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SUMMARY

Mutations of SDCCAGS are associated with nephronophthisis and Bardet-Biedl Syndrome, as well
as schizophrenia; however, the function of SDCCAGS remains largely unknown. Here, we show
that SDCCAGS regulates centrosomal accumulation of pericentriolar material and neuronal
polarization and migration in the developing mouse cortex. Sdccag8 expression is selectively
elevated in newborn neurons prior to their commencement of radial locomotion, and suppression
of this expression by short-hairpin RNAS or a loss-of-function allele impairs centrosomal
recruitment of y-tubulin and pericentrin, interferes with microtubule organization, decouples the
centrosome and the nucleus, and disrupts neuronal migration. Moreover, SDCCAGS interacts and
co-traffics with pericentriolar material 1 (PCM1), a centriolar satellite protein crucial for targeting
proteins to the centrosome. Expression of SDCCAGS carrying a human mutation causes neuronal
migration defects. These results reveal a critical role for SDCCAGS in controlling centrosomal
properties and function, and provide insights into the basis of neurological defects linked to
SDCCAGS8 mutations.
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INTRODUCTION

The mammalian cortex consists of an extraordinary number of neurons organized into a six-
layered laminar structure, and is essential for all higher-order brain functions. The
development of the cortex begins with the proliferation of neuroepithelial cells that gives
rise to radial glial progenitors (RGPS) in the ventricular zone (VZ). The extensive division of
RGPs is responsible for producing nearly all cortical excitatory neurons either directly or
indirectly through transit amplifying progenitors, such as intermediate progenitors (IPs)
(also called basal progenitors) and short neural precursors (Anthony et al., 2004; Englund et
al., 2005; Haubensak et al., 2004; Heins et al., 2002; Malatesta et al., 2000; Miyata et al.,
2004; Noctor et al., 2001; Noctor et al., 2004; Stancik et al., 2010). Newborn neurons then
migrate radially along the radial glial fibers of RGPs to constitute the future cortex (Hatten,
1990; Rakic, 1972). Effective migration of neurons over long distances from their birthplace
is essential for the proper formation and function of the cortex, and defects in this migration
process have been associated with various brain disorders, such as lissencephaly, epilepsy,
mental retardation, and schizophrenia (Ayala et al., 2007; Kerjan and Gleeson, 2007; Kwan
et al., 2012; Metin et al., 2008; Ross and Walsh, 2001; Valiente and Marin, 2010).

Previous studies suggest that centrosomal integrity and function is crucial for the
mammalian brain development (Higginbotham and Gleeson, 2007; Kuijpers and
Hoogenraad, 2011). As the major microtubule organizing center (MTOC) in animal cells,
the centrosome influences most if not all MT-dependent processes, including cell shape,
polarity and motility, as well as mitotic spindle formation and cell division (Bettencourt-
Dias and Glover, 2007; Bornens, 2012; Luders and Stearns, 2007). It also serves as the basal
body for ciliogenesis. In the developing cortex, both progenitor cell division and neuronal
migration appear to be dependent on the centrosome. An increasing number of centrosomal
proteins have been genetically linked to microcephaly largely resulting from defects in
cortical neurogenesis, underscoring the importance of the centrosome in progenitor cell
division (Higginbotham and Gleeson, 2007; Nigg and Raff, 2009). The centrosome has also
been shown to lead the way during glial-guided neuronal migration (Tsai and Gleeson,
2005), the predominant mode of neuronal migration in the developing cortex (Rakic, 1972).
In most radially migrating cortical neurons, the centrosome is localized ahead of the nucleus,
facing the leading process (Cooper, 2013; Tsai and Gleeson, 2005). Live imaging analysis
showed that during saltatory nucleokinesis of migrating neurons, the centrosome first moves
into the leading process, followed by forward displacement of the nucleus, suggesting a
coordinated ‘two-stroke” movement of the centrosome and the nucleus during neuronal
locomotion (Edmondson and Hatten, 1987; Nadarajah et al., 2001; Solecki et al., 2004; Tsai
et al., 2007). This coordination between the centrosome and the nucleus depends on the MT
network that couples these two organelles, including the perinuclear cage that surrounds the
nucleus (Rivas and Hatten, 1995; Tsai and Gleeson, 2005). However, how this MT-based
coupling is regulated in radially migrating neurons remains largely unclear.

The capacity of the centrosome to organize MTs is thought to be critical for coordinated
movement of the centrosome and the nucleus, and neuronal migration (Kuijpers and
Hoogenraad, 2011). The centrosome is composed of two orthogonally arranged centrioles
surrounded by a complex matrix of proteins known as the pericentriolar material (PCM)
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(Bettencourt-Dias and Glover, 2007; Bornens, 2012; Luders and Stearns, 2007). The PCM
contains essential proteins responsible for MT nucleation and anchorage, including y-tubulin
(y-TUB) and pericentrin (PCNT) (Doxsey et al., 1994; Stearns et al., 1991; Zheng et al.,
1995). In fact, the PCM is a dynamic structure, and the exchange and transport of PCM is
regulated to support MTOC activity and function of the centrosome. For example, in mitotic
cells, the amount of y-TUB at the centrosome increases about 3-5 fold at G2/M phase and
this accompanies a strong increase in MT nucleating activity essential for mitotic spindle
assembly (Khodjakov and Rieder, 1999). Given its critical role in facilitating cell division,
the mitosis-specific PCM recruitment process has been extensively studied (Barr et al.,
2004). In contrast, little is known about the regulation of PCM in post-mitotic cells for the
fulfillment of centrosomal function.

Centriolar satellites, the highly motile granules concentrated near the centrosome and
dispersed across the cytoplasm, have been thought to be crucial for protein trafficking to the
centrosome and communication between the centrosome and the surrounding cytoplasm
(Kubo et al., 1999). The hallmark protein involved in controlling PCM dynamics through
centriolar satellites is pericentriolar material 1 (PCM1) (Kubo et al., 1999). It is a central
scaffold of centriolar satellites and removal of PCM1 results in disappearance of the satellite
structures near the centrosome, reduction in protein recruitment to the centrosome, and
subsequent defect in MT organization at the centrosome (Dammermann and Merdes, 2002).
Moreover, it forms a complex with p15091ued, a subunit of the dynein/dynactin motor
complex, to transport cargo towards the centrosome along the MTs (Kim et al., 2004).
Together, these results suggest an important role for PCM1 and centriolar satellites in
regulating the capacity of the centrosome to organize MTSs.

Serologically defined colon cancer antigen 8 (SDCCAGS) has recently been linked to
nephronophthisis (NPHP) (Otto et al., 2010), as well as Bardet-Biedl Syndrome (BBS)
(Billingsley et al., 2012; Schaefer et al., 2011) (thus also called NPHP10 and BBS16). It was
originally cloned as a stably localized centrosomal protein of unknown function (Kenedy et
al., 2003). Candidate exon capture analysis and homozygosity mapping studies identified it
as the cause of retinal-renal ciliopathy with diverse clinical phenotypes (Otto et al., 2010).
Besides renal and retinal abnormalities, patients with SDCCAG8 mutations often exhibit
mental retardation, cognitive impairment and seizures (Otto et al., 2010; Schaefer et al.,
2011). Additionally, a genome-wide association study reported SDCCAGS to be associated
with an elevated risk of schizophrenia (Hamshere et al., 2012). These observations indicate
an important role for SDCCAGS in brain development and function. In this study, we found
that SDCCAGS is selectively up-regulated in newborn cortical neurons poised for radial
migration. It forms a complex with PCM1 and regulates the recruitment of PCM, including
v-TUB and PCNT, to the centrosome to effect strong MTOC activity. Perturbations of
SDCCAGS expression or function disrupt MT organization and impair coupling between the
centrosome and the nucleus, and their coordinated migration. Moreover, expression of a
human SDCCAG8 mutant causes neuronal migration defects. Together, these results suggest
that SDCCAGS regulates the centrosomal accumulation of PCM and neuronal migration in
the developing cortex, which may underlie the neurological defects associated with human
SDCCAGS8 mutations.
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RESULTS

Selective elevation of SDCCAGS8 expression in nascent cortical neurons

To reveal the function of SDCCAGS8 in mammalian cortical development, we examined its
expression and subcellular localization in the developing mouse cortex. We stained
embryonic day 16.5 (E16.5) mouse brain sections with antibodies against SDCCAG8 and
PCNT, a well-characterized centrosomal marker. SDCCAGS exhibited a punctate
expression pattern and co-localized with PCNT (Figures 1A and S1A, arrows), suggesting
that SDCCAGS is localized to the centrosome in the developing cortex. We also noticed
small SDCCAGS puncta away from the centrosome (Figures 1A and S1A, arrowheads). To
further characterize the subcellular distribution of SDCCAGS, we prepared acutely
dissociated cortical cultures and stained them with the antibodies against SDCCAGS8 and -
TUB, another well-characterized centrosomal marker. At each centrosome labeled by vy-
TUB, SDCCAGS existed as a pair of dots (Figure 1B, arrows), suggesting that it is
localized to the centrioles, as previously shown in other cell types (Kenedy et al., 2003; Otto
et al., 2010). Besides the centriolar localization, SDCCAG8 was also found as small puncta
surrounding the centrosome and dispersed in the cytoplasm (Figure 1B, arrowheads).

We next characterized the developmental expression profile of SDCCAGS by exploiting a
gene-trap mouse line, in which the LacZ gene was inserted into the Sdccag8 gene locus.
Using p-galactosidase (B-Gal) as a reporter of Sdccag8 expression, we found that during the
peak phase of cortical neurogenesis and neuronal migration (E12.5-E18.5), Sdccag8 was
selectively expressed at high levels around the intermediate zone (1Z) (Figure 1C, arrows),
where newborn neurons temporarily reside prior to their radial migration to the cortical plate
(CP) — the future cortex. In comparison, the expression of Sdccag8 was low in the VZ and
the subventricular zone (SVZ) (Figures 1C, S1C and S1D), where RGPs and IPs are located,
respectively. These results suggest that, while SDCCAGS is present in RGPs and IPs, its
expression is selectively up-regulated in postmitotic neurons right before they commence
radial migration into the CP. Interestingly, while the level of centrosomal SDCCAGS in the
1Z was not significantly different from that in other regions (Figures 1A and S1A, arrows),
the level of cytoplasmic SDCCAGS as small puncta was higher in the 1Z (Figures 1A and
S1A, arrowheads). In acutely dissociated cortical neurons identified by the neuronal marker
TUJ1, SDCCAGS8 was localized to the centrioles labeled by CENTRIN2-EGFP (CETN2-
EGFP) (Figure 1D, arrows), as well as the cytoplasmic puncta (Figure 1D, arrowheads).
Notably, Sdccag8 was also expressed in the choroid plexus (Figure 1C, asterisk).

SDCCAGS depletion affects neuronal distribution

The preferential up-regulation of SDCCAGS in newborn neurons in the 1Z suggests that it
may play a functional role. To address this, we developed short hairpin RNAs (ShRNAS)
against Sdccag8 to suppress its expression. Of four Sdccag8 shRNAs (1 to 4), three (1, 3 and
4) showed effective suppression of SDCCAGS expression in COS7 cells (Figures S2A) and
in the developing cortex (Figure S2B). We then introduced these Sdccag8 shRNAs together
with enhanced green fluorescent protein in a bicistronic plasmid, i.e. EGFP/Sdccag8
shRNA, into the developing mouse cortex at E13.5 using in utero electroporation to examine
their effect on cortical development. When examined at E15.5, we found that in cortices
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expressing the empty plasmid with no shRNA, many transfected EGFP-expressing cells
were found in the CP (Figure 2A left, arrow). In contrast, in cortices expressing Sdccag8
SshRNA-1, -3, or -4, but not -2, EGFP-expressing cells were rarely found in the CP (Figure
2A right, arrows).

We quantified the fraction of EGFP-expressing cells in different regions of the developing
cortex. Compared to the empty plasmid control, the fraction of EGFP-expressing cells in the
CP was drastically reduced, whereas the fraction in the 1Z was concomitantly increased, in
cortices expressing Sdccag8 shRNA-1, =3 and —4, but not —2 (Figure 2B). There was no
significant difference in the VZ or the SVZ. Consistent with this, we observed no obvious
changes in the fraction of EGFP-expressing cells that expressed PAX6 (Figures S3A and
S3B), an RGP marker, or TBR2 (Figures S3C and S3D), an IP marker (Englund et al.,
2005). In addition, there was no change in neuronal production, as revealed by the fraction
of EGFP-expressing cells that expressed TUJ1, an immature neuronal marker (Figures S3E
and S3F). Together, these results suggest that depletion of SDCCAGS does not obviously
affect progenitors or the production of neurons, but changes the distribution of neurons in
the 1Z and the CP. This selective effect on postmitotic neurons likely reflects the preferential
up-regulation of Sdccag8 expression in nascent neurons, which renders them sensitive to
Sdccag8 shRNAs.

Two additional lines of evidence confirmed the specificity of Sdccag8 shRNAs. First, the
effects of Sdccag8 shRNAs were tightly correlated with their efficacy in suppressing
SDCCAGS expression. Sdccag8 shRNA-1, -3 and -4 strongly suppressed SDCCAGS8
expression and caused an obvious phenotype, whereas Sdccag8 shRNA-2 failed to suppress
SDCCAGS expression and did not cause any phenotype (Figures 2A, 2B, S2A and S2B). In
the following experiments, we used shRNA-1 or -3 to suppress SDCCAGS8 expression and
shRNA-2 as a control. Second, the defective neuronal distribution in the CP was partially
rescued by co-expression of the shRNA-resistant human SDCCAG8 (hSDCCAGS, Figures
2A, 2B and S2C).

Besides the distribution change, we noticed that SDCCAGS depletion affected the
morphology of neurons in the CP and the I1Z. Compared to the control, the fraction of
neurons with a bipolar morphology was greatly reduced in cortices expressing effective
Sdccag8 shRNAs (Figures 2A and 2C). The morphologic switch from multipolar to bipolar
has been thought to reflect neuronal polarization (Barnes and Polleux, 2009) and is likely
critical for neuronal migration (LoTurco and Bai, 2006). Notably, the defect in this
morphological switch was partly overcome by E18.5, as many neurons in the CP and the 1Z
became bipolar (Figures S4A and S4C). Related to this, there was no obvious deficit in axon
specification of dissociated cortical neurons in culture expressing Sdccag8 shRNA (Figures
S4D and S4E). However, the distribution of neurons in E18.5 cortices remained severely
disrupted (Figures S4A, S4B, S4F and S4H), while the laminar fate specification of neurons
were not affected, as revealed by the expression of CUX1 and CTIP2, two well-
characterized neuronal markers for the superficial and deep layer neurons, respectively
(Greig et al., 2013; Kwan et al., 2012) (Figures S4F and S4G). In addition, SDCCAG8
depletion did not obviously affect the formation of primary cilia by RGPs in the VZ, as
revealed by the expression of a well-established ciliary marker ARL13B (Caspary et al.,
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2007) (Figure S5). Together, these results suggest a key function of SDCCAGS in regulating
neuronal migration in the developing cortex.

SDCCAGS depletion impairs neuronal migration

To define the function of SDCCAGS in regulating neuronal migration, we performed live
imaging experiments to track the migration of neurons expressing control or Sdccag8
shRNA. We introduced control or Sdccag8 shRNA together with EGFP into the developing
cortex at E13.5 and prepared organotypic cortical slice cultures at E16.5. Slices harboring
sparsely labeled neurons in the CP were subjected to time lapse imaging analysis (Figure 3).
As expected, bipolar cells expressing EGFP/Control shRNA migrated efficiently through the
upper 1Z and the CP towards the pial surface (Figures 3A top and 3B left; Movie S1).
However, bipolar cells expressing EGFP/Sdccag8 shRNA appeared mostly stationary and
rarely migrated over long distances while maintaining a bipolar morphology (Figures 3A
bottom and 3B right; Movie S2). Consequently, the velocity of neuronal migration was
drastically reduced (Figure 3C). These results clearly showed that SDCCAG8 depletion
impairs neuronal migration in the developing cortex.

SDCCAGS8 depletion disrupts coordinated movement of the centrosome and the nucleus

The predominant mode of neuronal radial migration in the developing cortex is glial-guided
‘two-stroke’ locomotion, in which the centrosome advances into a dilated region in the
leading process, followed by nuclear translocation (Ayala et al., 2007; Cooper, 2013; Hatten,
1990; Rakic, 1971; Tsai and Gleeson, 2005). A key feature of such migration is the
coordinated movement between the nucleus and the centrosome. To further pinpoint the
function of SDCCAGS, we performed live imaging analysis of the movement of the
centrosome as well as the cell body of migrating bipolar neurons in organotypic cortical
slice cultures. We introduced a plasmid carrying Centrinl fused with DsRedexpress
(DsRedex-CETNL1) that reliably labels the centrosome (Wang et al., 2009) together with
EGFP/Control or Sdccag8 shRNA into the developing cortex. As expected, in migrating
bipolar neurons expressing Control ShRNA, we observed a progressive advance of the
centrosome into the leading process, which was tightly coordinated with nuclear
translocation (Figures 4A and 4B, top; Movie S3). As a result, the nucleus always remained
relatively close to the centrosome (Figures 4C top and 4D).

In stark contrast, in bipolar neurons expressing Sdccag8 shRNA, the centrosome appeared
mostly stationary in the leading process with the nucleus lagging distantly behind for a long
period of time (Figures 4A and 4B, bottom; Movie S4). While the nucleus eventually
moved close to the centrosome, we rarely observed a complete two-stroke locomotion of
these neurons over the entire course of imaging. Consequently, the distance between the
nucleus and the centrosome became highly variable and was substantially increased
compared to that in control neurons (Figures 4C bottom and 4D). It is worth noting that the
centrosome in neurons expressing Sdccag8 shRNA was often found around the dilated
region in the leading process (Figure 4C). We also observed some forward movement of the
centrosome in neurons expressing Sdccag8 shRNA (Figure S6A). Therefore, the defect in
migration of neurons lacking SDCCAGS appears to be largely due to the uncoordinated
movement of the nucleus and the centrosome.
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SDCCAGS8 depletion impairs PCM recruitment and MT link between the centrosome and

the nucleus

Previous studies showed that a perinuclear cage of MTs is critical for the tight coupling
between the nucleus and the centrosome, and their coordinated movement during neuronal
locomotion (Rivas and Hatten, 1995). To reveal MT organization in migrating neurons, we
utilized the MT binding domain of ensconsin (EMTB) fused to EGFP, EGFP-EMTB, a well-
characterized fluorescent probe to visualize MTs (Faire et al., 1999). We introduced EGFP-
EMTB together with DsRedex/Control or Sdccag8 shRNA into the developing cortex and
examined the distribution of EGFP-EMTB in migrating neurons. In neurons expressing
Control shRNA, abundant MTs were found in the leading process, especially above the
nucleus (Figure 5A top, arrowheads). Moreover, we frequently found MT bundles
extending around the nucleus (Figure 5A top, arrow), likely representing the perinuclear
cage. In contrast, MTs in neurons expressing Sdccag8 shRNA were mostly found in the
dilated region of the leading process (Figure 5A bottom, open arrowhead) where the
centrosome was located (Figure 4C bottom), but not enriched above the nucleus (Figure 5A
bottom, arrowheads). We measured the width of EGFP-EMTB-labeled MTs above the
nucleus and found that it was substantially reduced in neurons expressing Sdccag8 shRNA
compared to control (Figure 5B top). Furthermore, the MTs around the nucleus, as
measured by the EGFP-EMTB fluorescence intensity at the cell body (Figure 5A broken
lines), were significantly decreased (Figure 5B bottom). Consistent with this loss of MTs
around the nucleus that forcefully couple the centrosome and the nucleus in bipolar
migrating neurons, we found that the shape of the nucleus was also altered (Figures S6B and
S6C). While the nuclei in control neurons were mostly spindle-shaped, they became more
rounded in neurons expressing Sdccag8 shRNA, as reflected by a decrease in the ratio of the
long to short axis of the nuclei. Together, these results suggest that SDCCAG8 depletion
disrupts the MT organization that couples the centrosome and the nucleus in migrating
bipolar neurons.

The centrosome functions as the major MTOC. The aberrant MT organization in neurons
expressing Sdccag8 shRNA indicates potential defects of the centrosome. Given that the
PCM at the centrosome is essential for MT organization (Doxsey et al., 1994; Stearns et al.,
1991; Zheng et al., 1995), we examined the centrosomal accumulation of the PCM by
analyzing two classic PCM proteins, y-TUB and PCNT. We introduced y-TUB fused with
EGFP (Khodjakov and Rieder, 1999), y-TUB-EGFP, together with DsRedex/Control or
Sdccag8 shRNA into the developing cortex and examined the localization of y-TUB-EGFP
in migrating bipolar neurons. In neurons expressing control ShRNA, a prominent focus of v-
TUB-EGFP was frequently observed at the location where the centrosome typically resided
(Figures 5C left, arrowheads, and 5D); however, y-TUB-EGFP foci were barely observed
in neurons expressing Sdccag8 shRNA (Figures 5C right, arrowheads, and 5D). These
results suggest that SDCCAGS depletion disrupts the centrosomal accumulation of y-TUB.

We next examined the effect of SDCCAGS depletion on the centrosomal accumulation of
endogenous PCNT. The centrosome was labeled by DsRedex-CENT1 and endogenous
PCNT was revealed by immunofluorescence. Robust PCNT puncta were frequently found at
the centrosome in neurons expressing control ShRNA (Figures 5E left arrows, and 5F), but
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were less prominent in neurons expressing Sdccag8 shRNA (Figures 5E right arrows, and
5F), suggesting that SDCCAGS depletion impairs the centrosomal accumulation of PCNT.
Notably, expression of Sdccag8 shRNA did not affect the expression level of y-TUB and
PCNT (Figure S6D). Together, these results demonstrate that SDCCAGS regulates the
centrosomal recruitment of PCM, which is essential for the MTOC activity of the
centrosome and the proper MT organization that couples the centrosome and the nucleus in
migrating neurons.

SDCCAGS co-localizes and co-traffics with PCM1

The recruitment of PCM to the centrosome has often been associated with small granules
that are transported along MTs known as centriolar satellites (Dammermann and Merdes,
2002; Kubo et al., 1999). While SDCCAGS8 was localized to the centrioles (Figures 1A, 1B,
1D and S1A, arrows), it was also found as small puncta surrounding the centrosome as well
as in the cytoplasm (Figures 1A, 1B, 1D and S1A, arrowheads). To test whether these small
SDCCAGS puncta represent centriolar satellites along MTs, we examined the distribution of
SDCCAGS in COS7 cells, which provide better spatial resolution of MT organization. We
found that SDCCAGS in COS7 cells exhibited a similar expression pattern as neurons
(Figure 6A). In addition to the centrosomal localization, SDCCAGS puncta were found to be
distributed along MTs around the centrosome and throughout the cell. This expression
pattern was reminiscent of PCM1 (Figure 6B), a well-characterized centriolar satellite
protein that plays a central role in targeting proteins to the centrosome (Dammermann and
Merdes, 2002; Kubo et al., 1999). Moreover, we found that SDCCAGS tagged with EGFP,
which exhibited the same distribution pattern as endogenous SDCCAGS, co-localized with
PCM1 (Figure 6C) and co-immunoprecipitated with PCM1 (Figure 6D). These results
suggest that SDCCAG8 forms a complex with PCM1 at centriolar satellites.

To test whether SDCCAGS indeed traffics together with PCM1, we introduced DsRedex-
tagged SDCCAGS, DsRedex-SDCCAGS, and EGFP-tagged PCM1, PCM1-EGFP, into
COST7 cells, and performed live imaging experiments (Figure 6E). Both DsRedex-
SDCCAGS8 and PCM1-EGFP formed small puncta around the centrosome and throughout
the cytoplasm, and co-localized well with each other (Figure 6E top). Moreover,
SDCCAGS8-DsRedex and PCM1-EGFP puncta moved together rapidly in the cell (Figure 6E
bottom; Movie S5). These results demonstrate that SDCCAG8 and PCM1co-localize and
co-traffic together.

SDCCAGS over-expression delocalizes PCM1 and impairs centrosomal PCM recruitment
and neuronal migration

SDCCAGS contains multiple coiled-coil domains (Otto et al., 2010). Similar to other coiled-
coil domain-containing proteins that have a strong propensity for oligomerization (Burkhard
et al., 2001), over-expression of SDCCAGS led to the formation of ectopic aggregates
(Figure 7A, green). Consistent with a tight association between SDCCAG8 and PCM1, we
found that PCM1 was strongly recruited to the ectopic SDCCAGS aggregates (Figure 7A,
red). This delocalization of PCM1 was phenotypically similar to the expression of the
carboxyl-terminal truncation mutant form of PCM1, PCM1AC-EGFP, which aggregated and
sequestered endogenous PCM1 (Figure 7B, green cell), as previously shown (Dammermann
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and Merdes, 2002). Moreover, similar to PCM1AC expression, SDCCAGS8 over-expression
impaired the accumulation of PCM, including both y-TUB and PCNT, at the centrosome
(Figures S7A and S7B). Consequently, the MT organization was disrupted (Figures 7C and
7D). While control cells contained a well focused MT network, radiating from a single
MTOC at the centrosome (broken white lines, arrowheads), cells over-expressing
SDCCAGS8 or PCM1AC contained mostly randomly distributed MTs throughout the
cytoplasm (broken green lines).

To test whether this is due to defective MT nucleation and anchorage at the centrosome, we
performed an MT re-growth assay (Figure 7E). While control cells showed robust initial
growth of small MT asters at the centrosome harboring a high level of y-TUB (cell 2,
arrowhead), cells over-expressing SDCCAGS did not (cell 1, arrowhead). Within 20
minutes, an exuberant radial MT organization was obvious in control cells (cell 2,
arrowhead), whereas only scarce MTs were found to be randomly distributed in the
cytoplasm in cells over-expressing SDCCAGS (cell 1, arrowhead). Together, these results
suggest that SDCCAG8 over-expression delocalizes PCM1, disrupts centrosomal
accumulation of PCM, and impairs MT organization at the centrosome. Notably, no MTs
were found to be nucleated or anchored at the protein aggregates formed by SDCCAGS,
suggesting that proteins segregated to these structures were not competent to nucleate or
anchor MTs by themselves.

Having found that SDCCAGS over-expression impairs PCM recruitment and centrosomal
MTOC activity, we next examined its effect on neuronal migration. When expressed in
dissociated cortical neurons in culture, SDCCAGS tagged with FLAG colocalized with
PCM1 (Figure S7C). Previous studies have shown that PCM1-mediated PCM recruitment is
important for the behavior of RGPs (Ge et al., 2010). To avoid potential alterations in
neurogenesis, we selectively expressed SDCCAG8 or PCM1AC together with EGFP in
postmitotic neurons using a doublecortin (Dcx) promoter (Franco et al., 2011). Compared to
control neurons expressing EGFP alone, neurons expressing EGFP/SDCCAGS8 or EGFP/
PCM1AC exhibited a strong migration phenotype (Figures 7F, 7G and S7D-F), similar to
that of neurons expressing Sdccag8 shRNA (Figures 2A and 2B) or Pcm1 shRNA (de Anda
et al., 2010; Kamiya et al., 2008). While a majority of control neurons exited the 1Z and
migrated to the CP, a large number of neurons expressing SDCCAG8 or PCM1AC remained
in the 1Z (Figures 7F arrows and S7D-F). These results suggest that disruptions of PCM
recruitment to the centrosome and MT organization in migrating neurons by over-expression
of SDCCAGS8 or PCM1AC impair neuronal migration.

Expression of human SDCCAGS truncation mutant disrupts neuronal migration

Mutations of SDCCAGS have been identified from a cohort of human patients afflicted with
NPHP, as well as seizure and mental retardation (Otto et al., 2010). To gain more insight, we
analyzed one particular truncating mutation that causes mental retardation, \SDCCAGS8
p.Glud47fsX463, in which a single base G is inserted between nucleotides 1339-1340,
resulting in a reading frame shift and protein truncation. We found that this mutation
disrupted the interaction between hSDCCAG8 and PCM1 (Figures S8A and S8B) and failed
to rescue the neuronal migration defect caused by Sdccag8 shRNA (Figures 2, S8C and
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S8D). When expressed in COS7 cells, h\SDCCAGS p.Glu447fsX463 formed aggregates and
disrupted centrosomal accumulation of PCM protein y-TUB (Figure 8A) and MT
organization (Figure 8B). Given that h\SDCCAGS p.Glu447fsX463 did not interact with
PCML1 (Figures S8A and S8B), we tested the possibility that this mutant protein exerted its
effect through interaction with and sequestration of wild type full length SDCCAGS, which
in turn disrupted centrosomal PCM recruitment and MTOC activity. Consistent with this, we
found that h\SDCCAGS8 p.Glu447fxX463 recruited full length SDCCAGS to the aggregates
and impaired centrosomal accumulation of v-TUB (Figures 8C and S8E). Moreover,
expression of this mutant human truncated form of SDCCAGS disrupted neuronal migration
in the developing cortex (Figures 8D and 8E). These results further support the function of
SDCCAGS in regulating centrosomal accumulation of PCM and neuronal migration, and
suggest that defective neuronal migration in the cortex likely contributes to the brain defect
in human patients with SDCCAG8 mutations.

Sdccag8 knockout impairs neuronal migration in the cortex

To further define the function of SDCCAGS in regulating neuronal migration, we generated
a loss-of-function mouse allele of Sdccag8, as confirmed by Western blot (Figure S9A) and
immunohistochemistry (Figure S9B). While wild type (Sdccag8*/*) and heterozygous
(Sdccag8*/™) animals survived to adulthood with no obvious deficits, homozygous
(Sdccag8~/~) animals mostly died after birth with obvious defects of cleft palate and
polydactyly (Figure S9C). We observed one Sdccag8~/~ animal that survived to postnatal
day (P) 44 with no clear cleft palate but polydactyly, and was sacrificed due to
malocclusion. Notably, compared to littermate wild type or heterozygous controls, there was
no obvious microcephaly in Sdccag8”- animals at E18.5 (Figures 9A and 9B), suggesting
cortical neurogenesis is grossly normal in mice lacking SDCCAGS. In addition, we
observed no obvious defects in primary cilia formation by RGPs at the VVZ surface (Figures
S9E-G). A few (4 out of 18) Sdccag8~/~ animals exhibited an enlarged lateral ventricle
(Figure S9D), which might be due to abnormalities of primary cilia in the choroid plexus
(Figures S9H and S9I, arrows), where SDCCAGS8 was abundantly expressed (Figure 1C,
asterisk).

We next assessed neuronal migration in the developing cortices of Sdccag8~/~ animals and
their littermate controls. We stained E18.5 brain sections with no obviously enlarged
ventricle for BRN2 and TBR1, two specific neuronal markers for the superficial and deep
layer neurons (Greig et al., 2013; Kwan et al., 2012), and examined the distribution of these
two neuronal populations in the cortex (Figures 9C and 9D). Interestingly, compared to the
control, there were significantly less BRN2-expressing neurons at the top of the cortex, but
substantially more BRN2-expressing neurons near the bottom of the cortex, in Sdccag8™'~
animals. In addition, there were less TBR1-expressing neurons near the bottom of the
cortex. These results suggest that SDCCAG8 removal impairs neuronal migration in the
developing cortex. Consistent with this, we found that in the P44 Sdccag8~'~ cortex there
were substantially more CUX1-expressing neurons in the deep layers (Figure 9E arrows), as
well as in the lower part of the superficial layers (Figure 9E arrowhead), than that in the
littermate control cortex. Together, these results clearly demonstrate that SDCCAGS is
required for proper neuronal migration in the cortex.
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DISCUSSION

In this study, we showed that SDCCAGS regulates centrosomal recruitment of PCM, which
supports the MTOC activity of the centrosome, the MT-mediated coupling between the
centrosome and the nucleus, and neuronal migration in the developing cortex (Figure 9F).
This regulation is achieved through the interaction between SDCCAGS8 and PCM1, a
principal centriolar satellite protein involved in targeting proteins to the centrosome. Either
depletion or over-expression of SDCCAGS disrupted centrosomal recruitment of PCM and
cortical neuronal migration.

The function of the centrosome depends on its MT nucleation and organization activity,
which is largely carried out by the PCM (Doxsey et al., 1994; Stearns et al., 1991; Zheng et
al., 1995). Therefore, the abundance of PCM at the centrosome is often tightly regulated. For
example, the mitotic kinase Polo-like kinase 1 (Plk1)-dependent recruitment of PCM to
mitotic centrosomes in late G2 cells is important for bipolar spindle formation and
cytokinesis (Barr et al., 2004; Wang et al., 2011). We found that SDCCAGS is present in
both progenitor cells and postmitotic neurons of the developing cortex. However, the
expression of SDCCAGS is preferentially up-regulated, especially at the centriolar satellites,
in postmitotic neurons in the 1Z that are poised for persistent radial migration. Moreover,
removal of SDCCAGS impaired neuronal migration. Notably, there is no microcephaly in
Sdccag8~/~ mice, although we could not exclude any subtle changes in progenitors and
neurogenesis. Mutations of a number of centrosomal proteins have been associated with
microcephaly (Gilmore and Walsh, 2013; Higginbotham and Gleeson, 2007; Nigg and Raff,
2009), while other centrosomal protein mutations are linked to ‘ciliopathies’ and perhaps
mental retardation but no microcephaly (Oh and Katsanis, 2012). These differences in
phenotypic manifestations may be related to distinct functions of the corresponding proteins
at the centrosome. Our results suggest that an important function of SDCCAGS is to regulate
PCM recruitment in postmitotic neurons to support their migration. Regulation of PCM at
the centrosome in mitotic and non-mitotic cells probably involves distinct mechanisms. It
will be interesting to test whether SDCCAG8 and PCM1 together represent a general
molecular pathway in regulating PCM abundance in non-mitotic cells that demand a strong
MTOC activity.

Neuronal migration in the developing cortex is complex. Newborn neurons actively change
their morphology and mode of movement to complete the process. After a brief initial radial
migration from the site of origin to the SVZ, they adopt a multipolar morphology and
largely pause in the SVZ or the bottom of the 1Z (Kriegstein and Noctor, 2004). Then, they
become bipolar with a leading process pointing towards the pia and a trailing process
pointing away, and migrate rapidly and persistently in a radial direction along radial glial
fibers to reach their final position. The nature of this pause in migration prior to effective
radial migration is not well understood. One possibility is to allow neurons to acquire the
necessary properties for rapid glial-guided locomotion. Our data on the expression and
function of SDCCAGS suggest that PCM recruitment and strong MTOC activity at the
centrosome may be a key part of this preparation process.
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It is largely accepted that glial-guided neuronal locomotion depends on the centrosome
(Cooper, 2013; Tsai and Gleeson, 2005), which carries out the major MTOC activity. Likely
in response to migratory cues detected by the leading process, the centrosome first moves
into a dilated region of the leading process. Subsequently, the nucleus moves towards the
centrosome to complete a “two-stroke’ migration step. This coordinated movement between
the centrosome and the nucleus depends on the tight coupling between these two organelles,
which is at least partly mediated by a special MT-based structure, the perinuclear cage
(Rivas and Hatten, 1995). The formation and maintenance of the perinuclear cage in rapidly
migrating bipolar neurons likely requires a strong MTOC activity. On one hand, to be
mobile, the centrosome may not be constantly attached to the nucleus. On the other hand,
the centrosome and the nucleus need to be coupled to effectively coordinate their movement.
Interestingly, SDCCAGS is selectively up-regulated in nascent neurons right before the
onset of glial-guided radial locomotion. It promotes PCM recruitment, thereby enhancing
the MTOC activity of the centrosome. Disruptions of SDCCAGS8 expression and/or function
perturbed MT organization, decoupled the centrosome and the nucleus, and impaired their
coordinated movement. It appears that the forward movement of the centrosome is not
strongly affected, as the centrosome was found in the dilated region of the leading process,
similar to that in control neurons. However, the nucleus lags far behind — even though our
live imaging experiments showed that the nucleus could eventually translocate to meet the
centrosome, likely driven by the force generated by residual MTs and their associated motor
proteins, as well as the actin cytoskeleton and myosin motors (Schaar and McConnell, 2005;
Solecki et al., 2009; Tsai et al., 2007; Vallee et al., 2009).

Consistent with a tight regulation of the coupling between the centrosome and the nucleus in
rapidly migrating neurons, an increasing number of proteins have been found to control the
process. They include MT and MT-based motor-associating proteins, such as doublecortin
(DCX), Lissencephaly 1 (LIS1), NUDE-like protein (NDELZ) and focal adhesion kinase
(FAK) (Deuel et al., 2006; Shu et al., 2004; Solecki et al., 2009; Tanaka et al., 2004; Tsai et
al., 2005; Xie et al., 2003), the polarity proteins (Solecki et al., 2004), and the nuclear
envelope proteins (Zhang et al., 2009). Notably, in some instances, the centrosome has been
shown to move behind the nucleus (Distel et al., 2010; Sakakibara et al., 2013; Umeshima et
al., 2007). We found that the vast majority of radially migrating, bipolar cortical neurons
move with the centrosome leading the nucleus, indicating that radial migration with the
centrosome behind the nucleus seems to be the minor rather than the rule in the developing
cortex. The centrosome and its MTOC activity have also been implicated in the switch from
multipolar to bipolar morphology (de Anda et al., 2010). We found that disruption of
SDCCAGS expression and/or function did not prevent, but clearly delayed, this
morphological transition.

Mutations of SDCCAGS8 have been found in human patients with NPHP and/or BBS
(Billingsley et al., 2012; Otto et al., 2010; Schaefer et al., 2011). Besides retinal and renal
dysfunction, the patients are characterized by mental retardation and seizures. NPHP and
BBS are both broadly classified as ciliopathies (Hurd and Hildebrandt, 2011). We found that
disruptions of SDCCAGS expression and/or function did not obviously affect ciliogenesis in
the developing cortex. While we could not completely rule out any subtle changes in the
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cilia that may lead to brain phenotypes, our study suggested that mutations of SDCCAG8
impair centrosomal property and function, MT organization and consequently neuronal
migration in the developing cortex. Abnormal cortical neuron migration has been previously
linked to the neurological defects associated with BBS, as in the case of BBS4 and BBS1
(Ishizuka et al., 2011; Kamiya et al., 2008). Similar to SDCCAG8, BBS4 associates with
PCML1 and regulates recruitment of PCM and microtubule organization (Kim et al., 2004).
Another centrosomal protein implicated in neuronal migration is the schizophrenia-
associated protein disrupted-in-schizophrenia 1 (DISC1) (Kamiya et al., 2005; Kamiya et al.,
2008), which also interacts with PCM1 and is involved in recruitment of PCM to the
centrosome (Miyoshi et al., 2004; Shimizu et al., 2008). Interestingly, a recent report linked
SDCCAGS with schizophrenia (Hamshere et al., 2012). Both DISC1 and PCM1 have been
previously linked to schizophrenia. Therefore, SDCCAGS8, PCM1, DISC1 and BBS4 may
define a key molecular pathway underlying mental defects associated with NPHP, BBS and
certain forms of schizophrenia.

EXPERIMENTAL PROCEDURES

Mice, Plasmids and In Utero Electroporation

In utero electroporation experiments were performed using CD-1 mice (Charles River) as
previously described (Bultje et al., 2009) (see Supplementary Experimental Procedures).
Sdccag8LaZ* mice containing a LacZ cassette inserted in intron 1 of the Sdccag8 locus
were provided by Dr. Hildebrandt (Children’s Hospital, Boston). Mice carrying CETN2-
EGFP (Higginbotham et al., 2004) were obtained from The Jackson Laboratory (CB6-
Tg(CAG-EGFP/CETN2)34Jgg/J). Sdccag8™~ mice was generated using the embryonic
stem cell line (EPD0581-2-D04) obtained from the International Knockout Mouse
Consortium (IKMC). Plasmids were described in Supplementary Experimental Procedures.
All procedures for animal handling and usage were approved by the institutional research
animal resource center (RARC).

Immunohistochemistry and Imaging

Mouse brain sections were prepared and immunohistochemistry were carried out as
previously described (Bultje et al., 2009). Confocal images were acquired using an Olympus
F\V1000 confocal microscope and analyzed with Fluoview (Olympus), Volocity (Perkin
Elmer), Image J (NIH), and Photoshop (Adobe). Quantifications of cell distribution,
telencephalic area and fluorescence intensity of y-TUB-EGFP, PCNT and EGFP-EMTB are
described in Supplementary Experimental Procedures. Data are presented as the mean +
s.e.m. and statistical significance was assessed using a two-tailed Student’s t-test.

Cell Culture, Western Blot and Immunoprecipitation

COST7 cells were cultured and transfected as previously described (Bultje et al., 2009).
Dissociated cortical cultures were prepared as previously described (Shi et al., 2003).
Immunostaining was carried out and cells on coverslips were mounted on glass slides using
Fluoromount G mounting media (Electron Microscopy Sciences), and imaged using an
inverted microscope equipped with epifluorescent illumination and a cooled CCD camera
(Axio Observer, Zeiss). Images were analyzed with Axiovision (Zeiss) and Photoshop.
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For live imaging analysis in COS?7 cells, cells were maintained at physiological conditions
using a stage top incubation system mounted on an epi-fluorescence microscope (Axio
Observer, Zeiss). Before imaging, the cells were exposed to NucBlue Live ReadyProbe (Life
Technologies) to stain DNA. Images were acquired at the rate of 1 frame every ~2.5
seconds.

Western blotting and immunoprecipitation reactions were performed using standard
protocols (see Supplementary Experimental Procedures).

Organotypic Slice Culture and Live Imaging

Organotypic cortical slice cultures were prepared as previously described (Bultje et al.,
2009). For live imaging analysis, slices were maintained at physiological conditions with a
stage-top microscope incubator, and Z-stack images were acquired on an inverted laser
scanning confocal microscope (Zeiss 5Live) every 15 minutes for 16-18 hours.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SDCCAGS expression and localization in the developing cortex
(A) Representative images of E16.5 cortices stained for SDCCAGS (green) and PCNT (red),

a centrosomal marker, and DAPI (blue). High magnification images of the representative
areas (broken lines) in the CP (1), 1Z (2), SVZ (3), and VZ (4) are shown to the right. Note
the localization of SDCCAGS at the centrosome (arrows) as well as the small puncta in the
cytoplasm (arrowheads). Scale bars: 50 um and 10 um. (B) Representative images of two
acutely dissociated culture cells (1 and 2) from E15.5 cortices stained for SDCCAGS (green)
and y-TUB (red), another centrosomal marker. High magnification images of the
centrosomal region are shown to the right. Note the localization of SDCCAGS as two dots at
the centrosome (arrows), as well as the cytoplasmic puncta (arrowheads). Scale bars: 10 pm
and 1 pm. (C) Representative images of brain sections of Sdccag8-2Z+ mice at E13.5,
E15.5, and E17.5 stained for p-Gal (blue) and counter-stained with Nuclear Fast Red
(magenta). High magnification images of the cortices (broken lines) are shown at the
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bottom. Note the selective elevation of Sdccag8 expression around the 1Z (arrows), where
newborn neurons reside prior to their radial migration to the CP. The asterisk indicates the
expression of Sdccag8 in the choroid plexus. Scale bars: 500 pm and 100 pm. (D)
Representative images of acutely dissociated cortical neurons expressing CETN2-EGFP
(green) stained for SDCCAGS (red) and TUJ1, an immature neuronal marker (blue). Note
the localization of SDCCAGS at the centrioles (arrows) and the cytoplasmic puncta
(arrowheads). Scale bars: 10 pm and 2 pm.
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Figure 2. Depletion of SDCCAGS disrupts neuronal distribution in the developing cortex
(A) Representative images of E15.5 cortices electroporated with EGFP/empty vector

control, Sdccag8 shRNA1-4, or Sdccag8 shRNA-3 together with shRNA-resistant human
SDCCAGS8 (hSDCCAGS) at E13.5. Note a lack of transfected cells expressing EGFP
(green) in the CP (arrows) in cortices expressing Sdccag8 shRNA-1, =3 and -4, and the
partial rescue of this defect by co-expression of shRNA-resistant \SDCCAGS. Broken lines
indicate the pial surface and the VZ surface. Scale bar: 100 um (B) Quantification of the
percentage of EGFP-expressing (EGFP+) cells in different regions of the developing cortex.
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Data are presented as mean + s.e.m. (Empty vector, n = 926 cells; sShRNA-1, n = 791 cells;
shRNA-2, n =989 cells; shRNA-3, n = 1,150 cells; shRNA-4, n = 1,444 cells; shRNA-3 +
hSDCCAGS, n = 1,305 cells; 5 brains for each condition). ***, p<0.001; *, p<0.05; n.s., not
significant. (C) Quantification of the percentage of EGFP+ cells in the 1Z and the CP with a
bipolar or multipolar morphology. Data are presented as mean + s.e.m. (Empty vector, n =
1,283 cells; shRNA-1, n = 773 cells; ShRNA-2, n = 1,267 cells; shRNA-3, n = 1,071 cells;
shRNA-4, n = 867 cells; ShRNA-3 + hSDCCAGS, n = 765 cells; 5 brains for each
condition). ***, p<0.001. n.s., not significant.
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Figure 3. Depletion of SDCCAGS8 impairs neuronal migration
(A) Representative kymographs of bipolar migrating neurons expressing EGFP/Control or

Sdccag8 shRNA (green). Arrows indicate the cell body of neurons. Scale bar: 10 pm. (B)
Representative traces of bipolar neurons expressing Control or Sdccag8 shRNA. Broken
lines indicate the border between the 1Z and the CP. Scale bar: 20 um. (C) Quantification of
the migration velocity of bipolar neurons expressing Control or Sdccag8 shRNA. Data are
presented as mean + s.e.m. (Control, n = 44; Sdccag8, n = 66). ***, p<0.001.
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Figure 4. Depletion of SDCCAGS8 impairs coordinated movement of the centrosome and the
nucleus

(A) Representative kymographs of bipolar migrating neurons expressing DsRedex-CETN1
(red) to label the centrosome and EGFP/Control (top) or Sdccag8 (bottom) shRNA.
Arrowheads indicate the position of the centrosome. Scale bar: 5 um. (B) Traces of the cell
bodies (green) and the centrosomes (red) in migrating neurons in (A). (C) Representative
images of bipolar neurons in E16.5 cortices electroporated with DsRedex-CETNL1 (red) and
EGFP/Control or Sdccag8 shRNA (green) at E13.5 and stained with DAPI (blue). Arrows
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indicate the cell bodies and arrowheads indicate the centrosomes labeled by DsRedex-
CETNL. Scale bar: 10 um. (D) Quantification of the distance between the centrosome and
the nucleus (um) in bipolar neurons. Each dot represents a neuron and red lines represent
mean + s.e.m. (Control, n = 131; Sdccag8, n = 114). *** p<0.001.
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Figure 5. Depletion of SDCCAGS8 impairs PCM accumulation and MT organization between the
centrosome and the nucleus

(A) Representative images of bipolar neurons expressing EGFP-EMTB (green) that labels
MTs and DsRedex/Control or Sdccag8 shRNA (red) stained for DAPI (blue). Arrowheads
indicate the thickness of EGFP-EMTB-labeled MTs above the nucleus and broken lines
highlight MTs around the nucleus. The arrow indicates MTs that form the perinuclear cage.
The open arrowhead indicates the accumulation of MTs in the dilated region of the leading
process some distance away from the nucleus in cells expressing Sdccag8 shRNA. Scale
bar: 10 um (B) Quantification of the thickness of the EGFP-EMTB-labeled MTs above the
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nucleus (top) and its intensity around the nucleus (bottom). Data are presented as mean *
s.e.m. (Control, n = 24; Sdccag8, n = 28). A.U., arbitrary unit. *, p<0.05; ***, p<0.001. (C)
Representative images of bipolar neurons expressing y-TUB-EGFP (green) and DsRedex/
Control or Sdccag8 shRNA stained with DAPI (blue). Arrowheads indicate the centrosomes
where y-TUB-EGFP accumulates. Scale bar: 5 pm. (D) Quantification of the y-TUB-EGFP
focus intensity at the centrosome. Data are presented as mean + s.e.m. (Control, n = 54;
Sdccag8, n = 43). *, p<0.05 (E) Representative images of bipolar neurons expressing
DsRedex-CETNL1 (red) and EGFP/Control or Sdccag8 shRNA (green) stained for PCNT
(blue or white). Broken lines indicate the cell boundary. Arrowheads and arrows indicate the
centrosomes labeled by DsRedex-CETNL. Scale bars: 5 pm and 2 um. (F) Quantification of
the PCNT intensity at the centrosome. Data are presented as mean + s.e.m. (Control, n =
106; Sdccag8, n = 100). ***, p<0.001.
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Figure 6. SDCCAGS interacts, co-localizes and co-traffics with PCM1
(A, B) Representative images of COS7 cells stained for SDCCAGS8 (A) or PCM1 (B)

(green), a-TUB (red) and with DAPI (blue). Arrowheads indicate the centrosome. High
magnification images of the centrosomal region are shown in the inset. Scale bars: 10 pm
and 2.5 um. (C) Representative images of COS7 cells expressing a low level of EGFP-
SDCCAGS (green) stained for PCM1 (white), v-TUB (red), and with DAPI (blue).
Arrowheads indicate the centrosome and high magnification images of the centrosomal
region are shown in the inset. Scale bars: 20 um and 2 ym. (D) Interaction between EGFP-
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SDCCAGS8 with PCML1 detected by co-immunoprecipitation in COS7 cells. (E)
Representative images of live COS7 cells expressing DsRedex-SDCCAG8 and PCM1-
EGFP stained with Hoescht (blue). High magnification kymographs of one region (broken
lines) are shown at the bottom. Note that DsRedex-SDCCAG8 and PCM1-EGFP puncta
(arrowheads) co-traffic. Scale bars: 10 um and 1 um.
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Figure 7. SDCCAGS over-expression disrupts PCM1 accumulation, MT organization and
neuronal migration

(A, B) Representative images of COS7 cells expressing EGFP-SDCCAGS8 (A) or PCM1AC-
EGFP (B) (green) stained for endogenous PCM1 (red) and with DAPI (blue). Green broken
lines indicate an EGFP-SDCCAGS8- or PCM1AC-EGFP-expressing cell and white broken
lines indicate a nearby non-transfected cell. Scale bars: 10um. (C, D) Representative images
of COS7 cells expressing EGFP-SDCCAGS (C) or PCM1AC-EGFP (D) (green) stained for
a-TUB (red) and with DAPI (blue). Green broken lines indicate an EGFP-SDCCAGS- or
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PCM1AC-EGFP-expressing cell and white broken lines indicate a nearby non-transfected
cell. Arrowheads indicate the radial organization of MTs emanating from the centrosome.
Scale bars: 10um. (E) Representative images of COS7 cells expressing EGFP-SDCCAG8
(green, cell 1) recovering from nocodazole treatment stained for y-TUB (white) and a-TUB
(red), and with DAPI (blue). Arrowheads indicate the centrosomes. High magnification
images of the centrosomal region are shown to the right. Scale bars: 10 pm, 2 um, and 2 um.
(F) Representative images of E16.5 cortices electroporated with EGFP (left), SDCCAG8-
IRES-EGFP (middle), or PCM1AC-IRES-EGFP (right) (green) under the control of a
doublecortin (Dcx) promoter at E13.5 and stained with DAPI (blue). Arrows indicate the
accumulation of cells expressing SDCCAG8 or PCM1AC in the 1Z. IRES stands for internal
ribosome entry site. Scale bar: 100 um. (G) Quantification of the distribution of EGFP+
cells in different regions of the developing cortex. Data are presented as mean + s.e.m.
(EGFP, n = 2,407 cells; SDCCAGS, n = 1,703 cells; PCM1AC, n = 1,763 cells; five brains
for each condition). *** p<0.001; **, p<0.01; n.s., not significant.
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Figure 8. Expression of human SDCCAGS truncation mutant disrupts PCM recruitment, MT
organization and neuronal migration

(A, B) Representative images of COS7 cells expressing EGFP-hSDCCAGS p.Glu447fsx463
(green) stained for y-TUB (A) or a-TUB (red) and with DAPI (blue). Arrowheads indicate
the centrosome. Green broken lines indicate the cell expressing EGFP-hSDCCAG8
p.Glud47fsx463 (cell 1) and white broken lines indicate a nearby non-transfected cell (cell
2). High magnification images of the centrosomal region are shown in the inset. Scale bars:
20 um and 2 pm. (C) Representative images of COS7 cells expressing FLAG-hSDCCAGS
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p.Glud47fsx463 (white) and EGFP-SDCCAGS (green) stained for v-TUB (red) and with
DAPI (blue). Arrowheads indicate the centrosomes. Green broken lines indicate the
transfected cell (cell 1) and white broken lines indicate the nearby non-transfected cell (cell
2). High magnification images of the centrosomal region are shown in the inset. Scale bars:
20 um and 2 um. (D) Representative images of E16.5 cortices electroporated with EGFP
(left) or h\SDCCAGS p.Glu447fsx463/EGFP (right) (green) under the control of the Dcx
promoter at E13.5 stained with DAPI (blue). Arrow indicates the accumulation of cells
expressing hSDCCAGS p.Glud47fsx463 in the 1Z. Scale bar: 100 um. (E) Quantification of
the distribution of EGFP+ cells in different regions of the developing cortex. Data are
presented as mean + s.e.m. (EGFP, n = 2,241 cells; hSDCCAGS8 p.Glu447fsX463, n = 1,826
cells; five brains for each condition). ***, p<0.001.
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Figure 9. Sdccag8 knockout impairs neuronal migration in the cortex
(A) Representative whole mount images of E18.5 Control (Sdccag8*/* or Sdccag8*/~) and

Sdccag8~/~ brains. Scale bar: 2 mm. (B) Quantification of relative telencephalic area of
Sdccag8~/~ brains cortices to the littermate controls. Red lines represents mean + s.e.m (n =
17). (C) Representative images of E18.5 Control (Sdccag8*/~) and Sdccag8~/~ cortices
stained for BRN2 (green) and TBR1 (red), two specific markers for the superficial and deep
layer neurons, and with DAPI (blue). Scale bar: 50 um. (D) Quantification of the percentage
of BRN2+ and TBR1+ neurons in different bins of the cortex (Control, n = 7 brains;
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Sdccag8~/~, n = 6 brains). ***, p<0.001; *, p<0.05. (E) Images of P44 Control and
Sdccag8~/ cortices stained for CUX1 (green) and CTIP2 (red), the respective superficial
and deep layer neuronal markers, and with DAPI (blue). Note the presence of substantial
CUX1+ neurons near the bottom of the cortex (arrows) and the relative high density of
CUX1+ neurons at the bottom of the superficial layers (arrowhead), indicating a neuronal
migration defect. Scale bar: 100 pm. (F) A model illustrating the role of SDCCAGS in
regulating PCM recruitment and neuronal migration in the developing cortex.
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