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        The development and evolutionary expansion of mammalian cerebral cortex depends on 

spatiotemporal control of neural progenitor proliferation. Radial glial progenitors (RGPs) are the 

principal neural stem cell population responsible for producing virtually all cortical neurons.   

Centrosome is an important organelle in mammalian cell proliferation and differentiation. It 

serves as a microtubule-organizing center (MTOC) as well as the basal body for ciliogenesis. 

Unlike typical mammalian cells, RGPs position centrosomes far away from nuclei in the apical 

endfeet and project primary cilia into the brain ventricles. Interestingly, genetic mutations in 

genes encoding centrosomal and ciliary proteins underlie many congenital brain malformation 

disorders. However, the lack of in vivo functional analysis of these cellular organelles in this 

unique biological context has limited our understanding of the mechanisms underlying normal 

and diseased development. My dissertation research aimed to address this question by using 

genetically modified mouse models to define the functions of centrosomes and primary cilia in 

cortical development.  

        In order to genetically interrogate the function of primary ciliogenesis, I compared 

conditional knockout (cKO) model of Cep83, together with a second mouse line of Ift88 cKO. 

These mouse lines were chosen to strategically disrupt the pathway at two distinct steps—  basal 

body docking and axoneme extension. This stepwise genetic approach demonstrated that 

centrosome positioning controls the physical property of RGPs and consequently their 

proliferative and neurogenic behaviors. In particular, selective removal of CEP83, a protein 

required for mother centriolar distal appendage (DAP) assembly, in mouse cortical RGPs 



 
 

eliminates DAPs and disrupts apical membrane docking of centrosome, resulting in apical 

surface expansion and increased stiffness. Interestingly, this physical change activates 

mechanically sensitive YAP signaling that promotes RGP proliferation and cortical neurogenesis, 

eventually leading to an enlarged cortex with abnormal folding. In stark contrast, only subtle, if 

any, brain defects were observed in Ift88 cKO. Together, these results demonstrate a previously 

unknown role of centrosome positioning in regulating mechanical features of neural progenitors 

and therefore the size and formation of the mammalian cortex.   

      Building upon our previous work on Sas4 cKO to characterize cortical neurogenesis in the 

absence of centrioles, I further analyzed functions of other centrosomal structures in cortical 

development, including pericentriolar material (PCM), subdistal appendages (sDAPs), and 

intercentriolar linker. While the loss of sDAPs and/or intercentriolar linker did not yield any 

significant brain phenotype, the removal of a representative PCM protein PERICENTRIN 

(PCNT) in a mouse gene-trap line (PcntGt) substantially phenocopied Sas4 cKO. In particular, 

PcntGt brain exhibited microcephaly due to P53-dependent cell death of neural progenitors. 

Despite a partial rescue of microcephaly by p53 loss, RGPs of PcntGt p53-/- suffered from 

progenitor delamination, mitotic delay, and spindle misorientation, albeit to a lesser extent 

compared to Sas4 p53 cDKO. Together, these results demonstrate that MTOC activity mediated 

by PCMs is the major function of centrosome in cortical development. 

     In summary, this dissertation defined a novel biophysical function of centrosome positioning 

in cortical development and determined MTOC as the primary function of centrosome in neural 

progenitor proliferation.   
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Chapter 1 Centrosome and primary cilium: structure, biogenesis and 
functions 

1.1 Introduction 

      The centrosome, coined by one of its visionary discoverers Theodor Boveri in 1887, 

“represents the dynamic center of the cell” (1). At the dawn of this newly discovered cellular 

organelle, it was immediately recognized as an independent and permanent organizing center of 

cell division that can be inherited by generations of cells through self replication, which still 

holds very true until today (2). Later, Boveri identified a finer granular structure within the 

centrosome and named it centriole (2). Following these seminal findings, the subsequent 

advancement of microscopy and other cell biology approaches vastly expand our understanding 

of this organelle, in terms of structure, biogenesis and cellular functions. Centrosome is 

composed of a pair of mother and daughter centrioles, with the mother centriole surrounded by a 

dynamic and dense pericentriolar material (PCM) (Figure 1.1A). PCM allows centrosome to act 

as microtubule organizing center (MTOC) to facilitate efficient mitotic spindle formation during 

cell division. At the same time, the mother centriole can also serve as a basal body to grow a 

microtubule-based structure called cilium. 

     Primary cilium, a type of single non-motile cilium (Figure 1.1B), was first described in 

vertebrate epithelial cells during mid-19th century (3-6). Later, Karl Wilhelm Zimmermann 

distinguished mammalian primary cilium from other motile cilium, named it as “central flagella” 

and speculated correctly its sensory function (7). The development of transmission electron 

microscopy (TEM) enabled Sergei Sorokin to describe ciliogenesis in great detail based on static 

snapshots of various stages of this biological process and officially named the organelle as 

“primary cilium” (8, 9). At that moment, however the exact function of primary cilium was not 

clear and thereby overlooked for a while (10). Several more recent studies moved our 

understanding of primary cilium to a new level, including discovery of intraflagellar transport 

(IFT) machinery in ciliogenesis (11) and identification of defective primary cilium as the cause 
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of a collection of human diseases known as “ciliopathy” (12). Finally, it is the landmark study by 

Huangfu and Anderson that links mammalian primary cilium to hedgehog signaling (13), 

sparking a major interest in studying cellular signaling mediated by this once neglected 

organelle.  

      In this chapter, detailed structure of centrosome and primary cilium will be introduced; key 

molecular players involved in biogenesis of these organelles will be discussed; general functions 

of centrosome and primary cilium will be described to serve as the primer for the next chapter on 

the function of centrosome and primary cilium in cortical development. 
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Figure 1.1: Structures of centrosomes and primary cilium. (A) Structure of a centrosome at 

interphase. The centrosome is composed of one mother centriole (the long centriole) and one 

daughter centriole (the short centriole), surrounded by pericentriolar material (PCM, orange 

cloud). PCM contains key proteins that nucleate microtubules. Note that the mother centriole has 

both distal (stick) and subdistal (purple ball) appendages that the daughter centriole lacks. The 

daughter centriole is engaged at a proximal site of centriole wall of the mother centriole and 

undergoes procentriole elongation at S phase. To the right is a cross-sectional depiction of nine-

fold symmetry of microtubule triplets in each centriole (9+0 arrangement). (B) Structure of a 

primary cilium. The mother centriole of a centrosome is converted to basal body and docks at the 

plasma membrane to grow a primary cilium that projects into the extracellular environment. 

Axoneme is a microtubule-based structure enclosed within the ciliary membrane. Intraflagellar 

transport (IFT) machinery travels along the microtubules of axoneme to transport protein 

cargoes. To the right is a series of cross sections along the centrosome-cilium axis that depict the 

nine-fold symmetric organization of microtubule doublets and other finer structures within the 

primary cilium. At the base of primary cilium is the basal body. Right above transition fibers of 

the basal body (namely distal appendages of the mother centriole) is the transition zone. Note the 

Y-links that connect microtubule doublets to the ciliary membrane at the transition zone level. 

Above the transition zone is the axoneme of primary cilium. Primary cilium is immotile with 

9+0 configuration of axoneme microtubules that lacks 2 central microtubules of the motile 

cilium (9+2 arrangement). Adapted from Werner et al. (14).  

 

Figure 1.1: Structures of centrosomes and primary cilium 
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1.2 Structure and biogenesis of centrosome and primary cilium 

      In this section, structures of centrosome and primary cilium will be discussed first to lay the 

foundation for understanding centriole duplication cycle and ciliogenesis pathway. In particular, 

molecular basis of distal and proximal centriolar structures, including centriolar appendages and 

intercentriolar linker, will be described to aid the understanding of Chapters Three and Four.  

 

1.2.1 Centrioles and centriole duplication cycle 

           The centriole pair is the most recognizable microtubule-based structure located at the core 

of centrosome. Each centriole is made up of nine radially arranged microtubule triplets that form 

a barrel with a central lumen (9+0 arrangement, Figure 1.1A). Post-translational modification of 

tubulin and incorporation of unique tubulin subtypes confer a substantial stability of the centriole 

scaffold (15). The two centrioles of a centrosome are distinguished by their ages and presence of 

additional structures (Figure 1.1A). The older mother centriole possesses appendages at the 

distal end of centriole, including distal appendages (DAPs) and subdistal appendages (sDAPs). 

In addition, only the mother centriole is capable of recruiting PCM and thereby nucleating 

microtubule outgrowth. In contrast, the younger daughter centriole lacks the abovementioned 

structures. The two centrioles are initially engaged when daughter centriole grows orthogonally 

at a proximal site of mother centriole wall. When the daughter centriole matures into mother 

centriole following mitosis, the two centrioles become disengaged and instead connect their 

proximal ends through an intercentriolar linker, a phenomenon termed centrosome cohesion. 

       The differences between mother and daughter centrioles arise from the semi-conservative 

nature of centriole duplication cycle (Figure 1.2). Centrosome duplicates once and only once in 

each cell cycle. At G1 phase of cycling mammalian cell, both centrioles are mother-like 
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centrioles and joined by a fibrous linker, with one previously being daughter centriole (Figure 

1.2A). S phase marks the start of centriole duplication, namely each mother centriole starts to 

grow a new daughter centriole (Figure 1.2B). The centriole duplication is completed towards the 

end of G2 phase. Shortly before mitosis, the centrosome cohesion breaks to allow the separation 

of the two centrosomes (Figure 1.2D). At the same time of centriole duplication, the centrosome 

matures through gradual accumulation of PCM around mother centriole to prepare for mitotic 

microtubule growth (Figure 1.2C). Once M phase commences, the two centrosomes move into 

the opposing spindle poles to facilitate efficient spindle formation and eventually segregate into 

two daughter cells (Figure 1.2F). This elegant centriole duplication cycle ensures proper number 

of centrioles per cell. Aberration of the molecular machinery controlling centriole duplication 

results in either centriole loss or amplification, leading to cancer and other devastating diseases.  

   At the core of centriole duplication process is formation and elongation of a new centriole, the 

procentriole. Procentriole formation depends on the master regulator PLK4 kinase and a set of 

core centriolar proteins, including CEP192, CEP152, STIL, SAS6 and SAS4 (16). Majority of 

these proteins localize to the proximal part of a centriole except that CEP192 decorates along 

centriolar microtubules (17). During procentriole formation, PLK4 is recruited by CEP152 and 

CEP192 to a single site on the proximal part of mother centriole, and the kinase in turn promotes 

the engagement of a nine-fold symmetric cartwheel structure formed by SAS6 and STIL to this 

site. SAS4 is then recruited to help dock centriolar microtubules to the cartwheel in order to form 

the procentriole. Once the procentriole forms, it then elongates to generate a full-length centriole. 

The key players of this process identified so far include CEP120, SPICE1, SAS4, CP110, 

C2CD3, and Odf1 (18-22). To control the appropriate length of centrioles, CEP120 and SPICE1 

cooperate with SAS4 to elongate the procentriole (21), while CP110 functionally antagonizes 

SAS4 activity in this process (19). At the distal end of centrioles, C2CD3 and Ofd1 also exhibit 

similar functional antagonism in which C2CD3 promotes the elongation of centriole from the 

distal end whereas Ofd1 suppresses such activity (22). 
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Figure 1.2: Centriole duplication cycle. (A) At G1 phase, each cell possesses two centrioles 

(green) joined through an intercentriolar linker (red). Each centriole can recruit PCM (blue) to 

form a centrosome. (B) The centrioles duplicate at S phase, each with a daughter centriole 

assembled orthogonally (also known as “being engaged”) at a proximal site of the mother 

centriole wall as known as the centriole engagement. (C) During transition from S phase to G2 

phase, the centrosome matures by acquiring more PCM proteins to grow the interphase PCM 

into a much larger mitotic PCM. (D) The intercentriolar linker is broken at G2 phase as the cell 

is about to enter mitosis, allowing the separation of two centrosomes to form mitotic spindle. 

(E) The mitotic PCM is built on an organized scaffold of interphase PCM and organized in an 

interconnected fashion. (F) At M phase, the two centrosomes migrate to opposing spindle poles 

to facilitate efficient spindle assembly. The enlarged mitotic PCM allows the centrosome to 

nucleate and organize enormous amount of spindle microtubules. Once mitosis is completed, 

the two centrioles will be disengaged and instead connected through the intercentriolar 

linker.  (G) At G0 phase (when the cell exits the cell cycle) and interphase, the centrosome is 

converted to a basal body that docks at the plasma membrane to form a cilium. Adapted from 

Conduit et al. (16).  

 

 

 

 

Figure 1.2: Centriole duplication cycle 
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      During the centriole duplication cycle, the daughter centriole also needs to acquire distal 

centriolar structures including DAPs and sDAPs in order to mature into a fully functional mother 

centriole. DAPs are located at the most distal end of centriole while sDAPs are beneath DAPs. 

Recent studies have identified the molecular basis of DAPs and sDAPs (23-28) (Figure 1.3). In 

particular, Tsou and colleagues performed a systematic proteomic screen to construct molecular 

assembly hierarchies for both appendage structures (23, 24, 29). At the root of the DAP assembly 

pathway is CEP83 that controls the DAP localization of downstream components SCLT1, 

CEP89, FBF1 and CEP164 (23) (Figure 1.3A).  Components of sDAPs can be divided into 

ODF2 group and NINEIN group, named after the most upstream component of each group (24) 

(Figure 1.3B). ODF2 group is composed of ODF2, CEP128, and CENTRIOLIN and localized 

exclusively to sDAPs. Downstream of ODF2 group is NINEIN group. In particular, NINEIN 

(NIN) recruits KIF2A, P150GLUED and CEP170 to both sDAPs and proximal end of centrioles. 

The NINEIN group cooperates with other proximal end proteins, such as CEP250/C-NAP1, to 

regulate the formation of intercentriolar linker and thereby centrosome cohesion. 
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Figure 1.3: Molecular assembly pathways at distal appendage (DAP) and subdistal 

appendage (sDAP). (A) DAP assembly pathway. (B) sDAP assembly pathway. Note the 

upstream ODF2 group (green) and the downstream NINEIN group (red). Adapted from Tanos et 

al. and Mazo et al. (23, 24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Molecular assembly pathways at 
distal appendage and subdistal appendage 
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1.2.2 Pericentriolar material 

            When the centrosome undergoes maturation, it recruits several key pericentriolar proteins 

to organize a dynamic pericentriolar material (PCM) surrounding the mother centriole. These 

proteins include PERICENTRIN (PCNT), CDK5RAP2/CEP215, CEP192, γ-TUBULIN and 

other members of the γ-tubulin ring complex (γ-TuRC) (16, 30). PCM is one of the primary 

nucleation sites for microtubules (MTs) inside cells and thereby enables the centrosome to 

organize MTs. As a result, centrosomes can facilitate the efficient mitotic spindle assembly for 

timely cell division and organize dynamic MTs during cell migration. 

          Although PCM seems an unstructured cloud under conventional light and electron 

microscopy, super-resolution imaging reveals a concentric layered organization of various PCM 

components (30, 31) (Figure 1.4A). CEP192 and CEP120 form the inner layer of PCM close to 

the centriolar wall, whereas the outer layer contains PCM proteins such as CDK5RAP2 and γ-

TuRC that are involved in MT nucleation (32-35). Interestingly, PCNT spans the entire length of 

PCM by adopting an extended configuration to orient outward from the centriolar wall (32, 33). 

       The organization of PCM is highly dynamic, depending on cell cycle stages and cell types. 

There are two major transformations of PCM organization during cell cycle. PCNT concentric 

layer surrounding the mother centriole is intact at G1 phase. Upon transition to G2 phase, the 

PCNT layer opens a gap to accommodate the assembly of a daughter centriole (32, 33). 

Furthermore, the overall size of PCM grows dramatically from interphase centrosome to mitotic 

centrosome. During this transformation, mitotic PCM forms extended outer matrix that 

incorporates subdomains of PCM proteins with spatial molecular organization similar to 

interphase PCM (30, 32) (Figure 1.4B).  Interphase PCM size also varies between different cell 

types. For example, proliferating cells tend to have more PCM than post-mitotic cells, such as 

neurons (16).    

        The mechanisms underlying PCM assembly differ between interphase and mitosis. Several 

centrosomal proteins, including PCNT, NINEIN-LIKE PROTEIN (NLP) and CENTROBIN, are 
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implicated in recruiting PCM components during interphase (33, 36, 37). In contrast, mitotic 

kinase-mediated phosphorylation of PCM proteins is essential to initiate mitotic PCM assembly 

(16). For example, PLK1 can directly phosphorylate PCNT and indirectly regulate γ-TuRC-

interacting protein NEDD-1 to recruit key PCM proteins (38, 39). In particular, PCNT is 

essential for recruiting and organizing several PCM components, including CDK5RAP2, 

CEP192 and γ-TUBULIN (32, 33),  suggesting that PCNT may serve as a platform to mediate 

PCM assembly. 

   Both centriole and PCM are integral parts of the centrosome. Therefore, it is not surprising 

that centriole duplication and PCM assembly are tightly linked to each other. In the acentriolar 

cells of Sas4 knockout mouse, PCM still accumulates around spindle pole of dividing cells but 

not in interphase cells (40). However, the accumulation of mitotic PCM is reduced in acentriolar 

cells compared to normal cells (41). Together, it suggests that interphase PCM assembly depends 

on centrioles, whereas mitotic PCM assembly may occur at lower efficiency in the absence of 

centrioles. PCM assembly is also required for the proper inheritance of newly duplicated 

daughter centrioles. Right after mitosis, PLK1-dependent modification is required to convert the 

daughter centriole into a new mother centriole that is capable to recruit PCM and thereby 

become MTOC competent (42). Only modified centriole can duplicate in S phase and associate 

with spindle poles for proper segregation into daughter cells, suggesting an essential coupling of 

centriole duplication and segregation through PCM assembly (42).  
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Figure 1.4: Organization and maturation of pericentriolar materials. (A) Interphase PCM is 

organized as concentric layers of PCM proteins surrounding the mother centrioles except PCNT. 

The inner layers of PCM contain CEP192 and CEP120 that are in direct contact with the mother 

centriolar wall (marked by SAS4). The outer layers include PCM proteins required for 

microtubule nucleation, such as CDKRAP2 and γTuRC. Note that there is an opening of the 

PCM toroid where the daughter centriole is located. Also note that the daughter centriole lacks 

PCM.  PCNT is configured as extended fibers radiating from the centriolar wall outwards. (B) 

Upon transition from interphase to mitosis, PCM is substantially expanded through recruitment 

of additional PCM proteins. The extended outer matrix of PCM is organized with subdomains 

that contain the same set of PCM proteins (PCNT, CEP192, CDK5RAP2 and γTuRC) in the 

same spatial arrangement as in interphase PCM. Drosophila protein names are shown in 

brackets. Adapted from Luders (30). 

         

      

Figure 1.4: 
Organization and 
maturation of 
pericentriolar 
materials 
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 1.2.3 Primary cilium and ciliogenesis 

            Cilium comes in many different flavors, motile or non-motile cilium, single cilium or 

multicilia. This dissertation focuses on a particular type of solitary non-motile cilium, the 

primary cilium. Primary cilium is a cylinder-shaped membranous organelle that projects into 

extracellular space (43) (Figure 1.1B). It grows out of the basal body that is previously 

converted from mother centriole. A transition zone resides at the interface between the basal 

body and the cilium. Above transition zone is the axoneme, a microtubule-based structure that 

contains radial arrangement of nine microtubule doublets (9+0 arrangement). Each microtubule 

doublets comprise a full A-microtubule and an incomplete B-microtubule. Within each 

microtubule doublets, A-microtubule dedicates to retrograde IFT transport, whereas B-

microtubule provides tracks for anterograde IFT transport (44). The axoneme is enclosed by 

extensive ciliary membrane that has different subdomains with distinct compositions of 

phospholipids and membrane proteins (45). A unique periciliary membrane, also known as 

ciliary pocket membrane, separates ciliary membrane from the plasma membrane. Four major 

mechanisms may regulate the composition of ciliary membrane and thereby the growth and 

function of primary cilium. Transition zone serves as a gate for selected ciliary membrane 

proteins as binding/pausing sites; BBSome, a protein complex associated with Bardet-Biedl 

syndrome, contribute to the import and export of selected G-protein coupled receptors (GPCRs); 

a membrane diffusion barrier is established at the periciliary membrane; anterograde and 

retrograde transport mediated by IFT machinery may enrich or deplete certain ciliary proteins, 

such as Sonic Hedgehog (SHH) signaling components (45).   

            The detailed structure and composition of transition zone has been of enormous interests 

due to extensive genetic mutations of transition zone proteins in human ciliopathy diseases. 

Recent super-resolution microscopy has shed light on this problem by examining the spatial 

organizations of two groups of transition zone proteins, the NPHP (Nephronophthisis) group and 

the MKS (Meckel syndrome) group (46, 47). Each group of proteins is associated with and 

named after a particular type of ciliopathy. Both MKS and NPHP groups form nine-fold 
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symmetric doublets that likely represent arms of the Y-links (46), a unique structure that 

connects the ciliary membrane with the axoneme microtubules. Members of the JBTS (Joubert 

syndrome) group are also possible part of the Y-links (47) and regulate localization of MKS and 

NPHP groups to the structure (46). 

          Primary cilium undergoes dynamic growth and resorption over the course of cell cycle.  

Generally, primary cilium grows during interphase or G0 phase, but it is largely disassembled 

during mitosis. Primary ciliogenesis may occur in two different ways, depending on cell types 

(Figure 1.5). In polarized epithelial cells, DAPs of the mother centriole mediates a direct docking 

of the basal body to the plasma membrane, followed by axoneme extension to form a primary 

cilium (45) (Figure 1.5, left). In addition, there is no ciliary pocket membrane present at the base 

of primary cilium that grows in this way. Alternatively in fibroblast and retinal pigmented 

epithelial cells, several distal appendage vesicles first dock to the DAPs and fuse together to 

form ciliary vesicle (Figure 1.5, right). Then the axoneme extension grows inside the ciliary 

vesicle to form a nascent primary cilium. Upon fusion of the ciliary vesicle with plasma 

membrane, a ciliary pocket membrane is established at the base of primary cilium and partially 

exposes the cilium to extracellular space (45). Positioning of primary cilium in such a partial 

submerged configuration is controlled by cooperation of sDAPs and centriole cohesion (24). 

During ciliary resorption, there are cases that primary cilium is not completely disassembled, but 

instead become a ciliary membrane remnant that is inherited by the more mature centrosome of 

the two during cell division (48). Such asymmetric inheritance of ciliary membrane can direct 

earlier ciliogenesis in the daughter cell with the more mature centrosome (48, 49).  
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Figure 1.5: Primary ciliogenesis pathways. There are two major modes of primary ciliogenesis 

in different types of cells. In the direct mode (left), the distal appendages of mother centriole 

directly mediate the docking of centrosome at the plasma membrane (blue). Then the axoneme 

(grey) extends to form a primary cilium (orange). In this type of primary cilium, there is no 

periciliary membrane at the base of primary cilium. In the indirect mode (right), distal appendage 

vesicles (DAVs, cyan) attach to the distal appendages of mother centriole. Later, these DAVs 

fuse to form a ciliary vesicle. Then transition zone forms on top of the basal body (magenta) and 

the axoneme grows within the ciliary vesicle. Eventually, the ciliary vesicle fuses with plasma 

membrane to allow the emergence of primary cilium. This type of primary cilium is typically 

associated with periciliary membrane (cyan) at its base. Both 2D and 3D models of ciliary 

structures are depicted at each stage of primary ciliogenesis. Adapted from Garcia et al. (45).  

 

         

Figure 1.5: Primary ciliogenesis pathways 
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      The molecular and cellular mechanisms of ciliogenesis initiation emerge recently. To dock to 

the plasma membrane, centrosome first migrates to apical surface. During this process, 

microtubule stabilization and bundling and asymmetric actomyosin contraction cooperate to 

drives apical migration of centrosome (50). Furthermore, DAP protein CEP164 is required for 

the cytoskeleton remodeling that is essential for apical centrosome migration, but not IFT88 (50). 

It has been shown that CEP164 recruits a master regulator of ciliogenesis TTBK2 to the mother 

centriole (51). TTBK2 is a protein kinase that initiates ciliogenesis by recruiting IFT88 and 

removing inhibitory factor CP110 that caps the distal end of mother centriole (52). Another 

protein kinase MARK4 may also be a key factor to drive initiation of ciliogenesis (53). Among 

the proteins recruited by TTBK2, the small GTPase RSG1 seems to regulate the last step of 

mother centriole maturation before axoneme extension (54).  

      The molecular mechanisms underlying primary cilia disassembly were much less understood. 

In vitro cell culture studies suggest a biphasic cilia disassembly in G1 phase and G2-M transition 

(55). Upon growth factor stimulation at G1 phase, PLK1 phosphorylates KIF2A to depolymerize 

axoneme microtubules and recruit AURORA A and HEF1, which in turn phosphorylates and 

activates HDAC6 to de-acetylate and further destabilize axoneme microtubules, leading to cilia 

disassembly (55). At G2-M transition, KIF24 is localized to the distal end of mother centriole 

and subsequently phosphorylated by NEK2 to promote microtubule depolymerizing activity of 

KIF24, eventually leading to cilia disassembly (56, 57). Another motor protein TCTEX-1 is also 

implicated to regulate this process. Phosphorylation of TCTEX-1 is required for cilia resorption 

by promoting actin cytoskeleton-dependent endocytosis of ciliary pocket membrane (58, 59).  

 

1.3 Function of centrosome and primary cilium 

      Given the context of this dissertation, this section focuses on functions of centrosome and 

primary cilium in vertebrates. I will expand beyond the traditional view of centrosomal functions 

in MTOC and ciliogenesis based on recent literature.  
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1.3.1 Functions of centrosome 

            Centrosome is an important cytoskeleton organizer. Traditionally, the centrosome is 

considered as MTOC. It acts so through PCM that recruits γ-TuRC to nucleate microtubules and 

anchor the minus end of microtubules at the centrosome. Despite this, centrosome is not essential 

for mitotic spindle assembly and thereby mitosis. It is likely that non-centrosomal origins of 

spindle microtubules may compensate the loss of centrosome during spindle assembly. However, 

spindle assembly is much less efficient in acentriolar mouse cells, resulting in mitotic delay and 

P53-dependent cell death (40, 60). In human cells, loss of centrioles activates a 53BP1-USP28-

P21 signaling axis that eventually triggers P53-dependent cell cycle arrest in a senescence-like 

G1 state (61-63). Remarkably, chromosomes are segregated more or less properly in mammalian 

cells (40, 60, 63). However, mitotic spindle is misoriented upon loss of centrioles or impairment 

of PCM (60, 64). Mechanistically, astral microtubules that are required to anchor the orientation 

of mitotic spindle are lost in Pcnt mutant mouse cells (64). The significance of spindle 

misorientation in tissue architecture and development will be discussed in 2.3.2. Besides mitosis, 

centrosomes help organize cellular activities in polarized interphase cells, including organization 

and positioning of the Golgi apparatus, axon-dendrite morphogenesis, neuronal migration, and 

formation of immunological synapse. Beyond its role in microtubule organization, centrosome is 

recently shown to be an actin organizing center (65). In particular, centrosome can assemble 

actin filaments de novo and from pre-existing actin in vitro and associate with ACTIN-

RELTAED PROTEIN 2/3 (ARP2/3) and WASH to regulate actin assembly in vivo. Importantly, 

PCM1 is a key centrosomal effector that recruits ARP2/3 complex and WASH to control actin 

filament nucleation at the centrosome. The actin nucleation activity of centrosome is 

physiologically relevant in the context of establishing lymphocyte polarity through ARP2/3–

dependent centrosome polarization (66). 

      Centrosome is required for ciliogenesis. As discussed in 1.2.3, the mother centriole of 

centrosome is converted to basal body and dock to the plasma membrane via DAPs, eventually 
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initiating ciliogenesis. Primary cilium has major roles in cellular signaling transduction and 

mechanosensation, which will be discussed in details in 1.3.2. 

          Centrosome is proposed as a signaling hub that concentrates and coordinates cell cycle 

regulators, checkpoint proteins, and other signaling molecules (16, 67). These molecules include 

cAMP-dependent kinase, CDK1/CYCLIN-B, CDC25B, CDC25C, PLK1, and AURORA A, 

many of which are key cell cycle regulators (67). Additionally, certain regulatory events, such as 

phosphorylation of CDK1/CYCLIN-B, occurs at centrosome (68). Despite the phenomenal 

concentration of key molecules at the centrosome, centrosomal loss still allows cell cycle 

progression and more or less normal organ development in mouse cells (40, 60), suggesting that 

the role of centrosome in concentrating and mediating signaling of these molecules is not 

absolutely essential. In addition to cell cycle regulation, centrosome is also speculated to be 

associated with DNA damage response signaling through either centrosomal localization of key 

factors or direct participation of centrosomal proteins (67). However, cautions should be 

exercised based on emerging evidence against this idea. Centrosomal localization of CHK1, a 

key factor in DNA damage response, is later found to be due to non-specific staining of 

centrosomal signals (69, 70). In addition, DAP protein CEP164 is proposed to regulate DNA 

damage response pathway (71). However, targeted disruption of CEP164 in chicken cell line 

impairs ciliogenesis without perturbing DNA damage response pathway (72). 

 

1.3.2 Functions of primary cilium 

            Various types of cilium have motile and/or sensory functions. Motile multicilia can 

regulate flow of fluid present in certain organs, such as cerebrospinal fluid in the brain ventricles. 

Primary cilium, on the other side, mainly functions as cellular antennae to sense extracellular 

environment and convey biochemical and mechanical signals.   

              Primary cilium is proposed to be required for an ever-expanding list of major signaling 

pathways, including SHH, WNT, PDGFα, MTOR, NOTCH, TGFβ, HIPPO, GPCR, and 



20 
 

mechanosensation (43, 73-77).  Earliest evidence that link primary cilium to signaling pathways 

came from the landmark study by Huangfu and Anderson that demonstrates impairment of 

primary cilia in Ift88 and Ift172 mouse mutant embryos led to SHH signaling defects (13). Later 

genetic and biochemical studies further demonstrates that several key SHH signaling 

components are localized to primary cilia and regulations of these molecules are subject to 

primary cilia, including SMOOTHENED (SMO), PATCHED 1 (PTCH1), SHH signaling 

inhibitor SUPRESSOR OF FUSED (SUFU) and GLI transcription factors (GLI2 and GLI3). In 

the absence of SHH ligand, PTCH1 is enriched in the cilium and prevents SMO from entry into 

cilia, GLI transcription factors are processed into GLI repressors and thereby inhibit SHH 

signaling (Figure 1.6A). In the presence of SHH, the ligand binds to and excludes PTCH1 from 

the cilium so that SMO can translocate into the cilium and becomes active, leading to process 

GLI transcription factors into GLI activators, eventually activating SHH signaling (Figure 1.6B).  

          Although the function of primary cilia in SHH signaling garners strong support from 

mouse genetics, the case is not that strong to demonstrate the role of primary cilium in many 

other signaling pathways mainly based on in vitro cell culture studies and under very specialized 

biological contexts. For example, the role of primary cilium in WNT signaling is controversial 

based on mouse genetics studies. Mouse mutants of IFT proteins and centriolar proteins 

recapitulate embryonic phenotypes that resemble defects of SHH signaling rather than of WNT 

signaling (40, 43). Furthermore, WNT reporter activities are not altered in embryos of several 

different ciliary mutants (78), contradicting an earlier report of increased WNT reporter activity 

in the same ciliary mutants (80). Therefore, primary cilium unlikely participates in WNT 

signaling during the first half of embryogenesis, but it does not exclude that primary cilium may 

regulate WNT signaling in later embryonic or adult development or in disease (43). Further 

research is required to confirm the authentic roles of primary cilia in WNT and other signaling 

pathways.  
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Figure 1.6: SHH signaling mediated by primary cilium. (A) When SHH ligand is not present, 

PTCH is localized to the ciliary membrane to exclude SMO from the primary cilium through 

endocytosis. Kif7, Sufu, and GLI2/3 are present in low concentration at the tip of primary cilium. 

GLI2/3 are then processed into GLI repressor forms (GLI-R) and suppress transcription of target 

genes. (B) In the presence of SHH, the ligand binds to and removes PTCH from the primary 

cilium through endocytosis and subsequent protein degradation. This allows translocation of 

SMO into ciliary membrane and accumulation of SUFU-GLI2/3 complexes. KIF7 organize the 

cilary tip compartment for proper localization and regulation of SUFU-GLI2/3 complexes. Now 

GLI2/3 are processed into GLI activator (GLI-A) that stimulate the expression of downstream 

target genes. Adapted from Pedersen and Akhmanova (79). 

 

 

 

 

 

Figure 1.6: SHH signaling mediated 
by primary cilium 
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  Primary cilium is also considered as a specialized mechanosensor due to its physical 

flexibility and proposed roles in cellular signaling (74). It is best understood in the context of 

luminal fluid flow in the renal tubules. The force generated by urinary flow can bend the primary 

cilium in the same direction of flow, which is proposed to trigger the opening of calcium ion 

channels and influx of Ca2+, leading to elevation of intracellular Ca2+ and Ca2+-dependent 

signaling (74). Recent evidence suggests, however, that primary cilia is a specialized calcium 

signaling organelle that employs PKD1L1-PKD2L1 heteromeric Ca2+ channels (81, 82), but not 

a calcium responsive mechanosensor (83). Furthermore, only Ca2+ level in the primary cilium is 

increased but not in the cytoplasm (81).Therefore, the role of primary cilium in 

mechanosensation, if true, is likely mediated by a calcium-independent mechanism.  

       Primary cilium is also recently implicated in releasing bioactive and bioinactive extracellular 

vesicles (EVs) from the tip of cilium or periciliary membrane (45). These EVs may help 

modulate cilia disassembly and intraciliary and/or intercellular signaling (45). 

 

1.4 Concluding remarks 

       This chapter reviews current knowledge of centrosome and primary cilium in terms of 

structures, biogenesis and general functions, in particular select molecular and cellular 

machineries that will be relevant in the following chapters. It should provide the background for 

understanding the functions of centrosome and primary cilium in cortical development, as will be 

discussed in Chapter 2, 3 and 4.  



23 
 

Chapter 2 : Roles of the centrosome and primary cilium in cortical 
development 

2.1 Cortical neurogenesis, expansion, and folding 

       Mammalian cerebral cortex occupies the outermost and largest part of the brain. It is the 

command center of higher-order brain functions, including cognition, decision-making and 

language. Cerebral cortex consists of neocortex, hippocampus and olfactory bulb. As the largest 

portion of cerebral cortex, neocortex is constructed with horizontal lamination and radial 

columns of enormous neurons. The elegant cortical circuits depend on the balanced connectivity 

between excitatory and inhibitory neurons, two principal neuron types of the neocortex.  

      Neocortex originates from the telencephalon, the anterior part of the neural tube during 

embryogenesis. Neural stem cells from distinct sites of telencephalon contribute to populations 

of excitatory and inhibitory cortical neurons respectively. Excitatory neurons are produced by 

neural progenitors of the dorsal telencephalon (Figure 2.1A), whereas neural progenitors in 

gangalionic eminence (GE), a part of ventral telencephalon, give rise to inhibitory neurons 

(Figure 2.1B). In both origins, since neural stem cells reside deeply into the developing brain 

tissue lining the surface of brain ventricle, newborn neurons have to migrate over long distance 

to populate the superficial region of the developing brain that will become the future neocortex. 

The types and relative abundance of neural progenitors, together with distinct neural migration 

patterns, determine the evolutionary expansion and folding of mammalian cerebral cortex. This 

chapter focuses on production of excitatory neuron linage, including neural progenitor 

proliferation and differentiation, brain disorders due to neural progenitor defects, and the relevant 

functions of centrosome and primary cilium in this particular context. 
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Figure 2.1: Origins and migration of cortical neurons in the developing brain. (A) 

Excitatory cortical neurons originate from PAX6+ radial glial progenitors (RGPs) at the 

ventricular zone (VZ, orange) of dorsal telencephalon. Newborn neurons migrate radially 

(orange arrows) along the radial fiber scaffold to the cortical plate (CP, light green). (B) 

Inhibitory cortical interneurons are produced by NKX2.1+ RGPs at VZ of medial ganglionic 

eminence (MGE) and Preoptic area (PoA) in the ventral telencephalon. These interneurons 

migrate over along long distances into the cortex through two routes, one closer to the ventricular 

surface, the other path closer to the pial surface. Both paths bypass the striatum. Upon entry into 

the cortex, interneurons will then turn their direction to radially invade and settle in the CP. 

Adapted from Gao et al. (84).  

 

 

 

 

 

 

Figure 2.1: Origins and migration 
of cortical neurons in the 
developing brain 
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2.1.1 Basics of cortical neurogenesis 

             Cortical neurogenesis of excitatory neurons occurs in a unique temporal manner (85-88) 

(Figure 2.2). Upon neural tube closure, the telencephalon comprises a single layer of 

neuroepithelial cells (NECs). NECs undergo symmetric division to give rise to two new NE 

cells, thereby expanding the progenitor pool. Over the time, NE cells differentiate into radial 

glial progenitors (RGPs) with distinct bipolar morphology. RGPs initially continue the 

progenitor expansion through symmetric division until further differentiation occurs in these 

neural progenitors (89). At a later time point, RGPs switches to asymmetric cell division to 

produce one self-renewing daughter RGP and one differentiating daughter cell. If one neuron is 

produced from such division, it is considered as direct neurogenesis; alternatively, if one 

intermediate progenitor (IPs) is produced instead, it leads to indirect neurogenesis through 

further symmetric division of IPs into neurons (89, 90). RGPs can also produce outer 

subventricular zone radial glial progenitors (oRGs) that are likely responsible for producing 

enormous amount of cortical neurons in higher mammals, as will be discussed in the next 

section. Excitatory neurons produced from RGPs and IPs then climb along the radial fibers of 

RGPs towards the cortical plate and migrate past neurons born previously (89, 91, 92). Each 

cohort of neurons born at different time migrates together and settles in the same layer of the 

neocortex, leading to a characteristic six-layer lamination in an inside-out fashion. In particular, 

the early-born neurons constitute the deep layers (Layers V and VI), whereas the late-born 

neurons occupy the superficial layers (Layer II-IV, Layer I consists of interneurons only). RGPs 

further differentiate with declining neurogenesis potential, majority of which eventually 

terminally divide into two neurons (89). About 16% of RGPs switches to gliogenesis and 

produce astrocytes and oligodendrocytes, two major glial cell types that support essential 

neuronal functions in the neocortex (93).  
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Figure 2.2: Cortical neurogenesis and neural progenitor subtypes. In the early phase of 

cortical neurogenesis, bipolar neuroepithelial cells (NECs, grey) form a single pseudostratified 

layer and undergo symmetric cell division to expand NEC pool. Each division gives rise to two 

NECs. NECs are later differentiated into radial glial progenitors (RGPs, light orange). RGPs are 

bipolar with a short apical endfeet attached to the ventricular surface and a long basal process 

anchored at the pial surface. RGPs initially undergo symmetric proliferative division to give rise 

two RGPs each division. Later, RGPs switch to divide asymmetrically to produce one self-

renewing RGP and one differentiating cell. If a neuron (N, dark blue) is directly produced from 

the division, it is direct neurogenesis. If an intermediate progenitor (IP, green) is produced 

instead, this is indirect neurogenesis. Subsequently, each IP terminally divides to produce two 

neurons. Outer subventricular zone RGPs (oRGs) are derived from RGPs at the ventricular 

surface. Prior to mitosis, oRGs undergo mitotic soma translocation. oRGs can divide to produce 

many neurons and maintain self renewal at the same time. After born from neural progenitor 

division, new neurons migrate along the radial fibers towards the cortical plate where they settle 

to form a six-layer cortex. Late-born neurons (red) pass the deep-layer (Layer V-VI) early-born 

ones (green) and settle in the superficial layers (Layer II-IV), namely the “inside-out” 

lamination.  
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2.1.2 Neural progenitor subtypes  

           Proper cortical growth and formation depends on tight control of neural progenitor 

proliferation and differentiation. Different neural progenitor subtypes arise at different time 

points of cortical neurogenesis, distinguished by tissue niches, morphology, proliferative 

behavior and potential and molecular markers.  

        NECs are the earliest neural progenitors in cortical development. They constitute a single 

pseudostratified layer with high proliferative potential. NECs are bipolar with their apical 

domains facing the brain ventricle and basolateral domains contacting the basement membrane. 

They only undergo symmetric division to produce more NECs (86, 94). NECs are characterized 

by the presence of tight junctions (TJs) at their apical domains and loss of basal fiber during 

mitosis (95-97). Once NECs transition into RGPs, they lose TJ protein OCCLUDIN at the apical 

domain, upregulate the expression of N-CADHERIN and NESTIN (96). 

      RGPs are the principal neural stem cells to produce majority of cortical excitatory neurons 

directly or indirectly. Similar to NECs, each RGP possesses a unique bipolar morphology with a 

short apical endfoot attached to the ventricular surface and a long basal fiber extending all the 

way to the pial membrane. Such unique morphology lays the foundation of distinct tissue 

architecture and cellular organelle positioning of RGPs. Apical endfeet of RGPs are joined 

together through adherens junctions to form the vast ventricular surface. Nuclei of RGPs are 

pseudostratified to create the ventricular zone (VZ) next to the brain lateral ventricle. This 

unique structural feature of RGPs is associated with interkinetic nuclear migration (IKNM) 

(Figure 2.3). IKNM couples the positioning of RGP nucleus with its cell cycle stage (98). At G1 

phase, the nucleus migrates basally from the ventricular surface in a KINESIN1A-dependent 

mechanism (99). Once the nucleus reaches the boundary of VZ, it transitions into S phase and 

undergo DNA replication. During G2 phase, the nucleus moves apically in a CDK1/DYNEIN-

dependent mechanism (99-101). Eventually, RGPs divide once the nucleus reaches ventricular 

surface. RGPs are capable to divide in different modes at different stages of cortical 



29 
 

development. During early embryonic cortical development, RGPs undergo symmetric divisions 

to tangentially expand the neural progenitor pool. Later, RGPs transit into asymmetric cell 

divisions that give rise to neurons directly or indirectly via intermediate progenitors (IPs). 

Although RGPs ubiquitously express SOX2, PAX6, NESTIN, and BRAIN LIPID-BINDING 

PROTEIN (BLBP), there are multiple classes of RGPs based on transcriptional profiles in human 

and mouse brains (86, 102, 103).  

     IPs arise from asymmetric cell division of RGPs. Once born, they delaminate from the 

ventricular surface and form the subventricular zone (SVZ) above VZ. IPs are multipolar TBR2-

positive cells with limited proliferative potential, usually one round of terminal symmetric cell 

division that produces two neurons (89, 102). IPs are responsible for producing majority of deep 

and superficial layer neurons in mice (104, 105).  

     oRGs is the newest addition to the diverse neural progenitor subtypes and most abundant in 

higher mammals, in particular human and other primates (86, 106). oRGs derive from RGPs 

division. However, unlike RGPs, oRGs are unipolar with only a long basal fiber. Instead of 

IKNM and cell division at the ventricular surface, oRGs undergo a dynamic mitotic process 

called mitotic somal translocation (106, 107). In particular, the cell soma translocates quickly 

towards the cortical plate right before mitosis, which is driven by actomyosin activity rather than 

microtubules and centrosome (108). oRGs populate the outer portion of SVZ in primates and 

other gyrated species, namely outer subventricular zone (oSVZ). In these gyrated species, oRGs 

are much more abundant than IPs, therefore the main driver of cortical neurogenesis besides 

RGPs (106, 109, 110). In human brain, each oRG can self renew with extensive neurogenic 

potential to produce hundreds of excitatory neurons of diverse subtypes (106, 111). oRGs are 

proposed to drive the dramatic cortical expansion and folding in primate cortex through 

production of enormous neurons (86, 94, 111). In addition to SOX2 and PAX6, oRGs also 

express several unique markers, such as HOPX, PTPRZ1, and TNC (111). Based on molecular 

profiling, there are one class of oRGs in mouse and two classes of oRGs in human (103).    
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Figure 2.3: Interkinetic nuclear migration of radial glial progenitors. The nuclear position of 

RGPs depends on the cell cycle stages. At S phase, the nucleus is at the basal boundary of the 

ventricular zone. During G2 phase, the nucleus migrates apically towards the ventricular surface. 

Once the nucleus reaches the ventricular surface, the cell undergoes cell division. At the 

following G1 phase, the newly formed nucleus leaves the ventricular surface and moves basally. 

This whole process of interkinetic nuclear migration is then repeated for the next round of cell 

cycle. Adapted from Baffet et al. (101).  
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     There are other rare progenitor subtypes residing in the VZ, including short neural precursor 

cells (SNPs) and apical intermediate progenitors (aIPs). Given the scope of this dissertation, 

these and other neural progenitor subtypes are not further discussed. 

 

2.1.3 Cortical expansion and folding 

            The growth of neocortex is fueled by neural progenitor proliferation and differentiation, 

which translates into surface area expansion and thickening of cortex (86). Differential growths 

across the developing neocortex, driven by heterogeneity at regional, cellular and molecular 

levels, alter the biophysics underlying brain morphogenesis, eventually lead to cortical folding 

(94). Given the dramatic evolutionary expansion of neocortex, cortical folding allows optimal 

package of enormous neurons in a limited volume without compromising the embedded neural 

circuits. Given the scope of this dissertation, I will take a progenitor-centric perspective in 

discussing the theories of cortical expansion and folding.   

            Cortical growth may occur in two main directions, tangential expansion and radial 

expansion (86, 94, 112). Tangential expansion is initially driven by symmetric proliferative 

division of NECs and RGPs at the ventricular surface. These predominantly horizontal cell 

divisions allow substantial elongation of the developing neocortex along the lateral-to-

dorsomedial axis. Later in cortical development, RGPs divide and generate enormous amount of 

oRGs, the other possible source of tangential expansion. Human, but not mouse, oRGs also 

undergo several rounds of symmetrical division to generate SOX2+ TBR2- neural progenitors, 

indicating expansion of basal neural progenitor pools (106, 113). However, these divisions 

occurs vertically and thereby unlikely a source of tangential expansion at a basal position of the 

developing neocortex. Instead, oRGs may expand the cortex tangentially through providing 

divergent radial fibers to allow lateral dispersion of radially migrating neurons (94). During 

cortical development of gyrated species, the pial surface is substantially larger than the 

ventricular surface. Therefore, the limited number of radial fibers from RGPs at the ventricular 
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surface cannot provide sufficient tracks for migrating neurons to populate the whole cortical 

surface. The solution is to produce many more oRGs that also project their radial fibers to cover 

the larger cortical surface. It has to lead to tangential dispersion of migrating neurons, either 

through lateral dispersion of oRGs via RGP division or divergent radial fibers of oRGs. The 

latter scenario has been demonstrated anatomically (114, 115). In the developing human brain, 

the initial continuous radial fiber scaffold is transformed later to a discontinuous scaffold that 

mainly derives from oRGs due to basal fiber “truncation” of RGPs at the ventricular surface 

(114). Therefore, late-born neurons are even more laterally dispersed than early-born ones, 

leading to a larger tangential expansion of superficial layers than deep layers (114). On top of 

this, it has been reported that radially migrating neurons can jump across different radial fibers of 

oRGs in ferrets, adding another potential source of tangential expansion (116). Radial expansion, 

on the other hand, is mainly driven by basal progenitors IPs and oRGs. IPs likely play a minor 

role in radial expansion due to their limited neurogenic potential and low abundance in gyrated 

species. In addition, IPs are multipolar without long basal process, so neurons born from IPs 

have to rely on radial fibers of RGPs and oRGs to determine their final destination. In contrast, 

oRGs undergo vertical cell division with huge neurogenic potential and pia-oriented fiber, 

making them a perfect fit in driving radial expansion, especially in human and other gyrated 

species. 

       Brains of higher mammals are folded with gyri (ridges) and sucli (furrows).  Cortical folding 

was believed to form randomly as a simple physical consequence of enormous uniform cortical 

growth (86, 94). However, cortical folds are not random and cortical growth is not even across 

the brain, suggesting that there has to be pre-defined heterogeneity underlying cortical growth 

and folding. The heterogeneity originates from regional difference at tissue, progenitor and 

molecular levels. Along the dorso-ventral axis, cortical folding occurs specifically in grey matter 

where neurons reside whereas the underneath white matter remains flat.  The disproportional 

expansion of superficial layers relative to deep layers may also facilitate cortical folding (114). 

Generally, it points towards relative tangential growth and expansion of top layer over bottom 
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layer that creates mechanical strains necessary for tissue folding.  Along the rostro-caudal axis, 

regional variances are marked by many differentially expressed genes including TBR2, TRNP1, 

FLRT1/3, and many other genes that are implicated in cortical folding (94, 112, 117, 118). 

Consistent with differential gene expression is the regional difference of basal neural progenitor 

abundance. In ferrets and macaques, cortical regions where future gyri develop have thicker SVZ 

containing more oRGs and IPs than regions where future sulci develop (115, 117, 119). It 

suggests that variance of progenitor abundance determines tissue growth rate, which dictates the 

future cortical folding sites. Another major regional difference is heterogeneity of the radial fiber 

scaffold and neuronal migration patterns. In ferrets, radial fiber scaffold becomes progressively 

more divergent in future gyri sites than the scaffold in future sulci sites (115). Consequently, it 

may facilitate dispersion of neurons in gyri and clustering of neurons in sulci. In addition, 

cortical folding can occur due to altered neuronal migration patterns independent of neural 

progenitor amplification (118). In particular, loss of cell adhesion molecules FLRT1/3 reduces 

intercellular adhesion between migrating neurons and radial fibers, increases migration speed, 

and eventually leading to neuronal clustering and sulcus formation. Furthermore, FLRT1/3 is 

expressed differentially across ferret cortical regions that form gyri and sulci (118). Combination 

of radial fiber scaffold divergence and neuronal migration pattern facilitate dispersion and 

clustering of neurons, which is essential for the formation of cortical folds. 

       Differential tissue growth across cortical regions likely leads to physical changes of the 

brain tissue, and contributes to cortical expansion and folding. Conversely, physical changes 

in the developing neocortex may also regulate tissue homeostasis to drive cortical growth. 

Indeed, there are persistent differences in mechanical properties between mouse (smooth 

brain) and ferret (folded brain) (120). In particular, the ventricular surface where RGPs reside 

is stiffer in ferret than in mouse. Increased tissue stiffness is known to be associated with 

increased cell proliferation through mechanosensitive signaling pathways, such as HIPPO 

signaling (121). Chapter 3 will examine the role of tissue stiffness in driving neural progenitor 

proliferation. It will be interesting to examine whether regions of future gyri and sulci sites 
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bear different ventricular surface stiffness. 

      Cortical folding has been modeled through genetic manipulations in the smooth mouse brain.  

Exogenous human genes or endogenous mouse genes are introduced into the brain through either 

a whole-brain transgenic approach or focal brain manipulation (112, 118, 122-124). The 

consensus is that cortical folding can be achieved through basal neural progenitor amplification 

or alteration of neuronal migration. In the former case, significant amount of basal neural 

progenitors including oRGs and IPs are produced upon genetic manipulation, sometimes coupled 

with focal manipulation through in utero electroporation. However, whether the induced folds 

are bona fide with intact cytoarchitecture or simply cortical defects remains unclear in some 

studies (112, 122, 123). Furthermore, as discussed earlier, regional differential gene expression is 

likely one of the keys underlying cortical folding, which is not properly modeled in those genetic 

manipulations with whole-brain transgenic approaches. 

 

2.2 Human cortical malformations related to centrosome and primary cilium 

      Congenital cortical malformations can be classified based on changes in brain size, folding 

and presence of ectopia (94). Cortical malformations that alter brain size stem from abnormal 

neural progenitor proliferation. Neural progenitor over-proliferation results in an extraordinarily 

large brain namely megalencephaly, whereas loss and/or premature differentiation of neural 

progenitors accounts for the opposite condition termed microcephaly (86, 94) (Figure 2.4). In 

addition, cortical overgrowth malformations cover a continuum of cortical malformations with 

increasing severity and shared genetic basis, ranging from focal cortical dysplasia, 

hemimegalencephaly, to megalencephaly (125, 126). Both megalencephaly and microcephaly are 

commonly linked with impaired cognitive functions, intellectual disability, and mental disorders. 

Indeed, megalencephaly is one of the most prevalent physical manifestations of children with 

autism. The cellular and genetic roots of megalencephaly and microcephaly, however, are 

distinct. Activating mutations in components of PI3K-AKT pathway occur most frequently in 
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megalencephaly. In contrast, microcephaly often resulted from missense or nonsense mutations 

in genes encoding proteins related to centrosomes or spindle poles (86, 94, 127). Many of these 

proteins are critical for procentriole formation (SAS4, CEP152, CEP63, STIL, PLK4, ASPM, 

WDR62), procentriole elongation (C2CD3, RTTN), PCM recruitment (PCNT, CDK5RAP2), and 

microtubule anchorage (NIN) (16, 22, 94, 128-132). In addition, centrosomal protein NDE1 and 

spindle pole protein MCPH1 are also implicated in microcephaly (94, 133). Consequently, 

microcephalic mutations in these genes lead to aberrant number and structures of centrioles 

and/or disorganization of PCM and microtubules. Interestingly, these centriolar gene mutations 

may lead to the two distinct defects of centriole biogenesis responsible for microcephaly, loss of 

centrioles and centriole amplification. For example, PLK4 mutation in microcephaly patients 

leads to reduced centriole number. In contrast, microcephalic mutation of STIL stabilizes this 

protein and rendering centriole amplification (134). It indicates that both centriole loss and 

amplification can cause microcephaly. The concentration of microcephalic mutations in 

centrosomal genes presents a strong case that centrosomal functions are critical for cortical 

neurogenesis.   

       Neuronal migration defects tend to associate with cortical malformations with folding 

defects and ectopia, including lissencephaly spectrum diseases, subcortical band heterotopia 

(SBH), and periventricular heterotopia (PVH) (Figure 2.4). These diseases are distinguished by 

different patterns of laminar disorganization (94). Lissencephaly spectrum is a collection of 

cortical malformations with simplified cortical folding, including agyria, pachygyria, and 

lissencephaly (127). Lissencephaly is classified into two types, type I and type II. Type I 

lissencephaly is characterized by a simplified four-layer lamination due to neuronal migration 

defects. Type II lissencephaly, also known as cobblestone lissencephaly, is caused by excessive 

neuron migration through breached basement membrane. Polymicrogyria is characterized by 

numerous unusually small folds. SBH and PVH are characterized by the presence of ectopia in 

distinct locations (127). SBH is sandwiched between a thin normal cortex and white matter. In 
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contrast, PVH occurs at the ventricular surface beneath white matter. The different locations of 

ectopia indicate distinct underlying mechanisms of these diseases. As will be discussed in 

Chapter 4 and in the case of EML1 conditional knockout (cKO) (135), SBH is likely the 

consequence of ectopic RGPs that delaminate from VZ, which suggests neuronal migration 

defect, if any, may be a secondary cause of SBH due to neurogenesis in ectopic sites. In contrast, 

PVH-like ectopia is caused by formation of neural progenitor rosettes near the ventricular 

surface following defects in apical junctional integrity in LLGL1 cKO (136). Human diseases 

caused by defects in cilia are collectively known as ciliopathy. Major ciliopathy diseases include 

Nephronophthisis (NPHP), Meckel syndrome (MKS), Joubert syndrome (JBTS), Bardet-Biedel 

syndrome (BBS), and Oro-facial-digital syndrome (OFD). Mutations of ciliopathy tend to occur 

in DAP, transition zone and IFT proteins and cause defects in ciliary structures and functions. In 

contrast to centrosome-related microcephaly, ciliopathy tends to have milder and less penetrant 

cortical defects despite strong and prevalent phenotypes in other central nervous system (CNS) 

structures, including retina and cerebellum (137). This may be in part due to prevalence of 

relative weak mutant alleles identified in ciliopathy, for strong mutant alleles are lethal and arrest 

embryos in early stages due to the importance of cilia in fetal development. There are patient 

cases of ciliopathy associated with intellectual disability and cortical defects, including 

polymicrogyria, heterotopia, and pachygyria (138-143), suggesting a potential role of primary 

ciliogenesis in cortical lamination.  

 

 

 

 

Figure 2.4: Common human cortical 
malformations 
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Figure 2.4: Common human cortical malformations.  Illustrations of human cortical 

structures at horizontal level in normal and congenitally malformed brains, including 

microcephaly, type I lissencephaly, polymicrogyria, subcortical band heterotopia (double cortex), 

and periventricular heterotopia. Primary disease manifestations are colored in each type of 

cortical malformation. Bottom right is a table summarizing changes in size, folding and 

lamination in cortical malformation. Colored symptoms are the primary manifestations for each 

type of cortical malformation. Cortical features that are negatively affected are in red; features 

that are positively affected are in green; unique feature changes are in blue. Adapted from 

Fernandez et al. (94).  
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2.3 Functions of centrosome and primary cilium in cortical development 

      In this section, the unique organization and centrosome and primary cilium in cycling neural 

progenitors will be introduced to lay the foundation for discussing functions of centrosome and 

primary cilium in cortical development. 

 

2.3.1 Behaviors of centrosome and primary cilium in neural progenitors  

            Most of our knowledge of centrosome biology derives from in vitro mammalian cell 

culture, where the centrosome is tightly associated with the nucleus. However, centrosomes are 

organized in distinct fashions in different types of mammalian tissues. In the context of cortical 

neurogenesis, interphase centrosome of each RGP, far away from the nucleus that undergo 

IKNM, is docked at the apical endfeet and grows a primary cilium into the brain ventricle (99, 

100, 144). Only during mitosis, the centrosome retracts the primary cilium, detaches from the 

ventricular surface and joins the incoming nucleus to facilitate mitotic spindle assembly. 

          Because of the semi-conservative nature of centriole duplication cycle, the two 

centrosomes that will be segregated into two daughter cells are not created equal (145). One of 

the centrosomes is more mature with an older mother centriole, whereas the other less mature 

centrosome possesses the younger mother centriole that is recently converted from a daughter 

centriole (Figure 2.5). A centriole reaches full maturity by acquiring DAPs and sDAPs only after 

one and a half cell cycle (146). Therefore, the more mature centrosome can be distinguished 

from its less mature peer based on the presence of DAPs and sDAPs. However, sDAPs of the 

mother centriole are disassembled prior to mitosis (147, 148). Consequently, centrosomes are 

asymmetrically inherited between two daughter cells (145). In the case of asymmetric RGP 

division, asymmetric centrosome inheritance is tied to cell fate of daughter cells.  The self-

renewing daughter RGP takes the more mature centrosome, leaving the less mature one to the 

differentiating daughter cell, either IP or neuron. Disrupting the asymmetric centrosome 

inheritance through knockdown of sDAP protein NIN leads to premature differentiation of RGPs 
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and neurogenesis defects (144). However, it should be cautiously noted that sDAP structure and 

NIN are not present on either centrosome during mitosis, and cortical size and neurogenesis are 

normal in NIN cKO (discussed in Chapter 4). Therefore, a more robust analysis is required to 

address functional significance of asymmetric centrosome inheritance in asymmetric RGP 

division. 

          Biogenesis of primary cilium adds another layer of complexity to the asymmetric 

centrosome inheritance (Figure 2.5). Prior to mitosis of asymmetrically dividing RGPs, the 

primary cilium is shortened but not completely disassembled. Instead, a ciliary membrane 

remnant persists and tends to associate with the more mature centrosome, thereby giving the self-

renewing cell that inherits this centrosome an advantage of earlier ciliogenesis compared to the 

other differentiating cell (48). The earlier timing of ciliogenesis may ready the cell for earlier 

responsiveness to SHH signaling, a critical pathway for neurogenesis. It should be noted, 

however, asymmetric ciliary membrane inheritance is most prominent in the early neurogenesis 

period when RGPs undergo symmetric cell division rather asymmetric cell division (48). 

Although the authors of this study suggested a de novo Golgi membrane-dependent ciliary 

vesicle assembly at the less mature centrosome to level the ground during symmetric cell 

division (48), there is no evidence to support this notion.  Furthermore, the functional 

consequence of asymmetric ciliary membrane inheritance, if altered, is yet to be tested in terms 

of neurogenesis output.  

      Right before delamination from the ventricular surface, the differentiating daughter cell of 

asymmetric neurogenic division of a RGP re-establishes a new primary cilium at a basolateral 

rather than apical site (149). 
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Figure 2.5: Asymmetric centrosome and ciliary inheritance.  At G1 phase, the centrosome is 

composed of one old mother centriole and one young daughter centriole. The centrosome is 

docked at the plasma membrane and grows a primary cilium to receive extracellular signals. 

During S phase, the daughter centriole of the centrosome now becomes a new mother centriole, 

allowing both centrioles to assemble new daughter centrioles. At the same time, the primary 

cilium starts its first phase of disassembly. The centriole duplication is completed by the end of S 

phase. At G2 phase, the primary cilium continues its second phase of disassembly but not 

completely. Later the residual ciliary membrane attached to one of the centrosomes becomes 

internalized when the centrosomes detaches from the plasma membrane. The ciliary membrane 

remnant tends to associate with the more mature centrosome with the older mother centriole. 

This creates asymmetry in which one centrosome is more mature with older mother centriole and 

ciliary membrane and the other one is less mature with only a younger mother centriole. After 

mitosis, one daughter cell inherits the more mature centrosome with the ciliary membrane to 

allow earlier ciliogenesis, whereas the other daughter cell is left with a less mature centrosome 

that can only grow a primary cilium later than the other daughter cell. Adapted from Paridaen et 

al. (48).  
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2.3.2 Functions of centrosome in cortical development 

           Centrosomes facilitate cellular activities of cycling neural progenitors and post-mitotic 

neurons through their MTOC activities. Therefore, aberrant number and structure of centrioles 

and/or PCM defects will cause microtubule disorganization, exerting catastrophic effects in 

cortical development, ultimately leading to microcephaly and other brain malformations. In the 

following discussion, I would like to highlight functions of centrosome in neural progenitor 

proliferation and neuronal migration. Based on all the mouse models of microcephaly studied so 

far, I would like to also provide a unified mechanism underlying the centrosomal root of 

microcephaly.  

        In dividing neural progenitors, centrosomes are required to ensure mitotic progression 

through efficient spindle assembly. Indeed, most mitotic RGPs are stuck in pro-/pro-metaphase 

coupled with increased number of mitotic figures in mouse mutants of Sas4, Cep63, Cdk5rap2, 

Nde1, and Wdr62 (60, 150-153). This mitotic delay leads to a p53-dependent cell death of neural 

progenitors. Extensive cell death has been observed in multiple centrosome mutants (60, 150, 

152, 153). In two centrosome mutants, the brain size is restored with complete reversal of neural 

progenitor loss upon simultaneous removal of p53, suggesting that cell death of neural 

progenitors is the primary cause of microcephaly (60, 150). It has been argued that prolonged 

mitosis may also contribute to microcephaly via a novel cell-fate change mechanism (154). Both 

genetic and pharmacological approaches causing mitotic delay promote neural progenitors to 

preferentially give rise to apoptotic progenies or neurons rather than self-renewing progenitors. 

In particular, only production of apoptotic progeny is P53-dependent whereas production of 

neurons is not, suggesting that these are two distinct outcomes of mitotic delay during neural 

progenitor division (154). However, this is inconsistent with complete rescue of cortical neuron 

number in Sas4 p53 cDKO. If p53 loss can only rescue cell death but not precocious neurogenic 

division, the neuron number should have decreased in Sas4 p53 cDKO. 

       Centrosomes are required for maintaining proper spindle orientation of dividing RGPs. In 
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normal RGP division, mitotic spindle is aligned in parallel with the ventricular surface, which 

leads to horizontal division. In contrast, in multiple centrosome mutants, mitotic spindle 

orientation is completely randomized in dividing RGPs (60, 64, 151, 152). The spindle 

misorientation may originate from microtubule disorganization upon centrosomal defects. In 

particular, astral microtubules of the mitotic spindle are lost in Pcnt mutant (64), which is likely 

required to anchor the mitotic spindle to the cell cortex in a proper orientation. It has been argued 

that spindle orientation is critical for cell fate determination (151, 152, 155). In particular, 

horizontal mitotic spindle is associated with symmetric RGP division, whereas oblique or 

vertical mitotic spindle is tied to asymmetric RGP division. Therefore, randomized spindle 

orientation should bias towards asymmetric RGP division that produce neurons precociously at 

the expense of RGP pool, eventually leading to microcephaly.  However, most mitotic spindles 

of mouse RGPs are still horizontal at E15.5 when majority of RGP divisions are asymmetrical 

(see Chapter 4). More importantly, despite spindle misorientation, cortical neurogenesis occurs 

more or less normally in Sas4 p53 cDKO, arguing against spindle misorientation as a cause of 

microcephaly (60). 

      Centrosomes are also required to maintain attachment of RGPs to the ventricular surface. As 

described earlier, centrosomes are anchored at the apical endfeet of RGPs during interphase. 

Upon loss of centrioles and/or PCM, ectopic RGPs and IPs are widespread across the developing 

neocortex, indicating a plausible cell attachment mechanism through centrosome docking at the 

apical endfeet (60, 128, 150, 152, 156). However, I argue that spindle misorientation, rather than 

physical detachment of centrosome from the apical endfeet, is likely responsible for RGP 

delamination. Indeed, mouse knockout of spindle orientation regulator LGN has both 

randomized spindle orientation and RGP delamination, without affecting the centrosomes at the 

apical endfeet (157). Contrasting this study to our previous study establish a strong correlation 

between spindle misorientation and RGP delamination. Furthermore, both remaining RGPs at 

VZ and those at ectopic sites suffer spindle misorientation in Sas4 p53 cDKO, arguing that 

neural spindle misorientation likely causes RGP delamination, not the other way around. 
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Alternatively, it has been suggested that loss of apical polarity complex is responsible for neural 

progenitor delamination in Wdr62 mutant and Aspm Wdr62 double mutant (128). 

        Several other mechanisms have been proposed to contribute to the etiology of 

microcephaly, including change of interphase progression, aneuploidy, and defective DNA 

damage response. The elusive links between these mechanisms and centriolar/centrosomal 

defects in the context of microcephaly are worth further exploration. 

As discussed above, mitotic delay is a hallmark and a likely cause of neural progenitor 

proliferation defects in centrosome-related microcephaly. An overlooked area is whether 

interphase of neural progenitors with centrosomal defects is altered and whether it may 

contribute to the pathogenesis of microcephaly. It has been increasingly appreciated that neural 

progenitors, including RGPs and IPs, undergo dynamic change of cell cycle progression as 

cortical development proceeds (158). Furthermore, G1 phase lengthening is associated with 

apical-to-basal progenitor transition; S phase shortens when neural progenitors switch from 

proliferative to neurogenic division (159, 160). Consistent with this, forced G1 phase shortening 

maintain proliferative division of RGPs over IP generation (161). Interestingly, loss of Aspm led 

to a longer early-to-late G1 phase transition in addition to overall cell cycle delay, rendering 

neural progenitors more susceptible to differentiation signals and thereby premature cell cycle 

exit (156). In addition, three distinct interphase arrests have been identified in RGPs with Nde1 

knockdown (162) 

    In the presence of centrosomal defects, the inefficient spindle assembly not only slows down 

neural progenitor division, but also is more error-prone to yield aneuploidy. However, the 

presence of aneuploidy and its contribution to microcephaly appears to depend on particular 

types of centrosomal defects. In both Sas4 mutant and Cep63 mutant with cells lacking 

centrioles/centrosomes, neural progenitors still undergoing bipolar division with no obvious 

aneuploidy, suggesting a robust spindle pole clustering system in the developing neocortex (60, 

150). In contrast, multipolar spindles do form in CDK5RAP2 mutant cells but the presence of 

aneuploidy is not addressed (152). As will be discussed shortly, multipolar spindle and 
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aneuploidy is also observed in the case of centrosome amplification upon PLK4 overexpression 

(163). Mechanistically, aneuploidy may have two major consequences on cortical development, 

promoting apoptosis and premature neuronal differentiation of neural progenitors and 

degeneration of adult neurons (163).  

       Centrosome-dependent DNA damage response pathway is also postulated to contribute to 

microcephaly (164). Early studies links PCM proteins PERICENTRIN and CDK5RAP2 to DNA 

damage response pathway (165, 166). However, recent studies in core centriolar proteins Sas4 

mutant and Cep63 mutant failed to reveal elevated DNA damage, suggesting that DNA damage 

is not necessarily triggered by centriolar defects in mouse microcephaly models (60, 150).  

      So far, I have discussed the cellular mechanism of centriole loss leading to microcephaly.  

Centriole amplification, on the other side, causes microcephaly through a distinct mechanism. 

Conditional PLK4 overexpression leads to centriole amplification in proliferating RGPs of the 

developing brain (163). It renders neural progenitors highly aneuploidy due to multipolar spindle 

assembly. The aneuploidy led to neural progenitor death. In contrast with Sas4 mutant, centriole 

amplification does not seem to cause spindle misorientation of the dividing neural progenitors. 

Furthermore, despite being rescued from apoptosis by simultaneous removal of p53, the highly 

aneuploid neural progenitors underwent premature differentiation into neurons and led to a 

partial rescue of microcephaly.  

           In addition to its roles in neurogenesis, centrioles/centrosomes are proposed to be 

important for neuronal migration, particularly radial migration of excitatory cortical neurons. 

The centrosome is found to move into the leading process of migrating neurons before nuclear 

translocation, a so-called two-stroke migration pattern. Presumably, the centrosome organizes a 

microtubule-based cage surrounding the nucleus and thereby drags the nucleus when the 

centrosome moves. However, cell death in microcephalic centriolar/centrosomal mutants 

preludes the opportunity to examine neuronal migration phenotypes. When cell death is rescued 

in Sas4 p53 double mutant, only subtle migration defects of superficial layer neurons were 

observed in the mutant cortex. It seems to argue against a significant role of centrosomes in 
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radial neuronal migration. Yet, the progressive loss of centrioles in neurons is not complete in 

Sas4 Nestin-Cre knockout (60). Recently, centrosomal protein SDCCAG8 is shown to regulate 

radial neuron migration through PCM recruitment to couple centrosome and nucleus, providing 

the first solid evidence linking centrosomal MTOC activity to radial neuronal migration (167). 

 

2.3.3 Functions of primary cilium in cortical development 

    The brain has two major types of cilium, single non-motile primary cilium commonly 

present in neural progenitors and neurons, and multiple motile cilia in choroid plexus and 

ependymal cells of adult brain ventricles. Defects in either type of cilia cause brain 

malformation, such as hydrocephalus caused by accumulation of ventricular fluid due to 

compromised motile cilia. Here we focus on the functions of primary cilia in cortical 

development. As discussed before, primary cilium is a signaling organelle that bridges 

extracellular environment and intracellular activity. Therefore, it allows neural progenitors and 

differentiating nascent neurons to constantly sense extrinsic cues and coordinate with intrinsic 

cellular machinery underlying neurogenesis, neuronal migration and neuronal differentiation. 

Since the centrosome and primary cilium are intimately linked in structures and functions, 

mutations in certain centriolar structures lead to defects in both centrosomes and primary cilia, 

causing cross-spectrum diseases with both microcephaly and ciliopathy. Therefore, in the 

following discussion, I carefully choose to discuss ciliary proteins that do not substantially alter 

centrosomal structures and functions.  

     Recent studies suggested that primary cilia are specifically required for early cortical 

development rather than universally for all developmental stages. Loss of ciliary signaling 

molecule ARL13B results in functionally defective short primary cilia. In Arl13b straight mutant, 

RGPs fail to maintain proper apico-basal polarity and instead stay close to the pial surface rather 

than normally to the ventricular surface (168). Consequently, the cortical structure is completely 

inverted with severe disruption of cortical lamination. Loss of Arl13b starting from E8.5 also 
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renders cortical disorganization and polarity loss. However, RGPs are randomly dispersed rather 

than concentrated at the pial surface, as is the case in Arl13b straight mutant (168). Interestingly, 

removing Arl13b at later stages (E10.5 onward) has little effects on RGPs and cortical 

development. One potential caveat of this study is that the phenotype of Arl13b straight mutant 

may be explained instead as exencephaly resulting from failed neural tube closure around E8.5. 

Consistent with early stage-specific requirement of primary cilia in cortical development, genetic 

ablation of primary cilia by Kif3a cKO results in very short defective cilia, and substantially 

enlarged the cortex with Cre expression starting from E8.5, but not later (169, 170). Bumpy 

cortical surface and cortical structure disruption observed in Kif3a cKO bear similarity with 

those in Arl13b mutant. A more comprehensive study on multiple cilia mutants with early- and 

late-onset Cre driver lines reaches a similar conclusion that primary cilia have more profound 

effects on early stage of gross brain development (171). In addition, this study also identifies a 

cell non-autonomous requirement for primary cilia of non-forebrain tissues in cortical 

development (171). Given the wide expression of Nestin-Cre in Kif3a cKO in both forebrain and 

surrounding non-forebrain tissues (172, 173), loss of Kif3a in surrounding tissues likely 

contributes to cortical phenotypes in the abovementioned study of Kif3a cKO.  

       As discussed previously, cortical lamination defects have been observed in several 

ciliopathy diseases, suggesting that primary cilium may control neuron migration. In Arl13b 

cKOs, loss of primary cilia only impairs migration of cortical interneurons, but not excitatory 

neurons (174, 175). However, in a more recent functional genomics analysis of ciliopathy with 

RNA interference, majority of tested ciliopathy genes are required for excitatory neuronal 

migration in several aspects, including multipolar-to-bipolar transition, migration orientation and 

the morphology of leading and trailing process of bipolar migrating neurons (143). The 

discrepancy between these two studies from the same research group may be attributed to several 

aspects. Most of the ciliopathy proteins covered in the second study are from transition zone and 

BBSome, disruption of which may not have the same effect on ciliary structure and function as 

in Arl13b and Kif3a mutants. In addition, in contrast to mouse knockout approach, shRNA may 
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have non-specific effects on cortical development (176). In addition to neuronal migration, 

primary cilium also contributes to morphogenesis and wiring of postmitotic neurons, including 

axon-dendrite morphogenesis and synaptic integration of excitatory neurons and interneuron 

connectivity (143, 174, 177, 178). 

      Most of current studies focus on whether primary cilia assembly is required for cortical 

development, but cilia disassembly is equally important in regulating neural progenitor 

proliferation. In particular, timely ciliary resorption is required for proper cell cycle progression 

of RGPs and preventing their premature differentiation into neurons (58, 179). Given that the 

microcephaly protein SAS4 is identified as a part of cilium disassembly complex that negatively 

regulates cilia length in cultured neural stem cells (179), it is particularly interesting to determine 

whether cilia disassembly is more important than its assembly in the context of cortical 

neurogenesis.  

      Another underexplored area of cilia biology is whether the signaling functions of primary 

cilia in cortical development is solely dedicated to SHH signaling. Interestingly, mutations in 

components of PI3K-AKT-mTOR pathways are responsible for megalencephaly syndromes with 

unexplained ciliopathy-like phenotypes, such as hydrocephalus and polydactyly. A recent study 

claims a link between primary cilia and mTOR pathway in the context of brain ventricle size 

control (180). However, cautions should be excised to interpret this particular study. S6RP, a 

ribosome-binding protein and a component of mTOR pathway, is shown to puzzlingly localize to 

the base of primary cilium in one dataset and localize to the whole apical membrane in another 

dataset (180).    

       

2.4 Concluding remarks 

      In this Chapter, I have discussed general functions of centrosome and primary cilia in cortical 

neurogenesis and neuronal migration. In addition, I provided a unified perspective of 

centrosomal roots of microcephaly based on currently available mouse models. Most studies so 



49 
 

far focus on centrosomal functions during neural progenitor division. On the other hand, 

centrosomal function during interphase RGPs is underexplored. In particular, the unique 

organization of centrosome in RGPs has yet to be assigned specific functions. Furthermore, 

many microcephalic mutations in centrosomal genes did not yield significant microcephaly in 

mouse models. At least in the case of Aspm, drastic microcephaly is recapitulated in the gyrated 

brain of ferret mutant, but not in the lissencephalic mouse brain, suggesting centrosomal function 

may be more critical for cortical expansion of gyrated species (128, 181). In the following 

chapter, I seek to identify a novel biophysical function of centrosomal positioning in cortical 

expansion and folding.  
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3.1 Abstract 

Radial glial progenitors (RGPs) in the developing cortex position their centrosomes away from 

the nucleus at the ventricular surface. However, the molecular nature and precise function of this 

highly unique subcellular organization of the centrosome remain largely unknown. Here we 

show that selective removal of Centrosomal protein 83 (CEP83) in mouse cortical RGPs 

eliminates mother centriole distal appendage and disrupts centrosome apical membrane 

anchorage, resulting in apical membrane stretching and stiffening. It activates mechanically-

sensitive Yes-associated protein (YAP) and promotes excessive RGP proliferation and 

subsequent intermediate progenitor overproduction, leading to the formation of an enlarged 

cortex with abnormal folding. Together, these results uncover a previously unknown role of the 

centrosome in regulating the mechanical features of neural progenitors, and the size and 

formation of the mammalian cortex.   
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3.2 Introduction 

Radial glial cells are the major neural progenitors responsible for generating virtually all neurons 

as well as glia in the mammalian cortex (88, 182, 183). As the descendent of neuroepithelial cells, 

radial glial progenitors (RGPs) reside in the ventricular zone (VZ) that lines the lateral ventricle 

and possess a highly characteristic bipolar morphology with a long basal radial glial fiber 

extending to the pia and an apical ventricular endfoot reaching the luminal surface (184). A 

prominent and unique feature of RGPs is their subcellular organization of the centrosome (185, 

186), an organelle that functions as both the microtubule-organizing center (MTOC) and the 

basal body for ciliogenesis in vertebrates (187-190). Distinct from a typical mammalian cell that 

harbors the centrosome next to the nucleus, RGPs position their centrosomes away from the 

nucleus in the apical endfoot at the VZ surface (185, 186, 191, 192). While the nucleus of an 

RGP exhibits interkinetic movement within the VZ as it proceeds through the cell cycle, the 

centrosome remains located at the VZ surface (191-193). Moreover, individual centrosomes at 

the VZ surface in interphase RGPs support the formation of a primary cilium that projects into 

the lateral ventricle where the cerebrospinal fluid circulates (48, 194-196). While the centrosome 

has been shown to regulate RGP division and cortical neurogenesis (60, 191), the molecular and 

cellular basis, and precise function of centrosome positioning at the VZ surface remains largely 

unclear. Given that RGPs divide exclusively at the VZ surface, the preferential localization of the 

centrosome at the VZ surface raises the intriguing possibility that the centrosome may affect the 

physical properties of the VZ surface and thereby influence RGP division and cortical 

development.  

 

The centrosome is a complex subcellular organelle and possesses a pair of mother and daughter 

centrioles at the center, which recruits the pericentriolar material (PCM) responsible for the 

MTOC activity (187-190). Vertebrate centrioles can acquire other accessory structures, including 

distal and subdistal appendages. The distal appendages (DAPs) have been shown to promote 

membrane docking of the centriole/centrosome and ciliogenesis in cultured cells (23, 197), 
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whereas the subdistal appendage structures (sDAPs) are thought to anchor microtubules as well 

as influence the spatial positioning of the primary cilium (198, 199). In this study, we 

investigated the precise organization and function of the centrosome in mouse cortical RGPs and 

discovered that the selective anchorage of the centrosome at the apical membrane via the DAPs 

controls the mechanical properties of RGPs and consequently their proliferation and cortical size 

and formation.  

 

3.3 Results 

3.3.1 Apical membrane anchorage of the centrosome via DAPs in RGPs 

As shown previously (185, 186, 191, 192), the centrosome of mouse embryonic cortical RGPs 

labeled by an antibody against PERICENTRIN (PCNT, green), a key component of the PCM, 

were preferentially located at the VZ surface (arrow) and away from the nuclei labeled by an 

antibody against PAX6 (red), a transcription factor highly expressed in cortical RGPs (102, 200) 

(Fig. 3.1A). To further assess the subcellular organization of the centrosome, we performed 

serial section transmission electron microscopy (ssTEM) along the coronal plane, parallel to the 

apical-basal (i.e. luminal-pial) axis. Notably, ssTEM revealed individual pairs of centrioles 

located in the apical endfeet of RGPs at the VZ surface (Fig. 3.1B). The mother centriole (MC) 

possessed prominent DAPs (red arrows) and sDAPs (yellow arrows), whereas the daughter 

centriole (DC) lacked the appendages. Moreover, DAPs were in direct contact with a membrane 

pocket, indicating the docking of the MC to the apical membrane. In addition, the MC was 

sitting at the base of a primary cilium emanating from the membrane pocket, consistent with the 

function of the MC as the basal body in supporting primary ciliogenesis. Together, these results 

show that the centrosomes of interphase cortical RGPs are anchored to the apical membrane via 

DAPs assembled at the MC.  
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Figure 3.1: Cep83 deletion in RGPs disrupts DAPs and centrosome apical membrane 

anchorage. (A) Images of E15.5 cortex stained for PAX6 (green), a transcriptional factor highly 

expressed in cortical RGPs, and PCNT (red), a centrosomal marker, and counter-stained with 

DAPI (blue). Scale bars: 50 µm. The arrow points to the centrosomes enriched at the VZ surface. 

(B) Serial section transmission electron microscopy (ssTEM) images of E15.5 cortex VZ surface 

at E15.5 showing individual centrosomes of RGPs in the apical endfoot (green). High 

magnification images of the centrosome (broken line squares) are shown to the right. Note that 

the mother centriole (MC) possesses the distal appendages (DAPs, red arrows) and subdistal 

appendages (sDAPs, yellow arrows) and grows a primary cilium (PC). DC, daughter centriole. 

Scale bars: 400 nm and 100 nm. (C) Images of E15.5 wild type (WT) ventricular zone (VZ) 

surface stained for PCNT (green), CEP83 (red) and DAPI (blue). Scale bars: 10 μm, and 1 μm. 

(D) Images of E15.5 WT and Emx1-Cre;Cep83fl/fl (abbreviated as Cep83 cKO hereafter) VZ 

surface stained for PERICENTRIN (PCNT, green) and CEP83 (red), and counter-stained with 

DAPI (blue). Individual centrosomes are shown as the insets. Scale bars: 10 µm and 1 µm.  (E) 

Images of E15.5 WT and Cep83 cKO VZ surface stained for PCNT (green) and CEP164 (red), a 

DAP marker, and counter-stained with DAPI (blue). Images of individual centrosomes are 

shown as the insets. Scale bars: 10 µm and 1 µm.  (F) ssTEM images of E15.5 Cep83 cKO VZ 

surface showing individual centrosomes of RGPs in the apical endfoot (green). High 

magnification images (broken line squares) are shown to the right. Note that the Cep83 cKO 

mother centriole (MC) lacks the DAPs but possesses the sDAPs (yellow arrows). DC, daughter 

centriole; Scale bars: 400 nm and 100 nm. (G and H) Quantification of the percentage of MCs 

with DAPs (G) or with primary cilia and/or membrane anchorage (H). WT, n = 11 centrosomes; 

Cep83 cKO, n = 48 centrosomes. (I) Quantification of the distance from MC to the apical 

membrane. Data are represented as a box-whisker plot: center line, median; box, interquartile 

range; whiskers, minimum and maximum. WT, n = 11 centrosomes; Cep83 cKO, n = 48 

centrosomes. ****, P < 0.0001, unpaired Student’s t test. 

 

Figure 3.1: Cep83 deletion in RGPs disrupts DAPs and centrosome apical membrane anchorage 
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3.3.2 Cep83 deletion eliminates DAPs and disrupts centrosome apical membrane anchorage 

To reveal the molecular control of centrosome membrane anchorage in cortical RGPs, we 

examined the expression of Centrosome protein 83 (CEP83; also called CCDC41), a protein 

recently identified to be at the root of the DAP assembly pathway in mammalian cell cultures (23, 

197). CEP83 exhibited a punctate expression pattern (red) and was localized to one end of the 

centrosome labeled by PCNT (green) at the VZ surface (Fig. 3.1C). These results suggest that 

CEP83 is expressed and localized at the centrosomes of cortical RGPs, and may support the 

assembly of DAPs and the apical membrane docking of the centrosome.     

 

To test this, we engineered a conditional Cep83 mutant mouse allele, Cep83fl/fl, using Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9-mediated double nicking 

strategy (201) (Fig. 3.2A and 3.2B). We then crossed the Cep83fl/fl mouse with the Emx1-Cre 

mouse, in which Cre recombinase is selectively expressed in RGPs of the developing cortex with 

strong activity by embryonic day (E) 10.5 (202). While CEP83 was abundantly expressed at 

RGP centrosomes located at the VZ surface in the wild type (WT) cortex, it was depleted in the 

Emx1-Cre;Cep83fl/fl conditional knockout (referred to as Cep83 cKO hereafter) cortex at E15.5 

(Fig. 3.1D). The expression of CEP164, a characteristic DAP marker (203), was also lost in RGP 

centrosomes in the Cep83 cKO cortex (Fig. 3.1E), suggesting a defect in DAP assembly. 

Notably, the overall density of centrosomes labeled by PCNT at the VZ surface was not affected 

(Fig. 3.1D and 3.1E), indicating that the centrosome of RGPs remains located in the apical 

ventricular endfeet.  

 

To directly examine the DAPs and the precise centrosomal subcellular organization in the 

absence of CEP83, we performed ssTEM analysis of the Cep83 cKO cortex (Fig. 3.1F). While 

individual pairs of centrioles were observed with a similar frequency at the VZ surface, the MC 

possessed sDAPs (yellow arrows) but not DAPs (Fig. 3.1F and 3.1G). Moreover, the MC was 



58 
 

not anchored to the apical membrane and no primary cilium was observed (Fig. 3.1F, 3.1H, and 

3.2C). As a result, the MC and centrosome exhibited a small but significant (0.79 ± 0.44 µm) 

dislocation away from the apical membrane in the Cep83 cKO cortex compared with the WT 

cortex (Fig. 3.1F and 3.1I). Together, these results demonstrate that removal of CEP83 in RGPs 

disrupts DAP assembly and impairs centrosome anchorage to the apical membrane as well as 

primary ciliogenesis. Notably, the overall apical localization of RGP centrosomes at the VZ 

surface is not affected, consistent with the immunohistochemistry analysis (Fig. 3.1D and 3.1E).       
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Figure 3.2:  Cep83 deletion in cortical RGPs. (A) Schematic of the Cep83 conditional 

knockout mouse generation through CRISPR/Cas9-mediated double nicking strategy. The DNA 

sequence at the top depicts the sites targeted by a pair of guide RNAs (outlined in blue) 

downstream of the critical exon 3 in the Cep83 gene. Green boxes represent exons, red triangles 

represent LoxP sites, and yellow triangles represent FRT sites. NeoR, Neomycin resistance gene 

cassette. (B) Southern blot image showing the correct gene targeting against the 5’ homology 

arm of Cep83 floxed allele with the presence of deletion-specific 3.5 kb band. (C) Images of WT 

and Cep83 cKO cortices at E12.5, E13.5 and E15.5 stained for PCNT (green) and ARL13B (red), 

a primary cilium marker, and counter-stained with DAPI (blue). High magnification images of 

individual centrosomes are shown in the insets. Note the complete loss of primary cilia in the 

Cep83 cKO cortex by E13.5. Scale bars: 10 μm and 1 μm.   

             

 

Figure 3.2: Cep83 deletion in cortical RGPs 
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3.3.3 Loss of centrosome docking leads to an enlarged cortex with abnormal folding 

Cep83 cKO mice were born at the expected frequency and survived to adulthood. Interestingly, 

the brain of Cep83 cKO mice appeared significantly larger than that of WT littermate control 

mice at postnatal day (P) 21 (Fig. 3.3A and 3.3B). Indeed, magnetic resonance imaging (MRI) 

analysis showed that the cortex was substantially enlarged across the entire rostrocaudal axis, 

especially in the mediodorsal region, in the Cep83 cKO brain compared with the WT control 

brain (Fig. 3.3C and 3.3D).  

 

The enlarged cortex in the Cep83 cKO brain indicates abnormalities in neuronal production. To 

examine this, we stained P21 brain sections with antibodies against CTIP2 (green), a layer V/VI 

neuronal marker, and CUX1 (red), a layer II-IV neuronal maker (204) (Fig. 3.3E). Consistent 

with cortical enlargement, we observed a significant increase in the overall length, thickness, and 

area of the cortex in the Cep83 cKO brain compared with the WT brain (Fig. 3.3F-3.3H). We 

quantitatively analyzed the densities of neurons in the deep and superficial layers of the cortex. 

In the medial region exhibiting the most prominent brain volume increase (1 and 1’), as revealed 

by MRI (Fig. 3.3C), the densities of both CTIP2+ deep layer and CUX1+ superficial layer 

neurons were drastically increased in the Cep83 cKO cortex compared with the WT cortex (Fig. 

3.3I and 3.3J). Remarkably, we observed consistent folding of the Cep83 cKO cortex in this 

region that was never seen in the WT cortex (Fig. 3.3E and 3.3I, asterisks). In the dorsolateral 

region (2 and 2’), the density of CUX1+ superficial layer neurons was significantly increased in 

the Cep83 cKO cortex, whereas the density of CTIP2+ deep layer neurons was comparable (Fig. 

3.3K and 3.3L). Similar results were obtained with antibodies against FOXP2 (green), a layer VI 

neuronal marker, and SATB2 (red), a pan-neuronal marker enriched in superficial layers (204) 

(Fig. 3.4A-3.4D).  
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Figure 3.3: Apical membrane detachment of the centrosome leads to an enlarged cortex 

with abnormal folding. (A) Whole mount images of P21 WT and Cep83 cKO brains. Broken 

lines indicate the cerebral hemisphere. Scale bar: 0.5 cm. (B) Quantification of the average 

projected cortical area. WT, n = 15 brains; Cep83 cKO, n = 12 brains. ****, P < 0.0001. (C) 

MRI images along the rostrocaudal axis (1-4) showing the voxel-wise volumetric differences 

between littermate WT and Cep83 cKO brains at P21. All colored regions are enlarged in the 

Cep83 cKO cortex and warmer colors indicate larger difference. Note that the mediodorsal 

region is more prominently enlarged. n = 7 brains for each genotype; FDR < 5%. Scale bar: 1 

mm. (D) Quantification of P21 WT and Cep83 cKO cortical volumes based on structural MRI 

analysis. n = 7 brains for each genotype; ****, P < 0.0001.  (E) Images of P21 WT and Cep83 

cKO  brain sections stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI 

(blue). Yellow broken outlines delineate the total cortical area. Asterisks indicate the abnormal 

cortical folding in the medial region of the cortex (1 and 1’) shown in I. White broken rectangles 

indicate a dorsal region of the cortex  (2 and 2’) shown in K. Scale bar: 1 mm. (F-H) 

Quantification of P21 WT and Cep83 cKO cortical lengths (F), areas (G), and thicknesses (H). 

WT, n = 8 brains; Cep83 cKO, n = 9 brains. ****, P < 0.0001; ***, P < 0.001. (I) Images of the 

medial regions of P21 WT and Cep83 cKO cortices stained for CTIP2 (green) and CUX1 (red), 

and counter-stained with DAPI (blue). Asterisks indicate the abnormal cortical folding. Scale bar: 

200 µm. (J) Quantification of the numbers of CUX1+ (top) and CTIP2+ (bottom) neurons per 250 

µm column. n = 6 brains for each genotype. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01. (K) 

Images of the dorsal regions of P21 WT and Cep83 cKO cortices stained for CTIP2 (green) and 

CUX1 (red), and counter-stained with DAPI (blue). Scale bar: 100 µm. (L) Quantification of the 

numbers of CUX1+ (top) and CTIP2+ (bottom) neurons per 250 µm column. WT, n = 6 brains; 

Cep83 cKO, n = 5 brains. ***P < 0.0 01; **, P < 0.01; n.s., not significant. For box-whisker 

plots: center line, median; box, interquartile range; whiskers, minimum and maximum. For bar 

charts, data are shown as mean ± SEM. Statistical analysis was performed with unpaired 

Student’s t-test.  

Figure 3 3: Centrosome apical membrane detachment leads to an enlarged cortex with abnormal folding 
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Figure 3.4: Cep83 deletion in RGPs leads to increased neurogenesis and cortical folding. (A) Images 

of the medial regions of P21 WT and Cep83 cKO cortices stained for FOXP2 (green) and SATB2 (red), 

and counter-stained with DAPI (blue). Scale bar: 100 µm. (B) Quantification of the numbers of SATB2+ 

(left) and FOXP2+ (right) neurons per 250 µm column in A. WT, n = 8 brains, Cep83 cKO, n = 9 brains. *, 

P < 0.05; n.s., not significant. (C) Images of the dorsal regions of P21 WT and Cep83 cKO cortices 

stained for FOXP2 (green) and SATB2 (red), and counter-stained with DAPI (blue). Scale bar: 100 µm. 

(D) Quantification of the number of SATB2+ (left) and FOXP2+ (right) neurons per 250 µm column in C. 

WT, n = 6 brains; Cep83 cKO, n = 5 brains. **, P < 0.01; *, P < 0.05; n.s., not significant. Data are shown 

as mean ± SEM. Statistical analysis was performed using unpaired Student’s t-test. 

Figure 3.4: Cep83 deletion 
in RGPs leads to increased 
neurogenesis and cortical 
folding 
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Consistent with an increase in the superficial layer neurons that project their axons 

contralaterally, we observed a thickening of the corpus callosum in the Cep83 cKO cortex 

revealed by axon-specific neurofilament SIM-312 staining (Fig. 3.5A). Notably, even though the 

density of deep layer neurons marked by CTIP2 or FOXP2 did not significantly change in the 

dorsolateral region, the increase in the total length, thickness, and area of the Cep83 cKO cortex 

indicated that the overall production of deep layer neurons was also significantly enhanced. The 

differences in the medial and dorsolateral regions likely reflect the spatiotemporal expression 

pattern of Cre recombinase in the Emx1-Cre mouse line, in which Cre expression initiates in the 

mediodorsal area (202, 205). No obvious hydrocephalus was observed in the Cep83 cKO brain 

(Fig. 3.5B). Together, these results suggest that centrosome detachment from the apical 

membrane in RGPs leads to an enlarged cortex with excessive numbers of superficial as well as 

deep layer neurons and abnormal folding in the medial region. 
 

 

 

 

 

 

 

 

 



66 
 

Figure 3.5: Cep83 deletion in cortical RGPs leads to corpus callosum thickening with no obvious 

hydrocephalus. (A) Images of P21 WT and Cep83 cKO cortices stained with SMI312 (green), an axonal 

marker, and MAP2 (red), a dendritic marker, and counter-stained with DAPI (blue). Brackets indicate the 

corpus callosum (CC). Scale bar: 100 µm. (B) Images of P21 WT and Cep83 cKO brains along the 

rostrocaudal axis counter-stained with DAPI (grey). Note no obvious hydrocephalus in the Cep83 cKO 

brain. Scale bar: 1 mm. 

 

 

 

 

 

Figure 3.5: Cep83 deletion in cortical 
RGPs leads to corpus callosum 
thickening with no obvious 
hydrocephalus 
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 3.3.4 Neither Ift88 deletion nor SmoM2 expression promotes cortical enlargement and 
folding  

CEP83 removal eliminated DAPs and disrupted centrosome apical membrane anchorage as well 

as primary ciliogenesis. Previous studies suggest that primary cilia are crucial for early 

patterning and polarity specification of the cortical primordium, but not essential to subsequent 

cortical neurogenesis and formation (60, 194, 206-209). To further assess the role of primary 

cilia in cortical RGPs, we crossed the conditional intraflagellar transport 88 (Ift88) mutant 

mouse, Ift88fl/fl, with the Emx1-Cre mouse to selectively remove IFT88, a member of the IFT-B 

complex required for proper cilium formation and function (210), in cortical RGPs (Figure 3.6). 

As expected, removal of IFT88 resulted in a loss of RGP primary cilia at the VZ surface by 

E13.5, revealed by ciliary marker ARL13B staining (Fig. 3.6A). Notably, we observed no 

obvious change in cortical size or neuronal density in the Ift88 cKO cortex compared to the 

littermate WT cortex (Fig. 3.6B-3.6H). These results provide further proof that loss of primary 

cilia in RGPs does not alter cortical neurogenesis and size.            

A recent study suggested that elevated Sonic hedgehog (SHH) signaling in RGPs by the 

expression of a constitutively active form of Smoothened (SmoM2), an activator of SHH 

signaling independent of ligand binding, enlarges the cortex and induces folding (211). To 

further assess the role of SHH signaling in cortical RGPs, we crossed the SmoM2 transgenic 

mouse, Rosa26-flox-STOP-flox-SmoM2 (R26SmoM2/+) (212), with the Emx1-Cre mouse to 

selectively express SmoM2 in cortical RGPs (Fig. 3.7). Emx1-Cre; R26SmoM2/+ mutant (SmoM2) 

mice died at the neonatal stage with severe brain dysplasia. In addition to the loss of the olfactory 

bulb (Fig. 3.7A, arrowheads), the cortex was highly disorganized with no clear laminar 

organization (Fig. 3.7B); instead, CUX1+ superficial and CTIP2+ deep layer neurons were 

intermingled (Fig. 3.7C). The lateral ventricle also appeared greatly enlarged (Fig. 3.7B). 

Together, these results suggest that elevated SHH signaling in RGPs does not lead to an enlarged 

cortex with folding. The cortical defects observed in the SmoM2 mice are consistent with those 
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resulting from the removal of Suppressor of Fused (SUFU), a negative regulator of SHH 

signaling, in cortical RGPs (213).  

 

The highly distinct phenotypes between the Cep83 cKO cortex and the Ift88 cKO cortex or the 

SmoM2 cortex strongly suggest that the enlargement and folding of the Cep83 cKO cortex is 

unlikely due to the loss of primary cilia or elevated SHH signaling in RGPs.  
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Figure 3.6: Ift88 deletion in RGPs does not lead to any obvious defect in cortical 

development. (A) Images of E13.5 and E15.5 WT and Ift88 cKO cortices stained with PCNT 

(green) and ARL13B (red), and counter-stained with DAPI (blue). High magnification images of 

individual centrosomes are shown in the insets. Note the complete loss of primary cilia in the 

Ift88 cKO cortex by E13.5. Scale bars: 10 μm and 1 μm.  (B) Whole mount images of P21WT 

and Ift88 cKO brains. Scale bar: 0.5 cm. (C) Quantification of the average projected cortical area. 

N = 6 brains for each genotype. n.s., not significant. (D) Images of P21 WT and Ift88 cKO brain 

sections stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). Scale 

bar: 0.5 mm. (E) Quantification of the cortical area. WT, n = 8 brains; Ift88 cKO, n = 4 brains. 

n.s., not significant. (F) Images of the dorsal regions of P21 WT and Ift88 cKO cortices stained 

for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). Scale bar: 100 µm. 

(G) Quantification of the number of CUX1+ (left) and CTIP2+ (right) neurons per 250 µm 

column as shown in F. n = 8 brains for each genotype. n.s., not significant. (H) Images of P21 

WT and Ift88 cKO brain sections along the rostrocaudal axis stained with DAPI (grey). Note no 

obvious hydrocephalus in the Ift88 cKO brain. Scale bar: 1 mm. For box-whisker plots: center 

line, median; box, interquartile range; whiskers, minimum and maximum. For bar charts, data are 

shown as mean ± SEM. Statistical analysis was performed using unpaired Student’s t-test. 

 

 

 

Figure 3.6: Ift88 deletion in 
RGPs does not lead to any 
obvious defect in cortical 
development 
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Figure 3.7: Expression of SmoM2 in RGPs leads to cortical dysplasia. (A) Whole mount 

images of P1 WT and SmoM2 brains. Arrowheads indicate the agenesis of olfactory bulb in the 

SmoM2 brain. Scale bar: 0.5 cm. (B) Images of P1 WT and SmoM2 brain sections stained for 

CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). The arrows indicate the 

absence of corpus callosum in the SmoM2 brain. The asterisk indicates the agenesis of 

hippocampus in the SmoM2 brain. Scale bar: 0.5 mm. (C) Images of P1 WT and SmoM2 cortices 

stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). Note the 

drastic disorganization of the SmoM2 cortex. Scale bar: 100 µm.  

Figure 3.7: Expression of SmoM2 in RGPs leads to cortical dysplasia 
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3.3.5 Centrosome membrane detachment promotes excessive RGP proliferation at E13.5 

To pinpoint the origins of enhanced neurogenesis and cortical enlargement in the Cep83 cKO 

cortex, we examined RGP behavior at the embryonic stage. At E13.5, the Cep83 cKO cortex was 

significantly larger than the WT cortex (Fig. 3.8A and 3.8B). Interestingly, the total length and 

area of the PAX6+ RGP domain were greatly increased in the Cep83 cKO cortex compared with 

the WT cortex (Fig. 3.8C-3.8E), even though the density of PAX6+ RGPs did not significantly 

differ (Fig. 3.9A and 3.9B). These results suggest that removal of CEP83 in RGPs leads to a 

drastic increase in the total number of RGPs and consequently a lateral or tangential expansion 

of the developing cortex.  

 

In the developing mouse cortex, RGPs divide at the VZ surface to produce neurons as well as 

intermediate progenitors (IPs) that continue to divide in the subventricular zone (SVZ) (102, 214, 

215). We stained the brain sections with an antibody against TBR2 (red), a T-box transcription 

factor highly expressed in IPs (102), and found that the density of TBR2+ IPs in the Cep83 cKO 

cortex was comparable to that in the WT cortex (Fig. 3.9A and 3.9C), indicating that CEP83 

removal in RGPs does not lead to an additional increase in IP production at E13.5, even though 

the overall generation of IPs is enhanced due to the expansion of RGPs.  
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Figure 3.8: Apical membrane detachment of the centrosome leads to excessive RGP 

proliferation at E13.5 and additional increase in IP production at E15.5. (A) Whole mount 

images of E13.5WT and Cep83 cKO brains. Broken lines indicate the cerebral hemispheres. 

Scale bar: 1 mm. (B) Quantification of the average projected cortical area. WT, n = 6 brains; 

Cep83 cKO, n = 5 brains. ***, P < 0.001. (C) Images of E13.5 WT and Cep83 cKO cortices 

stained for PAX6 (green), a cortical RGP marker, and counter-stained with DAPI (blue). Arrows 

indicate the boundaries of the PAX6+ domain. Scale bar: 0.5 mm. (D and E) Quantification of 

PAX6+ domain length (D) and area (E). WT, n = 5 brains; Cep83 cKO, n = 6 brains. ***, P < 

0.001; **, P < 0.01. (F) Images of E12.5 WT and Cep83 cKO cortices subjected to EdU (red) 

and BrdU (green) sequential pulse chase labeling, stained for PAX6 (white), and counter-stained 

with DAPI (blue). The experimental paradigm is shown at the top. Scale bar: 50 µm. (G and H) 

Quantification of the percentage of EdU+;BrdU+ cells over the total EdU+ cells in the VZ  (G) 

and the number of BrdU+ cells in the VZ per 250 µm column (H) in F. WT, n = 8 brains; Cep83 

cKO, n = 6 brains. ****, P < 0.0001; ***, P < 0.001.  (I) Whole mount images of E15.5 WT and 

Cep83 cKO brains. Broken lines indicate the cerebral hemispheres. Scale bar: 1 mm. (J) 

Quantification of the average projected cortical area. WT, n = 32 brains; Cep83 cKO, n = 10 

brains. ****, P < 0.0001. (K) Images of E15.5 WT and Cep83 cKO brain sections stained for 

PAX6 (green) and counter-stained with DAPI (blue). Arrowheads indicate the boundaries of 

PAX6+ domain. Scale bar: 0.5 mm. (L) Quantification of the PAX6+ domain length. WT, n = 8 

brains; Cep83 cKO, n = 7 brains. ****, P < 0.0001. (M) Images of E15.5 WT and Cep83 cKO 

cortices stained for PAX6 (green) and TRB2 (red), an IP marker, and counter-stained with DAPI 

(blue). IZ, intermediate zone. Scale bar: 50 µm. (N and O) Quantification of the number of 

PAX6+ (N) and TBR2+ (O) cells per 250 µm column as shown in M. WT, n = 8 brains; Cep83 

cKO, n = 6 brains. ***, P < 0.001; n.s., not significant. For box-whisker plots: center line, 

median; box, interquartile range; whiskers, minimum and maximum.  Statistical analysis was 

performed using unpaired Student’s t-test.  

 

Figure 3.8: Centrosome apical membrane detachment leads 
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Figure 3.9: Cep83 deletion does not affect the densities of RGPs and IPs at E13.5. (A) 

Images of E13.5 WT and Cep83 cKO cortices stained for PAX6 (green) and TBR2 (red), a 

cortical IP marker, and counter-stained with DAPI (blue). Scale bar: 50 µm. (B and C) 

Quantification of the number of PAX6+ (B) and TBR2+ (C) cells per 250 µm column in A. WT, 

n = 10 brains; Cep83 cKO, n = 12 brains. n.s., not significant. (D) Images of E15.5 WT and 

Cep83 cKO cortices stained for P-HH3 (red), a mitotic cell marker, and counter-stained with 

DAPI (blue). Scale bar: 50 µm. (E and F) Quantification of the number of apical (E) and basal 

(F) P-HH3+ cells per 250 µm column as shown in D. WT, n = 16 brains; Cep83 cKO, n = 14 

brains. ****, P < 0.001; n.s., not significant. 

 

 

 

Figure 3.9: Cep83 deletion does 
not affect the densities of RGPs 
and IPs at E13.5 
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The drastic increase in RGPs upon CEP83 removal likely arises from enhanced RGP 

proliferation. To test this, we performed sequential pulse-chase experiments to assess the cell 

cycle dynamics of RGPs in the Cep83 cKO and WT cortices (Fig. 3.8F). We administered a 

single dose of 5-ethynyl-2´-deoxyuridine (EdU), a modified nucleoside, at E12.5 followed by a 

single dose of 5-bromo-2´-deoxyuridine (BrdU), a thymidine analog, and collected the brains one 

hour later for analysis. Interestingly, we found that the percentage of EdU+ RGPs in the VZ that 

were BrdU+ was substantially increased in the Cep83 cKO cortex compared with the WT cortex 

(Fig. 3.8F and 3.8G), suggesting that dividing RGPs in the Cep83 cKO cortex reenter the cell 

cycle faster than those in the WT cortex. The acceleration of RGP cell cycle progression in the 

Cep83 cKO cortex was corroborated by an increased density of BrdU+ RGPs (Fig. 3.8H), even 

though the overall density of RGPs was comparable between the WT and Cep83 cKO cortices 

(Fig. 3.9A and 3.9B). Collectively, these results suggest that centrosome detachment from the 

apical membrane in RGPs accelerates cell cycle progression, which leads to an increase in RGP 

production and a lateral expansion of the developing cortex at the early embryonic stage of 

cortical development.  

 

3.3.6 Centrosome membrane detachment enhances IP production at E15.5  

To further dissect the basis of cortical enlargement and folding in the Cep83 cKO brain, we 

examined the behavior of cortical progenitors at E15.5 (Fig. 3.8I-3.8O). The Cep83 cKO cortex 

remained significantly larger than the WT cortex (Fig. 3.8I and 3.8J). The length and area of the 

PAX6+ RGP domain were significantly increased in the Cep83 cKO cortex compared with the 

control (Fig. 3.8K and 3.8L). Interestingly, while the density of PAX6+ RGPs in the VZ was 

comparable (Fig. 3.8M and 3.8N), the density of TBR2+ IPs in the SVZ was significantly 

increased in the Cep83 cKO cortex compared with the WT cortex (Fig. 3.8M and 3.8O). These 

results suggest that CEP83 removal in RGPs leads to a subsequent increase in IP production at 

the late embryonic stage of cortical development. Consistent with this, we observed a substantial 
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increase in mitotic cells labeled by phosphorylated histone H3 (P-HH3) in the SVZ, but not at 

the VZ surface, of the Cep83 cKO cortex at E15.5 (Fig. 3.9D-3.9F).  

 

RGPs in the VZ can divide to generate outer subventricular zone RGPs (oRGs; also called basal 

or intermediate RGPs) with increased neurogenic potential, especially in the primate cortex (216-

220), to support cortical neurogenesis expansion. We stained the brain sections with antibodies 

against several previously suggested oRG markers, including HOPX, PTPRZ1, and TNC (111), 

and found no obvious increase in oRG production in the Cep83 cKO cortex compared with the 

WT cortex (Figure 3.10), indicating that CEP83 removal in RGPs does not promote oRG 

production in the developing mouse cortex.  

 

Together, our data show that centrosome detachment from the apical membrane in cortical RGPs 

leads to two sequential changes in progenitor behavior: an initial increase in RGP proliferation in 

the VZ that leads to a lateral expansion of the cortex at the early embryonic stage, and a 

subsequent further increase in IP production in the SVZ that promotes a radial expansion of the 

cortex at the late embryonic stage.   
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Figure 3.10: Apical membrane detachment of the centrosome does not lead to excessive 

production of oRGs. Images of E15.5 WT and Cep83 cKO cortices stained for PAX6 (green) and HOPX 

(red, top), PTPRZ1 (red, middle), or TNC (red, bottom), three previously suggested oRG markers, and 

counter-stained with DAPI (blue). Note no obvious increase in oRG production in the Cep83 cKO cortex. 

Scale bar: 50 µm.  

Figure 3.10: Centrosome apical membrane detachment does not lead to excessive production of oRGs 
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3.3.7 Cep83 deletion increases neuronal output of individual RGPs 

The increased RGP proliferation as well as IP production in the Cep83 cKO cortex indicates an 

increase in neuronal output of individual RGPs. To test this, we performed in vivo clonal 

analysis by injecting low-titer retroviruses expressing enhanced green fluorescent protein (EGFP) 

into the lateral ventricle of the WT or Cep83 cKO brain at E11.5, when RGPs largely undergo 

proliferative division, and recovered the brains at P7, when cortical neurogenesis and neuronal 

migration is largely completed, for analysis (221) (Figure 3.11A). To assess the neuronal output 

of individual labeled RGPs, brains were serially sectioned and stained with an antibody against 

EGFP to recover all the labeled neurons. Spatially isolated clonal clusters of EGFP-expressing 

neurons arising from individual dividing RGPs were readily observed in the cortex (Figure 

3.11B). Three-dimensional (3D) reconstruction showed that individual clones contained neurons 

in both the deep and superficial layers (Figure 3.11C). Importantly, the average number of 

neurons in the clones of the Cep83 cKO cortex was significantly larger than that in the WT 

cortex (Figures 3.11B-3.11D). The increase was observed for both the deep and superficial layer 

neurons (Figures 3.11E and 3.11F). These results demonstrate that CEP83 removal leads to a 

drastic increase in neuronal output of individual RGPs, as a result of increased RGP proliferation 

as well as enhanced IP production.      
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Figure 3.11: Cep83 deletion leads to an increase in clonal neuronal output by individual 

RGPs. (A) Schematic of the experimental paradigm for in vivo clonal analysis of neuronal 

output by individual RGPs. RV, retrovirus. (B) Images of serial sections of P7 WT and Cep83 

cKO cortices containing individual EGFP+ (green) neuronal clones. WM, white matter. Scale bar: 

100 µm. (C) 3D reconstruction images of WT and Cep83 cKO neuronal clones shown in B. 

Green filled circles represent the cell bodies of EGFP+ neurons. Colored lines indicate layer 

boundaries. (D-F) Quantification of the total (D), layer II-IV (E), or layer V-VI (F) neurons in 

individual clones. WT, n = 62 clones from 7 brains; Cep83 cKO, n = 16 clones from 4 brains. 

***, P < 0.001; **, P < 0.01; n.s., not significant. For box-whisker plots: center line, median; box, 

interquartile range; whiskers, minimum and maximum. Statistical analysis was performed using 

unpaired Student’s t-test.   

      

 

 
 
 
 
 
 
 
 
 
 

Figure 3.11: Cep83 deletion leads to an 
i  i  l l l t t b  
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3.3.8 Centrosome membrane detachment disrupts ring-like microtubule organization  

To reveal the cellular and molecular mechanisms underlying excessive RGP proliferation and IP 

generation in the Cep83 cKO cortex, we examined the organization and property of the apical 

membrane (i.e., the VZ surface), to which the centrosome is normally anchored. We prepared 

whole-amount cortical slabs at E15.5, stained with antibodies against PCNT, α-TUBULIN, and 

ACTIN, and acquired enface images of the apical membrane (Fig. 3.12A). As expected, in the 

WT cortex, ACTIN marked cell junctions (red) formed between the apical endfeet of 

neighboring RGPs and a prominent centrosome revealed by PCNT staining (blue) was 

commonly found within individual apical endfeet (Fig. 3.12A, top). Interestingly, MTs labeled 

by α-TUBULIN staining (green) often formed a ring-like structure in juxtaposition with ACTIN-

labeled junctions (Figure 3.12A, top, insets). Notably, in the Cep83 cKO cortex, while the 

junctions and centrosome positioning inside the apical endfeet remained largely intact, the ring-

like MT structure largely disappeared (Fig. 3.12A, bottom, insets). Fibrous MTs were 

consistently observed (Fig. 3.12A). The intensity of MTs in individual apical domains was 

significantly reduced in the Cep83 cKO cortex compared with the WT cortex (Fig. 3.12B), 

whereas the intensity of PCNT was similar (Fig. 3.12C). The normal expression of PCNT and 

the existence of fibrous MTs indicate that MT formation is not systematically compromised in 

the absence of CEP83. Consistent with this, the non-apical membrane MTs, as well as MTs in 

mitotic RGPs, did not exhibit any obvious difference between the WT and Cep83 cKO cortices 

(Fig. 3.13A and 3.13B). No obvious change in RGP polarity (Fig. 3.13C) or radial scaffolding 

(Fig. 3.13D and 3.13E) was observed. Together, these results suggest that centrosome 

detachment impairs MT organization specifically at the apical membrane.  
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Figure 3.12: Centrosome detachment disrupts microtubule organization and results in 

apical membrane stretching. (A) En face images of E15.5 WT and Cep83 cKO VZ surface 

stained for α-TUBULIN (green), ACTIN (red), and PCNT (blue). High magnification images of 

the apical membrane of individual RGPs (broken squares) are shown to the right. Note that the 

ring-like MT structures underneath the cell junctions observed in the WT cortex are largely lost 

in the Cep83 cKO cortex. Scale bars: 5 µm, 1 µm, and 1 µm. (B-E) Quantification of the 

intensity of MT (B) or PCNT (C) per apical domain, individual junctional perimeter (D), and the 

intensity of ACTIN per unit junctional length (E). A.U., arbitrary unit. WT, n = 479 from 4 

embryos; Cep83 cKO, n = 481 from 4 embryos. ****, P < 0.0001; n.s., not significant. For box-

whisker plots: center line, median; box, interquartile range; whiskers, minimum and maximum. 

Statistical analysis was performed using unpaired Student’s t-test.  

 

 

 

 

 

 

 

Figure 3.12: Centrosome 
detachment disrupts microtubule 
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Figure 3.13: Centrosome apical membrane detachment does not disrupt RGP polarity or 

scaffolding. (A) Images of E15.5 WT and Cep83 cKO cortices in coronal section stained for -

TUB (green) and counter-stained with DAPI (blue). Note no obvious difference in non-apical 

membrane MTs in the WT and Cep83 cKO cortices. Scale bar: 10 µm. (B) En face images of 

mitotic RGPs in E15.5 WT and Cep83 cKO cortices stained for α-TUB (green) and counter-

stained with DAPI (blue). Note no obvious difference in MT spindles in the WT and Cep83 cKO 

RGPs. Scale bar: 2 µm. (C) Images of E15.5 WT and Cep83 cKO cortices stained for N-

CADHERIN (N-CAD, green), a junction marker, and Partition defective protein 3 (PARD3, red), 

an evolutionarily conserved polarity protein, and counter-stained with DAPI (blue). Scale bar: 10 

µm. (D and E) Images of E15.5 WT and Cep83 cKO cortices stained for NESTIN (D) or BLBP 

(E) (green), and counter-stained with DAPI (blue). Scale bar: 50 µm.  

 

 
 
 
 
 

Figure 3.13: Centrosome apical membrane detachment 
does not disrupt RGP polarity or scaffolding 
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3.3.9 Centrosome membrane detachment alters apical membrane mechanical property and 
activates YAP  

The junction size corresponding to the apical membrane of individual RGPs at the VZ surface 

appeared enlarged in the Cep83 cKO cortex compared with the WT cortex (Fig. 3.12A). To 

confirm this, we systematically examined junction size at E13.5 and E15.5 by staining for 

ACTIN and found that the junction sizes of both interphase and mitotic RGPs were indeed 

significantly larger in the Cep83 cKO cortex than that in the WT cortex (Fig. 3.12D and 3.14), 

suggesting that the apical membrane of RGPs as well as the junction between RGPs is stretched 

and enlarged in the Cep83 cKO cortex. Coinciding with this, the intensity of ACTIN per unit 

junction length was significantly reduced (Fig. 3.12E). Given that ACTIN cytoskeleton is crucial 

for cortical contractile force generation (222, 223), the reduction in ACTIN at the junction 

reflects a decrease in cortical contractile force for individual RGPs at the VZ surface.                           
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Figure 3.14: Centrosome detachment leads to apical membrane enlargement. (A) En face segmented 

images of WT and Cep83 cKO VZ surface at E13.5 and E15.5. Each apical domain is color coded based 

on its size. Blue color indicates a relatively larger apical domain. Scale bar: 10 µm. (B) Quantification of 

the apical domain size of WT and Cep83 cKO RGPs at E13.5 and E15.5. For E13.5 samples, WT, n = 

5038 apical domains from 8 embryos; Cep83 cKO, n = 2891 apical domains from 6 embryos. For E15.5 

samples, WT, n = 4780 apical domains from 12 embryos; Cep83 cKO, n = 1959 apical domains from 8 

embryos. (C) Quantification of the apical domain size of interphase and mitotic WT and Cep83 cKO 

RGPs at E15.5. WT, n = 1,703 interphase apical domains and n = 145 mitotic apical domains from 4 

embryos; Cep83 cKO, n = 988 interphase apical domains and n = 83 mitotic apical domains from 4 

embryos. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01. For box-whisker plots: center line, median; box, 

interquartile range; whiskers, minimum and maximum. Statistical analysis was performed using unpaired 

Student’s t-test. 

Figure 3.14: Centrosome 
detachment leads to apical 
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The stretching and enlargement of RGP apical membrane and junctions raises the intriguing 

possibility that the mechanical property of the VZ surface is altered in the Cep83 cKO cortex. To 

test this, we took advantage of atomic force microscopy (AFM), which allows a quantitative 

examination of the stiffness of live tissue (Fig. 3.15A). By fitting the indentation of the 

cantilever tip into the tissue with the deformation force applied, one can estimate the Young’s 

modulus (also known as the elastic modulus) of the tissue that positively reflects the tissue 

rigidity or stiffness. We prepared acute whole-mount WT and Cep83 cKO cortical slabs and 

performed AFM analysis of the apical membrane (Fig. 3.15B). Interestingly, we found that the 

Young’s modulus of the apical membrane was significantly higher in the Cep83 cKO cortex than 

in the WT cortex (Fig. 3.15C and 3.15D), suggesting that centrosome membrane detachment in 

RGPs increases the stiffness of the apical membrane, where RGP division occurs. The stiffening 

of the apical membrane is consistent with a relative increase in the inter-cellular tugging force, 

which promotes junction elongation (224).  It has previously been shown that cell stretching and 

increased tissue rigidity activates Yes-associated protein (YAP), a crucial transcriptional co-

activator in the HIPPO signaling pathway that regulates cell proliferation and organ size (121, 

225). We thus examined the expression of YAP in the WT and Cep83 cKO cortices. 

Interestingly, we found that YAP expression in the VZ of the Cep83 cKO cortex was 

significantly higher than that in the WT cortex (Fig. 3.16A and 3.16B). Moreover, significantly 

more PAX6+ RGPs possessed strong nuclear YAP in the Cep83 cKO cortex than in the WT 

cortex (Fig. 3.16A and 3.16C). Notably, the expression of YAP in the nucleus of WT RGPs was 

generally low. In addition, nuclear expression of YAP in TBR2+ IPs in the WT or Cep83 cKO 

cortex was low (Fig, 3.17). Together, these results suggest that centrosome detachment and 

apical membrane stretching and stiffening causes excessive YAP expression and nuclear 

localization in RGPs.               
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Figure 3.15: Centrosome detachment leads to stiffening of the apical membrane. (A) 

Schematic illustrating the use of atomic force microscopy (AFM) to probe apical membrane 

stiffness. The indentation of the cantilever probe generates force-distance curves on the right, 

including the approach curve (red) and the retraction curve (blue). The approach curve is used to 

calculate tissue stiffness. d, indentation depth. (B) En face bright-field image of AFM apparatus 

with the cantilever over the apical surface of VZ. The arrowhead points to the tip of the AFM 

cantilever. Scale bar: 100 µm. (C) Representative heat maps of Young’s modulus reflecting the 

stiffness of E15.5 WT and Cep83 cKO VZ surfaces. kPa, kilopascal. (D) Quantification of 

Young’s Modulus of WT and Cep83 cKO VZ surfaces. n = 9 sample areas from 3 brains for 

each genotype. ****, P < 0.0001.  

 

 

 

 

Figure 3.15: Centrosome detachment leads to stiffening of the apical membrane 
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3.3.10 Cortical enlargement and folding depends on excessive YAP activation 

We next asked whether the enlargement and folding of the Cep83 cKO cortex depends on 

excessive YAP activation. To address this, we crossed the conditional Yap mutant mouse, Yapfl/fl, 

with the Emx1-Cre or Emx1-Cre; Cep83fl/fl mouse to generate the mice with individual or 

simultaneous deletion of Cep83 and Yap selectively in cortical RGPs.  

Compared with the WT littermate control, the Emx1-Cre;Yapfl/fl (i.e., Yap cKO) mice did not 

show any obvious change in the size or neuronal density of the cortex (Fig. 3.16D-3.16G, 3.18A 

and 3.18B), indicating that removal of YAP alone in cortical RGPs does not significantly alter 

cortical neurogenesis and formation. This is consistent with a relatively low level of YAP 

expression in RGP nuclei under normal condition (Fig. 3.16A). Interestingly, while the Cep83 

cKO cortex was significantly enlarged with abnormal folding and increased neuronal density 

(Fig. 3.16D-3.16G, 3.18A and 3.18B), the Emx1-Cre;Cep83fl/fl;Yapfl/fl (i.e., Cep83;Yap 

conditional double knockout, cDKO) cortex was comparable to the WT cortex in size or 

neuronal density (Fig. 3.16D-3.16G, 3.18A and 3.18B), indicating that simultaneous Yap 

deletion effectively suppresses the increase in cortical neurogenesis triggered by Cep83 deletion. 

Notably, we did not observe any folding in the Cep83;Yap cDKO cortex (Fig. 3.16F). Consistent 

with the notion that YAP activation is downstream of apical membrane stretching and stiffening, 

the apical domain size and junction in the Cep83;Yap cDKO cortex remained significantly larger 

than in the WT cortex (Fig. 3.19). Together, these results demonstrate that the cortical 

enlargement and folding caused by CEP83 removal in RGPs depend on excessive YAP 

activation caused by apical membrane stretching and stiffening.  
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Figure 3.16: Excessive YAP activation is essential for cortical enlargement and abnormal 

folding. (A) Images of E15.5 WT and Cep83 cKO cortices stained for YAP (green) and PAX6 

(red), and counter-stained with DAPI (blue). High magnification images of representative cells 

are shown in the insets. Note that the overall intensity of YAP is stronger in the VZ of Cep83 

cKO cortex than of WT cortex, and that YAP is prominently expressed in the nucleus of PAX6+ 

RGPs in the Cep83 cKO cortex. Scale bars: 50 µm and 5 µm. (B) Quantification of YAP 

intensity in VZ of WT and Cep83 cKO cortices. n = 6 brains for each genotype. **, P < 0.01. (C) 

Quantification of the percentage of PAX6+ cells with nuclear YAP in the VZ of WT and Cep83 

cKO cortices. n = 6 brains for each genotype. ****, P < 0.0001. (D) Whole mount images of P21 

WT, Yap cKO, Cep83 cKO, and Cep83;Yap cDKO brains. Broken lines indicate the cerebral 

hemispheres. Scale bar: 0.5 cm. (E) Quantification of the projected cortical area. WT, n = 12 

brains; Yap cKO, n = 6 brains; Cep83 cKO, n = 7 brains; Cep83;Yap cDKO: n = 16 brains. ****, 

P < 0.0001; **, P < 0.01; n.s., not significant. (F) Images of P21 WT and Cep83 cKO brain 

sections stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). 

Yellow broken lines indicate the cortex. The asterisk indicates abnormal cortical folding. Scale 

bar: 1 mm. (G) Quantification of p21 WT, Yap cKO, Cep83 cKO, and Cep83;Yap cDKO cortical 

length. WT, n = 4 brains; Yap cKO, n = 6 brains; Cep83 cKO, n = 6 brains; Cep83;Yap cDKO, n 

= 8 brains. ***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., not significant. (H) A model diagram 

indicating the positioning and function of the centrosome in cortical RGPs. Apical membrane 

anchorage of the centrosome via DAP supports the formation of ring-like MT structures beneath 

the junction, which act as a source of intracellular cortical contractile force in conjunction with 

ACTIN network. The contractile force of individual RGPs is balanced by intercellular tugging 

forces between neighboring RGPs forming junctions with each other, including distant WT 

RGPs. Detachment of the centrosome disrupts ring-like MT structure formation, resulting in a 

decrease in intracellular contractile force, a stretching and stiffening of apical membrane, YAP 

activation, excessive neurogenesis, and cortical enlargement and folding. For box-whisker plots: 
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center line, median; box, interquartile range; whiskers, minimum and maximum.  For bar charts, 

data are shown as mean + SEM. Statistical analysis was performed with unpaired Student’s t-test. 

 

 

 

Figure 3.16: Excessive YAP activation is essential for cortical enlargement and abnormal folding 
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Figure 3.17: Nuclear expression of YAP is low in TBR2+ IPs in the WT or Cep83 cKO 

cortex. Images of the SVZ of E15.5 WT, and Cep83 cKO cortices stained for YAP (green) and 

TBR2 (red), and counter-stained for DAPI (blue). Two TBR2+ IPs are shown in insets for each 

genotype. Scale bars: 50 µm and 5 µm. Note the low expression of YAP in the nuclei of TBR2+ 

IPs in the SVZ of the WT and Cep83 cKO cortices. 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Nuclear expression 
of YAP is low in TBR2+ IPs in 
the WT or Cep83 cKO cortex 
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Figure 3.18: Excessive neurogenesis in the Cep83 cKO cortex depends on excessive YAP 

activation. (A) High magnification images of P21 WT, Yap cKO, Cep83 cKO, and Cep83;Yap 

cDKO cortices stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). 

Scale bar: 100 µm. (B) Quantification of the number of CUX1+ neurons per 250 µm column in 

A. n = 8 brains for each genotype. ***, P < 0.001; n.s., not significant. For box-whisker plots: 

center line, median; box, interquartile range; whiskers, minimum and maximum.  For bar charts, 

data are shown as mean + SEM. Statistical analysis was performed with unpaired Student’s t-test.  

 

 

 

 

 

 

 

Figure 3.18: Excessive 
neurogenesis in the 
Cep83 cKO cortex 
depends on excessive 
YAP activation 
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Figure 3.19: Removal of YAP does not rescue apical membrane and junction enlargement 

of RGPs in the Cep83 cKO cortex. (A) Images of coronal sections of E15.5 WT, Yap cKO, 

Cep83 cKO, and Cep83;Yap cDKO cortices stained for ACTIN (green), and counter-stained with 

DAPI (blue). Scale bar: 5 µm. (B) Quantification of the apical domain size of WT, Yap cKO, 

Cep83 cKO, and Cep83;Yap cDKO RGPs at E15.5. WT, n = 373 apical domains from 5 brains; 

Yap cKO, n = 434 apical domains from 4 brains; Cep83 cKO, n = 420 apical domains from 4 

brains; Cep83;Yap cDKO, n = 393 apical domains from 6 brains. Note that the apical domain 

size of Cep83;Yap cDKO cortex remains larger than that of the WT cortex, but similar to that of 

the Cep83 cDKO cortex. ***, P < 0.001; *, P < 0.05; n.s., not significant. For box-whisker plots: 

center line, median; box, interquartile range; whiskers, minimum and maximum. Statistical 

analysis was performed with unpaired Student’s t-test. 

 

 

 

 

 

Figure 3.19: Removal of YAP does not rescue apical membrane and junction 
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3.4 Discussion 

Distinct from other mammalian cells, RGPs in the developing cortex position their centrosomes 

away from the nucleus at the VZ surface where they exclusively divide. While this highly unique 

and characteristic subcellular organization of the centrosome in RGPs has been described for 

decades, little is known about its nature and function. Here, we reveal for the first time that the 

centrosome is anchored to the apical membrane via the DAPs, which supports the ring-like MT 

organization at the apical membrane and thereby controls the mechanical properties of the apical 

membrane, RGP proliferation, and cortical size and folding (Fig. 3.16H).  

 

Vertebrate centrioles develop DAPs and sDAPs. Removal of CEP83, a DAP-specific protein, in 

RGPs selectively disrupts DAP formation and causes the detachment of the centrosome from the 

apical membrane. Remarkably, this rather subtle (<1 µm) dislocation of the centrosome causes 

drastic changes in RGP proliferation and cortical size and formation. While centrosome 

membrane anchorage is required for primary ciliogenesis, our side-by-side comparison of Ift88 

cKO or SmoM2 expression with Cep83 cKO suggests that the drastic enlargement and folding, 

albeit with normal lamination and ventricle size, of the Cep83 cKO cortex is unlikely due to 

primary cilium loss or elevated SHH signaling. Importantly, we uncovered a previously 

unknown cellular function of the centrosome in RGPs. The docking of the centrosome to the 

apical membrane supports the formation of prominent ring-like MT structures juxtaposed to the 

cell junctions, which likely promotes intracellular cortical contractile force in conjunction with 

ACTIN network. The contractile force of individual RGPs are balanced by the intercellular 

tugging force exerting between neighboring RGPs that form junctions with each other, which 

would determine the overall stiffness or rigidity of the VZ surface. While remaining in close 

proximity to the apical membrane, the detachment of the centrosome from the apical membrane 

in RGPs lacking CEP83 leads to a loss of MT ring-like structure and a thinning of ACTIN 

network, likely resulting in a decrease of intracellular cortical contractile force. Changes in MT 

network have previously been shown to affect actomyosin activity and contractile force 
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generation (222, 223, 226). Given that the mutant cortical RGPs are embedded in a continuous 

junction belt, the relatively normal contractile force from surrounding WT RGPs (e.g., in the 

ventral telencephalon) would exert a strong tugging force and pull the mutant RGPs, resulting in 

stretching and stiffening of mutant RGP apical membrane and consequently excessive YAP 

activation and RGP proliferation. Similar intricate organization of the centrosome and MT rings 

have recently been observed in neuroepithelial cells of chicken spinal cord (227), suggesting that 

it is a common feature of neural progenitor cells. Notably, while YAP signaling is well known to 

promote proliferation, nuclear expression of YAP in WT RGPs is relatively low. Consistent with 

this, removal of YAP alone in RGPs does not cause any obvious defect in cortical development. 

Our data suggest that the stretching and stiffening of the apical membrane upon centrosome 

detachment causes excessive YAP activation and cortical enlargement and folding.      

 

While the increase in neuronal density was observed throughout the cortical area, the folding 

occurred consistently in the medial region. This region-specific folding of the cortex likely 

reflects the spatiotemporal activity of Emx1-Cre, which occurs first in the medial region (202). 

The density of both deep and superficial layer neurons was dramatically increased in the medial 

region, whereas only the density of the superficial layer neurons was increased in the dorsolateral 

region. These observations are consistent with the notion that substantial radial expansion 

(versus lateral expansion) in neurogenesis is crucial for cortical folding (228). The local 

structural configuration of the medial versus dorsolateral region of the cortex may also contribute 

to the folding. A lateral expansion of RGPs in conjunction with a radial increase in transit 

amplifying progenitors, such as IPs and oRGs, has been postulated to be responsible for cortical 

enlargement during evolution (229, 230). Previous studies showed that manipulation of Trnp1 

expression or introduction of primate-specific genes, such as ARHGAP11B and TBC1D3, 

induces excessive production of oRGs and/or IPs, and cortical enlargement with folding in mice 

(112, 123, 231). Neuronal migration can also contribute to cortical folding independent of 

progenitor cell amplification (118). Our data suggest that centrosome subcellular organization 
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and mechanical properties of neural progenitors affect their proliferative and neurogenic capacity. 

Notably, as development proceeds, the stiffness of the VZ surface in the mouse cortex gradually 

decreases, coinciding with the decline in RGP neurogenic potential (120). In addition, the VZ 

surface of the ferret that develops a large and gyrated cortex appears to be stiffer than that of the 

mouse (120). These observations point to an interesting relationship between the mechanical 

properties of RGPs and cortical size. Notably, our findings of an enlarged cortex with excessive 

neurogenesis in the absence of CEP83, a centriolar DAP protein, suggest a previously unknown 

link between centrosomal abnormalities and brain overgrowth (i.e., megalencephaly). Biallelic 

mutations in human CEP83 have recently been found to cause infantile nephronophthisis as well 

as intellectual disability (232), underscoring the importance of CEP83 and centrosome 

positioning in controlling human brain development and function.  
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Chapter 4 Structural and functional dissections of centrosome in cortical 
development 

4.1 Introduction 

        With the knowledge that different steps of primary ciliogenesis may confer distinct 

functions in cortical development, this thesis expands the research scope to examine functions of 

other centrosomal structures in cortical development. A tempting hypothesis is that different 

centrosomal structures regulate distinct aspects of neurogenesis and neuronal migration in the 

developing neocortex. Centrosomal proteins representing four distinct centrosomal structures are 

examined to test this hypothesis, including SAS4/CENPJ for centriole wall, PERICENTRIN 

(PCNT) for pericentriolar materials (PCM), SCLT1 and NINEIN (NIN) for centriolar 

appendages, and CEP250 for centriolar cohesion. 

 

4.2 Overall functions of centrosomes in cortical development 
4.2.1 Cortical neurogenesis in the absence of centrioles in Nestin-Cre; Sas4 fl/fl; p53fl/fl mice 

We previously examined cortical neurogenesis in the absence of centrioles by knocking out 

Sas4, a core centriolar protein, with brain-specific Nestin-Cre driver line (60). Our study has 

demonstrated a robust adaptability of centriole-less RGPs in terms of their proliferative 

behaviors. As expected, the brain of Nestin-Cre; Sas4 fl/fl (referred to as Sas4 NesCre cKO) 

mouse is microcephalic, which was attributed to extensive p53-dependent apoptosis of RGPs 

triggered by centrosomal loss. However, similar phenotypes at the embryonic stages and the 

postnatal stages are not observed in Nestin-Cre;Ift88fl/fl (referred to as Ift88 NesCre cKO) that 

largely abolishes primary cilia. Surprisingly though, it suggested that primary cilia, especially its 

signaling, are not essential for cortical neurogenesis.  

Upon rescue of the Sas4 mutant by simultaneous removal of p53, enormous amount of PAX6+ 

and TBR2+ neuronal progenitors are ectopically present in the IZ of Nestin-Cre; Sas4 fl/fl; p53fl/fl 



103 
 

(Sas4 p53 NesCre cDKO) cortex. In light of a simultaneous decrease of neuronal progenitors in 

the VZ and SVZ, these ectopic cells probably were detached RGPs from VZ. Retroviral labeling 

of these ectopic neuronal progenitors demonstrated that they did not possess pia-oriented process 

and thereby were not outer subventricular zone progenitors (oRGs). Interestingly, in spite of 

randomized spindle orientation and mitotic delay, these progenitors are as capable as their WT 

counterparts in VZ to undergo multiple rounds of proliferation and give rise to a more or less 

normal cortex. Taken together, in the absence of centrioles, ectopic neuronal progenitors can 

adapt to a new environment and remain proliferative. In the particular case of Sas4 p53 NesCre 

cDKO, the main functions of centrosomes are to attach apical endfeet of RGPs to the VZ surface, 

and to maintain the proper spindle orientation during cell division. However, neither is essential 

for the proliferation of RGPs. In addition to its effects on neurogenesis, the absence of centrioles 

also led to a small heterotopia in the medial region of Sas4 p53 NesCre cDKO cortex. 

  

4.2.2 Cortical neurogenesis in the absence of centrioles in Emx1-Cre; Sas4 fl/fl; p53fl/fl mice 

The Sas4 p53 NesCre cDKO mouse model has several caveats that hinder comprehensive 

analysis of cortical neurogenesis in the absence of centrioles. Due to the critical role of primary 

cilia in SHH signaling, it manifests cerebellum hypoplasia that results in animal death around 

P14, which precludes further analysis of adult brain phenotypes. In addition, it also develops 

postnatal hydrocephalus that induces a thin cortex, which complicates histological analysis of 

mature cortex. Last but not the least, Nestin-Cre has a relatively late onset of expression by 

E11.5 in both dorsal and ventral telencephalon, which misses the initial period of neural 

progenitor expansion through RGP symmetric division during E10~E11.5. To avoid these 

caveats and focus on the development of excitatory cortical neuron lineage, Emx1-Cre line is 

chosen to specifically knock out Sas4 by E10 in a dorsal telencephalon-specific manner. Overall, 

both Emx1-Cre;Sas4 fl/fl (referred to as Sas4 EmxCre cKO hereafter) and Emx1-Cre;Sas4 fl/fl; 
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p53fl/fl (referred to as Sas4 p53 EmxCre cDKO hereafter) exhibited more severe phenotypes than 

Sas4 NesCre cKO and Sas4 p53 NesCre cDKO, respectively.  

Due to an earlier onset of Cre expression by E10, Sas4 EmxCre cKO developed more severe 

microcephaly with 66% brain size reduction than in Sas4 NesCre cKO (~40% reduction) (Figure 

4.1A and 4.1B). Indeed, this is reflected by difference of cortical neuron density reduction 

between two mutants. Sas4 EmxCre cKO cortex had no clear lamination with almost complete 

loss of CUX1+ superficial layer neurons (2.7% of WT) and severe depletion of CTIP2+ (55% of 

WT) and FOXP2+ (22% of WT) deep layer neurons (Figure 4.1C-4.1G), whereas Sas4 NesCre 

cKO cortex retained proper lamination with decreased density of CUX1+ (55% of WT) neurons 

and normal amount of CTIP2+ and FOXP2+ neurons (60).  Remarkably, simultaneous removal 

of p53 not only rescued microcephaly but also rendered the brain of Sas4 p53 EmxCre cDKO 10% 

larger than WT at P21 (Figure 4.1A and 4.1B), which was not observed in Sas4 p53 NesCre 

cDKO. This megalencephaly phenotype was driven by the presence of a large heterotopia and 

increase of neuronal density (Figure 4.1C-4.1G and 4.2). Unlike Sas4 p53 NesCre cDKO, a 

prominent subcortical band heterotopia (SBH) sat beneath the thin normal cortex of Sas4 p53 

EmxCre cDKO cortex and extended from the medial region to the lateral region (Figure 4.1C, 

4.1D and Figure 4.2). On the other side, neuronal density substantially increased, contributing to 

the thickening of the Sas4 p53 EmxCre cDKO cortex. Majority of the increase in neuron density 

came from the heterotopia that is primarily composed of CUX1+ neurons with minor 

contribution from CTIP2+ and FOXP2+ neurons (Figure 4.1C-4.1G). Detailed analysis of 

different neuron populations revealed that the amount of CUX1+ neuron increased by 80%, 

whereas FOXP2+ neuron population suffered a 30% loss (Figure 4.1E-4.1G). Therefore, 

cortical neurogenesis was not only augmented, but also underwent cell fate switch to late-born 

superficial layer neurons at the expense of early-born deep layer ones. 
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Figure 4.1: P53 loss not only rescues microcephaly of Sas4 cKO, but also results in brain 

overgrowth with subcortical band heterotopia. (A) Whole mount images of P21 WT, Sas4 

cKO and Sas4 p53 cDKO brains. Scale bar: 0.5 cm. (B) Quantification of the projected cortical 

area normalized against WT. WT, n = 19 brains; Sas4 cKO, n = 8 brains; Sas4 p53 cDKO, n = 

19 brains. ***, P < 0.001; ****, P < 0.0001. (C) Images of the dorsolateral regions of P21 WT, 

Sas4 cKO and Sas4 p53 cDKO cortices stained for CTIP2 (red) and CUX1 (green), and counter-

stained with DAPI (blue). Scale bar: 100 µm. (D) Images of the dorsolateral regions of P21 WT, 

Sas4 cKO and Sas4 p53 cDKO cortices stained for FOXP2 (red) and CUX1 (green), and counter-

stained with DAPI (blue). Scale bar: 100 µm. (E) Quantification of the numbers of CUX1+ 

neurons per 250 µm column. WT, n = 16 brains; Sas4 cKO, n = 8 brains; Sas4 p53 cDKO, n = 8 

brains. ****, P < 0.0001; **, P < 0.01. (F) Quantification of the numbers of CTIP2+ neurons per 

250 µm column. WT, n = 8 brains; Sas4 cKO, n = 4 brains; Sas4 p53 cDKO, n = 4 brains. ****, 

P < 0.0001; **, P < 0.01; *, P < 0.05; n.s., not significant. (G) Quantification of the numbers of 

FOXP2+ neurons per 250 µm column. WT, n = 12 brains; Sas4 cKO, n = 4 brains; Sas4 p53 

cDKO, n = 8 brains. ****, P < 0.0001; n.s., not significant. For bar charts, data are shown as 

mean ± SEM. Statistical analysis was performed with unpaired Student’s t-test.  

 
Figure 4.1: P53 loss not only rescues 
microcephaly of Sas4 cKO, but also 
results in brain overgrowth with 
subcortical band heterotopia 
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Figure 4.2: Subcortical band heterotopia is present in Sas4 p53 cDKO at P21. Images of the 

dorsolateral regions of P21 WT and Sas4 p53 cDKO cortices stained for CUX1 (red), and 

counter-stained with DAPI (blue). Note the expansive CUX1+ subcortical band heterotopia 

beneath a thin normal cortex. Scale bar: 1 mm. 

 

 

 

 

 

 

Figure 4.2: Subcortical band 
heterotopia is present in Sas4 p53 
cDKO at P21 
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    The severe microcephaly observed in Sas4 EmxCre cKO is attributed to the complete 

collapse of dorsal cortical region and destruction of VZ and SVZ in the double mutant by E15.5 

(Figure 4.3A-4.3C). Furthermore, PAX6+ RGPs were reduced by 81.5% coupled with almost 

complete loss of TBR2+ IPs (Figure 4.3D-4.3G).  

      Neuronal overproduction in Sas4 p53 EmxCre cDKO was likely fueled by increase of 

neural progenitor populations during embryogenesis. Initially, the number of RGPs was 

comparable between the double mutant and WT at E13.5 (Figure 4.4), followed by 46% increase 

of PAX6+ RGPs and a similar increase of TBR2+ IPs at E15.5 (Figure 4.3D-G and 4.4). 

Furthermore, the density of mutant PAX6+ RGPs at E15.5 is even above that at E13.5, while 

WT population declined by 14.7% in the same period (Figure 4.4). The relative increase of 

RGPs and IPs in Sas4 p53 EmxCre cDKO persisted until E17.5 (Figure 4.4). Together, it 

suggests that these mutant RGPs maintained self-renewal through extended symmetric cell 

division rather than to differentiate through terminal division during later development. This is in 

stark contrast to normal density of neural progenitors in Sas4 p53 NesCre Cdko (60). The 

lengthening of cell cycle in neural progenitors has been proposed to regulate the outcomes of 

daughter cell fate following division (159, 160). In the absence of centrioles, the mitotic delay 

may reprogram neural progenitors to undergo more symmetric cell division than asymmetric cell 

division, and give rise to more late-born neurons while reducing the production of early-born 

neurons.  

       It remains unclear how the presence of heterotopia may define the function of centrosome in 

neuronal migration and lamination. There are three potential theories explaining such phenotype. 

The first possibility is that the absence of centrosomes compromises MTOC function and impairs 

radial neuronal migration in a cell-autonomous fashion. To our surprise, we found PCNT+ foci 

in majority of adult neurons at the heterotopia and the normal part of the Sas4 p53 EmxCre 

cDKO cortex, suggesting de novo formation of MTOC in the absence of centrioles (Figure 4.5). 

Therefore, complete loss of MTOC from neurons cannot account for the heterotopia. Another 
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possibility is that the substantial loss of RGPs from the VZ causes a significant disruption of 

radial fiber scaffold that is essential for neuronal migration, so it affects the neuronal migration 

in a non-cell-autonomous manner. Indeed, majority of the ectopic PAX6+ RGPs were multipolar 

and did not possess radial fibers (60). The last theory is that locally produced neurons from 

ectopic progenitors cannot migrate properly due to lack of their intrinsic ability and/or the proper 

extrinsic cues. These theories are not mutually exclusive, thereby compounding the further 

functional dissection of the centrosomes in neural migration and lamination. However, loss of a 

microtubule-associated protein EML1 caused similar SBH with ectopic RGPs and normal 

neuronal migration (135), suggesting that ectopic RGPs is likely the primary cause of SBH rather 

than neuronal migration defects.  
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Figure 4.3: Centrosome leads to delamination and excessive proliferation of RGP in Sas4 

p53 cDKO at E15.5. (A) Whole mount images of E15.5 WT, Sas4 cKO and Sas4 p53 cDKO 

brains. Scale bar: 1 mm. (B) Quantification of the projected cortical area normalized against WT. 

WT, n = 20 brains; Sas4 cKO, n = 6 brains; Sas4 p53 cDKO, n = 9 brains. ****, P < 0.0001; n.s., 

not significant. (C) Images of E13.5 WT, Sas4 cKO and Sas4 p53 cDKO cortices stained for 

PAX6 (green) and counter-stained with DAPI (blue). Note the almost complete collapse of 

dorsal cortical region in Sas4 cKO and the widespread ectopic PAX6+ cells in Sas4 p53 cDKO. 

Scale bar: 0.5 mm. (D) Images of E15.5 WT, Sas4 cKO and Sas4 p53 cDKO brain sections 

stained for PAX6 (green), and PHOSPHO-VIMENTIN (P-VIM, red), a mitotic RGP marker, and 

counter-stained with DAPI (blue). Note the increase of ectopic P-VIM+ mitotic RGPs outside 

VZ. Scale bar: 50 µm. (E) Images of E15.5 WT, Sas4 cKO and Sas4 p53 cDKO brain sections 

stained for TBR2 (green), and PHOSPHO-HISTONE H3 (P-HH3, red), a mitotic marker, and 

counter-stained with DAPI (blue). Note the increase of ectopic P-HH3+ mitotic RGPs outside 

VZ. Scale bar: 50 µm. (F) Quantification of the number of PAX6+ cells per 250 µm column. 

WT, n = 6 brains; Sas4 cKO, n = 4 brains; Sas4 p53 cDKO, n = 5 brains. ****, P < 0.0001; ***, 

P < 0.001; **, P < 0.01. (G) Quantification of the number of TBR2+ cells per 250 µm column. 

WT, n = 6 brains; Sas4 cKO, n = 4 brains; Sas4 p53 cDKO, n = 5 brains. ****, P < 0.0001; **, P 

< 0.01. For bar charts, data are shown as mean + SEM. Statistical analysis was performed using 

unpaired Student’s t-test.  

 

Figure 4.3: Centrosome leads to delamination and excessive proliferation of RGP in Sas4 p53 cDKO at E15.5 
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Figure 4.4: Neural progenitor pools are expanded in Sas4 p53 cDKO from E13.5 to E17.5. 

Quantification of the number of PAX6+ cells per 250 µm column (left) and the number of 

TBR2+ cells per 250 µm column (right) of WT and Sas4 p53 cDKO cortices from E13.5 to 

E17.5. n =5 brains for each genotype.  ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; n.s., not 

significant. For bar charts, data are shown as mean ± SEM.  Statistical analysis was performed 

using Student’s t-test.  

 

 

 

 

 

Figure 4.4: Neural progenitor pools 
are expanded in Sas4 p53 cDKO 
from E13.5 to E17.5 
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Figure 4.5: PCNT+ foci form de novo in post-mitotic neurons of Sas4 p53 cDKO at P21. (A) 

Images of WT and and Sas4 p53 cDKO cortices in superficial layers (II-IV) and deep layers (V-

VI) at P21 stained for PCNT (green) and ADENYLYL CYCLASE III (ACIII, red), a primary 

cilium marker, and counter-stained with DAPI (blue). Note the presence of PCNT+ foci with the 

almost complete loss of primary cilia in the Sas4 p53 cDKO cortex. Scale bar: 10 µm. (B) 

Quantification of percentage of PCNT+ foci with primary cilia. WT, n = 5 brains; Sas4 p53 

cDKO, n = 4 brains. ****, P < 0.0001. (C) Quantification of the ratio between PCNT+ foci and 

nuclei. Note that the ratio is close to 1, indicating majority of nuclei have PCNT+ foci. WT, n = 

5 brains; Sas4 p53 cDKO, n = 4 brains. n.s., not significant. For bar charts, data are shown as 

mean ± SEM.  Statistical analysis was performed using Student’s t-test. 

 

Figure 4.5: PCNT+ foci form de novo in post-mitotic neurons of Sas4 p53 cDKO at P21 
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4.3 Contributions of pericentriolar materials and its associated MTOC functions to cortical 
development 

One of the key questions following our previous study is whether cortical neurogenesis defects 

in the absence of centrioles are mainly driven by PCM defects and thereby impaired MTOC 

function. PERICENTRIN (PCNT), a key component of pericentriolar materials (PCM), cloud 

around the proximal part of mother centriole and serve as the main site for MTOC activity. We 

took advantage of a Pcnt gene-trap (referred to as PcntGt hereafter) mouse line to examine its 

cortical phenotypes. Due to residual presence of PCNT staining at the ventricular surface by 

E13.5 (Figure 4.6A), the allele of PcntGt was hypomorphic. In addition, loss of PCNT only 

impairs the recruitment of CDK5RAP2/CEP215, but not another PCM protein γ-TUBULIN, 

indicating partial disruption of PCM (Figure 4.6B). In addition, NINEIN, a subdistal appendage 

marker, is normally localized to the centrosomes of RGPs at the ventricular surface in PcntGt, 

suggesting a specific perturbation of PCM recruitment and organization upon loss of PCNT 

(Figure 4.6C).  

    The PcntGt animals died around E13.5 and exhibited primary dwarfism with microcephaly 

(data not shown, Figure 4.8A and 4.8B). The gross phenotypes were similar to those in another 

Pcnt gene trap allele, however, with a later prenatal at E17.5, suggesting that PcntGt is a stronger 

hypomorphic allele (64).  
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Figure 4.6: Loss of PCNT impairs PCM protein recruitment in PcntGt at E13.5. (A) Images 

of WT and PcntGt cortices at E13.5 stained for PCNT (green) and ARL13B (red), a primary 

cilium marker, and counter-stained with DAPI (blue). Note the strong, but not complete, loss of 

PCNT staining at the ventricular surface of PcntGt cortice. (B) Images of WT and PcntGt cortices 

at E13.5 stained for γ-TUBULIN (γ-TUB, green) and CEP215 (i.e. CDK5RAP2, red), two PCM 

markers, and counter-stained with DAPI (blue). Note the loss of CEP215 staining but not that of 

γ-TUB at the ventricular surface of PcntGt cortice. (C) Images of WT and PcntGt cortices at 

E13.5 stained for γ-TUBULIN (γ-TUB, green) and NIN (i.e. CDK5RAP2, red), a subdistal 

appendage marker, and counter-stained with DAPI (blue). Note the normal centrosome 

localization of NIN at the ventricular surface of PcntGt cortice. Scale bar: 10 µm. 

Figure 4.6: Loss of PCNT 
impairs PCM protein 
recruitment in PcntGt at E13.5 
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Consistent with a previous study on another PCM mutant of Cdk5rap2 (152), there was 

widespread cell death, marked by CASPASE 3 staining, in the developing mutant neocortex 

upon loss of PCNT (Figure 4.7B). The cell death is likely induced by P53 upreglation in the 

ventricular zone of the mutant at E13.5 (Figure 4.7A). In particular, most P53 expressing cells 

were PAX6+ (Figure 4.7C, white arrows, and 4.7D), suggesting that RGPs underwent cell 

death that was induced by P53 activation. To a much lesser extent, P53 upregulation was also 

found in TBR2+ IPs (Figure 4.7C, white arrowheads, and 4.7D). Consistent with P53 

upregulation and cell death of neural progenitors, PAX6+ RGP suffered a modest loss, while 

TBR2+ IPs lost around 60% of their population in PcntGt at E13.5 (Figure 4.8C-4.8E). 

Consequently, early-born CTIP2+ neurons were substantially lost in the mutant by E13.5 

(Figure 4.7E).  

P53 upregulation in PcntGt cortex indicates a possible P53-dependent cell death, as is in the 

case of Sas4 cKO (60). Therefore, I sought to determine whether loss of p53 might rescue the 

gross and cortical defects of PcntGt. Indeed, PcntGt p53-/- double mutant could substantially 

rescue primary dwarfism and microcephaly and extend embryo survival to P0 (data not shown, 

Figure 4.8A and 4.8B), demonstrating that a similar p53-dependent apoptosis was shared 

between centriole loss and PCM defects. Furthermore, density of PAX6+ and TBR2+ neural 

progenitors can be partially restored in PcntGt p53-/- cortex at E13.5 (Figure 4.8C-E). 

 



117 
 

Figure 4.7: Loss of PCNT induces P53 upregulation and cell death of RGPs and severe loss 

of early-born neurons at E13.5. (A) Images of WT and PcntGt cortices at E13.5 stained for P53 

(green), and counter-stained with DAPI (blue). Note the P53 expression in the ventricular zone 

of PcntGt cortice, but not WT. Scale bar: 100 µm. (B) Images of WT and PcntGt cortices at E13.5 

stained for CASPASE3 (CASP3, green), a cell death marker, and counter-stained with DAPI 

(blue). Note the widespread CASP3 staining across the developing PcntGt cortice, but not WT. 

Scale bar: 50 µm. (C) Images of WT and PcntGt cortices at E13.5 stained for PAX6 (green) and 

P53 (red) and TBR2 (blue). White arrows mark P53+ PAX6+ TBR2- RGPs. White arrowheads 

mark P53+ TBR2+ IPs. Scale bar: left panel, 100 µm; the rest panels, 10 µm. (D) Quantification 

of percentage of P53+ cells that express PAX6 or TBR2. Note majority of P53+ expressing cells 

are PAX6+ TBR2- RGPs. (E) Images of WT and PcntGt cortices at E13.5 stained for CTIP2 

(green) and CASP3 (red), and counter-stained with DAPI (blue). Note the substantially few 

CTIP2+ neurons in the mutant. The image of mutant is the same image as in (B). Scale bar: 100 

µm. 

Figure 4.7: Loss of PCNT 
induces P53 upregulation and cell 
death of RGPs and severe loss of 
early-born neurons at E13.5 
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Figure 4.8: Loss of P53 partially rescues microcephaly and neural progenitor loss at E13.5. 

(A) Whole mount images of E13.5 WT, PcntGt and PcntGt p53-/- brains. Scale bar: 1 mm. (B) 

Quantification of the projected cortical area normalized against WT. WT, n = 15 brains; PcntGt, n 

= 3 brains; PcntGt p53-/-, n = 3 brains. ****, P < 0.0001; *, P < 0.05. (C) Images of E13.5 WT, 

PcntGt and PcntGt p53-/-cortices stained for PAX6 (green) and TBR2 (red), and counter-stained 

with DAPI (blue). Top panels show the overview of cortex for each genotype. Middle and 

bottom panels show zoom-in images of cortex for each genotype. Scale bar for top panels: 200 

µm. Scale bar for middle and bottom panels: 100 µm. (D) Quantification of the number of 

PAX6+ cells per 250 µm column. WT, n = 20 brains; PcntGt, n = 6 brains; PcntGt p53-/-, n = 6 

brains. ****, P < 0.0001; ***, P < 0.001; *, P < 0.05; n.s., not significant. (E) Quantification of 

the number of TBR2+ cells per 250 µm column. WT, n = 15 brains; PcntGt, n = 3 brains; PcntGt 

p53-/-, n = 6 brains. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; n.s., not significant. For bar 

charts, data are shown as mean + SEM. Statistical analysis was performed using unpaired 

Student’s t-test. 

 

Figure 4.8 Loss of P53 partially rescues microcephaly and neural 
progenitor loss at E13.5 
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    Ectopic PAX6+ RGPs emerged in the double mutant at E15.5 (Figure 4.9A), but to a less 

extent compared to Sas4 p53 EmxCre cDKO. In addition, there was also subtle amount of 

ectopic TBR2+ IPs spreading into upper IZ of the double mutant (Figure 4.9B). The increase of 

P-VIM+ dividing RGPs and P-HH3+ cells outside VZ starting from E13.5 suggests a mitotic 

delay of neural progenitors (Figure 4.9A, 4.9B, 4.10A and 4.10B), similar to Sas4 p53 EmxCre 

cDKO. In particular, mitosis was particularly delayed at pro-/prometaphse in both PcntGt and 

PcntGt p53-/- (Figure 4.10C). In addition, spindle orientation of RGPs was also randomized in 

both PcntGt and PcntGt p53-/- (Figure 4.10D).  

   Neuronal production and/or migration of PcntGt p53-/- were delayed, as evident by absence 

of SATB2+ neurons in the upper CP at E15.5 (Figure 4.11A). However, the cortex is thinner but 

with normal lamination in PcntGt p53-/- (Figure 4.11B), suggesting that neuronal production or 

migration in the double mutant eventually caught up with that in WT. Therefore, loss of PCNT 

may be compensated by other PCM proteins during neuronal migration. 

Together, since Pcnt mutant largely phenocopies Sas4 mutant, PCM-mediated MTOC activity 

is likely the major function of centrosome in cortical development. 
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Figure 4.9: Ectopic PAX6+ RGPs are present outside VZ of PcntGt p53-/- at E15.5. (A) 

Images of E15.5 WT, PcntGt and PcntGt p53-/-cortices stained for PAX6 (green) and P-VIM (red), 

and counter-stained with DAPI (blue). Scale bar: 100 µm (B) Images of E15.5 WT, PcntGt and 

PcntGt p53-/-cortices stained for TBR2 (green) and P-HH3 (red), and counter-stained with DAPI 

(blue). Scale bar: 100 µm.  

 

 

 

 

Figure 4.9: 
Ectopic 
PAX6+ 
RGPs are 
present 
outside VZ 
of PcntGt 
p53-/- at 
E15.5 
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Figure 4.10: Mitotic delay and spindle misorientation of neural progenitors in PcntGt p53-/- 

at E13.5. (A) Images of E13.5 WT, PcntGt and PcntGt p53-/-cortices stained for P-HH3 (green), 

and counter-stained with DAPI (blue). Scale bar: 100 µm (B) Quantification of the number of P-

HH3+ cells per 250 µm column. WT, n = 19 brains; PcntGt, n = 9 brains; PcntGt p53-/-, n = 12 

brains. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., not significant. (C) 

Images of E13.5 WT, PcntGt and PcntGt p53-/-cortices stained for P-HH3 (green), and counter-

stained with DAPI (blue). Scale bar: 100 µm (B) Quantification of the percentage of P-HH3+ 

cells in different stages of M phase. WT, n = 10 brains; PcntGt, n = 3 brains; PcntGt p53-/-, n = 3 

brains. ****, P < 0.0001; ***, P < 0.001. (D) Top panels showing mitotic RGPs at the 

ventricular surface of E13.5 WT, PcntGt and PcntGt p53-/-cortices stained for P-VIM (green) and 

counter-stained with DAPI (blue). The morphology of each dividing cell is highlighted by dotted 

circle. The arrow indicates orientation of the division plane. Bottom panels summarize the 

distribution of division plane orientation from 0° to 90° for each genotype. Each red dot 

represents one cell. Scale bar: 10 µm. For bar charts, data are shown as mean + SEM. Statistical 

analysis was performed using unpaired Student’s t-test. 

Figure 4.10: Mitotic delay and spindle misorientation of neural progenitors in PcntGt p53-/- at E13.5 
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Figure 4.11: Lamination of late-born superficial layer neurons is delayed in PcntGt p53-/-. 

(A) Images of E15.5 WT and PcntGt p53-/- cortices stained for CTIP2 (green) and SATB2 (red), 

and counter-stained with DAPI (blue). Note the absence of SATB2+ neurons in the upper 

cortical plate. Scale bar: 100 µm. (B) Images of the dorsolateral regions of P0 WT and PcntGt 

p53-/- cortices stained for CTIP2 (red) and CUX1 (green), and counter-stained with DAPI (blue). 

Note the normal, albeit thinner, cortical lamination in the double mutant. Scale bar: 100 µm. 

 

Figure 4.11: Lamination of late-
born superficial layer neurons is 
delayed in PcntGt p53-/- 
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4.4 Functions of centriolar appendages in cortical development 

          As discussed in Chapter 3, disruption of centriolar distal appendages (DAPs) through 

Cep83 cKO enhanced neurogenesis through abnormal neural progenitor expansion and 

proliferation. In contrast, we previously reported that knockdown of subdistal appendage (sDAP 

protein NINEIN (NIN) impaired neurogenesis through premature depletion of neural progenitors 

(144). Therefore, it raises the interesting question that DAPs and sDAPs may play distinct roles 

during cortical development.  

       To further characterize the roles of centriolar appendages in cortical development, we 

established conditional knockout mouse lines against DAP protein SCLT1 and sDAP protein 

NIN respectively. Each line was then crossed to Emx1-Cre driver line to specifically remove 

protein of interest in RGPs of dorsal telencephalon. 

     In contrast to Cep83 cKO, Emx1-Cre; Sclt1fl/fl (referred to as Sclt1 cKO hereafter) did not 

exhibit megalencephaly phenotype at P21 (Figure 4.12A). In addition, both overall brain size 

and cortical lamination were normal in Sclt1 cKO (Figure 4.12A and 4.12B). The lack of 

cortical defects may be in part attributed to lower knockout efficiency, as evident by a more 

modest loss of primary cilia in adult cortical neurons (~80% loss in Sclt1 cKO versus ~95% loss 

in Cep83 cKO) (Figure 4.13). In addition, the residual primary cilia were short in the mutant. It 

suggested that the structure and function of DAPs may not be completely lost in Sclt1 cKO, 

likely due to its downstream position along one of the two branches in DAP assembly pathway.  
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Figure 4.12: Normal cortical size and lamination in Sclt1 cKO at P21. (A) Whole mount 

images of P21 WT and Sclt1 cKO brains. Scale bar: 0.5 cm. (B) Images of the dorsolateral 

regions of P21 WT and Sclt1 cKO cortices stained for CUX1 (green) and CTIP2 (red), and 

counter-stained with DAPI (blue). Scale bar: 100 µm.  

 

 

 

 

 

 

 

Figure 4.12: Normal cortical 
size and lamination in Sclt1 
cKO at P21 
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Figure 4.13: Incomplete loss of primary cilia in Sclt1 cKO at P21. Images of P21 WT and 

Sclt1 cKO cortices stained for PCNT (green) and ACIII (red), and counter-stained with DAPI 

(blue). Note many short ACIII+ primary cilia in the mutant. Scale bar: 10 µm.  

 

   

 

 

 

 

 

 

 

 

Figure 4.13: Incomplete loss of primary cilia in Sclt1 
cKO at P21 
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     Emx1-Cre; Ninfl/fl (referred to as Nin cKO hereafter) efficiently abolished the expression of 

Ninein at centrosomes of RGPs by E15.5 (Figure 4.14). However, in contrast to previous studies, 

ciliogenesis was not impaired in Nin cKO (Figure 4.15). This observation was consistent with a 

recent finding that sDAPs regulated the spatial positioning of primary cilia rather than 

ciliogenesis itself. Furthermore, mutant mouse brain size was normal at E15.5 and P21 (data not 

shown, Figure 4.16A and 4.16B), in contrast to human microcephaly potentially due to Nin 

mutation. At P21, cortical lamination of Nin cKO was also normal (Figure 4.16C-4.16E), in 

contrast to neuronal migration defects upon in utero knockdown of NIN (144). Therefore, defects 

in cortical neurogenesis and neuronal migration observed in NIN knockdown may be due to non-

specific effects. Alternatively, the presence of NINEIN-LIKE PROTEIN (NLP) may functionally 

compensate loss of NIN in the developing cortex. Lack of cortical defects in Nin cKO does not 

necessarily rule out a role of sDAPs in cortical development. Similar to the case of SCLT1, given 

the downstream position of NIN in sDAP assembly pathway, the structure and function of 

sDAPs may not be fully abolished in Nin cKO. Examination of cKO against the most upstream 

sDAP protein ODF2 may yield more definitive insights into the role of sDAPs in cortical 

development.  
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Figure 4.14: Nin expression is efficiently abolished in Nin cKO at E15.5. Images of the 

ventricular surface of E15.5 WT and Nin cKO cortices stained for PCNT (green) and NIN (red), 

and counter-stained with DAPI (blue). Note the absence of NIN at the centrosomes of RGPs at 

the ventricular surface in the mutant. Scale bar: 10 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Nin expression is efficiently 
abolished in Nin cKO at E15.5 



130 
 

Figure 4.15: Normal ciliogenesis in Nin cKO at P21. (A) Images of P21 WT and Nin cKO 

cortices stained for PCNT (green) and ACIII (red), and counter-stained with DAPI (blue). Scale 

bar: 10 µm. (B) Quantification of the percentage of centrosomes with primary cilia. WT, n = 4 

brains; Nin cKO, n = 4 brains. n.s., not significant. For bar charts, data are shown as mean + 

SEM. Statistical analysis was performed using unpaired Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Normal ciliogenesis in Nin cKO 
at P21 
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Figure 4.16: Normal cortical size and lamination in Nin cKO at P21. (A) Whole mount 

images of P21 WT and Nin cKO brains. Scale bar: 0.5 cm. (B) Quantification of the projected 

cortical area normalized against WT. WT, n = 9 brains; Nin cKO, n = 7 brains. n.s., not 

significant. (C) Images of the dorsolateral regions of P21 WT and Nin cKO cortices stained for 

CUX1 (green) and CTIP2 (red), and counter-stained with DAPI (blue). Scale bar: 100 µm. (D) 

Quantification of the numbers of CUX1+ neurons per 250 µm column. WT, n = 8 brains; Nin 

cKO, n = 8 brains. n.s., not significant. (E) Quantification of the numbers of CTIP2+ neurons per 

250 µm column. WT, n = 4 brains; Nin cKO, n = 4 brains. n.s., not significant. 

 

 

 

Figure 4.16: Normal cortical size 
and lamination in Nin cKO at P21 
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4.5 Functions of centrosome cohesion in cortical development 

A recent finding demonstrated that sDAP (including NIN) and centrosomal linker protein 

CEP250 (also known as C-NAP1) cooperated to regulate centrosome cohesion and spatial 

positioning of primary cilia. More interestingly, mutation in CEP250 was recently mapped to a 

bovine primary dwarfism and mutant fibroblasts exhibit cell migration defects (Floriot et al., 

2015; Panic et al., 2015). To explore the potentially alternative functions of NIN and CEP250 in 

centrosome cohesion and cortical development, I generated Emx1-Cre; Cep250fl/fl (referred to as 

Cep250 cKO hereafter) and Emx1-Cre; Cep250fl/flNinfl/fl (referred to as Cep250 Nin cDKO 

hereafter). While Cep250 straight knockout mice exhibited male infertility due to sperm flagella 

defects (233), both Cep250 cKO and Cep250 Nin cDKO was grossly normal in terms of brain 

size (Figure 4.17) and cortical lamination (data not shown). Given the enormous density of 

centrosomes at the ventricular surface, it was difficult to confirm centrosome cohesion defects of 

RGPs in Cep250 Nin cDKO at E15.5. Detailed analysis through serial section TEM is likely 

required to address this issue and confirm the expected knockout phenotype.  
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Figure 4.17: Normal cortical size in Cep250 Nin cDKO at P21. Whole mount images of P21 

WT and Nin cKO brains. Scale bar: 0.5 cm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Normal cortical 
size in Cep250 Nin cDKO at 
P21 
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4.6 Summary       

      The preliminary phenotypic analysis of several additional centrosomal mutants provided 

some evidence that distinct sub-structures of the centrosome regulate distinct aspects of cortical 

development. In particular, centrosome safeguards neural progenitor against cell death and 

regulates progenitor position and division orientation, largely through regulation of PCM-

dependent MTOC activity. In contrast, several centriolar substructures, including sDAPs and 

centrosomal linker, may not play prominent roles in cortical development.  
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Chapter 5 Conclusions and future directions 

5.1 Introduction 

      My dissertation research sought to define functions of centrosome and primary cilium in 

neocortical development. In Chapter 3, I defined the function of centrosomal docking at the 

apical endfeet of RGPs in cortical neurogenesis. I engineered a conditional knockout mouse 

model against DAP protein CEP83 to abolish DAPs and centrosome docking in RGPs. This 

structural defect displaces the centrosome away from the ventricular surface and induces 

profound microtubule disorganization at the apical endfeet of RGPs. It eventually results in 

apical endfeet enlargement and expansion of the ventricular surface. These physical changes lead 

to increased stiffness at the ventricular surface, activating the mechano-sensitive YAP 

transcription factor. YAP activation drives a tangential and radial expansion of neural 

progenitors, eventually leading to megalencephaly with abnormal cortical folding. Therefore, 

this study demonstrates a novel biophysical function of centrosomal positioning of neural 

progenitors in cortical neurogenesis.  

      In Chapter 4, I sought to build upon our previous studies to functionally dissect the role of 

different centriolar/centrosomal structures in cortical development. This study covers centriole, 

PCM, centriolar appendages and intercentriolar linker. In particular, I found Sas4 mutant exhibits 

a more profound defect in Emx1-Cre driver line that is expressed one day earlier than Nestin-Cre 

line used in our previous study, emphasizing an even more important role of centrosome in 

cortical development from early stage onwards. In Emx1-Cre;Sas4fl/fl p53fl/fl model, P53 loss not 

only completely rescues RGPs and IPs, but the neural progenitor populations actually increases 

compared to WT. At the adult stages, the increase of total neuron populations is coupled with 

cell fate shift towards late-born neurons. Therefore, mitotic delay is likely to expand neural 

progenitor pools to produce more late-born neurons at the expense of early-born ones, arguing a 

role of mitotic progression in cell fate determination of neural progenitor division. The presence 

of significant subcortical band heterotopia Emx1-Cre;Sas4fl/fl p53fl/fl model suggests a potential 
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role of ectopic neural progenitor in cortical lamination defects. By taking advantage of a mouse 

mutant against key PCM protein PCNT, I found that Pcnt mutant largely phenocopies Sas4 

mutant, including microcephaly, P53-dependent neural progenitor death, mitotic delay, spindle 

misorientation, and neural progenitor delamination. It suggests that PCM-dependent MTOC 

activity is the main centrosomal function in cortical neurogenesis. Besides centriole and PCM, I 

have not found any cortical defects in mouse knockouts against other centriolar proteins in this 

study. This lack of phenotypes casts caution on direct translation of centrosomal functions based 

on in vitro cell culture studies into centrosomal functions in vivo. Together, this study 

demonstrates a critical role of centrioles and PCM in promoting neural progenitor division 

during cortical neurogenesis.  

 

5.2 Biophysical functions of centrosomal positioning in cortical development 

      The ventricular surface is often overlooked as no more than a wall to contain the 

cerebrospinal fluid (CSF). However, it creates a stem cell niche for RGPs to coordinate cell 

proliferation, and places RGPs in direct contact with CSF to receive both biochemical and 

physical cues. Given the modest curvature and cortical growth-driven expansion of the ventricle 

surface, it suggests a built-in tissue tension of ventricular surface due to tensile force of 

neighboring tissues and pressure from CSF (120). It is likely that biophysics of the ventricular 

surface may regulate mechanical property of RGPs to shape cortical neurogenesis. 

     Centrosome organizes cytoskeletons and grows a cilium that transduces cellular signaling, so 

it can be a perfect candidate organelle to sense and alter mechanical force at the ventricular 

surface. It remains unclear how centrosome docking exactly regulates the wheel-like 

organization of microtubules at the apical endfeet. I speculate that centrosome docking at the 

apical membrane may provide local membrane tension, orient horizontal growth of microtubule 

until reaching the cell cortex and thereby organize microtubules in a particular manner. A more 

important question is how disorganization of microtubules may impact the mechanical property 
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of the ventricular surface. It is expected that the interplay between intracellular and intercellular 

forces may contribute to this process. Loss of microtubule ring in Cep83 cKO may weaken the 

constraining intracellular force, which will be overpowered by the intercellular tensile force 

exerted by neighboring normal tissue. Consequently, the ventricular surface is expanded and an 

overall horizontal tissue tension is built up to increase the stiffness of the ventricular surface. 

Yet, without a full grasp of physics behind this process, I have to concede that it is hard to 

pinpoint exactly how biological changes may translate into physical changes.  

      Consistent with my observation in Cep83 cKO, it is remarkable that the declining stiffness of 

the mouse ventricular surface is correlated with the decline in RGP neurogenic potential over 

development (120). In addition, the ventricular surface of the gyrated ferret brain is stiffer than 

that of the smooth mouse brain, providing a possibility that physical property of the ventricular 

surface may contribute to cortical expansion and folding of gyrated species (120). It will be 

interesting to explore the evolutionary correlation between the mechanical properties of 

ventricular surface and cortical size.  

 

5.3 Primary ciliogenesis may have a general mechanical function in cortical development 

      I am currently extending my dissertation work on Cep83 cKO to define a more general 

mechanical function of primary ciliogenesis in cortical development. In particular, I am 

performing a side-by-side comparison between Emx1-Cre; Ttbk2fl/fl (referred to as Ttbk2 cKO 

hereafter) and Emx1-Cre; Ift88fl/fl (referred to as Ift88 cKO hereafter).  

       TTBK2 (TAU-TUBULIN KINASE 2) is a protein kinase that initiates ciliogenesis after 

centrosome docking to the plasma membrane. It acts so by recruiting IFT88 and removing the 

inhibitory CP110 protein capping the distal end of the mother centriole (52). Therefore, TTBK2 

is strategically positioned between IFT88 and CEP83 along the primary ciliogenesis pathway. I 

recently obtained Ttbk2fl/fl line from Dr. Sarah Goetz at Kathryn Anderson Laboratory (Figure 

5.1A, see the Appendix). 
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       In Ttbk2 cKO, primary cilia were completely lost by E13.5 (Figure 5.1B). Serial section 

TEM (ssTEM) analysis revealed that centrosomes of RGPs were still docked at the apical 

endfeet without any primary cilia at E15.5 (Figure 5.2B). In contrast, primary cilia were still 

present in Ift88 cKO, but became very short mostly without any axoneme (Figure 5.2B), but 

occasionally sparse disorganized axoneme microtubules were spotted (data not shown). It 

confirms that TTBK2 acts upstream of IFT88 to initiate primary ciliogenesis. The presence of 

distal appendage markers CEP164 and DAP structure in RGPs of Ttbk2 cKO confirms that 

TTBK2 acts downstream of DAP-mediated centrosome docking during primary ciliogenesis 

(Figure 5.2A).   

     Ttbk2 cKO mice suffer megalencephaly at P21. In particular, the gross brain size was 

enlarged in the mutant by 7.65%, below that of Cep83 cKO (10.23%) (Figure 5.3A and 5.3B). 

The brain overgrowth was reflected in part by increase of cortical length and area (Figure 5.3C-

5.3E). On top of the cortical elongation, the cortex was also thickened due to substantial increase 

of CUX1+ superficial-layer neuron density (Figure 5.3F). The increase of CUX1+ neuron in 

deep layers is also noted (Figure 5.3F and 5.3G), similar to that in Cep83 cKO. In contrast, 

CTIP2+ deep layer neuron density is not significantly altered in the mutant. In contrast to high 

penetrance of abnormal cortical folding in Cep83 cKO, I only observed a minor fold in one 

hemisphere in a mutant brain out of eight brains examined (data not shown). One key difference 

with Cep83 cKO is the modestly enlarged brain ventricles consistently observed in Ttbk2 cKO 

(data not shown, one mutant brain suffered significant hydrocephalus), whereas brain ventricle is 

more or less normal in Cep83 cKO.  Together, Ttbk2 cKO developed a less pronounced cortical 

phenotypes than Cep83 cKO, in line with the expectation that TTBK2 acts downstream of 

CEP83 in primary ciliogenesis.  

      To trace the embryonic origin of megalencephaly in Ttbk2 cKO, I examined cortical neural 

progenitor proliferation at E13.5 and E15.5. Brain enlargement is subtler in Ttbk2 cKO than 

Cep83 cKO at E13.5 (Figure 5.4A and 5.4B). RGP population was tangentially expanded 
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marked by increase of PAX6+ domain size and length (Figure 5.4C-5.4E). In addition, TBR2+ 

IPs were already much higher in the mutant (Figure 5.4F-5.4H), indicating an early onset of 

radial expansion than that in Cep83 cKO. On the other hand, Ift88 cKO does not share similar 

defects at E13.5 except a slight increase of TBR2+ IPs (Figure 5.7F-5.4H), suggesting a subtle 

neural progenitor proliferation defect.  

     At a later stage of cortical neurogenesis, the brain of Ttbk2 cKO was significantly enlarged 

(Figure 5.5A and 5.5B) with increase of PAX6+ domain size at E15.5. (Figure 5.5C and 5.4D) 

In contrast to Cep83 cKO, density of PAX6+ RGPs was decreased while density of TBR2+ IPs 

was unchanged in Ttbk2 cKO (Figure 5.5E-5.5G). This is in part reflected by thinner PAX6+ 

VZ domain, particularly in dorsolateral regions, due to cortical elongation (Figure 5.5C and 

5.5E). This phenomenon was also observed in Ift88 cKO at E15.5 (Figure 5.8C and 5.8F), but 

densities of both RGPs and IPs were reduced due to thinning of the VZ (Figure 5.8F-5.8H). It is 

interesting to notice TBR2+ IPs maintained their density in spite of reduced PAX6+ RGP density 

in Ttbk2 cKO (Figure 5.5E –5.5G), suggesting that more IPs were produced per RGP upon loss 

of TTBK2. In addition, there was a notable increase of basal mitosis in the mutant, indicating 

increase of IP division (Figure 5.5H –5.5J). Compounded by a thinner VZ, the neural progenitor 

overproliferation phenotype in Ttbk2 cKO is less conclusive than Cep83 cKO. On the other side, 

it indicates that the extent of ventricular surface expansion was not sufficient to drive a 

compensative neural progenitor overproliferation in Ttbk2 cKO.  

      Similar to Cep83 cKO, the apical endfeet were also substantially enlarged in Ttbk2 cKO at 

E15.5 (Figure 5.6). However, the microtubule disorganization was subtler in Ttbk2 cKO (data 

not shown). In contrast, Ift88 cKO developed a very subtle enlargement of apical endfeet by 

E15.5 without obvious microtubule disorganization (Figure 5.9 and data not shown). I am 

currently using AFM to assess the ventricular surface stiffness of Ttbk2 cKO and Ift88 cKO at 

E15.5 and performing genetic rescue of Ttbk2 cKO with simultaneous removal of Yap to 

determine if megalencephaly is reversed. Together, it suggests that TTBK2 may play a subtler, if 
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any, role in regulation of microtubule organization of the apical endfeet and mechanical property 

of RGPs. 

 

5.4 Roles of centrosome in cortical expansion and folding 

      Centrosome not only can support basic processes during cortical neurogenesis, but also may 

support cortical expansion and folding. Aspm, the most frequently mutated centrosomal gene in 

microcephaly, has been shown to accelerate its genome evolution prior to human brain expansion 

(234). Furthermore, this dissertation demonstrates that genetic manipulation of a single centriolar 

gene, namely Cep83, promotes cortical expansion and folding (See Chapter 3). It suggests that 

the possibility that centrosome may contribute to cortical expansion and folding.  

      There are a few potential means that can augment cortical expansion through centrosome. 

Asymmetric centrosome inheritance may tip the balance between symmetric proliferative 

division and asymmetric neurogenic division through equal or unequal inheritance of 

centrosome-associated cell fate determinant. Indeed MINDBOMB1 (MIB1), a NOTCH signaling 

effector, is localized to the centrosome via centriolar satellite, and the equal or unequal 

inheritance of MIB1 determines the symmetric or asymmetric outcomes of neural progenitor 

division (235). It will be interesting to examine whether centrosome inheritance is less 

asymmetric to promote symmetric proliferative division of neural progenitors in cortical 

expansion of gyrated species, such as ferrets. Another potential source of cortical expansion is 

the balance between RGP population and oRG population through neural progenitor 

delamination. As discussed earlier, centrosome maintains RGP attachment to the ventricular 

surface (See Section 2.3.2 and 4.2.1). Similarly, in ferret Aspm mutant, significant amount of 

RGPs delaminate and become oRG-like progenitors (181). Since oRGs are more differentiated 

with more limited proliferative potential than RGPs, it may contribute to microcephaly (181). 

Consequently, Centrosome may regulate neural progenitor attachment to fine-tune each 

population of neural progenitors in order to favor cortical expansion.   
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        oRGs are considered a part of cellular machinery that drives cortical expansion and folding. 

It is distinguished from RGPs in several aspects, including the behaviors of centrosome. As 

discussed earlier, centrosome is anchored at the apical endfoot of each RGP during interphase 

and detaches to form mitotic spindle during division (See Section 2.3.1). In contrast, centrosome 

is not fixed at a particular location relative to the soma of oRGs during interphase, but it always 

moves back to be close to the nucleus prior to and during mitotic soma translocation (MST) 

(108).  Given such different behaviors of centrosomes between RGPs and oRGs, it will be 

interesting to examine how centrosomal and ciliary behaviors may differentially influence 

proliferation and neurogenesis of RGPs and oRGs, for example asymmetric centrosome and 

ciliary inheritance.  

        Upon till now, majority of studies focus on pure biological mechanism of cortical expansion 

and folding, but physical mechanism is equally important for cortical development. This 

dissertation is among the first to integrate biological and physical mechanisms together to 

address cortical expansion and folding.  It will be critical to bring theoretical simulation of 

physical changes in brain development into experimental dissection of the underlying biological 

mechanisms and vice versa. 

 

5.5 Centrosome-related microcephaly derives from neural progenitor cell death due to 
structural and numeric defects of centrosome that impact PCM  

      Multiple mechanisms have been proposed to explain how centrosomal dysfunction leads to 

microcephaly (86). These include cell death, mitotic delay, mitotic spindle misorientation, cell 

fate change, and DNA damage response. Many of these possible mechanisms are interlinked, for 

example mitotic delay results in cell death (60). Our previous study and this dissertation have 

demonstrated that a P53-dependent apoptosis of neural progenitors is the primary cause of 

centrosome-related microcephaly (60) (See Section 4.2.1). Furthermore, a signaling axis of 

53BP1-USP28-P21-P53 has been mapped to connect centrosomal loss to apoptosis in human 

cells (61, 62). It would be interesting to determine whether knockout of either 53BP1 or USP28 
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may rescue centrosome-related microcephaly, which may provide a novel therapeutic approach 

to treat the congenital microcephaly due to the un-druggable nature of P53.  

       Among other potential mechanisms of microcephaly, mitotic spindle orientation and DNA 

damage response have been refuted as potential mechanisms underlying centrosome-related 

microcephaly based on our mouse models of this disease. Cell fate change does occur in Emx1-

Cre;Sas4fl/fl p53fl/fl, but is not  the way that Pilaz and colleagues suggested (154). They propose 

that mitotic delay alters the division outcome of RGPs to favor production of neurons rather than 

neural progenitors, which could serve a mechanism of microcephaly by producing neurons 

earlier (more early-born neurons) and scarifying the neurogenic potential (fewer late-born 

neurons) at later developmental stages. In Emx1-Cre;Sas4fl/fl p53fl/fl model, total number of 

cortical neurons actually increases with cell fate shift towards late-born neurons, and the total 

RGP population also increases rather than decreases at E15.5 (See Section 4.2.2). It argues 

instead, that prolonged mitosis of RGPs favors the production of late-born neurons at the 

expense of early-born neurons, without compromising neural progenitor population.  

         Based on functional classification of microcephaly-related centrosomal proteins (See 

Section 2.2), it is easy to conclude that most of these protein function in centriole biogenesis and 

PCM organization. Upon genetic mutations in these proteins, number of centrioles can be altered 

directly or indirectly through structure defect-induced instability (e.g. unstable short centrioles in 

C2cd3 mutant mouse cells (236)) Numeric changes of centrioles alter number of MTOCs that 

recruits PCM, while structural changes of centrioles and PCM directly impacts PCM recruitment. 

Together, numeric and structural changes of centrioles lead to PCM defects and microtubule 

disorganization, which directly affect mitotic progression and spindle orientation. It is interesting 

to note that acentriolar postmitotic neurons can still from PCNT+ foci de novo in Emx1-

Cre;Sas4fl/fl p53fl/fl model, however whether these foci contain a full set of PCM components in 

an organized and functional way is unknown. Similarly, centrosomes of RGPs still contain γ-

tubulin but not CDK5RAP2 in Pcnt mutant, suggesting a partially compromised PCM. It will be 

interesting to develop a mouse model that is completely devoid of PCM in order to reveal the full 
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contribution of PCM to cortical neurogenesis. 

              It should be noted that the mechanism underlying microcephaly may diverge between 

mouse and human. Take the consequence of centriole loss-induced P53 activation for example. It 

leads to apoptosis of mouse RGPs but senescence in human cells (60, 63). In addition, as 

discussed above, microcephaly induced by Aspm mutation is much more severe in the gyrated 

ferret brain and human brain than mouse brain, likely attributed to different biology of neural 

progenitor diversity and proliferation (181, 237). It suggests that genetic modification of gyrated 

species sharing more similar neurodevelopmental programs can better recapitulate human 

microcephaly and overcome the limits of mouse models. 

 

5.6 Proximal-distal compartmentalization of centrosomal function and cortical 
development  

      Our previous study with Sas4 mutant has defined the major functions of centrosomes in 

cortical development (60). However, how multifaceted functions of centrosomes may regulate 

diverse biological processes during cortical development, ranging from neural progenitor 

division to neuronal migration and eventually to neuronal differentiation, remains elusive.  

      This dissertation research expanded our understanding of centrosomal functions by 

examining more centrosomal/centriolar structures in the context of cortical neurogenesis. 

Interestingly, loss of proximal-end centrosomal/centriolar proteins, including SAS4 and PCNT, 

causes microcephaly. In sharp contrast, loss of distal-end centriolar protein CEP83 leads to 

megalencephaly.  This drastic phenotypic difference suggests a functional compartmentalization 

of centrioles along its proximal-distal axis in the context of cortical neurogenesis. Indeed, the 

proximal part of centriole recruits PCMs and regulates the number of centrioles through centriole 

assembly and engagement, which controls the number and activity of MTOC per cell. On the 

other end, distal part of centriole controls ciliogenesis and positions centrosome-cilia axis within 

a cell through centriolar appendages, which controls where and when MTOC activity and ciliary 

signaling should occur in a cell. Combination of these two parts of centrioles can precisely 
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control cytoskeleton organization and signaling activity of a cell in a spatio-temporal manner, 

which can accommodate different requirements of centrosomes in diverse biological contexts. It 

will be interesting to examine functions of additional proximal- and distal-end centriolar proteins 

in several biological processes, for example, neural progenitor proliferation, neuronal migration, 

and neuronal differentiation. 

       Another way to create functional versatility of centrosome is through modification of PCM. 

The primary function of centrosome is to act as cytoskeleton organizer, including both 

microtubules and actin cytoskeleton. It is possible that different regulators of microtubule and 

actin nucleation can be recruited to PCM in a dynamic fashion. Consequently, the centrosome 

can coordinate microtubule and actin organization to different extents for each type of 

cytoskeleton. To further assess centrosomal function in vivo, the physiological relevance of 

actin-organizing activity and cooperation between microtubule and actin cytoskeleton will be of 

great interest in neuronal migration and differentiation that require complex cytoskeleton 

organization and coordination.  

 

5.7 Concluding Remarks 

      Centrosome and primary cilium carry out multifaceted functions in cortical development, 

dysfunction of which result in severe untreatable cortical malformation. Yet, many years of 

studies focus on functional analysis of these key organelles through in vitro cell culture models, 

which may not be easily translated into physiological contexts. This dissertation attempted to 

bring functional analysis of centrosome and primary cilium into an in vivo setting, in this case 

cortical development. I hope it will become one of the first steps to push forward a systematic 

functional analysis of various centriolar/centrosomal/ciliary structures in genetically modified 

mouse models.  I believe a thorough scrutiny of centrosome and primary cilium from a 

structural-functional perspective will yield critical insights to unified mechanisms underlying 

microcephaly, ciliopathy and other human cortical malformations. 
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APPENDIX: Figures for Section 5.3 

Figure 5.1:  Ttbk2 deletion in cortical RGPs. (A) Schematic of the Cep83 conditional knockout 

mouse generation. Green boxes represent exons, red triangles represent LoxP sites, and yellow 

triangles represent FRT sites. NeoR, Neomycin resistance gene cassette. (B) Images of WT, Ttbk2 

cKO and Ift88 cKO cortices at E13.5 stained for PCNT (green) and ARL13B (red), and counter-

stained with DAPI (blue). High magnification images of individual centrosomes are shown in the 

insets. Note the complete loss of primary cilia in the Ttbk2 cKO and Ift88 cKO cortices by E13.5. 

Scale bars: 10 μm and 1 μm.  (B) Images of WT, Ttbk2 cKO and Ift88 cKO cortices at P21 

stained for PCNT (green) and ACIII (red), and counter-stained with DAPI (blue). High 

magnification images of individual centrosomes are shown in the insets. Note the complete loss 

of primary cilia throughout the Ttbk2 cKO and Ift88 cKO cortices. Scale bars: 10 μm and 1 μm.   

Figure 5.1:  Ttbk2 deletion in cortical RGPs 
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Figure 5.2: Primary cilia are completely abolished in Ttbk2 cKO at E15.5.  (A) Images of 

E15.5 WT, Ttbk2 cKO and Ift88 cKO cortices stained for PCNT (green), ARL13B (top panel, 

red), and CEP164 (bottom panel, red), and counter-stained with DAPI (blue). High magnification 

images of individual centrosomes are shown in the insets. Note the presence of CEP164 and the 

absence of ARL13B at the centrosomes of RGPs of each mutant. Scale bars: 10 μm and 1 μm. (B) 

Serial section transmission electron microscopy (ssTEM) images of E15.5 WT, Ttbk2 cKO and 

Ift88 cKO VZ surface at E15.5 showing individual centrosomes of RGPs in the apical endfoot. 

High magnification images of the centrosome (broken line squares) are shown to the right. Note 

that WT mother centriole (MC) possesses the distal appendages (DAPs, red arrows) and 

subdistal appendages (sDAPs, yellow arrows) and grows a primary cilium (PC). The mother 

centriole of Ttbk2 cKO RGP does not have a primary cilium but retains both DAPs and sDAPs. 

In contrast, a short primary cilium of Ift88 cKO RGP is still present with enlarged ciliary tip. DC, 

daughter centriole. Scale bars: 400 nm and 100 nm.  

Figure 5.2: Primary cilia 
are completely abolished 
in Ttbk2 cKO at E15.5 
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Figure 5.3: Loss of Ttbk2 leads to an enlarged cortex with increased neuronal density. (A) 

Whole mount images of P21 WT and Ttbk2 cKO brains. Broken lines indicate the cerebral 

hemisphere. Scale bar: 0.5 cm. (B) Quantification of the average projected cortical area. WT, n = 

9 brains; Ttbk2 cKO, n = 11 brains. ***, P < 0. 001. (C) Images of P21 WT and Ttbk2 cKO brain 

sections stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). 

Yellow broken outlines delineate the total cortical area. Scale bar: 1 mm. (D-E) Quantification of 

P21 WT and Cep83 cKO cortical lengths (D) and areas (E). WT, n = 5 brains; Ttbk2 cKO, n = 4 

brains. ***, P < 0.001; **, P < 0.01. (F) Images of the dorsal region of P21 WT and Cep83 cKO 

cortices stained for CTIP2 (green) and CUX1 (red), and counter-stained with DAPI (blue). Scale 

bar: 100 µm. (G) Quantification of the numbers of CUX1+ (top) and CTIP2+ (bottom) neurons 

per 250 µm column. WT, n = 8 brains; Ttbk2 cKO, n = 6 brains. ****, P < 0.0001; ***, P < 

0.001; n.s., not significant. For box-whisker plots: center line, median; box, interquartile range; 

whiskers, minimum and maximum. For bar charts, data are shown as mean + SEM. Statistical 

analysis was performed with unpaired Student’s t-test. See also Figures S2-5.  

 

Figure 5.3: Loss of Ttbk2 
leads to an enlarged cortex 
with increased neuronal 
density 
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Figure 5.4: Loss of Ttbk2 leads to subtle RGP lateral expansion and excessive IP production 

at E13.5. (A) Whole mount images of E13.5 WT and Ttbk2 cKO brains. Broken lines indicate 

the cerebral hemispheres Scale bar: 1 mm. (B) Quantification of the average projected cortical 

area. WT, n = 6 brains; Ttbk2 cKO, n = 2 brains. (C) Images of E13.5 WT and Ttbk2 cKO 

cortices stained for PAX6 (green), and counter-stained with DAPI (blue). Arrows indicate the 

boundaries of the PAX6+ domain. Scale bar: 0.5 mm. (D and E) Quantification of PAX6+ 

domain length (D) and area (E). n = 5 brains for each genotype. ***, P < 0.001. (F) Images of 

E13.5 WT and Ttbk2 cKO cortices stained for PAX6 (green) and TBR2 (red), and counter-

stained with DAPI (blue). Note the excessive amount of TBR2+ cells in the mutant. Scale bar: 50 

µm. (G and H) Quantification of the number of PAX6+ (G) and TBR2+ (H) cells per 250 µm 

column in F. WT, n = 12 brains; Cep83 cKO, n = 10 brains. ****, P < 0.0001; n.s., not 

significant. (I) Images of E13.5 WT and Ttbk2 cKO cortices stained for P-HH3 (red), and 

counter-stained with DAPI (blue). Note the excessive amount of P-HH3+ basal mitosis in the 

mutant. Scale bar: 50 µm.  (J and K) Quantification of the number of apical (J) and basal (K) P-

HH3+ cells per 250 µm column. WT, n = 12 brains; Ttbk2 cKO, n = 10 brains. ****, P < 0.0001; 

*, P < 0.05. For box-whisker plots: center line, median; box, interquartile range; whiskers, 

minimum and maximum.  Statistical analysis was performed using unpaired Student’s t-test.  

Figure 5.4: Loss of 
Ttbk2 leads to subtle 
RGP lateral expansion 
and excessive IP 
production at E13.5 
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Figure 5.5: Loss of Ttbk2 leads to excessive basal mitosis at E15.5. (A) Whole mount images 

of E15.5 WT and Ttbk2 cKO brains. Broken lines indicate the cerebral hemispheres. Scale bar: 1 

mm. (B) Quantification of the average projected cortical area. n = 14 brains for each genotype. 

****, P < 0.0001. (C) Images of E15.5 WT and Ttbk2 cKO brain sections stained for PAX6 

(green) and counter-stained with DAPI (blue). Arrowheads indicate the boundaries of PAX6+ 

domain. Note the thinning of PAX6+ VZ at the dorsolateral cortical region in the mutant. Scale 

bar: 0.5 mm (D) Quantification of the PAX6+ domain length. n = 5 brains for each genotype. **, 

P < 0.01. (E) Images of E15.5 WT and Ttbk2 cKO cortices stained for PAX6 (green) and TRB2 

(red), and counter-stained with DAPI (blue). IZ, intermediate zone. Note a thinner PAX6+ VZ in 

the mutant. Scale bar: 50 µm. (F and G) Quantification of the number of PAX6+ (F) and TBR2+ 

(G) cells per 250 µm column. WT, n = 12 brains; Ttbk2 cKO, n = 10 brains. ****, P < 0.0001; 

n.s., not significant. (H) Images of E15.5 WT and Ttbk2 cKO cortices stained for P-HH3 (red), a 

mitotic cell marker, and counter-stained with DAPI (blue). Scale bar: 50 µm. (I and J) 

Quantification of the number of apical (I) and basal (J) P-HH3+ cells per 250 µm column. WT, n 

= 12 brains; Ttbk2 cKO, n = 10 brains. ****, P < 0.001; n.s., not significant. For box-whisker 

plots: center line, median; box, interquartile range; whiskers, minimum and maximum.  

Statistical analysis was performed using unpaired Student’s t-test.  
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Figure 5.6: Loss of Ttbk2 leads to apical membrane enlargement at E15.5. En face 

segmented images of WT and Cep83 cKO VZ surface at E15.5. Note the substantially larger 

apical domains in the mutant. Scale bar: 10 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Loss of Ttbk2 leads to 
apical membrane enlargement at 
E15.5 
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Figure 5.7: Loss of Ift88 leads to subtle IP overproduction at E13.5. (A) Whole mount 

images of E13.5 WT and Ift88 cKO brains. Broken lines indicate the cerebral hemispheres Scale 

bar: 1 mm. (B) Quantification of the average projected cortical area. WT, n = 12 brains; Ttbk2 

cKO, n = 5 brains. n.s., not significant. (C) Images of E13.5 WT and Ift88 cKO cortices stained 

for PAX6 (green), and counter-stained with DAPI (blue). Arrows indicate the boundaries of the 

PAX6+ domain. Scale bar: 0.5 mm. (D and E) Quantification of PAX6+ domain length (D) and 

area (E). n = 4 brains for each genotype. n.s., not significant. (F) Images of E13.5 WT and Ift88 

cKO cortices stained for PAX6 (green) and TBR2 (red), and counter-stained with DAPI (blue). 

Note the subtle increase of TBR2+ cells in the mutant. Scale bar: 50 µm. (G and H) 

Quantification of the number of PAX6+ (G) and TBR2+ (H) cells per 250 µm column in F. n = 8 

brains for each genotype. **, P < 0.01; n.s., not significant. (I) Images of E13.5 WT and Ift88 

cKO cortices stained for P-HH3 (red), and counter-stained with DAPI (blue). Scale bar: 50 µm.  

(J and K) Quantification of the number of apical (J) and basal (K) P-HH3+ cells per 250 µm 

column. n = 8 brains for each genotype. n.s., not significant. For box-whisker plots: center line, 

median; box, interquartile range; whiskers, minimum and maximum. Statistical analysis was 

performed using unpaired Student’s t-test.  

 

 

 

Figure 5.7: Loss of Ift88 leads to subtle IP 
overproduction at E13 5 
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Figure 5.8: Loss of Ift88 does not lead to neural progenitor proliferation defects at E15.5. 

(A) Whole mount images of E15.5 WT and Ift88 cKO brains. Broken lines indicate the cerebral 

hemispheres. Scale bar: 1 mm. (B) Quantification of the average projected cortical area. n = 14 

brains for each genotype. ****, P < 0.0001. (C) Images of E15.5 WT and Ift88 cKO brain 

sections stained for PAX6 (green) and counter-stained with DAPI (blue). Arrowheads indicate 

the boundaries of PAX6+ domain. Note the general thinning of PAX6+ VZ in the mutant. Scale 

bar: 0.5 mm (D and E) Quantification of the PAX6+ domain lengths (D) and areas (E). Note the 

PAX6+ domain size is not significantly larger in the mutant. WT, n = 8 brains; Ift88 cKO, n = 6 

brains. *, P < 0.05; n.s., not significant. (F) Images of E15.5 WT and Ift88 cKO cortices stained 

for PAX6 (green) and TRB2 (red), and counter-stained with DAPI (blue). IZ, intermediate zone. 

Note a thinner PAX6+ VZ and fewer TBR2+ cells in the mutant. Scale bar: 50 µm. (G and H) 

Quantification of the number of PAX6+ (G) and TBR2+ (H) cells per 250 µm column. n = 8 

brains for each genotype. **, P < 0.01. (I) Images of E15.5 WT and Ift88 cKO cortices stained 

for P-HH3 (red), a mitotic cell marker, and counter-stained with DAPI (blue). Scale bar: 50 µm. 

(J and K) Quantification of the number of apical (J) and basal (K) P-HH3+ cells per 250 µm 

column. WT, n = 13 brains; Ift88 cKO, n = 16 brains. n.s., not significant. For box-whisker plots: 

center line, median; box, interquartile range; whiskers, minimum and maximum.  Statistical 

analysis was performed using unpaired Student’s t-test.  

 

Figure 5.8: Loss of Ift88 
does not lead to neural 
progenitor proliferation 
defects at E15.5 
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Figure 5.9: Loss of Ift88 leads to subtle apical membrane enlargement at E15.5. (A) En face 

segmented images of WT and Ift88 cKO VZ surface at E13.5 and E15.5. Scale bar: 10 µm. (B) 

Quantification of frequency distribution of apical domains according to their sizes. (C) 

Quantification of the average apical domain size of WT and ift88 cKO RGPs at E15.5. WT, n = 

2368 apical domains from 7 embryos; Ift88 cKO, n = 3630 apical domains from 13 embryos. **, 

P < 0.01. For box-whisker plots: center line, median; box, interquartile range; whiskers, 

minimum and maximum. Statistical analysis was performed using unpaired Student’s t-test. 

 

 

 

 

 

Figure 5.9: 
Loss of 
Ift88 leads 
to subtle 
apical 
membrane 
enlargement 
at E15.5 
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EXPERIMENTAL PROCEDURES 

Mouse lines 

Cep83fl/fl was generated using CRISPR/Cas9 approach. Sclt1fl/fl was generated from EUCOMM 

ES clone HEPD0562_1_D02 carrying Sclt1tm1a(EUCOMM)Hmgu allele. Ninfl/fl was generated from 

EUCOMM ES clone HEPD0621_5_B10 carrying Nintm1a(EUCOMM)Hmgu allele. Cep250fl/fl was 

generated from EUCOMM ES clone EPD0430_3_A05 carrying Cep250tm1a(EUCOMM)Hmgu allele. 

Ttbk2fl/fl was generated from EUCOMM ES clone HEPD0767_5_H05 carrying 

Ttbk2tm1a(EUCOMM)Hmgu allele and kindly provided by Dr. Sarah Goetz (Duke University) and Dr. 

Kathryn Anderson (Memorial Sloan Kettering Cancer Center). Ift88fl/fl (210), Yapfl/fl (238), and 

R26-LSL-SmoM2 (212) mice were kindly provided by Dr. Bradley Yoder (University of 

Alabama at Birmingham), Dr. Jeff Wrana (The Lunenfeld-Tanenbaum Research Institute, 

Canada), and Dr. Andrew McMahon (University of Southern California), respectively. Emx1-

Cre (stock#005628; The Jackson Laboratory) was used to delete genes in the cortex. Genotyping 

was carried out using standard PCR protocols. More information is available in the key resource 

table. The mice were maintained at the facilities of Memorial Sloan Kettering Cancer Center 

(MSKCC) and all animal procedures were approved by the MSKCC Institutional Animal Care 

and Use Committee (IACUC). For timed pregnancies, the plug date was designated as E0 and 

the date of birth was defined as P0.   

 

Generation of Cep83 conditional knockout mice 

The Cep83 conditional knockout mice were generated through CRISPR/Cas9-mediated double 

nicking strategy (201). Guide RNAs (gRNA) were designed and synthesized according to 

described methods (201). A gRNA pair In3A (5’-GGTTTCCTGACAACGCAGAT-3’) and In3B 

(5’-TCAGTCCAGTTCAGTAGCGT-3’) were selected for their high targeting efficiency based 

on Surveyor assay (Integrated DNA Technologies) and cloned into pX335 vector. To generate 

minivector gene targeting construct, a DNA fragment of mouse Cep83 containing the critical 
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Exon 3 was amplified from BAC clone RP23-422L20 (Children’s Hospital Oakland Research 

Institute) and cloned into pL451 vector using Golden Gate Assembly method. A mixture of 

pX335-In3A, pX335-In3B, and pL451-Cep83 flox-neo plasmids was then electroporated into a 

W4 mouse embryonic stem (ES) cell line of 129S6 background for gene targeting. Correctly 

targeted ES cell clones were screened by Southern blot against 5’ homology arm, and confirmed 

by long-range PCR, genotyping and sequencing. ES cell clones were microinjected into C57B6/J 

blastocysts for chimera production. Male chimeras were crossed to multiple C57B6/J females to 

screen and obtain Cep83fl-neo mice through genotyping. Actin-Flp transgenic mice (stock# 

005703; The Jackson Laboratory) were used to excise the Neo selection cassette and obtain 

Cep83fl/+ (fl, floxed allele). Genotyping primers for Cep83 floxed allele at 5’ loxP site were: 

forward primer, 5’-AGTGGGCTGTGAATGTAGTCTT-3’ and reverse primer, 5’-

AGCCAACCAATAATACAGAAAACA-3’. Deletion of exon 3 created a frameshift in 

subsequent exons and thereby interfere CEP83 protein expression.  

 

Generation of conditional knockout mice from EUCOMM ES clones 

EUCOMM ES cell clones were first confirmed for normal karyotypes and then microinjected 

into C57B6/J blastocysts for chimera production. Male chimeras were crossed to multiple 

C57B6/J females to screen and obtain founder mice through genotyping. Actin-Flp transgenic 

mice (stock# 005703; The Jackson Laboratory) were used to excise the Neo selection cassette 

and obtain mice carrying floxed alleles of gene of interest. 

 

Brain sectioning, immunohistochemistry, and imaging 

Timed pregnant females that carried conditional mutant alleles were anesthetized, embryos were 

removed and perfused with ice-cold phosphate buffered saline (PBS, pH7.4), followed by 4% 

paraformaldehyde (PFA). Brains were post-fixed with 4% PFA for 6 hours, cryo-protected and 

sectioned at 12 μm for immunohistochemistry as previously described (60). Postnatal animals 

were similarly processed and cryo-sectioned at 40 μm. For en face analysis of ventricular surface, 
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embryos were perfused with warm PBS and PFA to avoid microtubule depolymerization. Dorsal 

telencephalon was then dissected out of the embryonic brain to expose the ventricular surface for 

immunohistochemistry. The following primary antibodies were used: Alexa Fluor 546 Phalloidin 

(1:500, ThermoFisher), goat anti-FOXP2 (1:100, Santa Cruz), mouse anti-N-CAD (1:500, 

Abcam), mouse anti-NESTIN (1:500, Developmental Hybridoma Bank), mouse anti-

Neurofilament (1:500, BioLegend), mouse anti-PAX6 (1:100, Developmental Hybridoma Bank), 

mouse anti-PCNT (1:200, BD Biosciences), mouse anti-α-TUB (1:1000, Sigma-Aldrich), mouse 

anti-YAP (1:200, Abcam), rabbit anti-ACIII (1:200, Santa Cruz), rabbit anti-ARL13B (1:2000) 

as previously described (239), rabbit anti-BLBP (1:500, Abcam), rabbit anti-CEP83 (1:200, 

Sigma-Aldrich), rabbit anti-CEP164 (1:200, Sigma-Aldrich), rabbit anti-CUX1 (1:200, Santa 

Cruz), rabbit anti-HOPX (1:1000, Sigma-Aldrich), rabbit anti-MAP2 (1:500, EMD Millipore), 

rabbit anti-PARD3 (1:500, Sigma Aldrich), rabbit anti-PAX6 (1:500, Biolegend), rabbit anti-

PCNT (1:1000, BioLegend),  rabbit anti-P-HH3 (1:1000, Abcam), rabbit anti-PTPRZ1 (1:500, 

Sigma-Aldrich), rabbit anti-SATB2 (1:500, Abcam), rabbit anti-TNC (1:500, Abcam), rat anti-

BrdU (1:1000, Accurate), rat anti-CTIP2 (1:1000, Abcam), rat anti-TBR2 (1:100, eBioscience). 

Alexa fluor 488-, 546-, or 647-conjugated secondary antibodies (Life Technologies) were used. 

For EdU and BrdU double pulse chase analysis, animals were weighted and injected with EdU 

(10 µg per gram of animals) and BrdU (50 µg per gram of animals) sequentially. EdU staining 

was performed using Click-IT EdU Alexa Fluor 647 Imaging Kit (ThermoFisher). Before 

proceeding with BrdU staining, tissue sections were blocked with azidomethylphenylsulfide to 

minimize cross-reactivity of anti-BrdU antibody against EdU (240). BrdU staining was 

performed as described previously (60). Coronal sections were imaged with a FV1200 confocal 

microscope (Olympus) and NanoZoomer 2.0 HT slide scanner (Hamamatsu Photonics). Free-

floating dorsal telencephalon was submerged in PBS and positioned in an en face view, and 

imaged by FV1200 confocal microscope with water-immersion objectives. En face images of the 

ventricular surface were automatically segmented with ImageJ (NIH) with Fiji plugin Tissue 

Analyzer (241) and manually corrected. Cell boundaries at the edges of images were manually 
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removed and thereby excluded from analysis. The segmented images were then transformed into 

labeled image with ImageJ with Fiji plugin MorphoLibJ (242). Subsequently, apical domain 

sizes were measured through particle analysis function of Fiji. For result visualization, apical 

domain size was color coded with Matlab (Mathworks Inc.). YAP immunostaining signal was 

measured using ImageJ and cells with strong nuclear YAP signal were identified based on a 

higher YAP signal in the neclus than in the cytosol. All images were analyzed and processed 

using Volocity (PerkinElmer) ImageJ/Fiji (NIH), and Photoshop (Adobe).  

 

Serial section transmission electron microscopy (ssTEM) 

For ssTEM analysis, timed pregnant females were prepared and embryos were removed and 

perfused with 0.1 M sodium cacodylate buffer (pH7.4) and a fixative containing 2% PFA and 2.5% 

glutaraldehyde (GA) at room temperature, followed by post-fixation overnight with the same 

fixative at 4°C. Brains were then sliced into 1-mm thick coronal sections with mouse brain mold. 

The selected slices were re-fixed with 2.5% GA and 0.1% tannic acid for one hour and then with 

2.5% GA overnight. The slices were post-fixed with 1% osmium tetra-oxide and 0.4% potassium 

ferrocyanide for 1 hour, followed by en bloc staining with 1% uranyl acetate for 30 min. Sections 

were subsequently dehydrated with graded ethanol series, infiltrated and embedded with 

Eponate12 resin (Electron Microscopy Sciences). Serial sections (70 nm) of brain regions close 

to the ventricular surface were cut by an ultra-microtome (Ultracut E; Leica). Serial images of 

centrioles from RGPs at the ventricular surface were acquired with JOEL 100CX transmission 

electron microscope with a digital imaging system (XR41-C, Advantage Microscopy 

Technology) at 80 kV at the Rockefeller University Electron Microscopy Resource Center. 

 

In utero retrovirus injection and stereological analysis 

In utero intraventricular injection was performed as previously described (221). In brief, uterine 

horns of pregnant mice at E11.5 gestation stage were exposed in a clean environment. EGFP-

expressing retrovirus solution (~1.0 µL) mixed with fast green (2.5 mg/mL, Sigma) was injected 
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into the lateral ventricle of each embryonic brain through a beveled, calibrated glass micropipette 

(Drummond Scientific). During the procedure, the embryos were constantly bathed with warm 

phosphate buffered saline (PBS, pH7.4). After injection, the uterus was placed back in the 

abdominal cavity and the wound was surgically sutured. After surgery, the animal was placed in 

a 28°C recovery incubator under close monitoring until it recovered and resumed normal activity. 

 

Embryos that received retroviral injection were born naturally and scarified at P21 for perfusion 

as described above. Serial coronal brain sections (100 µm) were prepared using VT1200S 

vibratome (Leica Microsystems) and subject to immunohistochemistry with chicken anti-GFP 

primary antibody (1:1000, Aves Lab). Sections were mounted and imaged using FV1200 

confocal microscopy (Olympus). Images were further analyzed using Volocity (PerkinElmer). 

For 3D reconstruction, each section was analyzed sequentially along anterior-posterior axis using 

Neurolucida (MBF Bioscience). The boundaries of the entire brain and laminar layers were 

traced based on nuclear staining and aligned against each section. Cortical area was identified 

based on the Allen Brain Atlas (http://mouse.brain-map.org/static/atlas). Individually labeled 

neurons were represented as green dots. 

 

Atomic force microscopy (AFM) 

To prepare samples for AFM, the dorsal telencephalon was dissected from the embryonic brain 

in 1X DMEM-N2 medium (ThermoFisher) to expose the ventricular surface. Tissues were 

positioned with the VZ surface upward and mounted onto 50 mm glass-bottom Fluorodish 

(World Precision Instruments) coated with Cell Tak tissue adhesive (Corning). Tissues were then 

covered with 1x DMEM-N2 medium and recovered in a 5% CO2 chamber at 37°C for 1 hour. 

Stiffness measurement was performed on MFP-3D-BIO AFM (Asylum Research). An Axio 

Observer Z1 inverted microscope (Zeiss) served as the AFM base (LD Plan-Neofluar 5x 0.15NA 

objective) to locate the sample and position the cantilever tip over the sample. A CP-CONT-

BSG-C (sQube) probe with a 20 μm borosilicate glass bead was used for all measurements. The 
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Asylum Research GetReal calibration method was utilized for the determination of the spring 

constant (~0.2 N/m). The trigger point was set to 10 nN with an approach and retraction velocity 

of 5 µm/sec. To determine the Young’s Modulus, the force-indentation curves were fit to the 

Hertz model for spherical tips through the Asylum Research Software, with an assumed 

Poisson’s ratio value of 0.45 for the sample (243). Three distinct spots (40 x 40 μm2 by size) 

were measured for each piece of tissue. Average stiffness of each spot was calculated for data 

analysis.  

 

Magnetic resonance imaging (MRI) Analysis 

Ex vivo MRI of 4% PFA fixed mouse brain specimens was performed on a horizontal 7 Tesla 

MR scanner (Bruker Biospin, Billerica, MA, USA) with a triple-axis gradient system. Images 

were acquired using a quadrature volume excitation coil (72 mm diameter) and a receive-only 4-

channel phased array cryogenic coil. The specimens were imaged with skull intact and placed in 

a syringe filled with Fomblin to prevent tissue dehydration. For MRI-based characterization of 

macroscopic brain morphology, diffusion MRI data were acquired instead of conventional T1 or 

T2-weighted MRI from not yet fully myelinated P21 mouse brains (244). High-resolution 

diffusion MRI data were acquired using a modified 3D diffusion-weighted gradient- and spin-

echo (DW-GRASE) sequence (245) with the following parameters: echo time (TE)/repetition 

time (TR) = 30/500ms; two signal averages; field of view (FOV) = 12.8 mm x 10 mm x 18 mm, 

resolution = 0.1 mm x 0.1 mm x 0.1 mm; two non-diffusion weighted image (b0); 30 diffusion 

directions; and b = 2000 s/mm2. The total imaging time was approximately 6 hours for each 

specimen.  

 

From the diffusion MRI data, diffusion tensors were calculated using the log-linear fitting 

method implemented in DTIStudio (http://www.mristudio.org) at each pixel. The mouse brain 

images were rigidly aligned to an ex vivo mouse brain template in our MRI based mouse brain 

atlas (246) using the Large Deformation Diffeomorphic Metric Mapping (LDDMM) method 
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(247) implemented in the DiffeoMap software (www.mristudio.org). Based on the LDDMM 

results, automated atlas-based segmentation was performed to report the volumes of more than 

70 brain structures (248). To further determine the specific cortical regions in the knockout mice 

that showed significant changes in local tissue volume with respect to the control mice, voxel 

based morphometric analysis was also performed as described in (248) with the false discovery 

rate (FDR) set at 0.05.  

 

Quantification and statistical analysis 

Statistical significance between WT and mutant mice was mostly determined using unpaired 

Student’s t-test. All statistical significance was defined as p < 0.05. All statistical tests were 

performed with Prism (GraphPad). All values in bar graphs indicate mean + SEM. All values in 

box-and-whisker graphs indicate median +Max/-Min. 
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KEY RESOURCE TABLE 
 

Antibodies SOURCE IDENTIFIER 

Alexa Fluor 546 

Phalloidin 

ThermoFisher Cat#A22283; RRID: AB_2632953 

Chicken anti-GFP Aves Cat#GFP-1020; RRID: AB_10000240 

Goat anti-FOXP2 Santa Cruz Cat#SC-21069; RRID: AB_2107124 

Mouse anti-N-CAD Abcam Cat#AB98952; RRID: AB_10696943 

Mouse anti-NESTIN DSHB at U of Iowa Cat#RAT-401; RRID: AB_2235915 

Mouse anti-Neurofilament Biolegend Cat#837904; RRID: AB_2566782 

Mouse anti-PAX6 DSHB at U of Iowa Cat#PAX6s; RRID: AB_528427 

Mouse anti-PCNT BD Biosciences Cat#611814; RRID: AB_399294 

Mouse anti-αTUB Sigma-Aldrich Cat#T9826; RRID: AB_477593 

Mouse anti-YAP Abcam Cat#AB56701; RRID: AB_2219140 

Rabbit anti-ACIII Santa Cruz Cat#SC-588; RRID: AB_630839 

Rabbit anti-ARL13B Kathryn Anderson’s lab  N/A 

Rabbit anti-BLBP Abcam Cat#AB32423;RRID: AB_880078 

Rabbit anti-CEP83 Sigma-Aldrich Cat#HPA038161; RRID: AB_10674547 

Rabbit anti-CEP164 Sigma-Aldrich Cat#HPA037606; RRID: AB_10672498 

Rabbit anti-CUX1 Santa Cruz Cat#SC-13024; RRID: AB_2261231 

Rabbit anti-HOPX Sigma-Aldrich Cat#HPA030180; RRID: AB_10603770 

Rabbit anti-MAP2 EMD Millipore Cat#AB5622;RRID: AB_11213363 

Rabbit anti-PARD3 Sigma Aldrich Cat#HPA030443; RRID: AB_10600926 

Rabbit anti-PAX6 BioLegend Cat#901301; RRID: AB_256003 

Rabbit anti-P-HH3 Abcam Cat#AB47297; RRID: AB_880448 

Rabbit anti-PCNT BioLegend Cat#923701; RRID: AB_2565440 
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(Continued-Key Resource Table) 

Rabbit anti-PTPRZ1 Sigma Aldrich Cat#HPA015103; RRID: AB_ 

Rabbit anti-SATB2 Abcam Cat#AB92446; RRID: AB_10563678 

Rabbit anti-TNC Abcam Cat#AB98952; RRID: AB_10696943 

Rat anti-BrdU Accurate Cat#YSRTMCA2060GA; RRID: AB_2631302 

Rat anti-CTIP2 Abcam Cat#18465; RRID: AB_2064130 

Rat anti-TBR2 eBioscience Cat#12-4875-82; RRID: AB_1603275 

 

Bacterial and Virus Strains  SOURCE IDENTIFIER 

pUX-EGFP retrovirus Yu et al., 2009 N/A 

 

Chemicals, Peptides, and Recombinant Proteins SOURCE IDENTIFIER 

Azidomethylphenylsulfide Sigma-Aldrich 244546; CAS: 77422-70-9 

BrdU Sigma-Aldrich B5002; CAS:59-14-3 

 

Critical Commercial Assays SOURCE IDENTIFIER 

Click-IT EdU Alexa Fluor 647 Imaging Kit ThermoFisher Cat#C10340 

Cell-Tak Tissue Adhesive Corning Cat#354240 

Surveyor Mutation Detection Kit Integrated DNA Technologies Cat#706025 

 

Experimental Models: Organisms/Strains SOURCE IDENTIFIER 

Mouse: Actin-Flp: B6.Cg-

Tg(ACTFLPe)9205Dym/J 

The Jackson Laboratory JAX: 005703 

Mouse: Cep83fl/fl This thesis N/A 

Mouse: Ttbk2fl/fl Kathryn Anderson’s lab N/A 

Mouse: Sas4fl/fl Lab stock N/A 
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(Continued-Key Resource Table) 

Mouse: Sas4fl/fl; p53fl/fl Lab stock N/A 

Mouse: PcntGT/+ Kathryn Anderson’s lab N/A 

p53GT/GT The Jackson Laboratory JAX: 002101 

Mouse: PcntGT/+; p53GT/GT This thesis N/A 

Mouse: Ninfl/fl This thesis N/A 

Mouse: Sclt1fl/fl This thesis and Bryan Tsou’s lab N/A 

Mouse: Cep250fl/fl This thesis and Bryan Tsou’s lab N/A 

Mouse: Cep250fl/fl; Ninfl/fl This thesis and Bryan Tsou’s lab N/A 

Mouse: Emx1-Cre: B6.129S2-

Emx1tm1(Cre)Krj/J 

The Jackson Laboratory JAX: 005628 

Mouse: Ift88fl/fl: B6.129P2-Ift88tm1Bky/J The Jackson Laboratory JAX: 022409 

Mouse: R26SmoM2: 

Gt(ROSA)26Sortm1(Smo/EYFP)Amc/J 

The Jackson Laboratory JAX: 005130 

Mouse: YAPfl/fl The Jackson Laboratory JAX: 030532 

 

Recombinant DNA SOURCE IDENTIFIER 

Mouse Cep83 BAC clone   Children’s Hospital Oakland 

Research Institute 

RP23-422L20 

pX335-U6-Chimeric-BB-CBh-

hSpCas9n(D10A) 

Cong et al., 2013 Addgene #42335 

pX335-In3A This thesis N/A 

pX335-In3B This thesis N/A 

pL451-Cep83 flox-neo This thesis N/A 

 

Software and Algorithms SOURCE IDENTIFIER 
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(Continued-Key Resource Table) 

ImageJ (Fiji), version NIH https://imagej.net/Fiji 

MATLAB, version R2016b Mathworks Inc https://www.mathworks.com/ 

NDP viewer, version 2 Hamamatsu 

Photonics 

https://www.hamamatsu.com/jp/en/U12388-01.html 

Neurolucida, version 11 MBF 

Bioscience 

http://www.mbfbioscience.com/neurolucida 

Prism, version 7 Graphpad 

Software 

https://www.graphpad.com/scientific-software/prism/ 

Volocity, version 6.3 PerkinElmer http://cellularimaging.perkinelmer.com/downloads/detail.php?id=14 

ZEN 2.1, version 11.0 Zeiss https://www.zeiss.com/microscopy/us/downloads/zen.html 
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