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SUMMARY

Mutations in several genes encoding centrosomal proteins dramatically decrease the size of the 

human brain. We show that Aspm and Wdr62 interact genetically to control brain size, with mice 

lacking Wdr62, Aspm or both showing gene dose-related centriole duplication defects that parallel 

the severity of the microcephaly, and increased ectopic basal progenitors, suggesting premature 

delamination from the ventricular zone. Wdr62 and Aspm localize to the proximal end of the 

mother centriole and interact physically, with Wdr62 required for Aspm localization, and both 

proteins, as well as microcephaly protein Cep63, required to localize CENPJ/CPAP/Sas-4, a final 

common target. Unexpectedly, Aspm and Wdr62 are required for normal apical complex 

localization and apical epithelial structure, providing a plausible unifying mechanism for the 

premature delamination and precocious differentiation of progenitors. Together, our results reveal 

links between centrioles, apical proteins, and cell fate, and illuminate how alterations in these 

interactions can dynamically regulate brain size.

INTRODUCTION

The human cerebral cortex is dramatically larger compared to other mammals, and is 

responsible for many complex cognitive abilities. Microcephaly (MCPH) is a clinical 

condition in which head size is severely reduced, resulting in intellectual disability. 

Mutations in ASPM (Abnormal Spindle-like, Microcephaly-associated) and WDR62 (WD 
Repeat-containing protein 62) are the two most common genetic causes of primary 

microcephaly, together accounting for more than half of all cases (Manzini and Walsh, 

2011). ASPM mutations cause severe microcephaly with relatively well-preserved gyral 

pattern and cortical architecture (Bond et al., 2002), while null WDR62 mutations typically 

cause additional cortical malformations as well (Bilguvar et al., 2010; Nicholas et al., 2010; 

Yu et al., 2010).

Although most known microcephaly genes, including WDR62 and ASPM, encode proteins 

that localize to the mitotic spindle poles, suggesting a common biological function (Megraw 

et al., 2011), the role of these proteins in the interphase centrosome is not clear. The 

centrosome consists of a pair of centrioles surrounded by pericentriolar material, which 

nucleates microtubules that allow the centrosome to serve as the major microtubule-

organizing center in mammalian cells (Nigg and Stearns, 2011). While the older or ‘mother’ 

centriole gives rise to the primary cilium in G1, centriole duplication occurs at the proximal 

end of existing mother and daughter centrioles during S phase in conjunction with DNA 

replication (Nigg and Stearns, 2011). Mutations in CENPJ, CEP152 and CEP63 all cause 

MCPH (Bond et al., 2005; Guernsey et al., 2010; Sir et al., 2011). CENPJ regulates centriole 

duplication and elongation (Schmidt et al., 2009), and mice conditionally mutant for CENPJ/
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Sas-4 show that neurogenesis defects in microcephaly may arise from depletion of 

centrosomes and subsequent loss of primary cilia (Insolera et al., 2014). CEP63 and CEP152 

co-localize in a ring-like pattern at the proximal end of the maternal centriole (Sir et al., 

2011), and are required for centriole duplication (Brown et al., 2013). Some have proposed 

that primary microcephaly-associated (MCPH) proteins may be required in a step-wise 

manner for recruiting each other to the centrosome, thereby ensuring proper centriole 

duplication (Delattre et al., 2006; Kodani et al., 2015).

Whereas Aspm and Wdr62 have been implicated in proliferation of neocortical progenitors 

occupying the ventricular zone (VZ) lining the ventricles and the adjacent subventricular 

zone (SVZ), two Aspm gene-trap mice show surprisingly mild reduction in brain size 

(Pulvers et al., 2010). RNAi knockdown of Wdr62 in mice results in premature cell cycle 

exit (Bogoyevitch et al., 2012), while Wdr62 intron 14 gene-trap mice, which show 

decreased protein levels, have defects in mitotic progression of embryonic neural progenitors 

and also modestly reduced brain size (Chen et al., 2014). These very mild phenotypes of 

single mutants of Aspm and Wdr62 create a challenge to understanding the mechanism of 

microcephaly, and the nature of their genetic and physical interactions.

Here we show that Aspm and Wdr62 have close interactions both genetically and 

biochemically, and that they and other microcephaly proteins converge on CENPJ/CPAP/

Sas-4 as a final common target. Mice lacking both Wdr62 and Aspm are embryonically 

lethal, whereas heterozygous mutation of either gene enhances the phenotype of mutations 

in the other. We show for the first time that WDR62 and ASPM share common localization 

during interphase at mother centrioles, where they physically interact. Mouse embryonic 

fibroblasts (MEFs) deficient in Wdr62, Aspm or both show centriole duplication defects, 

with the severity of the cellular defect proportional to the severity of the microcephaly. 

Finally, we find that Wdr62 and Aspm are required for the organization of the apical 

complex proteins that function as cell fate determinants at the ventricular surface (Kim et al., 

2010; Paridaen et al., 2013), providing a mechanism for their dynamic control of brain size.

RESULTS

Wdr62 and Aspm interact genetically in mice

We prepared new Wdr62 gene-trap mice and Aspm knockout mice that both express no 

detectable protein (Figure S1). The Wdr62 gene-trap cassette inserted between exons 21 and 

22, upstream of several human patient mutations in WDR62 associated with severe 

phenotypes (Figures S1A and S1B). We confirmed by RT-PCR that Wdr62 exon 21 spliced 

to the Engrailed-2 splice acceptor of the gene-trap vector and that no wild-type Wdr62 
mRNA (Figures S1C and S1D) or protein (Figure S1E) could be detected in homozygous 

gene-trap mutants. In the Aspm homozygous mutant mouse, a neomycin cassette replaced 

exons 1–3 (Figure S1F and S1G), and no full-length Aspm protein was detectable by 

Western blot (Figures S1H).

Wdr62-null mice show more severe brain phenotypes than Aspm-null mice, with severely 

reduced brain weight at postnatal day 30 (P30) compared to wild-type (WT) or heterozygous 

(het) controls (unpaired t-test, p = 0.03), as well as Aspm −/− mice (Figures S1I, S1J and 
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1B; p = 0.02). The reduced brain size is demonstrated by immunostaining for Cux1 and 

NeuN, which label upper cortical layer neurons (II–IV) and all neurons, respectively (Figure 

1C). P10 Wdr62 −/− brain shows severely reduced cortical thickness (p = 0.0002), upper/

superficial neuronal layer thickness (p = 0.03) and ratio of Cux1+ (upper layer) to Ctip2+ 

(lower layer) neurons (p = 0.003) compared to controls (Figures 1D–1G). P10 Aspm −/− 
brain shows a milder reduction in overall cortical thickness (p = 0.02), with a preferential 

reduction in the superficial cortical layers (p = 0.003; Figures 1D–1F).

Wdr62 and Aspm show extensive genetic interactions even in the heterozygous state (Figure 

1). Double knockout (Wdr62 −/−; Aspm −/−) progeny were never recovered (chi-square test, 

p < 0.0001), even as early as E9.5, suggesting that knockout of both Wdr62 and Aspm in 

combination causes embryonic lethality (Figure 1A). Although Wdr62 −/− mice are viable, 

Wdr62 −/−; Aspm +/− progeny die before birth (Figure 1A), and are rarely recovered at 

E12.5 or earlier (data not shown). While Wdr62 +/−; Aspm −/− mice are viable (Figure 1A), 

the reduction in brain weight (Figure 1B, p = 0.02) and thinning of the upper layers (Figures 

1D and 1F; p < 0.0001) are enhanced relative to Aspm −/− mice, suggesting preferential 

effects on late neurogenesis. P30 brains showed marked overall size reduction in Wdr62 +/−; 
Aspm −/− mice compared to controls (Figure 1C). Remarkably, even Wdr62 +/−; Aspm +/− 
mice show modest but statistically significant reduction in both overall cortical thickness (p 

= 0.002) and upper layer thickness (p = 0.03) relative to control (Figures 1E and 1F), 

demonstrating nonallelic noncomplementation, in which recessive alleles at two unlinked 

genetic loci fail to complement. Nonallelic noncomplementation typically implies that two 

genes share common cellular functions and often encode proteins that physically interact 

(Yook et al., 2001).

Loss of Wdr62 and Aspm results in expansion of basal progenitors beyond the germinal 
zones

Disrupting Wdr62 and Aspm dramatically increases basal progenitor cells at mid-

neurogenesis, suggesting regulation of cell fate rather than merely mitotic progression. 

Triple staining at E14.5 for Sox2, Tbr2 and Tbr1 shows dramatically increased Tbr2+ basal 

progenitors relative to Sox2+ apical progenitors in Wdr62 −/− (p = 0.005) and Wdr62 +/−; 
Aspm −/− (p = 0.004) animals (Figures 2A, 2B and S2A). Immunostaining of E14.5 

embryos for Ki67 and Pax6 (which labels apical progenitors) revealed significantly 

increased numbers of Ki67-positive/Pax6-negative cells in the Wdr62 +/−; Aspm −/− (p = 

0.007) and most notably in the Wdr62 −/− brain (p = 0.008), consistent with a relative 

reduction in apical progenitors (Figures 2C and 2D). Immunostaining for Ki67 and Tbr2 

confirmed an increase in Tbr2+ cells in the mutants (Figures 2E and 2F). Together, these 

findings support the hypothesis of a fate switch from Pax6+ apical progenitors to Tbr2+ 

basal progenitors, leading to precocious formation of Tbr2+ cells.

Immunostaining of E14.5 embryos for Ki67 also revealed that cycling progenitors are 

displaced from the germinal zones in Wdr62 −/− and Wdr62 +/−; Aspm −/− mutant cortex. 

As the cortex of all three mutants (including Aspm −/−) was reduced, we measured the 

thickness of the Ki67+ zone and normalized it to the thickness of the entire cortex. This ratio 

of Ki67+ to overall cortical thickness in the Wdr62 −/− and Wdr62 +/−; Aspm −/− mutants 
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is expanded relative to the controls (Figures 2E and 2F), suggesting that some progenitors 

are leaving the VZ and SVZ, similar to the delamination of progenitors out of the VZ 

observed in Sas-4 −/− mice (Insolera et al., 2014). Staining for activated caspase-3, a marker 

of apoptosis, at E14.5 revealed little-to-no apoptosis in Wdr62 −/− and Wdr62 +/−; Aspm −/
− mouse brains (Figure 2G), especially when compared to Katnb1 −/− (Hu et al., 2014) or 

Sas-4 −/− mice (Insolera et al., 2014) mice, which show robust apoptosis in developing 

brain. Together, these results suggest that loss of Wdr62 causes a cell fate change without 

significant apoptosis.

Wdr62 −/− and Wdr62 −/−; Aspm +/− mice analyzed at E12.5 for mitotic spindle orientation 

using conventional 2D microscopy as well as a 3D en face technique in flat-mount cortex 

(Juschke et al., 2014) did not show consistent changes in mutants. We found that spindle 

orientation in the mutants was not significantly different from controls in anaphase (Figure 

2H), indicating that spindle orientation changes are unlikely to explain the microcephaly in 

these mutants.

Wdr62 and Aspm genetically interact to control centriole duplication

As sensitive genetic interactions are often observed between proteins that act closely 

together in a common molecular pathway, we explored potential cellular functions that 

Wdr62 and Aspm may share and identified a shared role for the two proteins in centriole 

duplication. As centriole duplication commences with procentriole formation at the G1-S 

transition (Nigg and Stearns, 2011), we examined centriole number in WT, Wdr62-null and 

Aspm-null MEFs stained for Centrin and Cyclin A to label centrioles and S-phase/G2 cells, 

respectively. Wdr62 −/− and Aspm −/− MEFs show reduced centriole numbers (from 0–4 in 

S-phase/G2), indicating defective duplication (Figure 3A). To confirm these results, we 

performed electron microscopy (EM) of WT, Aspm −/− and Wdr62 −/− MEFs (including 

serial EM of up to 10 consecutive 80 nm sections for Wdr62 −/− mutants). EM in WT cells 

revealed centrioles generally in pairs, positioned orthogonally and in close proximity, 

whereas some Aspm −/− and Wdr62 −/− cells contained single, unpaired centrioles, 

confirming defective centriole duplication (Figures 3B and 3C). Several mutant cells were 

acentriolar (not shown), consistent with immunofluorescence of the MEFs (Figure S3B). 

Whereas nearly 85% of Cyclin A-positive WT MEFs had 4 centrioles, < 25% of Wdr62 −/− 
MEFs (p < 0.0001) and < 50% of Aspm −/− MEFs (p < 0.0001) had 4 centrioles (Figure 

3D). MEFs from Wdr62 +/−; Aspm +/− (‘trans het’) embryos had mild but statistically 

significant centriole duplication defects (Figures S3A and 3D; p = 0.01), while Wdr62 +/−; 
Aspm −/− MEFs showed severe, highly significant effects (Figures 3A and 3D; p < 0.0001) 

confirmed by serial EM (Figure 3C). The more severe centriole duplication defect observed 

in Wdr62 +/−; Aspm −/− MEFs compared to Aspm −/− MEFs (Fisher’s exact text, p = 0.02) 

further demonstrates the genetic interactions between Wdr62 and Aspm.

The severity of the centriole duplication defect in different Wdr62 and Aspm backgrounds 

parallels the severity of the microcephaly (Figure S3C). When the percentage of cells with 4 

centrioles was plotted as a function of genotype, the most severe centriole reduction was in 

MEFs from Wdr62 −/−; Aspm +/− mice, which do not survive to birth (Figures 3D and 1B). 

Wdr62 −/− MEFs were slightly less severe, followed by Wdr62 +/−; Aspm −/−, while Aspm 
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−/− S-phase MEFs showed a more moderate phenotype (Figure 3D), closely tracking 

cortical thickness and brain weights (Figures 3D and 1B). The mildest centriole defect was 

seen in the Wdr62 +/−; Aspm +/− (trans het) MEFs, consistent with the mild microcephaly 

(Figure 3D). Together, these data suggest that Wdr62 and Aspm may function together in a 

single pathway, likely with a common output, to control centriole duplication.

WDR62 interacts with ASPM and recruits it to the mother centriole

WDR62 and ASPM proteins share similar subcellular localization at the spindle poles in 

mitotic cells (Figure 4A)(Higgins et al., 2010; Yu et al., 2010), but this localization does not 

explain their role in centriole duplication, which occurs during interphase. In S-phase, 

WDR62 and ASPM were detected between each pair of centrioles in WT cells transfected 

with a control siRNA (Figure 4B). Transfection of two distinct siRNAs each against human 

WDR62 and ASPM abolished the centrosomal signal in metaphase and S-phase (Figures 4A 

and 4B), and produced efficient protein knockdown by Western analysis (Figure 4C), 

confirming the specificity of both antibodies. Most WDR62- and ASPM-depleted S-phase 

cells had 2–3 centrioles, confirming that both are required for centriole duplication in human 

cells (Figures 4A and 4B). WDR62 and ASPM localize asymmetrically to the proximal end 

of the mother centriole by late G1 (Figure S4A and Kodani et al., 2015), confirmed by co-

staining with an antibody to the distal appendage marker CEP164 (Figure 4D). This 

colocalization hints at a physical complex of WDR62 and ASPM at the mother centriole in 

interphase (Figure 4E).

Liquid chromatography-mass spectrometry (LC-MS/MS) analysis identified interacting 

partners of WDR62 that included ASPM. HeLa S3 cells stably overexpressing C-terminal 

HA tagged WDR62 were lysed and immunoprecipitated with anti-HA resin as previously 

described (Sowa et al., 2009), with LC-MS/MS identifying ASPM as well as Citron kinase, 

a known interactor of ASPM (Paramasivam et al., 2007), as high-confidence candidate 

interacting partners (Figures 4F and S4B). Immunoprecipitation of endogenous WDR62 

confirmed ASPM as a binding partner (Figure 4G).

Given our findings that WDR62 and ASPM interact and function in centriole biogenesis, we 

tested whether they depend on each other for their localization and found that WDR62 is 

required to localize ASPM to the centrosome. ASPM was absent from centrosomes in HeLa 

cells depleted of WDR62, whereas WDR62 localized normally to centrosomes after siRNA 

knockdown of ASPM (Figures 4H and 4I). Cep152, which localizes Wdr62 to the 

centrosome (Kodani et al., 2015), was unperturbed in Wdr62 −/− MEFs (Figures S4C and 

S4D). The dependence of ASPM localization on WDR62 may potentially explain the more 

severe phenotype of WDR62 mutation in mice and humans.

WDR62, CEP63 and ASPM interact and assemble at the centrosome in a hierarchy

WDR62 and ASPM form a complex with CEP63, which is also disrupted in human 

microcephaly and localizes to the maternal centriole (Sir et al., 2011). Similar to WDR62, 

CEP63 localizes in a ring-shaped pattern around the mother centriole in G1 and between 

each pair of centrioles in S-phase (Sir et al., 2011). WDR62 interacts with CEP63 (Kodani et 

al., 2015), while MS of endogenous ASPM detected an interaction between ASPM and 
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CEP63 (Figure 5A). Endogenous WDR62 and ASPM both reciprocally interacted with 

CEP63 and with each other, suggesting a three-protein complex (Figure 5B). Knockdown of 

CEP63 with siRNA does not alter ASPM and WDR62 protein levels but abolishes their 

interaction (Figure 5C), suggesting that this interaction is indirect and mediated by CEP63. 

RNAi knockdown of CEP63 in HeLa cells causes a profound centriole duplication defect, 

with <20% of cells carrying 4 centrioles (Figures S5A–S5C), consistent with previously 

published findings (Brown et al., 2013; Kodani et al., 2015; Sir et al., 2011).

Wdr62 is not only required for Aspm localization but is also required to localize Cep63 to 

the centrosome. Centrosomal Cep63 was reduced in Wdr62 −/− MEFs relative to WT MEFs 

(Figures 5D and 5E; unpaired t-test, p < 0.0001), similar to the effects of Wdr62 siRNA 

(Kodani et al., 2015). CEP63 depletion in HeLa cells did not perturb centrosomal 

localization of WDR62 (Figure S5D and Kodani et al., 2015), indicating a unidirectional 

dependence of CEP63 on WDR62 for its localization.

ASPM localization depends on CEP63, as ASPM was absent from centrosomes in cells 

depleted of CEP63 and CEP152 (Figures 5F and S5E). The centrosomal localization of 

CEP63 and CEP152 was unchanged after siRNA knockdown of ASPM (Figures 5G and 

S5F). These findings, along with other studies (Kodani et al., 2015), support the existence of 

a more general hierarchy of primary microcephaly-associated proteins, which are required in 

a step-wise manner to recruit each other to the centrosome and ensure proper centriole 

duplication.

Microcephaly-associated proteins cooperate additively to recruit CPAP/Sas-4 to the 
centrosome

Mass spectrometry using endogenous ASPM as bait identified CPAP as an ASPM-

interacting protein (Figure 5A). Endogenous ASPM can co-precipitate CPAP, and ASPM 

and CPAP reciprocally interact with each other (Figures 6A and 6B). ASPM is required for 

centrosomal localization of CPAP, whereas CPAP was virtually absent from centrosomes in 

ASPM-depleted cells (Figure 6C). In contrast, centrosomal ASPM localization was 

unperturbed in CPAP-depleted cells (Figure 6D). These findings suggest that ASPM lies 

between CEP63 and CPAP in the pathway of sequential centrosomal MCPH protein 

accumulation.

Finally, we found that similar to the trends seen for brain size and centriole duplication, the 

localization of CPAP to the centrosome depends on the dosage of Wdr62 and Aspm. CPAP 

localization to the centrosome was intact in MEFs derived from WT, Aspm +/− or Wdr62 +/
− embryos but was significantly reduced in Wdr62 +/−; Aspm +/− MEFs (p = 0.03), as well 

as Aspm −/− and Wdr62 −/− MEFs (Figures 6E and 6F, p < 0.0001). Similar to the trends 

for brain size and centriole duplication, Wdr62 −/−; Aspm +/− MEFs had the most severe 

reduction in CPAP localization; Wdr62 −/− MEFs were less severe, followed by Wdr62 +/−; 
Aspm −/−, whereas Aspm −/− MEFs had a more moderate phenotype and Wdr62 +/−; Aspm 
+/− MEFs had the mildest phenotype (Figure 6F). This progressive reduction in CPAP 

localization with decreasing dosage of Wdr62 and Aspm is not due to a reduction in CPAP 

protein levels (Figure 6G), further supporting the notion that the genetic interaction between 

Wdr62 and Aspm is critical for CPAP localization, correlating with centriole duplication and 
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normal brain size. The additive effect of Wdr62 and Aspm on centrosomal recruitment of 

CPAP, which is required for centriole duplication, helps explain why the two genes are not 

wholly redundant and why the phenotype of mutations in one gene is enhanced by mutations 

in the other. Together, these findings support our model of sequential recruitment of 

WDR62, followed by CEP63, ASPM and CPAP, to the centrosome (Figure 6H).

Loss of Wdr62 and Aspm disrupts apical complex proteins and leads to premature 
dissociation of ciliary remnants from centrosomes

We confirmed the dependence of centriole duplication on Wdr62 and Aspm by crossing 

EGFP-Centrin transgenic mice (Higginbotham et al., 2004) to Wdr62 +/− mice, and then 

crossing the resulting Wdr62 +/−; EGFP-Centrin progeny to generate Wdr62 −/−; EGFP-
Centrin mice and transgenic control littermates. Immunostaining for Arl13b-labeled cilia in 

Wdr62 +/−; EGFP-Centrin mice revealed an orderly association with pairs of centrioles 

along the surface of the lateral ventricle (Figure S6A). By contrast, Wdr62 −/−; EGFP-
Centrin mice showed cilia associated with odd numbers of centrioles (1 or 3), as well as 

pairs of centrioles, suggesting that centriole duplication is impaired in mutant brain (Figure 

S6A). Consistent with the asymmetric localization of WDR62 and ASPM to the mother 

centriole, which is critical in organizing primary cilia, there was a loss of Arl13b staining in 

the brains of Wdr62 −/− and Wdr62 +/−; Aspm −/− mice, implicating Wdr62 and Aspm in 

maintenance of cilia in developing brain (Figure S6B). Co-immunostaining of E12.5 WT 

and Wdr62 −/− brains for γ-tubulin and Arl13b revealed a marked reduction in the intensity 

of γ-tubulin immunofluorescence at the centrosomes (Figure 7A), consistent with Wdr62 −/
− mouse embryonic fibroblasts (MEFs), which show a 40% reduction in γ-tubulin staining 

at the centrosome (Figures S6C and S6D; p = 0.0001).

Recent work has suggested that primary cilia do not completely disassemble prior to mitosis, 

with centrosomal association of the remnants of ciliary membrane preferentially occurring in 

cells that maintain a stem cell fate; this association then decreases over the course of 

neurogenesis, coinciding with differentiation of cells from apical progenitors to basal 

progenitors and neurons (Paridaen et al., 2013). Co-immunostaining for γ-tubulin and 

Arl13b (Paridaen et al., 2013) confirmed this relationship in normal brain but showed a 

premature increase in non-centrosomal Arl13b staining in Wdr62 −/− mouse brains at E12, 

when most normal cell divisions show Arl13b staining at one of the two centrosomes 

(Figures 7A and 7B; Fisher’s exact test, p = 0.002). We concomitantly observed a 

pronounced loss of cilia away from the ventricular surface (Figure 7A). Similarly, co-

immunostaining for γ-tubulin and Arl13b revealed a premature increase in non-centrosomal 

Arl13b staining in Wdr62 −/−; Aspm +/− mouse brains at E12 (Figure 7B; Fisher’s exact 

test, p = 0.009). Transmission EM from WT and Wdr62 −/−; Aspm +/− mice at E12.5 

confirmed a dose-dependent decrease in centrioles and cilia in the Wdr62 −/− and Wdr62 −/
−; Aspm +/− brain (Figure S6E). Interestingly, the presence of grossly normal cilia (albeit in 

smaller numbers) in the mutants suggests that some mutant cells can form cilia. Together, 

these results suggest that Aspm and Wdr62 control centriole number and the depletion of 

centrioles in Aspm and Wdr62 mutants leads to premature formation of ciliary remnants.
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Given the importance of the apical complex in maintaining neural stem cell fate (Kim et al., 

2010), we examined the apical complex in Wdr62 and Aspm mutant mice and found that 

loss-of-function of Wdr62, Aspm or both disrupts the apical complex in a dose-dependent 

manner. Immunostaining for the apical complex proteins Pals1 and aPKCζ (Kim et al., 

2010) at E14.5 revealed that Aspm −/− embryos show a mild reduction in localization of 

both Pals1 and aPKCζ at the ventricular surface compared to WT or Wdr62 +/− embryos, 

whereas Wdr62 +/−; Aspm −/− embryos show an intermediate phenotype, and Wdr62 −/− 
embryos have the most dramatic reduction in Pals1 and aPKCζ immunoreactivity at the 

apical surface (Figures 7C and 7D), tracking the trends for brain weight, centriole 

duplication and CPAP levels (Figures 1B, 3D and 6F). In the most severely affected 

genotypes (Wdr62 −/− and Wdr62 +/−; Aspm −/−), the loss of apical complex proteins is 

associated with disruptions and irregularities in the ventricular lining, and in the ordered 

arrangement of M phase nuclei at the ventricular surface. These disruptions of the epithelial 

lining suggest a ready mechanism to explain the premature delamination of progenitors from 

the VZ, and the cell fate changes seen in these mutants, as an intact apical complex has been 

shown to be essential to maintain progenitors in the VZ (Kim et al., 2010), and to allow 

signaling by CSF signals to promote stem cell proliferation (Lehtinen et al., 2011). These 

findings suggest that Wdr62 and Aspm are essential not only for centriole biogenesis, but 

also for normal expression and localization of the apical complex, providing a link between 

centrioles, ciliary remnants and cell fate.

DISCUSSION

Here, we identify genetic interactions between Wdr62 and Aspm, physical interactions 

between the proteins that they encode, essential roles for both proteins in centriole 

biogenesis, and unexpected regulation by these proteins of apical epithelial organization. 

WDR62 and ASPM physically associate at the proximal end of the mother centriole, 

mediated by CEP63. Loss of Wdr62, Aspm or both impairs centriole duplication in a dose-

dependent manner, correlating with the severity of microcephaly, and leads to loss of 

centrosomes and cilia in the developing brain. Wdr62 −/− and Aspm −/− mice resemble the 

Sas-4 conditional mutant (cKO) mouse in crucial ways, including centriole duplication 

defects and precocious delamination of progenitors from the germinal zones, consistent with 

our evidence that CPAP localization depends on Wdr62 and Aspm, suggesting that CPAP/

Sas-4 is the common target of a hierarchy of microcephaly proteins. Most surprisingly, mice 

deficient in Aspm and Wdr62 show gene-dose dependent perturbation of apical complex 

components, and a fate switch from apical to basal progenitors. These data implicate 

microcephaly-associated proteins like WDR62 and ASPM not only in centriole biogenesis 

through their effect on CPAP/Sas-4 but also in regulating the interaction of centrioles and 

cell fate determinants, thereby maintaining stem cell character, and suggest a plausible 

mechanism for how microcephaly proteins can regulate cell fate in the normal brain.

Microcephaly as a ‘centriolopathy’

Our studies not only assign a novel cellular function to Aspm in centriole duplication but 

also place both Aspm and Wdr62 in the context of other microcephaly genes, in particular 

CENPJ/CPAP/Sas-4 and CEP63, whose gene-products also function in centriole biogenesis. 
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Our studies confirm that Wdr62 is required for adequate centrosomal accumulation of Cep63 

and, in turn, reveal a role for WDR62 and CEP63 in ensuring proper centrosomal 

accumulation of ASPM. Finally, we show that ASPM, in turn, helps localize CPAP to the 

centrosome. Given the critical role of CPAP in centriole biogenesis and elongation (Nigg 

and Stearns, 2011), the final common pathway of these several microcephaly-associated 

proteins may be to bring CPAP to the centrosome, enabling centriole biogenesis (Figure 

7H).

Our findings in Wdr62 and Aspm mutant mice are consistent with studies in the Sas-4 
mutant mouse suggesting that neurogenesis defects in microcephaly may be due to loss of 

centrioles and a secondary reduction in cilia (Insolera et al., 2014). Consistent with the 

requirement of CPAP/Sas-4 for centriole/centrosome duplication, the authors observed a 

progressive depletion of centrosomes, as well as of primary cilia that grow from the few 

functional centrioles remaining in the Sas-4 −/− cortex (Insolera et al., 2014). Wdr62 −/− 
mice on a GFP-Centrin transgenic background confirmed the centriole duplication defect in 
vivo, as cilia were often associated with odd numbers of centrioles. Another phenotypic 

similarity with Sas-4 cKO mice is the displacement of cycling progenitors from the germinal 

zones in Wdr62 −/− and Wdr62 +/−; Aspm −/− mutant cortex. Ectopic Pax6+ progenitors 

with almost no cilia (unlike apical progenitors at the ventricular surface) were observed in 

the Sas-4 −/− cortex (Insolera et al., 2014), whereas we observed an expansion of the Ki67+ 

population of cycling progenitors beyond the VZ and SVZ, an increase in Pax6− Ki67+ cells 

and an expansion of Tbr2+ basal progenitors in Wdr62 −/− and Wdr62 +/−; Aspm −/− 
mutant cortex (Figure 2), consistent with delamination of apical progenitors and a fate 

switch to basal progenitors in the absence of centrioles and cilia. This delamination of 

progenitors can be explained by the dose-dependent loss of apical complex localization seen 

with loss of Wdr62 and Aspm, as the apical complex is critical for maintenance of stem cell 

fate.

Our 3D en face analysis (Juschke et al., 2014) excludes mitotic spindle orientation as a 

major mechanism in Wdr62 and Aspm mutant mice, as we detected no difference in neural 

progenitor spindle orientation between WT, Wdr62 +/−; Aspm −/− and Wdr62 −/− embryos, 

suggesting that other mechanisms contribute to the microcephaly observed in these mutants. 

Our finding that Aspm and Wdr62 function together to promote centriole duplication 

provides a novel insight into how defects in centriole biogenesis may underlie the 

pathogenesis of MCPH. It seems likely that centriole number and organization are critical 

for progenitor attachment to the ventricular surface and the maintenance of neural 

progenitors, but how centrioles associate and control the organization of the apical surface 

remains unclear. Increased phosphohistone H3 (pHH3) immunoreactivity suggests a delay in 

mitotic progression in Cdk5rap2 −/− mice, Nde1 −/− mice and Sas-4 mice (Feng and Walsh, 

2004; Insolera et al., 2014; Lizarraga et al., 2010), as well as a Wdr62 hypomorphic mouse 

(Chen et al., 2014), and may contribute to premature neuronal formation and depletion of 

progenitor cells (Pilaz et al., 2016).

Primary autosomal recessive microcephaly (MCPH) has been described as a centrosomal 

disease (Megraw et al., 2011), but based on our findings in Wdr62 and Aspm mutant mice, 

we propose that MCPH is more properly a ‘centriolopathy’, with a secondary reduction in 
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cilia. Given the role of Wdr62 and Aspm in localizing CPAP, we propose that loss of these 

microcephaly proteins results in a progressive dilution of centrioles and centrosomes over 

the course of several rapid cell cycles in neural progenitors, leading to the loss of mother 

centrioles with which ciliary remnants can associate, while also causing perturbation of the 

apical complex and delamination of progenitors from the germinal zones; the eventual 

depletion of the neural stem cell pool results in a smaller brain.

Microcephaly proteins, the apical complex, and the ciliary remnant

Although our studies provide the first direct test of the recently proposed model of 

asymmetric ciliary membrane inheritance in regulating cell fate, the role of this mechanism 

is not yet clear. During normal progenitor cell division around E12.5 in mice, a remnant of 

the ciliary membrane is linked to the older mother (‘grandmother’) centriole and is 

preferentially inherited by the daughter cell that is destined to remain a neuroepithelial or 

apical progenitor cell (Paridaen et al., 2013). The degree of centrosomal association with 

ciliary remnants correlates with the maintenance of stem cell character and decreases over 

the course of neurogenesis, coinciding with the shift from symmetric proliferative divisions 

to asymmetric or neurogenic divisions, and with differentiation from apical progenitors to 

basal progenitors or neurons. Our data show premature dissociation of ciliary remnants from 

centrosomes at E12.5 in Wdr62 −/− mice (two days earlier than WT), followed by 

precocious generation of basal progenitors relative to apical progenitors by E14.5 consistent 

with, but not yet proving, the model that ciliary remnant/centriole association may maintain 

apical stem cell fate.

However, our data suggest an alternative potential mechanism for the cell fate changes seen 

in Wdr62 and Aspm mutants in the dramatic disruption of apical complex proteins, which is 

modest and patchy in Aspm −/− mutants, striking in Wdr62 +/−; Aspm −/−, and virtually 

complete in Wdr62 −/− mutants, associated with loss of epithelial organization. Apical 

complex proteins such as Pals1, and basolateral proteins such as β-catenin show dosage-

sensitive effects on proliferation and cell fate, with overexpression inducing proliferation 

(Chenn and Walsh, 2002), while depletion (Kim et al., 2010) or mislocalization (Chae et al., 

2004) cause premature differentiation into neurons and subsequent microcephaly. Loss of 

apical complex proteins may influence proliferation directly, or may regulate proliferation 

indirectly by maintaining the apical surface of neuroepithelial progenitors in the ventricular 

zone, where the apical complex is bathed in growth factors present in the cerebrospinal fluid 

(Lehtinen et al., 2011). Hence, premature withdrawal of progenitors from the ventricular 

zone would remove this proliferative effect and result in premature differentiation.

The defects of epithelial structure and apical proteins suggest a likely mechanism for the 

structural defects such as polymicrogyria, schizencephaly, and periventricular heterotopia 

that are commonly observed in WDR62 mutations in humans (Bilguvar et al., 2010; Yu et 

al., 2010), and occasionally reported in ASPM mutations as well (Passemard et al., 2009). 

These structural defects have not been well explained before by a centriolar model, but 

several of these malformations (especially periventricular heterotopia and schizencephaly) 

reflect abnormal neuroepithelial structure.
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The mechanisms by which centriolar proteins would regulate the apical protein complex are 

obscure, and bear further study. The apical complex components Par3 (Inaba et al., 2015), 

Par6 (Kodani et al., 2010), and aPKC (Atwood et al., 2013) associate with centrosomes, and 

Arl13b itself is essential for the formation of polarized apical progenitors and normal 

localization of Igf1R apical complex receptors (Higginbotham et al., 2013). In C. elegans, 

ASPM-1 binds LIN-5, a homolog of mammalian NuMA that is part of the apical complex 

(van der Voet et al., 2009). Centrosomes at M phase accumulate vesicular structures that 

appear to localize a variety of plasma membrane proteins including Arl13b and other apical 

proteins (Paridaen et al., 2013). Perhaps the cycling of apical complex proteins through the 

centrosome at M phase is an essential component of maintaining their normal polarized 

expression, with the loss of that centriolar association resulting in their eventual depletion 

from the apical membrane.

EXPERIMENTAL PROCEDURES

Animals

Targeted Wdr62 gene-trap ES cells (MMRRC Cat# 021135-UCD, RRID: 

MMRRC_021135-UCD) from the Sanger Institute Gene Trap Resource (SIGTR) were 

injected into 129Sv blastocysts to generate chimeric mice. Male chimeras were bred to WT 

129Sv background females (Charles River) to transmit the gene-trap allele. The mice were 

later bred to C57Bl/6 background females (Charles River) and are maintained separately on 

129Sv and C57Bl/6 backgrounds.

Aspm gene targeting was carried out by InGenious Targeting Laboratory, Inc. using a 

targeting vector, in which a Neo cassette with 1.5-kb and 8.0-kb homology arms replaced 

exons 1–3 of Aspm. This targeting vector, which was generated by the authors, was first 

electroporated into 129/Sv embryonic stem (ES) cells, followed by selection in G418. 

Surviving clones were expanded for PCR analysis to identify recombinant ES clones, which 

were then injected into C57Bl/6 blastocysts. Male chimeras were then bred with wild-type 

C57Bl/6 females to ensure germline transmission.

Transgenic EGFP-Centrin2 mice, referred to here as EGFP-Centrin, were obtained from 

Jackson Laboratory (JAX strain name CB6-Tg(CAG-EGFP/CETN2)3-4Jgg/J; IMSR Cat# 

JAX:008234, RRID:IMSR_JAX:008234), by rederivation from cryopreserved sperm. The 

transgenic mice express Enhanced Green Fluorescent Protein-labeled human Centrin-2 

driven by a chicken β-actin promoter with CMV immediate early enhancer (Higginbotham 

et al., 2004). Additional details are available in Supplemental Experimental Procedures.

Cell Culture

Primary mouse embryonic fibroblasts (MEFs) were isolated from E14.5 embryos and 

dissociated by trypsinization. To establish immortalized cell lines, MEFs were derived from 

Wdr62 and Aspm single- and double-mutant embryos at E9.5 or E14.5 and transformed with 

SV-40 retrovirus using the Phoenix packaging system (RRID:SCR_003163). Both primary 

and immortalized MEFs were maintained in Dulbecco’s Modified Eagle Medium, High 

Glucose (HyClone) with 15% fetal bovine serum (FBS, Gibco) and 1mM penicillin, 
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streptomycin and L-glutamine. Additional details are in Supplemental Experimental 

Procedures.

Immunoprecipitation, Western blotting and Mass spectrometry

Data on the WDR62-interactome were deposited in the PeptideAtlas database (PeptideAtlas: 

PASS00927, http://www.peptideatlas.org/PASS/PASS00927). See Supplemental 

Experimental Procedures for additional details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wdr62 and Aspm interact genetically to control brain size in mice
(A) Table of expected genotypic classes, Mendelian ratios, and predicted vs. observed 

numbers of progeny resulting from crossing Wdr62 +/−; Aspm +/− × Wdr62 +/−; Aspm +/− 
mice (trans het × trans het). Chi square test, p < 0.0001.

(B) Brain weights measured at P30 show a declining trend, with Wdr62 +/−; Aspm −/− and 

Wdr62 −/− mice showing a significant reduction in brain weight compared to WT and het 

controls, as well as Aspm −/− mice. Error bars indicate mean ± SEM. “ns” = not significant. 

* = p < 0.05.

Jayaraman et al. Page 16

Neuron. Author manuscript; available in PMC 2017 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) P30 coronal brain sections of various genotypes (from left to right: WT, Wdr62 +/−; 
Aspm +/−, Aspm −/−, Wdr62 +/−; Aspm −/− and Wdr62 −/−) stained for Cux1 (to label 

upper layers) and NeuN (to label all neurons) show a severe reduction in overall brain size in 

the Wdr62 +/−; Aspm −/− and the Wdr62 −/−. Scale bar = 500 µm.

(D) P10 coronal brain sections (from left to right: WT, Aspm +/−, Wdr62 +/−, Wdr62 +/−; 
Aspm +/−, Aspm −/−, Wdr62 +/−; Aspm −/− and Wdr62 −/−) showing primary 

somatosensory cortex (barrel region) stained for Cux1 and Ctip2 to label upper layers (II–

IV) and lower layers (V–VI), respectively. Overall cortical thickness and upper layer 

thickness are severely reduced in the Wdr62 −/− brain and the Wdr62 +/−; Aspm −/− brain, 

with a mild reduction in thickness of the upper layers in the Aspm −/− cortex. Scale bar = 

100 µm.

(E–G) * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 and “ns” = not 

significant. Wdr62 +/− and Aspm +/− are not significantly different from WT (not shown). 

Error bars indicate mean ± SEM.

(E) Quantification of overall cortical thickness.

(F) Quantification of thickness of upper layers. Wdr62 +/− and Aspm +/− are not 

significantly different from WT in upper layer thickness (not shown).

(G) Quantification of ratio of Cux1+ cells to Ctip2+ cells. See also Supplemental Figure S1.
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Figure 2. Loss of Wdr62 and Aspm results in apical to basal progenitor fate switch with 
expansion beyond the germinal zones in developing neocortex
(A) Loss of Wdr62 and Aspm results in expansion of the Tbr2+ basal progenitor pool at 

E14.5. Left to right: WT, Wdr62 +/−; Aspm +/−, Aspm −/−, Wdr62 +/−; Aspm −/− and 

Wdr62 −/− cortex stained for Sox2 (blue), Tbr2 (red) and Tbr1 (green) to label apical 

progenitors (APs) in the ventricular zone (VZ), basal progenitors (BPs) in the subventricular 

zone (SVZ) and neurons in layer VI of the cortical plate (CP), respectively. Scale bar = 25 

µm.

(B) Quantification of ratio of Tbr2+ / Sox2+ cells in (A).
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(C) Relative decrease in Pax6+ APs in Wdr62 −/− cortex at E14.5. Left to right: WT, Aspm 
−/−, Wdr62 +/−; Aspm −/− and Wdr62 −/− cortex stained for Pax6 (red) and Ki67 (blue) 

reveals an increase in the proportion of Ki67+ cycling cells that are Pax6− in the mutants, 

esp. Wdr62 −/−. Scale bar = 50 µm.

(D) Quantification of Ki67+Pax6− cells per 100 µm of ventricular surface in (C).

(E) Ectopic Tbr2+ basal progenitors outside the SVZ in Wdr62 −/− cortex at E14. Left to 

right: WT, Wdr62 +/−, Aspm −/−, Wdr62 +/−; Aspm −/− and Wdr62 −/− cortex stained for 

Ki67 (blue) and Tbr2 (red) to label proliferating cells and basal progenitors, respectively. 

The thickness of the region containing Ki67+ proliferating cells is marked by the bottom and 

middle hash lines, while the thickness of the entire cortex is marked by the bottom and top 

hash lines. Scale bar = 50 µm.

(F) Quantification of thickness of Ki67+ cells / overall cortical thickness shows that Ki67+ 

cells are expanded beyond the germinal zones (VZ/SVZ) in the mutants relative to the 

controls, suggesting that the neural progenitors are delocalized from the VZ/SVZ.

(G) Minimal apoptosis in single and double mutant cortex at E14. Left to right: Wdr62 +/− 
(negative control), Wdr62 −/−, Wdr62 +/−; Aspm −/− and Katnb1 homozygous gene-trap 

(positive control) mouse brain sections, stained for activated caspase-3 (red) and 

counterstained with DAPI. Scale bar = 25 µm.

(H) 3D en face analysis of spindle orientation shows no significant difference in mitotic 

spindle orientation of neural progenitors between WT, Wdr62 +/−; Aspm −/− and Wdr62 −/
− embryos. Shown are box and whisker plots quantifying the spindle orientation of VZ 

progenitors in anaphase at E14.5 in WT (n = 60 cells, 4 animals), Wdr62 +/−; Aspm −/− (n 

= 40 cells, 3 animals) and Wdr62 −/− (n = 49 cells, 3 animals). Box boundaries extend from 

25th to 75th percentiles; the line in the middle and the cross represent the median and mean, 

respectively.

The whiskers denote the range of values from smallest to largest. See also Supplemental 

Figure S2.
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Figure 3. Wdr62 and Aspm genetically interact to control centriole duplication
(A) Mouse embryonic fibroblasts (MEFs) stained with Centrin (green) and Cyclin A (red) to 

mark centrioles and S-phase/G2 cells, respectively, showing that loss of Wdr62, Aspm or 

both leads to underduplication of centrioles. Left to right: Wild-type (WT), Wdr62 −/−, 
Aspm −/−, Wdr62 +/−, Aspm +/−, Wdr62 +/−; Aspm −/−. Insets (in grayscale) show Centrin 

staining at higher magnification. Scale bar = 10 µm.

(B) EM of representative WT (left), Aspm −/− (middle) and Wdr62 −/− (right) MEFs, with 

white dotted ovals or circles outlining the individual centrioles. Pairs of centrioles are seen 

Jayaraman et al. Page 20

Neuron. Author manuscript; available in PMC 2017 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in WT MEFs, while only one unpaired centriole is visible in Aspm −/− and Wdr62 −/− 
MEFs. Scale bar = 100 nm.

(C) Serial EM confirms centriole duplication defect in Wdr62 +/−; Aspm −/− mouse 

embryonic fibroblasts (MEFs). Left: White rectangles and circles outline the pair of 

centrioles in serial sections of a representative WT cell. Right: Only one centriole (outlined 

in white) is visible through several serial sections of a representative Wdr62 +/−; Aspm −/− 
cell. Scale bar = 20 nm.

(D) Quantification of centriole number in S-phase cells of various genotypes indicates that 

the severity of the centriole duplication defect is proportional to the severity of the 

microcephaly phenotype. N = 200–300 cells per genotype. Fisher’s exact test, “ns” = not 

significant, * = p < 0.05 and **** = p < 0.0001 (compared to WT unless otherwise 

indicated). See also Supplemental Figure S3.
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Figure 4. WDR62 recruits ASPM to form a physical complex at the mother centriole
(A–B) WDR62 and ASPM are proximal centriole proteins required for centriole duplication 

in human cells. Using two distinct siRNAs against human WDR62 (WDR62 #1 and WDR62 
#2) and ASPM (ASPM #1 and ASPM #2), the centrosomal signal can be abolished in 

metaphase and S-phase transfected cells. The majority of WDR62- and ASPM-depleted 

cells had two or three centrioles. Insets: c = Centrin; w = WDR62 and a = ASPM.

(A) WDR62 and ASPM localize to the mitotic spindle poles during metaphase.
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(B) During S-phase, WDR62 and ASPM can be detected between each centriole pair in 

scrambled control (SC) transfected cells.

(C) Top: WDR62 antibody specifically detects endogenous WDR62 by Western in 

scrambled control (SC) transfected cells; signal decreases upon knockdown with siRNAs 

WDR62 #1 and WDR62 #2. Bottom: VTKR peptide antibody specifically detects 

endogenous ASPM by Western in scrambled control (SC) transfected cells; signal decreases 

upon knockdown with siRNAs ASPM #1 and ASPM #2. The asterisk represents the specific 

band.

(D) Both WDR62 and ASPM localize to the mother centriole in interphase cells. Top: HeLa 

cell co-stained for Centrin (to label centrioles), endogenous WDR62 and CEP164 (to label 

the mother centriole). Bottom: HeLa cell co-stained for Centrin (to label centrioles), 

endogenous ASPM and CEP164 (to label the mother centriole).

(E) Schematic of the centrosome composed of two centrioles (green), including the mother 

centriole marked with distal appendages (blue) and the daughter centriole (unmarked), 

connected by a linker (black). WDR62 and ASPM both localize to the proximal end of the 

mother centriole (red cloud).

(F) Table showing a selected list of hits from the IP-mass-spectrometry screen that meet the 

threshold for significance (NWD-score > 1) includes ASPM.

(G) Co-immunoprecipitation of ASPM with an antibody to endogenous WDR62 confirms 

the interaction. Left: Lane 1: IgG control IP with c-Myc antibody (SCBT) as a negative 

control for “stickiness.” Lane 2: IP with antibody to endogenous WDR62. Lane 3: Input 

(lysate). Right, lane 2: Immunoprecipitation of ASPM confirmed the reciprocal co-

precipitation of WDR62.

(H) Centrosomal localization of ASPM is dependent on WDR62. ASPM localizes to 

centrosomes in scrambled control (SC) transfected cells but is absent from centrosomes in 

cells depleted of WDR62. Insets: c = Centrin and a = ASPM.

(I) Centrosomal localization of WDR62 is not dependent on ASPM. WDR62 levels at the 

centrosome were unchanged in cells treated with scrambled control (SC) or ASPM siRNA 

(ASPM #2). Insets: c = Centrin; w = WDR62.

See also Supplemental Figure S4.

Jayaraman et al. Page 23

Neuron. Author manuscript; available in PMC 2017 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. WDR62 and ASPM assemble at the centrosome in a sequential hierarchy mediated by 
CEP63
(A) Table showing a selected list of interactors from an IP-mass-spectrometry screen, with 

the number of peptides and percent coverage, suggests that CPAP and CEP63 interact with 

ASPM.

(B) Reciprocal co-immunoprecipitation (IP) of endogenous ASPM, WDR62 and CEP63 

demonstrates that they form a 3-protein complex. Lanes 1, 3 and 5: IgG control IP with c-

Myc antibody (SCBT) as a negative control. Lanes 2, 4 and 6: IP with antibodies to 

endogenous CEP63, WDR62 and ASPM, respectively. Rows (top to bottom): Western blot 

for ASPM, WDR62 and CEP63.

(C) RNAi knockdown of CEP63 blocks the ability of WDR62 to bind ASPM, without 

changes in protein levels of WDR62 or ASPM. Left: Lane 1 “SC” indicates scrambled 

control lysate. Lane 2 shows CEP63 RNAi knockdown lysate. Rows, from top to bottom: 

Western blot for ASPM, WDR62 and CEP63. Actin served as a loading control. The band 

marked with an asterisk (*) is specific to CEP63.
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Right: Lanes 1 and 3 show scrambled control (SC) lysate, Lanes 2 and 4 show CEP63 RNAi 

knockdown lysate. Lanes 1–2: IgG control IP. Lanes 3–4: IP with WDR62 antibody. Row 1: 

Western blot for ASPM. Row 2: Western blot for WDR62.

(D) Wdr62 is required for centrosomal localization of Cep63. Wild-type (WT) and Wdr62 −/
− mouse embryonic fibroblasts (MEFs) stained with Centrin (green), to mark centrioles, and 

Cep63 (red). Insets: c = Centrin and 3 = Cep63.

(E) Quantification of mean Cep63 immunofluorescence intensity across a fixed area, 

averaged across both centrosomes with background fluorescence subtracted, in WT and 

Wdr62 −/− MEFs. Mean ± SEM. **** p < 0.0001.

(F) Centrosomal localization of ASPM is dependent on CEP63. ASPM localizes to 

centrosomes in scrambled control (SC) transfected cells but is absent from centrosomes in 

cells depleted of CEP63. Insets: c = Centrin and a = ASPM.

(G) CEP63 localization does not depend on ASPM. CEP63 levels at the centrosome were 

unchanged in cells treated with scrambled control (SC) or ASPM siRNA (ASPM #2). Insets: 

c = Centrin; 3 = Cep63.

See also Supplemental Figure S5.
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Figure 6. Microcephaly-associated proteins cooperate additively to recruit CPAP/Sas-4 to the 
centrosome
(A) IP of endogenous ASPM followed by Western blot with an antibody to CPAP confirms 

that ASPM interacts with CPAP.

(B) IP of endogenous CPAP followed by Western blot with an antibody to ASPM confirms 

reciprocal interaction of CPAP and ASPM.

(C) ASPM is required to localize CPAP to the centrosome. Cells were treated with 

scrambled control (SC) or ASPM siRNAs (ASPM #2) and then stained for CPAP. CPAP was 
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practically absent from the centrosomes in ASPM-depleted cells. Insets: c = Centrin; p = 

CPAP.

(D) ASPM localization does not depend on CPAP. Cells were treated with scrambled control 

(SC) or CPAP siRNA and then stained for ASPM. ASPM localization was unchanged in 

CPAP-depleted cells. Insets: c = Centrin; a = ASPM.

(E) Mouse embryonic fibroblasts (MEFs) stained with Centrin (green) to mark centrioles 

and CPAP (red), showing that Wdr62 and Aspm cooperate in a dose-dependent manner to 

localize CPAP to the centrosome. Top row, left to right: Wild-type (WT), Aspm +/−, Wdr62 
+/−, Wdr62 +/−, Aspm +/−. Bottom row, left to right: Aspm −/−, Wdr62 +/−; Aspm −/−, 
Wdr62 −/−, Wdr62 −/−; Aspm +/−. Insets (in grayscale): c = Centrin; p = CPAP.

(F) Quantification of CPAP relative immunofluorescence intensity in MEFs of various 

genotypes: Wild-type (WT), Aspm +/−, Wdr62 +/−, Wdr62 +/−, Aspm +/−, Aspm −/−, 
Wdr62 +/−; Aspm −/−, Wdr62 −/− and Wdr62 −/−; Aspm +/−. Mean ± SEM. * p < 0.05 and 

**** = p < 0.0001 (vs. WT).

(G) RNAi knockdown of WDR62 (left) or ASPM (right) does not affect CPAP levels.

(H) Model of sequential recruitment of microcephaly-associated proteins to the centrosome: 

WDR62, followed by CEP63, ASPM and CPAP, respectively. All are required for centriole 

biogenesis.
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Figure 7. Loss of Wdr62 and Aspm disrupts apical complex proteins and leads to premature 
dissociation of ciliary remnants from centrosomes
(A) Reduction in centrosomes and cilia in the Wdr62 −/− mouse brain, both at and away 

from the ventricular surface, along with an increase in dissociated ciliary remnants. Shown 

here are E12.5 WT (top) and Wdr62 −/− (bottom) brain sections immunostained for γ-

tubulin (centrosomes) and Arl13b (cilia). Arrows denote cilia located away from the 

ventricular surface, while arrowheads mark non-centrosomal Arl13b (dissociated ciliary 

remnants). Scale bar = 5 µm.
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(B) Quantification of centrosomal versus non-centrosomal Arl13b in WT, Wdr62 −/− and 

Wdr62 −/−; Aspm +/− brains. Fisher’s exact test, ** p = 0.002 for WT vs. Wdr62 −/− and 

** p = 0.009 for WT vs. Wdr62 −/−; Aspm +/−.

(C–D) Loss-of-function of Wdr62, Aspm or both severely disrupts apical complex proteins 

Pals1 and aPKCζ in a dose-dependent manner. From top to bottom: WT, Wdr62 +/−, Aspm 
−/−, Wdr62 +/−; Aspm −/− and Wdr62 −/− brains at E14.5 stained for (C) Pals1 and (D) 

aPKCζ to label the apical complex, and counterstained with DAPI. Scale bar = 50 µm.
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