two 

additional shRNA constructs against Magoh and on knockdown with 
different dosages of Magoh shRNA, further demonstrating the specifi­
city of these phenotypes (data not shown and Supplementary Fig. 8d). 
The proportion of cells electroporated with Magoh shRNA that were  
Tbr2-positive was also significantly smaller than that in controls  
(P < 0.05; Fig. 6e,f). These results indicate that in utero knockdown of 
Magoh recapitulates the depletion of INPs in MagohMos2/+ brains.

Next, we evaluated whether Lis1 expression could rescue defects 
caused by Magoh knockdown. Brains co-electroporated with a Lis1 
expression vector and Magoh shRNA showed a even distribution of  
GFP-positive cells throughout the cortex, similar to control brains 
(Fig. 6c,d and Supplementary Fig. 8c). The distribution in the upper 
cortical plate and lower SVZ/ventricular zone layers was significantly 
different from that in brains electroporated with Magoh shRNA alone  
(P < 0.05 and P < 0.005, respectively), indicating that Lis1 expression 
rescued the altered distribution caused by Magoh knockdown (Fig. 6c,d). 
Also consistent with a genetic relationship, an increase in GFP-positive 
cells in the SVZ/ventricular zone seen with Lis1 expression alone12 was 
abrogated in the co-electroporated brains (Fig. 6c,d and Supplementary 
Fig. 8c). Lis1 and Magoh shRNA co-electroporation also rescued the 
loss of Tbr2-positive cells (Fig. 6e,f). Together, these results demon­
strate that Lis1 is sufficient to restore Magoh-depleted cells to their 
proper distribution and fate, Magoh is a critical regulator of Lis1 levels, 
and Lis1 is one of the key downstream targets of Magoh that regulates  
brain development.

DISCUSSION
Despite the fundamental importance of the core EJC in regulating 
RNA metabolism, the requirement of EJC components in vertebrate 

Figure 6  Magoh acts upstream of the microcephaly-associated protein Lis1 
to regulate neurogenesis. (a) Graphs representing Lis1 gene expression 
measured by quantitative PCR (left) and Lis1 protein expression measured 
from immunoblot analyses (right). (b) Representative cropped immunoblots 
of cortical lysates from the indicated ages and genotypes, probed with 
antibodies to Lis1 (46 kDa) and to α-tubulin (55 kDa) as a loading control. 
Below the lanes are the densitometry values normalized to a loading  
control set at 1.0 (see Supplementary Fig. 8e for the full-length blots).  
(c) Confocal micrographs of coronal sections from E16.5 brains in utero 
co-electroporated at E13.5 with pCAG-GFP (green) and the following: 
luciferase shRNA plus empty vector, Magoh shRNA plus empty vector, 
Magoh shRNA plus Lis1, and luciferase shRNA plus Lis1. In the Magoh 
shRNA plus empty vector brains, there are fewer GFP-positive cells in 
the SVZ/ventricular zone (VZ) layers. IZ, intermediate zone; CP, cortical 
plate. (d) Percentage of GFP-positive cells in lower SVZ/VZ and upper CP 
layers of the brain for the indicated in utero electroporations. (e) Confocal 
micrographs of brains from the indicated in utero electroporations showing 
GFP (green) and stained for Tbr2 (red) and DAPI (blue). Insets show a 
higher magnification view of the boxed region, highlighting colocalization 
(yellow) of Tbr2 (red) and GFP (green). (f) Percentage of GFP-positive cells 
expressing Tbr2 for the indicated in utero electroporations. Graphs in d and 
f show the average values of all sections. *P < 0.05, **P < 0.005. Error 
bars, s.d. Scale bars, 100 µm.
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development has not been evaluated. Here we used mouse genetics 
to uncover a cellular requirement for the EJC in mitosis and to show 
that mutation of Magoh disrupts brain size as a result of defective NSC 
division, INP depletion and neuronal apoptosis. Our study indicates 
that Magoh is an essential regulator of stem cell maintenance and 
division, and thus it has implications not only for microcephaly syn­
dromes, but also for chromosome integrity and stem cell disorders 
such as cancer.

We have demonstrated that core EJC components regulate mitosis 
by modulating mitotic spindle integrity, in part by regulating centro­
some separation and duplication. Components of the EJC, however, 
may also control mitotic spindle integrity by regulating microtubule 
organization, as in Drosophila oogenesis where the Magoh ortholog 
mago is required for microtubule polarization27. Together, these 
findings indicate that core EJC components have a fundamental and 
conserved, but largely unexplored, role in microtubule organization 
and cell division.

The requirement for the EJC in mitosis is manifested as altered 
chromosome number and loss of genome integrity. The observed 
polyploidy and aneuploidy are consistent with defects in centrosomes 
and mitotic progression. Delays in mitotic progression also probably 
explain the increased frequency of spontaneous DNA damage. Of 
note, depletion of the NMD component UPF1 also increases DNA 
damage, but does so by disrupting DNA replication28. Although we 
cannot rule out a similar role for the EJC in replication, there is no 
evidence of an association of the core EJC with DNA and we found no 
evidence of an increase in S phase cells on loss of EJC components, as 
measured by FACS analysis or by BrdU incorporation in E16.5 brains. 
Thus, our working model is that defects in mitosis precede and result 
in an accumulation of DNA damage.

We propose that defective mitosis alters cell fates and causes micro­
cephaly in MagohMos2/+ mice. Either misoriented or dysfunctional mitotic 
spindles may interfere with production and/or maintenance of INPs and 
neurons by altering the distribution of fate determinants4,6. Hence, we 
predict that neuronal apoptosis is caused by inheritance of aberrant 
chromosome number and/or damaged DNA. The observed alterations 
in cell fate are also consistent with an overall shift in the balance of asym­
metric, proliferative and neurogenic NSC divisions (Supplementary 
Fig. 9). Notably, this function is conserved across kingdoms, because 
knockdown of mago in spermatogenesis of the plant Marsilea skews the 
balance of symmetric and asymmetric cell divisions29.

A key regulator of mitosis is Lis1, and our analyses indicate that 
an essential function of Magoh in brain development is to regulate 
amounts of Lis1 protein. The microarray, quantitative real-time PCR 
and immunoblot analyses together showed that, in Magoh mutants, 
Lis1 protein is reduced more significantly than is Lis1 mRNA. This 
finding suggests that Magoh may regulate Lis1 protein expression, an 
observation consistent with the role established for Magoh and the EJC 
in regulating protein translation19,22. Hypomorphic or hypermorphic 
Lis1 levels disrupt neurogenesis, leading to microcephaly12,25,30. We 
have shown that restoring normal Lis1 levels is sufficient to rescue the 
neurogenesis phenotypes affecting cellular distribution and progenitor  
number caused by Magoh knockdown. Consistent with a genetic 
relationship, MagohMos2/+ and Lis1−/− mutants have similar pheno­
types24,25. A few differences exist, such as the onset of spindle orien­
tation defects, which is evident at E9.5 in Lis1−/− but is first evident 
at E11.5 in MagohMos2/+ (ref. 26). However, the Mos2 mutation is 
heterozygous and causes Lis1 reduction, but not loss; thus, the differ­
ence in mutant phenotypes may be due to Lis1 dosage.

It is important to note that Magoh mutants also show cellular 
phenotypes that have not previously been associated with Lis1 function, 

including an increase in Cajal-Retzius cells, DNA damage and ploidy. 
These observations may indicate potentially new roles for Lis1, 
particularly in genomic stability. Alternatively, these Magoh mutant 
phenotypes may be due to the dysregulation of other critical targets of 
Magoh. Our electroporation experiment showed that Lis1 is a critical 
target of Magoh in generating progenitors between E13.5 and E16.5.  
It is unlikely, however, that Lis1 is the only critical target of Magoh, but 
rather that the complex process of neurogenesis that initiates before 
E13.5 is dependent on additional downstream genes. Future studies will 
reveal, for example, whether any of the genes altered in our microarray 
or proteomics experiments are also essential targets of Magoh.

Our findings implicate core EJC components in the pathogenesis 
of microcephaly syndromes. Of note, MAGOH is found within a  
55-gene deletion on chromosome 1p32.3 that is associated with 
mental retardation and abnormalities in brain size31. In addition, 
RBM8A is one of 15 genes in a 0.4-Mb microdeletion on 1q21.1 that 
is associated with microcephaly32,33. Therefore, the core EJC functions 
that we have uncovered will open up a fruitful area of research into 
the role of this complex in brain development and disease, stem cell 
maintenance and chromosome anomaly disorders such as cancer.

Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/natureneuroscience/.

Accession codes. Microarray data have been deposited in the Gene 
Expression Omnibus under accession code GSE 19168.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS
Mapping and sequencing of mutations. Initial mapping of Mos2 was done as 
described by using hypopigmentation as the criterion for affected mice18. For 
fine mapping, both affected and unaffected mice were genotyped by using simple 
sequence length polymorphisms (SSLP) markers and single-nucleotide polymor­
phisms (SNPs) that were polymorphic between BALB/cJ and C57BL/6J strains. 
P values were calculated by χ2 analyses. PCR and sequencing of genomic DNA 
were done by the Harvard Partners Healthcare Center for Genetics and Genomics, 
Harvard Medical School.

Quantification. The thickness of the cortex, ventricular zone (Pax6-positive layer), 
intermediate zone and cortical plate (TuJ1-positive layer), and E18.5 neuronal 
layers was measured from confocal micrographs by using Zeiss AIM software. 
Measurements of E18.5 length and width were made from micrographs. BrdU-, 
Tuj1-, Tbr2- and Pax6-positive cells were quantified from confocal micrographs 
by using Image-Pro Plus v6.3 (MediaCybernetics) and ImageJ (http://rsb.info.
nih.gov/ij; NIH) software. For analysis of E12.5 cortical cultures, only cells that 
were TuJ1-positive and Pax6-negative were included in the measurements. For 
this analysis, the average value was measured for n = 3 embryos of each geno­
type, or n = 3345 cells and n = 2457 cells for control and MagohMos2/+ genotypes, 
respectively. Measurements of co-localization in cells (Tbr2 and BrdU, Tbr2 and 
GFP) were made by using Adobe Photoshop CS3. Mitotic orientation of dividing 
NSCs was calculated on micrographs by measuring the angle of chromosomes 
relative to the ventricle, as detected by using DAPI and anti-PH3 staining to mark 
prophase and metaphase cells and either a cytoplasmic marker or membrane 
marker to visualize the ventricular surface. Centrosome distances were calculated 
from confocal z stacks (0.44-µm slices) using ImagePro6.3 software. Centrosome 
distances were calculated on the following spindles: scrambled bipolar (n = 268), 
scrambled monopolar (n = 12), Magoh bipolar (n = 201) and Magoh monopolar  
(n = 143). For measurement of the average centrosome distance of all siRNA-treated  
cells, scrambled (n = 280) and Magoh (n = 345) cells were analyzed. Centrosome 
number was calculated from visual inspection of confocal z stacks. For analysis 
of monopolar spindles, the following number of cells were evaluated: scrambled  
(n = 281 cells), Magoh (n = 629 cells), Rbm8a (n = 340 cells), Eif4a3 (n = 335 cells) 
and Casc3 (n = 235 cells). Analysis of γ-H2AX–positive cells in sections was calcu­
lated within a 350-µm2 field. For all siRNA analyses, significance was calculated rela­
tive to the scrambled control. For in utero electroporation experiments, GFP-positive 
cell location was quantified from confocal micrographs by dividing the cortex into 
five equal bins using Adobe Photoshop CS3. For each genotype, all staining was 
repeated on several sections taken from at least three independent embryos.

Mouse genetics and husbandry. The MagohMos2/+ line was generated as described 
and maintained on a C57BL/6 background18. MagohGT0150/+ and MagohGT027/+ 
mice were generated from embryonic stem (ES) cells containing gene-trap 
insertions from Sanger. In brief, chimeras were made by injecting four to six ES 
cells into eight-cell stage C57BL/6 embryos, and blastocysts were injected into 
pseudo-pregnant C57BL/6 females. Chimeras with high ES cell contribution 
(evaluated by coat color) were crossed to C57BL/6 mice and evaluated for germ­
line transmission. BAC constructs were purchased from the Children’s Hospital 
Oakland Research Institute and purified with CsCl (Lofstrand Labs). Tg-BAC1 
and Tg-BAC2 lines were made by injecting RP24-175K18 and RP23-274G4 
BAC constructs, respectively, into C57BL/6 blastocysts. For this study, we used 
C57BL/6 inbred mice (purchased from The Jackson Laboratory) as a control and 
outcrossed MagohMos2/+mice (>10 generations on C57BL/6J). BrdU injections 
were done intraperitoneally (50 µg per g body weight). For embryo collection, a 
gestation of 0.5 d (E0.5) was designated on identification of a plug in a female. 
All of the mice described were bred and housed in an NHGRI animal facility 
according to NIH guidelines. Animal care was done in accordance with NHGRI 
institutional standards and was approved by the Institutional Animal Care and 
Use Committee, NHGRI and NIH Institutional Review Board.

Genotyping. MagohMos2/+mice were genotyped by using a real-time PCR Taqman 
SNP genotyping assay on an ABIPrism7000 instrument. For this assay, a region 
containing the point mutation was amplified by PCR. Two fluorescently labeled 
single-stranded oligonucleotides (probes), one complementary to the wild-type 
product and one complementary to the mutant product, were multiplexed in 
the assay. Allelic discrimination was performed to detect the relative amount 

of each allele at the conclusion of the PCR reaction. The following cycling 
conditions were used: step 1, 50 °C for 2 min; step 2, 95 °C for 10 min; step 3,  
92 °C for 30 s; step 4, 60 °C for 60 s (repeat steps 3–4 for 40 cycles). The fol­
lowing primers and probes were used: 5′-GGCCCCTTTAGGCTCATACATT
TTA-3′ (forward), 5′-ATCAATAATTCTCTTTAACTCTTCCATCACACT-3′ 
(reverse), 5′-CACATAAGCCTGCAATC-3′ (VIC probe, C57BL/6 allele), and  
5′-CACATAAGCTGCAATC-3′ (FAM probe, MagohMos2 allele; designed with 
Applied Biosystems software). BAC mice were genotyped by traditional PCR to 
detect the presence of the BAC construct in genomic DNA by using the following 
cycling conditions: step 1, 94 °C for 3 min; step 2, 93 °C for 30 s; step 3, 58 °C for 30 s;  
step 4, 72 °C for 30 s (repeating steps 2–4 for 35 cycles); step 5, 72 °C for 7 min. The 
following primers were used: 5′-CGCTGCAAAACGCTGACGGAACAGTAG-3′ 
(forward) and 5′-CTCAGCGTATGGTTGTCGCCGGATGTAT-3′ (reverse).

RT-PCR and sequencing. RNA from E10.5 or E12.5 cortex was used for first-
strand cDNA synthesis with a High Capacity cDNA Reverse Transcription kit 
(ABI) used in accordance with the manufacturer’s instructions. PCR amplifica­
tion was subsequently done by using primers within exon 1 and 4 and the follow­
ing conditions: step 1, 94 °C for 3 min; step 2, 94 °C for 30 s; step 3, 57 °C for 90 s; 
step 4, 72 °C for 30 s (repeating steps 2–4 for 35 cycles); step 5, 72 °C for 10 min. 
We used the following primers: 5′-CGTTACTACGTGGGCCACAA-3′ (forward) 
and 5′-GGTTGACATCAATAAGGGAACC-3′ (reverse). RT-PCR products were 
digested with AluI (New England Biolabs) before gel electrophoresis. Site-directed 
mutagenesis was used to generate a mutant Magoh cDNA construct containing 
the point nucleotide deletion (198delG) found in Mos2 mutants (New England 
Biolabs). RT-PCR products from wild-type and mutant cortices were commer­
cially sequenced (ACGT) with Big Dye terminator cycle sequencing reagents 
(ABI). For both the AluI digest and for sequencing, a mock heterozygote cDNA 
sample was generated as a control by combining wild-type and mutant cDNA 
plasmid DNA in a 1:1 mix before PCR amplification.

Quantitative gene expression. Gene expression was measured in E10.5 and E12.5 
cortical RNA by using the following Taqman real-time PCR gene expression 
assays: Magoh (Mm00487546_m1), Lis1 (Pafah1b1, Mm00443070_m1), Pax6 
(Mm00443081_m1) and Tbr2 (Eomes; Mm01351984_m1). Expression was 
measured relative to a standard curve diluted from wild-type E12.5 embryonic 
head control cDNA. The expression in each sample was normalized to Gapdh 
expression measured by the same standard curve, and wild-type levels were set 
to 1.0. We carried out 20-µl reactions in 1× Fast Universal PCR Master Mix 
(ABI) with the following cycle conditions: step 1, 95 °C for 20 s; step 2, 95 °C for 
3 s; step 3, 60 °C for 30 s (repeat steps 2–3 for 40 cycles). For all expression data, 
graphs were averaged from 3–4 replicate reactions for each of four to six control 
and MagohMos2/+ cortices.

Metaphase and SKY analyses. Metaphase preparations were performed by a 
standard air-drying technique34. Fluorescent in situ hybridization was performed 
with DNA labeled with Spectrum Orange (Vysis) by a nick translation technique, 
essentially as described35,36. SKY analysis was done as described37,38.

Immunoblot analyses and quantification. E10.5 and E12.5 cortices were dis­
sected and frozen at −80 °C. MagohMos2/+ and control cortices from the same litter 
were pooled and lysed in RIPA lysis buffer containing protease inhibitors (Pierce). 
Cortical extracts of mutant and wild-type samples from multiple litters were run 
on either 16% or 4–12% SDS-polyacrylamide gels (Invitrogen) and analyzed by 
immunoblotting using the following primary antibodies: mouse anti-Magoh 
(diluted 1:100; Santa Cruz), rabbit anti-Magoh (1:100; Abcam), mouse anti-Lis1 
(1:1,000; Sigma), and mouse anti–α-tubulin (1:1,000; Sigma). The secondary 
antibodies (1:20,000) were anti–rabbit HRP and anti–mouse HRP (Amersham). 
Immunoblots were quantified by densitometry (Image J). Values for each lane 
were first normalized to α-tubulin, and the average ratio of mutant to wild-type 
was calculated for each blot. For Lis1 measurements, data were averaged from 
three blots including 8 litters (eight wild-type, eight mutant samples) for E10.5, 
and from seven blots including 13 litters (12 wild-type, 11 mutant samples) for 
E12.5. Samples were run in replicates of one to three blots.

Cell culture analysis and immunofluorescence. HeLa cells were grown to 
~55% confluency and transfected with 50 nM siRNA (or 12 nM for each of four  
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siRNAs, or 6 nM for each of eight siRNAs; Qiagen) by using siLentFect (Bio-Rad). 
Cells were grown for 48 h and then either collected for FACS cell cycle analysis 
or immunoblot analysis, or plated onto chamber slides for an additional 12 h. 
Expression of both Magoh and Magoh2 (a homolog with 99% amino acid identity) 
was targeted, because HeLa cells express both genes. The following siRNAs were 
used: control, AllStars Negative siRNA; Magoh1, Hs_Magoh_1, Hs_Magoh_2,  
Hs_Magoh_5 and Hs_Magoh_6; Magoh2, Hs_FLJ10292_6, Hs_FLJ10292_7, 
Hs_FLJ10292_8 and Hs_FLJ10292_9; Rbm8a, Hs_Rbm8a_1, Hs_Rbm8a_5, Hs_
Rbm8a_6 and Hs_Rbm8a_7; Eif4a3, Hs_Eif4a3_2, Hs_Eif4a3_3, Hs_Eif4a3_5 
and Hs_Eif4a3_6; and Casc3: Hs_Casc3_5, Hs_Casc3_6, Hs_Casc3_7 and Hs_
Casc3_8. RPE cells were transfected with 100 nM siRNAs by using Lipofectamine 
2000 (Invitrogen). Cells were treated at 0 and 24 h. RNA was collected at 48 h, and 
cells were fixed and stained at 72 h. Dissociated cortical cultures were prepared 
from E12.5 embryos and stained as described39. HeLa cells were plated onto cover­
slips and subconfluent cells were fixed in methanol at −20 °C for 20 min, and 
stained as described40. The following mouse antibodies were used: mouse anti–α-
tubulin (diluted 1:500; Sigma), mouse anti-TuJ1 (1:1,000), rabbit anti–γ-tubulin 
(1:500; Sigma), anti–γ-H2AX (1:2,000; Millipore) and rabbit anti-Pax6 (1:2,000; 
Millipore). Analysis was done by using the microscopes described below.

Staining of mouse sections. Embryos (E12.5 and younger) or brains (E13.5 and 
older) were dissected and fixed overnight in 4% paraformaldehyde, washed in PBS, 
soaked sequentially in 10 and 20% sucrose overnight, and frozen in NEG-50 medium 
(Richard-Allan Scientific). Coronal sections (12–19-µm thick) were prepared by 
using a Leica CM3050S cryostat and staining was performed after blocking in 10% 
normal goat serum for rabbit, rat and goat primary antibodies or in MOM block 
(Vector laboratories) for mouse primary antibodies (1–2 h at 25 °C). Primary 
antibodies (either 2 h at 25 °C or overnight at 4 °C) and secondary antibodies  
(15 min at 25 °C) were diluted in normal goat serum or MOM diluent. For stain­
ing of nuclear antigens, sections were first permeabilized with 0.25% Triton X-100 for 
10 min. For BrdU staining, sections were first heated at 55 °C in 1 M HCl for 15 min, 
or for double immunofluorescence were boiled in Citric Acid Antigen Unmasking 
solution (Vector Laboratories) for 30 min. Stained sections were mounted by using 
Vectashield with DAPI or with propidium iodide (Vector Laboratories). Stained sec­
tions were analyzed primarily with a Zeiss510LSM NLO confocal microscope with 
Meta Detector and also with a Zeiss Fluorescence Axioskop2 microscope with IPLab 
imaging software. Images were cropped as necessary by using Adobe Photoshop CS3. 
We used the following antibodies: rabbit, anti-CC3 (diluted 1:200; Cell Signaling), 
anti-PH3 (1:200; Upstate Biotechnology), anti-Magoh (1:200; Proteintech), anti-
Cux1 (1:100; Santa Cruz), anti-Foxp1 (1:200; Abcam), anti-Foxp2 (1:100; Abcam), 
anti-Tbr1 (1:500; Abcam), anti-Tbr2 (1:1,000; Abcam), anti-Calretinin (1:200; 
Millipore) and anti-Pax6 (1:1,000; Millipore); mouse, anti-TuJ1 (1:400; Covance); 
goat, anti-doublecortin (1:50, Santa Cruz), anti–γ-H2AX (1:2,000, Millipore); and 
rat: anti-BrdU (1:200, Abcam). The secondary antibodies were Alex Fluor 488, Alex 
Fluor 568 and Alex Fluor 594 (1:200; Invitrogen) and mouse anti-HRP (Roche). 
TUNEL staining was done in accordance with the manufacturer’s directions using 
an Apoptag fluorescein in situ apoptosis kit (Millipore). Nissl, and hematoxylin and 
eosin staining of paraffin sections was done by standard procedures (Histoserv).  
In situ hybridization images were taken from GenePaint41.

In utero electroporation. Gene transfer into embryonic CD1 mice was done by  
in utero electroporation as described with the Nepagene CUY21EDIT electro­
porator42. E13.5 embryos were electroporated with 3.7 µg of DNA in a total 
volume of 1 µl (2 µg of either pSM2-Luciferase-shRNA (RHS1705) or pSM2c-
Magoh-shRNA (RMM1766-984609047), accompanied by 0.7 µg of pCAGGS-
GFP and, as noted, 1 µg each of pCAGGS-Lis1 and either empty vector or 
pCLE-IRES-Plap). Either pCAG or pCLE was used as an empty vector with similar 
results. E16.5 embryonic brains were prepared as described above. shRNAs were 
purchased from Open Biosystems. Lis1 was subcloned into a pCAGGS vector from a 
pcDNA3-Lis1 construct (Addgene). Graphs include analyses of the following: luci­
ferase shRNA plus vector (n = 13 sections, five brains), Magoh shRNA plus vector  
(n = 13 sections, four brains), Magoh shRNA plus Lis1 (n = 22 sections, eight brains), 
and luciferase shRNA plus Lis1 (n = 22 sections, nine brains). For quantification 
of Tbr2-positive, GFP-positive cells, the analysis included n = 13–22 sections and  
n = 4–9 brains for each electroporation.

Microarray and proteomic analyses. We carried out microarray analysis as 
described using five biological replicates each of RNA prepared from E10.5 
MagohMos2/+ and control cortices43. To ensure reproducible dissections, the olfac­
tory epithelium was included in cortical dissections. Proteomic analyses were 
done with three biological replicates each of protein prepared from MagohMos2/+ 
and control cortices. Proteomic analyses and statistical analyses of data were 
performed by Applied Biomics.

Statistical analysis. Supplementary Table 3 lists all of the statistical tests used 
for data analysis and the actual P values calculated.
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