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Centrioles are microtubule-based, 9-fold symmetrical cylinder-like structures that 

duplicate exactly once per cell cycle. The 9-fold symmetry is defined by a 

geometric scaffold known as the cartwheel, upon which all centrioles are formed. 

Centriole duplication starts with cartwheel assembly at the proximal sidewall of 

the preexisting (mother) centriole and ends with a new (daughter) centriole that is 

orthogonally engaged to its mother. After duplication, reduplication of the mother 

centriole in the same cell cycle is strictly inhibited by centriole engagement. It 

remains poorly understood how the geometric shape of the cartwheel is 

invariantly specified, and how the engagement blocks reduplication of the mother 

centrioles, two key questions that my thesis aims to address.  

 

For the shape control, we showed that a template-based step is involved in 

centriole biogenesis. Specifically, HsSAS-6, a major cartwheel component, is first 

recruited to the proximal lumen of the mother centriole, where the organization of 

HsSAS-6 molecules is shaped into a cartwheel-like configuration. Luminal 

HsSAS-6 is then released in a process mediated by PLK4 and STIL, before 

relocalizing to the outside wall of the mother centriole at which the daughter 

centriole subsequently grows. After duplication, the lumen of the engaged mother 

centriole is blocked for recruiting more HsSAS-6 until disengagement occurs at 

the end of the cell cycle, correlating with the engagement-mediated block for 

reduplication. Our results thus suggest that preexisting centrioles may function as 



an external template to guide and ensure the 9-fold symmetric assembly of new 

centrioles.  

 

For the copy number control, we found that the cartwheel, which forms the 

identity of the daughter centriole, constitutes the engagement-induced block for 

reduplication. We showed that cartwheel maintenance in the engaged daughter 

centriole is essential for the steady reduplication block for mother centrioles, and 

that maintaining the stability of the cartwheel requires the same reaction between 

the kinase PLK4 and the substrate STIL that drives centriole assembly. Thus, our 

study indicates that the promotion and suppression of centriole duplication are 

catalytically coupled through PLK4 to ensure centriole homeostasis.  
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CHAPTER 1 

INTRODUCTION 

 

Centrioles are microtubule-based 9-fold symmetrical structures, which 

duplicate once per cell cycle. The structure and number of centrioles are tightly 

regulated in animal cells where they function both as basal bodies to grow cilia 

and as centrosomes to organize microtubules. Despite significant knowledge 

has been gained since the initial observation of this organelle, fundamental 

issues remain to be addressed including how the geometric shape of centrioles 

is invariably established and how the copy number of newborn centrioles is 

specified during centriole duplication. My thesis aims to address these 

questions. To have a general understanding of centrioles, here I present the 

current knowledge of centriole biogenesis, including the structure, assembly 

process, and relevant control mechanisms. 

 

1.1. Architecture of Vertebrate Centrioles 

 

A typical centriole is characterized as a microtubule-based cylinder that is 

~450 nm in length and ~250 nm in diameter [1, 2]. Morphological features of 

centrioles were mostly revealed by detailed electron microscopy (EM)-based 

studies in numerous ciliated organisms, from unicellular eukaryotes 

Tetrahymena [3], Paramecium [4], and Chlamydomonas [5, 6] to higher 

animals including humans [2, 7-9]. Ultrastructural investigation has shown that 

vertebrate centrioles exhibit highly complex but remarkably conserved 

architecture in their longitudinal polarization, specialized microtubules, and 9-

fold rotational symmetry.  
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1.1.1. Longitudinal Polarization of Centrioles 

 

The distal and proximal ends of mature centriole differ in their associated 

accessory structures [2, 7] and protein composition [10], which eventually lead 

to different functions [10-12]. The distal ends of the mature centrioles are 

modified with distal and sub-distal appendages, whereas the proximal ends 

are embedded in protein matrix called the pericentriolar materials (PCM) 

(Figure 1.1). 

 

1.1.1.1. Distal Appendages 

 

EM analysis defines distal appendages as rigid stick-like structures with 

swollen ends radially protruding from distal tips of the centrioles (Figure 1.1A, 

inset 1) [7]. Since their discovery in the late 1900s, distal appendages have 

been proposed to participate in association of centrioles to plasma membrane 

during ciliogenesis (Figure 1.1B) [7, 8, 13]. However, it is only recently that the 

molecular components and actual function of distal appendages have been 

investigated. Quantitative centrosome proteomics [10] and small interfering 

RNA (siRNA) screening in human cells [14] identified five core distal 

appendage proteins: centrosomal protein of 83 kDa (CEP83), sodium channel 

and clathrin linker 1 (SCLT1), Fas-binding factor 1 (FBF1), centrosomal 

protein of 89 kDa (CEP89) [10], and centrosomal protein of 164 kDa (CEP164) 

[10, 14]. Functional studies show that the assembly of distal appendage 

components follow a hierarchy [10]. Moreover, all of them are required for 

ciliogenesis, functioning to specifically mediate centriole-to-membrane docking 

[10].  
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Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

Figure 1.1. Centriole Architecture 
(A) Ultrastructural features of purified human centrosome. The mature 
centriole (MC) is characterized by distinct appendage structures. Proximo-
distal differentiation of indicated parts are shown at left and bottom insets as 
cross section views from the distal end. Nine triplet microtubules at the 
proximal regions (inset 4 & 5) and nine doublet microtubules at the distal 
regions are shown (inset 1 & 2).  
(B) EM image of the centriole growing cilia in serum starved RPE1 cells 
showing distal appendages mediate centriole-to-membrane docking.  
(C) EM image of the centriole in situ showing various microtubules adjoining at 
the tip of sub-distal appendages (red circle).  
(D) Electron tomography of purified Drosophila centrosome showing that 
centrioles are surrounded by PCM.  
Images in part (A) and (C) are adapted from [15]. Image in part (B) is adapted 
from [16]. Image in part (D) is from [17]. 

PCM 

	

D 

3/17/16, 12:06 PMelife-10586-fig3-v2-download.jpg 1,654×2,219 pixels

Page 1 of 2https://elife-publishing-cdn.s3.amazonaws.com/10586/elife-10586-fig3-v2-download.jpg

3/17/16, 12:06 PMelife-10586-fig3-v2-download.jpg 1,654×2,219 pixels

Page 1 of 2https://elife-publishing-cdn.s3.amazonaws.com/10586/elife-10586-fig3-v2-download.jpg

Plasma  
membrane 

Distal 
appendage 

	

	Distal appendages 
promoting membrane docking 

B 

0.2µm 
Sub-distal  
appendages 

Microtubules 
(MT) MT 

Sub-distal appendages 
anchoring microtubules 

C 

	

Distal 

Proximal 

Distal 
appendages 
(inset 1) 

Sup-distal  
appendages 
(inset 2) 

9-fold rotational 
symmetry of triplet 

microtubules 
(Viewed from distal end) 

1 

2 

3 4 5 

A 



	
	

4 

1.1.1.2. Sub-distal Appendages 

 

Immediately adjacent to distal appendages are sub-distal appendages, nine 

sets of cone-like protrusions with circular tips where the bases are attached on 

the centriole wall (Figure 1.1A, inset 2) [2, 7, 8]. Proteins that localize to sub-

distal appendages include outer dense fiber 2 (ODF2) [18], ninein [19], ε-

tubulin [20], and centrosomal protein of 170kDa, (CEP170) [21]. Immuno-EM 

analyses of mammalian centrioles showed that ODF2 localizes to both distal 

and sub-distal appendages [18] and ε-tubulin localized specifically to sub-

distal appendages [20], whereas ninein, and CEP170 were additionally found 

at proximal ends of both centrioles [19, 21, 22]. Among these proteins, ODF2 

was shown to be required for EM-based detection of sub-distal appendages. 

ODF2 knockout mouse F9 embryonic carcinoma cells and multiciliated 

tracheal cells from ODF2-/- mice developed centrioles that were completely 

lacking sub-distal appendages [23, 24]. ODF2 deficiency resulted in the loss of 

primary cilia in F9 cells [23], but not in ODF2-/- mice. ODF2-/- mice showed loss 

of the apical microtubule network, and failure in proper ciliary beating in 

multiciliated tracheal cells [24], suggesting that sub-distal appendage is 

involved in proper cilia formation or function and microtubule organization. 

Consistently, various EM-analyses have revealed that interphase microtubules 

often converge to or originate from sub-distal appendages, leading to a 

proposal that sub-distal appendages also serve as microtubule-anchoring sites 

(Figure 1.1C) [19, 25-27]. Ninein, in particular, was suggested to have 

microtubule anchoring properties by linking γ-tubulin ring complex (γ-TuRC), a 

microtubule-nucleating complex, to the centriole [19, 28]. Additionally, CEP170 

and ε-tubulin were shown to be required for proper microtubule organization at 
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centrosomes [20, 21], all consistent with the role of sub-distal appendages in 

microtubule organization.  

 

1.1.1.3. The Pericentriolar Materials (PCM) 

 

Under EM, the proximal ends of both centrioles in interphase or mitotic cells 

are embedded in a fibrous lattice-like matrix called the pericentriolar material 

(PCM) [2, 7, 29]. The PCM is recruited to centrioles to form animal 

centrosomes; it is comprised predominantly of coiled-coil proteins of the 

pericentrin family that anchor other PCM components, eventually providing 

docking sites for γ-tubulin ring complexes (γ-TuRC) for microtubule nucleation 

and organization (Figure 1.1D) [29, 30]. Thus, the PCM is most widely known 

for its role in microtubule nucleation, demonstrated both in vitro and in vivo. 

During interphase, the PCM organizes astral microtubules that are important 

for various cellular functions, such as cell shape, intracellular trafficking, and 

cell motility and polarity [31]. 

 

γ-tubulin is present at the centrosomes throughout the cell cycle. However, 

PCM-associated γ-tubulin undergoes massive polo-like kinase 1 (PLK1) – 

dependent reorganization upon mitosis entry, termed as centrosome 

maturation [29, 30, 32-34]. A study using vertebrate cell lines expressing 

green fluorescent protein (GFP)-tagged γ-tubulin showed that the level of γ-

tubulin within the PCM dramatically increased at the onset of mitosis [35]. 

Moreover, the diameter of the centrosome, measured by area occupied with 

GFP-γ-tubulin, also increased during spindle formation [35]. Maturation of the 

centrosomes allows the formation of the robust mitotic spindle poles [29, 31]. 
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1.1.2. Specialized Centriolar Microtubules 

 

Centrioles have 9 rotational arrays of specialized microtubules. Centriolar 

microtubules undergo extensive post-translational modifications, such as 

acetylation and polyglutamylation, which are hallmarks of stable microtubules 

[36, 37]. The property of centriolar microtubules was demonstrated through 

microinjection of biotinylated tubulin into mammalian cells. Whereas the newly 

forming centrioles incorporated the biotinylated tubulin subunits into their 

lattice, the preexisting centrioles showed no detectable exchange of tubulins 

with the cytoplasmic pool, revealing the stable nature of microtubules in 

centrioles [38]. 

 

In most organisms including humans, the proximal region of centrioles is made 

of microtubule triplets (Figure 1.1A inset 4 & 5) [2, 7]. The innermost A-

microtubules are fused with B-microtubules, and the B-microtubules are fused 

with the C-microtubules, forming ABC microtubule triplets (Figure 1.2A & 1.2B) 

[7, 8]. Among the triplet microtubules, only A-microtubules are made of 

complete protofilaments, capped at the end with γ-TuRC-like structures that 

are crucial for nucleating the growth of A-microtubules [39]. B- and C-

microtubules are incomplete, sharing a portion of A- and B-microtubule wall, 

respectively. B- and C-microtubules use A- and B-microtubules as respective 

templates for their bidirectional growth [8, 39]. The 9 sets of ABC triplets are 

radially arranged, with A-microtubules facing the center from which B- and C-

tubules project peripherally. The projection of the triplet is tilted 

counterclockwise when viewed from the proximal ends [7, 40], and the 
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neighboring triplets are interconnected by a structure called the A-C linker [7]. 

Among the triplets, C-microtubules grow shorter than the AB tubules and the 

AB doublets at the distal portion of the centrioles template the ciliary axoneme 

(Figure 1.1A inset 1 & 2) [2, 5, 39].  

 

However, depending on the organisms or specific tissues within the organisms, 

the number of nine microtubule sets forming centrioles varies [41]. For 

example, centrioles in nematodes embryos are made of nine singlet 

microtubules, and centrioles made of nine doublet microtubules are present in 

Drosophila somatic tissues, while the germline cells contain centrioles with 

nine triplets microtubules. Despite such differences, the 9-fold rotational 

symmetry of the centriole has been conserved throughout evolution [1, 41, 42]. 

 

1.1.3. Centriolar Cartwheel Defines the 9-fold Symmetry  

 

The shape of the centriole is widely thought to derive from the cartwheel, a 9-

fold symmetrical geometric scaffold, located at the proximal lumen of the 

centriole [1, 42]. The centriolar cartwheel was first discovered through 

ultrastructural studies of unicellular flagellates [43]. Under EM, the cartwheel 

appears as a ring (central hub) that is 20-25 nm in diameter from which nine 

spokes about 50 nm long radiate outward. Each spoke is connected to A-

microtubules by a bulged structure called a pinhead (Figure 1.2A & 1.2B) [1, 

42]. Spindle assembly abnormal-6 (SAS-6) and centrosomal protein of 135 

kDa (CEP135) are proteins that immunolocalize to the central region and the 

spoke tip near the pinhead of the cartwheel, respectively [44, 45], and these 

two proteins are the most conserved centriolar proteins among organisms that 
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form centrioles [46]. While the composition and basic structure of the 

cartwheel are highly conserved, the number in layers of cartwheel stacked 

within the centriole lumen (Figure 1.2A &1.3A) varies significantly between 

species [3, 8, 43]. 

 

Figure 1.2. 
	
	

																 	
	
Figure 1.2. Centriolar cartwheel  
(A) Cartoon of a duplicated pair of centrioles in a human cell. Corresponding 
EM image of purified human centrosome is shown in a. Note that the 
cartwheels are stacked and are present only at the proximal lumen of the 
daughter centriole (procentriole).  
(B) Cartoon of the cartwheel viewed from the proximal end. 9 sets of triplet 
microtubules are tilted counterclockwise when viewed from proximal end and 
are connected by A-C linker. The cartwheel is characterized by central hub of 
20-25 nm diameter from which nine spokes of about 50 nm long emanate. 
Each spoke is connected to the A-microtubule by a pinhead. EM image of the 
Chlamydomonas cartwheel from purified centriole is shown in b.	
Images are from [1].	
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Extensive morphological studies of centriole assembly in numerous organisms 

have revealed that the cartwheel is always detected prior to the appearance of 

centriolar microtubules [47, 48]. Cartwheel components mutants in 

Chlamydomonas, Tetrahymena, Paramecium, and Drosophila showed that 

they lacked or formed defective cartwheels, and that they either failed in 

centriole assembly or formed aberrant centrioles that were fragmented or 

contained abnormal numbers of triplets (Figure 1.3A & 1.3B) [44, 45, 49-51]. 

Together, these suggest that the cartwheel defines the 9-fold symmetry of the 

centriole [1, 42, 48].  
	
	

Interestingly however, cartwheels in mammalian cells exhibit interesting 

dynamics. The cartwheel is present only transiently in the newly forming 

(daughter) centrioles (Figure 1.2A) [39].  During mitosis, the cartwheel of the 

daughter centrioles disappears as the major cartwheel component SAS-6 and 

its interacting protein SCL/TAL1 interrupting locus (STIL) are being actively 

degraded, generating cartwheel-less centrioles to start the next cell cycle [39, 

52, 53]. Removal of the cartwheel seems to be specific to vertebrate centrioles 

since centrioles in most of unicellular flagellates contain stacks of cartwheels 

throughout the cell cycle. Detailed studies from Chlamydomonas and 

Spermatozopsis showed that the number of cartwheel stacks varied 

depending on developmental stages of centrioles. In these organisms, the 

mature centrioles contain fewer layers of cartwheels than those in developing	

stages [6, 54-56]. The importance of such dynamic regulation of the cartwheel 

is not known.	
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Figure 1.3. 
 
 
 

	
	
 
 
Figure 1.3. Centriolar cartwheel determining 9-fold symmetry 
(A) Cartwheel in the wild-type and Δsas-6 mutant in Chlamydomonas. 
Longitudinal and cross section views are shown on left and top right. Δsas-6 
centriole lacks the cartwheel layers at the proximal lumen of the centriole 
(arrow). Whereas the wild-type centriole displays central hub (ring) and nine 
emanating spokes (the diagram is shown at right bottom), the central part of 
the cartwheel is missing in Δsas-6 mutant (diagram on right bottom).  
(B) Aberrant centrioles in Chlamydomonas Δsas-6 mutants. Centrioles with 
split triplets are shown on left panel and circular triplets with variable 
symmetries are shown on right. Frequencies observed are indicated on top. 
Scale bars represent 100 nm.  
Images are from [44]. 
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1.2. Centriole Assembly 

 

Centriole biogenesis in dividing cells follows a stereotypical program called 

canonical duplication (Figure 1.4). Centriole duplication requires preexisting 

centrioles and is tightly coupled with cell cycle. However, in certain cell types 

where preexisting centrioles are not provided, centrioles can form via the de 

novo assembly pathway, independently of preexisting centrioles [57-59].  

 

1.2.1. Canonical Centriole Duplication 

 

In canonical duplication, the number of newborn centrioles and their site of 

birth are strictly regulated. Vertebrate cells start G1 phase with two centrioles, 

each of them having its own PCM [2, 7]. Whereas only the older centriole 

containing appendages can nucleate primary cilia in G0/G1, both centrioles 

support centriole duplication at G1-S transition [2, 7]. Duplication is initiated by 

the formation of exactly one cartwheel, which is tightly attached to the proximal 

sidewall of the preexisting, or mother, centrioles [41, 60, 61]. This leads to 

formation of one new daughter centriole that is orthogonally attached, or 

engaged, to each mother. The daughter centriole continues to elongate 

throughout S/G2, while maintaining tight engagement with its mother. [62]. 

During G2 phase, the younger mother centriole acquires appendages, 

becoming a mature centriole that can grow cilia in the next G0/G1 [10, 14, 21]. 

Upon mitosis onset, the two pairs of engaged centrioles (two centrosomes) 

separate, each occupying the pole of the spindle such that they can be 

segregate equally to daughter cells [62]. During mitosis, the newborn daughter 
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Figure 1.4. Canonical centriole duplication 
Centriole duplication is initiated by the assembly of the cartwheel in G1/S 
phase of the cell cycle. Daughter centrioles are formed and elongate through 
S/G2 phase. During G2, the younger mother centriole acquires appendages. 
The two pairs of mother-daughter centrioles attach to spindle poles in mitosis 
and equally segregate to the daughter cells. During mitosis, daughter 
centrioles are removed of their cartwheels, disengage from their mothers, and 
recruit PCM components to become a centrosome. OC, older mother centriole, 
YC, younger mother centriole. 
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Figure 1.4. 
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centrioles are enable to recruit their own PCM components [11], lose the 

cartwheel [11, 52, 53], and disengage from the mother [62], transforming to 

mother-like centrioles to support duplication in the next cell cycle (Figure 1.4). 

 

1.2.2. De Novo Centriole Assembly  

 

De novo assembly of centrioles is normally inhibited in cycling cells. However, 

when the preexisting centrioles are surgically removed or ablated by physical 

force, de novo centriole assembly can be induced [63-65]. In these artificial 

conditions, centrioles are formed without preexisting centrioles in S phase and 

it is unknown if the structural integrity of these de novo centrioles is correctly 

specified. Additionally, highly variable numbers of centrioles are often formed 

by de novo assembly, which is detrimental for dividing cells that require strict 

control over centriole numbers for proper genomic stability and cilia function. 

Thus, canonical duplication dominates in cycling cells. 

 

In nature, de novo centriole assembly is rarely seen under physiological 

conditions, occurring only in some specialized cell types including terminally 

differentiated multiciliated epithelia of planarians, and in mouse embryos. In 

multiciliated cells of planarians, large quantities of centrioles arise without 

preexisting centrioles [58]. How planarians generate the proper structure of de 

novo centrioles without preexisting centriole is not known. In contrast, 

multiciliated cells in vertebrates do carry preexisting centrioles. Live cell 

imaging studies combined with correlative super-resolution light and electron 

microscopy in mammalian muticiliated epithelia revealed that massive 

centriole assembly, which was previously thought to be de novo, was actually 
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derived from the proximal region of preexisting centrioles [66]. This 

unexpected result suggests that production of large quantities of centrioles in 

vertebrates is not de novo, and raises the idea that the preexisting centrioles 

may have additional important roles in producing large quantities of centrioles. 

Interestingly, mouse embryogenesis starts from a fertilized egg that apparently 

lacks centrioles/centrosomes, but completes with an intact animal that all cells 

carry structurally normal centrioles in appropriate numbers [59, 67]. In this 

particular case, how centrioles form with proper shape and numbers without 

preexisting centrioles is completely unknown. 

	

1.2.3. Molecular Components Required for Centriole Assembly 

 

Despite the difference, canonical and de novo pathways largely share the 

same molecular components for centriole assembly.  

 

1.2.3.1. Highly Conserved Core Modules for Centriole Assembly 

 

Forward genetic and genome-wide RNA interference (RNAi)-based screening 

studies in C.elegans identified five components that were essential for 

centriole formation: the Ser/Thr kinase zygotic defective: embryonic lethal-1 

(ZYG-1) [68], and four coiled-coil proteins spindle defective-2 (SPD-2) [69, 70], 

spindle assembly abnormal-4,5, and 6 (SAS-4, 5, and 6) (Table 1.1) [71-73]. 

Epistasis analyses established an order in the centriolar localization of these 

components, where the sequential recruitment of SPD-2, ZYG-1, SAS-5 and 

SAS-6, and SAS-4 led to centriole assembly [74]. Moreover, electron 

tomography of a staged C.elegans embryo revealed that centriole duplication 
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was initiated with the formation of the central tube, a nematode-specific 

structure equivalent to the cartwheel, followed by the assembly of singlet 

microtubules onto the central tube. The central tube formation required SAS-

5/6 proteins [75], the maintenance of SAS-6 at the central tube required ZYG-

1 mediated phosphorylation on SAS-6 [76], and the microtubule incorporation 

required SAS-4 [75].  

 

Despite C.elegans centrioles being atypical, as they harbor central tube and 

singlet microtubules instead of the cartwheel and triplets, the molecular 

components required for centriole assembly are largely conserved (Table 1.1) 

[46]. In humans, Ser/Thr kinase polo-like kinase 4 (PLK4) and STIL are 

functional orthologs of ZYG-1 and SAS-5, respectively. Coiled-coil proteins 

centrosomal protein of 192 kDa (CEP192), centrosomal P4.1-associated 

protein/centrosomal protein J (CPAP/CENPJ), and HsSAS-6 are true 

orthologs of SPD-2, SAS-4, and SAS-6, respectively. In human cells, as in 

C.elegans, a similar pathway of centriole biogenesis was delineated by a small 

interfering RNA (siRNA)-based phenotypic screen [77]. The experiment 

discovered that HsSAS-6, CPAP, CEP135, and γ-tubulin were rapidly 

recruited upon PLK4 activation, followed by CP110 recruitment and 

microtubule addition that led to the daughter centriole assembly [77]. This 

suggests that the core components and their epistatic relationship in centriole 

assembly are largely conserved between worms and human (Figure 1.5). 

However, while C.elegans SAS-6 is phosphorylated by the kinase ZYG-1, the 

residue that undergoes this phosphorylation is absent outside of nematodes 

[76], revealing molecular adaptation during evolution in forming centrioles [1].     
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Table 1. 1. Conserved assembly factors  
A Ser/Thr kinase ZYG-1 and a coiled-coil protein SAS-5 show poor sequence 
homology outside of nematodes. Functional orthologs of these proteins are 
the Ser/Thr kinase PLK4 and the coiled-coil protein Ana2/STIL. 

 

C.elagans Drosophila Human 

SPD-2 SPD-2 CEP-192 

 Asl CEP-152 

ZYG-1 PLK4 PLK4 

SAS-4 DSAS-4 CPAP 

SAS-5 Ana2 STIL 

SAS-6 DSAS-6 HsSAS-6 
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Figure 1.5. 

	

							

	

							

	

	

	

	

	

	

	

	

	

	

	

	

	
 
 
 
 
Figure 1.5. Sequential recruitment of conserved assembly factors in 
centriole duplication  
An evolutionarily conserved pathway for centriole duplication. Arrows indicate 
epistatic relationships for centriolar recruitment and maintenance. In C.elegans, 
SPD-2 recruits ZYG-1 and Drosophila PLK4 is recruited by Asl, whereas 
human PLK4 requires both CEP192 and CEP152 for recruitment.  
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1.2.3.2. PLK4, a Master Kinase For Centriole Assembly  

 

PLK4 was first identified as a short-lived, cell-cycle-regulated kinase that 

showed a maximal expression level in highly proliferating cells, the testis, and 

multiciliated epithelia [78]. PLK4 is a member of the polo-like kinase family, the 

structure of which is characterized by the N-terminal Ser/Thr kinase domain 

and the C-terminal tandem polo box (PB) domains involved in self-association, 

substrate recognition, localization, and executing function [79, 80]. Among 

polo kinases, PLK4, in particular, contains three instead of two PB domains at 

the C-terminal [79].  

 

The cellular function of PLK4 was investigated a decade later after its 

discovery, and it was identified as a centrosome-localized kinase that plays a 

pivotal role in centriole duplication [81]. In human cells, depletion of PLK4 has 

been shown to result in the progressive reduction in centriole numbers, while 

excessive amounts of PLK4 triggered the formation of multiple daughter 

centrioles around the mother, displaying a flower-like structure, termed the 

centriole rosette (Figure 1.6) [81]. A similar phenotype was also observed in 

Drosophila [82, 83], strongly suggesting that PLK4 is a master kinase for 

centriole duplication. 
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Figure 1.6. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

								 	

	
Figure 1.6. PLK4, a master kinase 
PLK4 drives centriole duplication, which can be indicated by distribution of 
distal lumen component, centrin (circular representation in right inset). PLK4 
depletion leads to serial loss of centriole numbers (left), whereas excessive 
amounts of PLK4 cause centriole amplification, characterized by multiple 
daughter centriole formation from the same mother centriole (centriole rosette, 
right). Corresponding light microscopy image is shown, stained with centrin 
and PLK4. Only one of the two amplified centrioles is shown in PLK4 
overexpressed condition. Grey, mother centriole, and green, daughter 
centriole.  
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In C.elegans, the kinase ZYG-1 is recruited to the centriole by SPD-2 [74, 75]. 

Drosophila PLK4 is recruited to the centriole by asterless (asl), an ortholog of 

centrosomal protein of 152 kDa (CEP152) [84]. In humans, both scaffolds, 

CEP192/SPD-2 and CEP152/Asl, are involved in recruiting PLK4 to the 

centrioles [85, 86]. Super-resolution imaging and structural studies 

demonstrated that CEP192 and CEP152 hierarchically regulate subcentriolar 

localization of PLK4 in a cell-cycle-dependent manner (Figure 1.7) [86, 87]. In 

early G1, CEP192 decorates the circumference of the proximal region of the 

centriole and recruits PLK4 by electrostatic interaction, forming a PLK4 ring 

around the centriole (CEP192-PLK4). In late G1, CEP192 additionally recruits 

CEP152 that contains a higher binding affinity to PLK4. As a result, CEP152 

snatches PLK4 away from CEP192, repositioning PLK4 to the newly forming 

CEP152 ring (CEP152-PLK4) [87]. Surprisingly, the experiments showed that 

the ring-like PLK4 localization pattern (CEP152-PLK4) changed to a single 

focus upon S phase entry, colocalizing with HsSAS-6, which is the site of the 

daughter centriole assembly [86, 87].  

 

Three independent reports recently identified STIL as a PLK4 substrate [88-

90]. The studies found that STIL first binds to PLK4 (STIL-PLK4) and PLK4-

mediated phosphorylation on STIL facilitated HsSAS-6 recruitment to the 

centriole by forming a STIL/HsSAS-6 complex, which drives the subsequent 

centriole duplication [88-90]. Importantly, the transition of PLK4 localization 

from a ring to a single dot required the STIL/HsSAS-6 complex [88], 

suggesting that the changing of the PLK4 binding partner from CEP152 

(CEP152-PLK4) to STIL (STIL-PLK4) initiates the “symmetry-breaking” event 
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that dictates the single site of centriole duplication from the symmetrical 

circumference of the centriole cylinder [41].  
 

	

 

Figure 1.7. 
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Figure 1.7. Scaffold switching of PLK4 
PLK4 is first recruited to the centriole by CEP192 in human cell during early 
G1, forming CEP192-PLK4 ring at the proximal circumference of the centriole. 
In late G1, CEP192 also recruits CEP152 which contains higher binding 
affinity to PLK4 than that of CEP192, resulting in repositioning of PLK4 from 
inner CEP192 ring to the outer CEP152 ring. In late G1/S, PLK4 recruits STIL 
and the circular distribution of PLK4 suddenly changes to a single focus, 
colocalizing with STIL (STIL-PLK4) and HsSAS-6 (not shown in the image), 
marking the site of the daughter centriole assembly.  
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1.2.4. 9-fold Symmetric Shape Determination 

 

A large number of components required for duplication have been identified, 

but how they fit together to form centrioles with invariant 9-fold radial 

symmetry remains an outstanding question in the field.  

 

1.2.4.1. The “Self-assembly” Model  

 

Centriole duplication loosely describes the doubling process of centrioles, in 

which exactly on daughter centriole is formed in close proximity to the mother 

centriole. While newborn centrioles always form near the mother, no evidence 

indicates that mother centrioles are required as the template for centriole 

duplication. In fact, the observations that de novo centriole assembly can 

occur in cells where the preexisting centrioles were removed by the laser 

ablation or by microsurgery [63-65] is thought to rule out the template model. 

Thus, the current prevailing model is that centrioles form strictly via self-

assembly, and that the mother centrioles merely function as “solid-state 

platforms” to facilitate centriole formation, rather than genuine “templates” [91].  

	

A breakthrough in supporting the self-assembly model came from the 

structural analysis of the cartwheel component SAS-6 in C.elegans, 

Chlamydomonas, and zebrafish [92, 93]. SAS-6 proteins have N-terminal 

globular head domain, the central coiled-coil domain, and unstructured C-

terminal domain [73]. Biochemical and biophysical analyses of C.elegans and 

Chlamydomonas SAS-6 protein demonstrated that SAS-6 homodimerizes in 

parallel through its central coiled-coil domain (Figure 1.8A) [92]. Rotary metal 
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shadowing EM revealed that SAS-6 homodimers contain globular heads linked 

with elongated rods corresponding to the paired coiled-coil domains [92]. The 

crystal structure of the globular head domain revealed that adjacent globular 

heads between the two homodimers can interact via hydrophobic interaction 

mediated by a single residue that corresponds to amino acid F131 of human 

HsSAS-6 [92, 93]. This head-head interaction enabled the homodimers to form 

higher order oligomers, some of which exhibit a closed ring-like structure with 

the coiled-coils tails radiated outwards, resembling the cartwheel (Figure 1.8B 

& 1.8C). The diameter of the in vitro SAS-6 ring was consistent to that of the 

central hub found in the cartwheel in vivo, and the length of the coiled-coil was 

similar to the spoke of the cartwheel [92]. Moreover, the average angle 

between the adjacent two coiled-coil spokes was about 42°, resembling the 9-

fold symmetrical cartwheel [92]. Taken together, centriole assembly is 

currently believed to be a self-assembly process mediated via self-assembly of 

the SAS-6 molecules.  

	

1.2.4.2. Limitation of the Self-assembly Model 

 

Whether or not the SAS-6 self-oligomerization alone is sufficient to establish 

invariant 9-fold symmetry of the centriole has not been carefully examined [1, 

42]. A computational modeling based on the intrinsic structural flexibility of the 

SAS-6 dimer revealed that a ring with variable stoichiometries ranging from 6- 

to 12-units of SAS-6 dimers can form (Figure 1.8D) [93]. Among them, SAS-6 

rings comprised of 8 homodimers require the least amount of the flexibility-	

induced adjustment to fit into centrioles (Figure 1.7D) [93]. These results 

suggest the presence of a“symmetry-ensuring” factor(s) in cells that facilitates	
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Figure 1.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.8. Structural insight of self-assembly of SAS-6 cartwheel 
(A to C) Self-assembly property of SAS-6. (A) Ribbon diagram of zebrafish 
SAS-6 molecule (N-terminal + short coiled-coil) showing that it forms a parallel 
homodimer via central coiled-coil. N-terminal globular domains protrude 
outward. C-terminal domain is unstructured.  
(B) Ribbon diagram of modeled SAS-6 tetramer based on the separately 
observed coiled-coil and head-to-head dimers. 
(C) Cryo-EM of purified zebrafish SAS-6 crystal (N-terminal + short coiled-coil) 
showing higher-order oligomerization. 8 homodimers of SAS-6 formed a ring 
resembling the cartwheel. The SAS-6 tetramer in (B) is overlayed.  
(D) Modeled rings of SAS-6 homodimers with various stoichiometries. Dotted 
circle on each model represents the diameter of the cartwheel hub observed in 
centrioles [39] and the diameter above the models shows the double distance 
from head-domain center to ring center of each model. The change made in 
the orientation of the head domains relative to the coiled-coil domain from the 
actual crystal structure is calculated as root mean standard deviation (RMSD). 
Images are adapted from [93]. 
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 proper 9-fold symmetric oligomerization of SAS-6 dimers [94].  

 

A recent study of in vivo reconstitution of de novo centriole assembly in human 

cells reported striking observations that the self-oligomerization property of 

HsSAS-6 is dispensable in forming fully functional centrioles [16]. The authors 

knocked out endogenous HsSAS-6 and p53 genes to generate cell lines 

proliferating without centrosomes, and showed that structurally and 

functionally intact centrioles can form through de novo assembly by 

reintroducing HsSAS-6 protein bearing a point mutation that impedes self-

oligomerization (F131E). Moreover, while wild-type centrioles can form in the 

absence of preexisting centrioles, many de novo centrioles are prone to 

structural errors, even in the presence of HsSAS-6 self-oligomerization [16]. 

These findings suggest that centriole biogenesis does not strictly rely on SAS-

6 self-assembly, and raises a potential role of preexisting centrioles in guiding 

centriole assembly to ensure structural integrity, fundamentally challenging the 

self-assembly model [16].  

 

1.3. Copy Number Control of Centriole Duplication 

 

Animal centrioles function critically as basal bodies to grow cilia and as 

centrosomes to form the major microtubule-organizing center (MTOC). Thus, 

the number of centrioles is tightly regulated throughout the cell cycle. Centriole 

duplication occurs exactly once per cell cycle, forming only one daughter 

centriole per mother. Proper maintenance of centriole numbers is governed by 

factors both intrinsic and extrinsic to centrioles [91]. (Figure 1.9). 
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Figure 1.9. 

 

 

 

 

 

 

 

 

 

 

 

          

 

 
 
 
 
 
Figure 1.9. Copy number control of centriole duplication 
Centriole duplication strictly occurs once per cell cycle, forming only one 
daughter centriole. The tight regulation of this process is achieved by finely 
regulated assembly factors, such as PLK4, STIL and HsSAS-6 and by two 
duplication blocks intrinsic to centrioles. Immature daughter centriole is 
prevented from its own duplication until it undergoes PLK1- and CEP295-
dependent modification during mitosis. Once the daughter centriole is formed, 
a mature mother centriole is blocked from reduplication through an unknown 
mechanism. 
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1.3.1. Extrinsic Factors: Level Control of Centriolar Components 

 

Of all the assembly factors that are necessary for centriole duplication, 

overexpression of PLK4, STIL, and HsSAS-6, in particular, can stimulate 

centriole overduplication, allowing the formation of multiple daughters [52, 53, 

73, 77, 81, 95]. Thus, the cytoplasmic and local concentration of these 

proteins around centrioles are finely regulated to maintain a balanced level, 

ensuring a single round of duplication. 

 

PLK4 is a low-abundant protein, not detectable by western blot unless 

overexpressed [81, 96]. PLK4 level is mainly controlled through post-

translational modification. Studies in mammalian and Drosophila cells showed 

that PLK4 is a suicide enzyme that triggers its own degradation. PLK4 

homodimerizes via its C-terminal polo-box domains 1-3 (PB 1-3) and 

autophosphorylates in trans on the multi-phosphodegron, a stretch of 24-

amino acid residues downstream of the kinase domain [79, 97, 98]. Trans-

autophosphorylation creates a binding site for SKP1-CUL1-F Box (SCF) E3 

ubiquitin ligase, which eventually leads to PLK4 degradation [97-99]. Through 

autophosphorylation-mediated degradation, the local concentration of PLK4 

around centrioles is maintained at a low level, preventing centriole 

overduplication.  

 

Post-translational modification also critically controls the level of HsSAS-6 and 

STIL. HsSAS-6 is the primary backbone of the cartwheel [92, 93] that binds to 

STIL [88, 89]. Mammalian cartwheels are being removed from the daughter 

centrioles during mitosis, when both hSAS-6 and STIL undergo anaphase-
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promoting complex/cyclosome (APC/C)-mediated degradation. The KEN box 

located at the C-terminus of both proteins is thought to mediate the 

degradation [52, 100]. Before degradation, STIL is first dissociated from the 

centriole, mediated by cyclin-dependent kinase 1 (Cdk1) [100]. HsSAS-6 is 

under an additional level of regulation during interphase, being targeted by F-

box protein FBXW5 for degradation [101]. This SCFFBXW5-mediated 

degradation is relieved during centriole duplication when PLK4 phosphorylates 

and inactivates FBXW5 [101].  

 

1.3.2. Intrinsic Block I:  Licensing Newborn Centrioles For Duplication  

 

Centriole overduplication within the same cell cycle can occur by reduplication 

of the mother, which forms additional daughter centrioles, by premature 

duplication of the daughter, which forms granddaughter centrioles, or by both. 

None of these occurs in normal cells, where each mother centriole produces 

exactly one daughter but no granddaughter. Laser ablation studies performed 

in human cells demonstrated that mother and daughter centrioles have 

different potential in supporting duplication [102]. When the laser was 

specifically applied onto the daughter centriole, the remaining mother 

reduplicated, resulting in the reassembly of one new daughter centriole. 

However, when the mother centriole was ablated, the remaining daughter 

centriole had no capacity to reproduce [102]. Moreover, the centriole 

amplification induced by uncontrolled expression of assembly factors, such as 

PLK4, STIL, and HsSAS-6, is always resulted from the formation of extra 

daughter centrioles around the mother, but not assembly of the granddaughter 
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centrioles [52, 53, 77, 81, 95]. These observations indicate that daughter 

centrioles inherently lack the ability to duplicate. 

 

The molecular basis underlying the difference in “fertility” between the mother 

and the daughter centriole was uncovered from studies in human and 

Drosophila cells [11, 103, 104]. The study in human cells showed that newly 

formed daughter centrioles could not recruit PCM and PCM-associated 

components, thus being MTOC-non-competent and randomly segregated 

during cell division unless they were engaged to the mother centriole [11]. 

During mitosis, daughter centrioles underwent PLK1- and centrosomal protein 

of 295 kDa (CEP295)-dependent modification that enabled them to recruit 

PCM, disengage from the mother, and convert to the centrosomes (MTOC-

competent centrioles). Only the modified, MTOC-competent centrioles were 

allowed to duplicate in the following S phase [11, 103]. The study in 

Drosophila revealed that centriole-to-centrosome conversion involved 

conserved molecular interactions and sequential loading of CEP135, CEP295, 

and CEP152 to the daughter centrioles, where CEP295 served as a molecular 

linker [103, 104]. Similar to human cells, centriole-to-centrosome conversion in 

flies occurs during mitosis, and is essential for centriole duplication. Hence, 

the duplication potential of centrioles is tightly coupled with their ability to 

segregate themselves explaining why unmodified MTOC-non-competent 

centrioles cannot support duplication at their birth [11]. 

 

1.3.3. Intrinsic Block II: Licensing Mother Centrioles For Reduplication  
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Interestingly, the newborn, MTOC-non-competent daughter centrioles not only 

are unable to duplicate, but also suppress the duplication potential of MTOC-

competent mother centrioles to which they are engaged. The functioning of 

centriole engagement as the intrinsic block for reduplication has been nicely 

demonstrated by a series of cell fusion and other in vitro and in vivo 

experiments [62, 105, 106]. Fusion of G1 and G2 cells, containing 

unduplicated and duplicated centrioles, respectively, showed that only G1 

centrioles underwent duplication while duplicated G2 centrioles remained [105]. 

This indicates the G2 centrioles knew their duplicated status and thus, did not 

reduplicate within the same cytoplasm that supported the duplication of 

unduplicated G1 centrioles [105]. Similarly, the experiment with repeated laser 

ablation of the daughter centrioles reforming from the same mother showed 

that a single mother centriole is capable of repeated rounds of duplication in 

the same cell cycle [102]. However, the mother centriole underwent a single 

round of duplication after each laser ablation, suggesting that reduplication is 

quickly blocked after the daughter centriole assembly.  

 

A combination of in vitro and in vivo assays, using Xenopus egg extracts and 

human cells showed that the nature of this centrosome-intrinsic block for 

reduplication was the “engaged” status of duplicated centrioles [62, 106]. 

When disengaged centrioles were incubated with Xenopus cycling egg 

extracts, these singlet centrioles were allowed to duplicate. However, when 

engaged centrioles were added, they must first undergo disengagement at the 

end of mitosis before they can support duplication again in the following 

interphase, suggesting that centriole disengagement licenses centrioles for 

further duplication. Moreover, experiments from both the egg extracts and 
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human cells further showed that centriole disengagement at mitosis is 

mediated by separase and PLK1[62, 106]. These results lead to the model 

that PLK1 and separase-mediated centriole disengagement during mitosis 

licenses mother centrioles for duplication in the following cell cycle, while the 

engagement blocks reduplication of the mother that is otherwise competent to 

duplicate [62, 106, 107]. However, the molecular identity of engagement that 

constitutes the reduplication block is unknown. 

 

1.4. Summary of the Dissertation 

 

In my studies, I examined how centrioles are faithfully reproduced with correct 

shape and copy number, which were described in chapter 2 and 3, 

respectively. In Chapter 2, I describe the published story in which we utilized 

super resolution microscopies and targeted RNAi analysis of various centriolar 

proteins to address the shape specification of centrioles [108]. We identified a 

transient and currently the earliest step of centriole duplication where the 

HsSAS-6 molecules were first recruited to the proximal lumen of the mother 

centriole where they adopted to a configuration resembling the cartwheel via 

interactions with the luminal wall, rather than by their self-oligomerization 

property. Next, I showed that PLK4 and STIL are required to reposition luminal 

HsSAS-6 to the wall of the mother centriole. From these results, we proposed 

a template-based model of centriole duplication where HsSAS-6 assembly 

templated by the lumen of cartwheel-less mother centrioles drives 9-fold 

symmetric centriole duplication. After duplication, the empty lumen of engaged 

mother centrioles is inaccessible for further HsSAS-6 recruitment, correlating 

with a reduplication block. This story has been published in Dev. Cell. in 2014. 
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In Chapter 3, I characterize the molecular identity of centriole engagement 

constituting the block. Using chemical genetic approaches in genetically 

engineered human cells allowing manipulation of the cartwheel, we identified 

the cartwheel as an essential component of the engagement-induced block for 

reduplication. PLK4-mediated phosphorylation of STIL was required for both 

the assembly and maintenance of the cartwheel. Inactivation of PLK4 after 

centriole duplication caused rapid, reversible losses of the cartwheel. 

Surprisingly, resuming PLK4 activity induced cartwheel assembly not only in 

the existed daughter centriole, but also at a new site around the mother, 

resulting in a second daughter formation. Moreover, I showed that the 

cartwheel made of phosphomimetic STIL can maintain at the daughter 

centrioles and exert a reduplication block independently of PLK4 activity, 

suggesting that while PLK4 drives centriole duplication, it also preserves the 

“mark” of duplicated centriole to prevent reduplication, ensuring centriole 

homeostasis.     
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CHAPTER TWO 

HsSAS-6 Assembly Templated by the Lumen of Cartwheel-less 

Centrioles Precedes Centriole Duplication1 

 

Centrioles are 9-fold symmetric structures duplicating once per cell cycle. 

Duplication involves self-oligomerization of the centriolar protein HsSAS-6, but 

how the 9-fold symmetry is invariantly established remains unclear. Here, we 

found that HsSAS-6 assembly can be shaped by preexisting (or mother) 

centrioles. During S phase, HsSAS-6 molecules are first recruited to the 

proximal lumen of the mother centriole, adopting a cartwheel-like organization 

through interactions with the luminal wall, rather than via their self-

oligomerization activity. The removal or release of luminal HsSAS-6 requires 

PLK4 and the cartwheel component STIL. Abolishing either the recruitment or 

the removal of luminal HsSAS-6 hinders HsSAS-6 (or centriole) assembly at 

the outside wall of mother centrioles. After duplication, the lumen of engaged 

mother centrioles becomes inaccessible to HsSAS-6, correlating with a block 

for reduplication. These results lead to a proposed model that centrioles may 

duplicate via a template-based process to preserve their geometry and copy 

number. This work was done in collaboration with a postdoctoral fellow in the 

lab, Chii Shyang Fong, and has been published. 

 

2.1. Introduction 

 

																																																								
1 Fong, C.S., Kim, M., Yang, T.T., Liao, J.C., and Tsou, M.F. (2014). SAS-6 assembly 
templated by the lumen of cartwheel-less centrioles precedes centriole duplication. 
Develpmental cell 30, 238-245. 
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Centrioles are composed of microtubules invariably organized in a radial 9-fold 

symmetry.  The 9-fold symmetry is widely thought to derive from a geometric 

scaffold known as the cartwheel, which is characterized by a central hub from 

which nine spokes emanate [47]. The cartwheel is present at the proximal 

lumen of centrioles, coincident with several centriolar proteins including SAS-6 

[44], STIL/SAS-5 [109], CPAP [77], and CEP135 [77]. SAS-6, in particular, has 

been shown to form the primary backbone of the cartwheel [92, 93]. 

Biochemical and structural studies, however, revealed flexibility in the dimer 

structure and a relatively weak interaction interface between the N-terminal 

head domains [92, 93], allowing SAS-6 dimers to adopt variable oligomeric 

conformations in addition to nine dimers [92-94]. As such, it is unclear how 

invariant 9-fold symmetry is achieved [94]. 

 

“Self-assembly” as the prevailing model for centriole biogenesis is also 

supported by the observation that centrioles can form in the absence of 

preexisting centrioles, in a process known as “de novo assembly” [58, 63, 110, 

111]. The number of centrioles formed through the de novo pathway is highly 

variable, posing a grave risk for dividing cells that require strict control over 

centriole numbers to maintain genomic stability [112] and proper cilia function 

[113]. Thus, de novo assembly is normally inhibited in cycling cells [64], where 

canonical duplication dominates. It is unclear whether canonical duplication 

and de novo assembly initiate centriole assembly through the same 

mechanisms, but in either case, “symmetry-ensuring” activities are required to 

guide proper self-oligomerization of SAS-6 into a precisely 9-fold symmetrical 

structure [94].  The nature of such symmetry-ensuring activities for both cases, 

however, is unknown. 
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Unlike de novo assembly, in cycling cells, new centrioles are born in proximity 

to a preexisting (mother) centriole, where the accumulation of SAS-6 

(oligomers) at the side of mother centrioles is thought to mark the beginning of 

centriole assembly [52]. Interestingly, in vertebrate cycling cells, before 

newborn centrioles are transformed to mother centrioles, their cartwheel 

structures are lost form the proximal lumen [9, 114]. Cartwheel removal occurs 

during mitosis [100], and SAS-6 and STIL are further eliminated by the 

proteasome-mediated degradation [52, 100]. These “cartwheel-less” centrioles 

have an empty proximal lumen, but retain their 9-fold symmetry, and are active 

in supporting duplication, suggesting that they may contain the “symmetry-

ensuring” activity for SAS-6 assembly. 

 

2.2. Results 

 

2.2.1. HsSAS-6 Is Transiently Recruited to the Proximal Lumen of Mother 

Centrioles in Early S Phase. 

 

To understand how a mother centriole supports the assembly of a new 

centriole, we revisited HsSAS-6 recruitment during centriole duplication. In 

unsynchronized cells transiently labeled with bromodeoxyuridine (BrdU), we 

noticed three distinct localization patterns of HsSAS-6 during S phase (Figure 

2.1A). In addition to the previously documented pattern of two bright HsSAS-6 

foci in most of cells (93.0%) [52], we also found in a small fraction of S-phase 

cells displaying one bright and one weak HsSAS-6 foci (4.4%), and even less 

frequently, those with two weak HsSAS-6 foci (2.6%; Figure 2.1B).  
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Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

  

                          
Figure 2.1. HsSAS-6 is transiently recruited to the proximal lumen of 
mother centrioles in early S phase.  
(A) U2OS cells in S phase were processed for immunofluorescence to 
visualize centriole (centrin-2) and HsSAS-6.  
(B) Quantification of cells with weak HsSAS-6 foci in S phase. Error bars 
represent standard deviation, SD; n > 80, N = 3. 
(C) Quantification of weak HsSAS-6 foci in late S phase. n > 100, N = 3. 
(D) Weak HsSAS-6 localizes to the proximal end of mother centrioles. Linear 
alignment of centrini-2 (distal-end component) and C-Nap1 (proximal end) is 
marked by a white line. Here, rabbit antibodies recognizing the C terminus of 
C-Nap1 were used with a mouse anti-SAS-6 antibody. m, mother; d, daughter. 
(E) 3D-SIM image of luminal components CPAP and centrin-2 in comparison 
to nonluminal component C-Nap1. Here, a mouse antibody recognizing the N 
terminus of C-Nap1 was used with a rabbit anti-CPAP antibody. Imaris 3D 
rendering is presented as indicated. 
(F) 3D-SIM images of HsSAS-6, C-Nap1, and centrin in S-phase centrioles 
stained with antibodies indicated. m, mother. 
All S-phase cells shown in (A), (B), (C), (D), and (F) were identified with BrdU 
labeling (see experimental procedures), not shown.  
 
This figure was generated in collaboration with Chii Shyang Fong. 
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The bright HsSAS-6 foci were detected only on duplicated centrioles 

(doublets), whereas the weak foci were found exclusively on unduplicated 

centrioles (singlets; Figure 2.1A). Due to the low representation of the weak 

HsSAS-6 foci in the population, we asked whether they were a stochastic 

anomaly or represented a transient, early stage of centriole duplication. 

HsSAS-6 localization patterns were analyzed in cells that had entered S phase 

for at least 4 hours, as revealed by pulse/chase BrdU labeling. All late S-phase 

cells were found to carry two bright HsSAS-6 foci (100%; Figure 2.1C), 

strongly suggesting that a small amount of HsSAS-6 is recruited to mother 

centrioles in early S-phase, prior to the formation of new centrioles.  

 

To define the specific localization of HsSAS-6 within centrioles, we examined 

the localization of HsSAS-6 relative to the proximal-end marker C-Nap1 [115, 

116], and distal-end marker centrin. Consistent with previous reports [52], 

bright HsSAS-6 foci were always tethered to the side of mother centrioles, as 

revealed by the nonlinear alignment of the centrin, HsSAS-6, and C-Nap1 

signals (Figure 2.1D). Strikingly, the majority of weak HsSAS-6 foci were 

present at the proximal end of mother centrioles, situated in between centrin 

and C-Nap1 foci in a linear fashion (Figure 2.1D). To determine whether the 

weak HsSAS-6 foci reside in the proximal lumen of mother centrioles, we 

examined their localization with super-resolution three-dimensional structured 

illumination (3D-SIM) microscopy. Unlike conventional fluorescence 

microscopy, where C-Nap1 was presented as a solid point (Figure 2.1D), C-

Nap1 was resolved into a ring (top view) or a bar (side view) when analyzed 

with 3D-SIM (Figure 2.1E & 2.1F). Note that using an antibody against the N-

terminal domain (Figure 2.1E), C-Nap1 was depicted as a larger ring/bar 
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compared to that by C-terminal antibodies (Figure 2.1F). This is in agreement 

with previous immuno-electron microscopy studies showing that C-Nap1 is a 

nonluminal proximal-end component of centrioles [115, 116]. Importantly, 

luminal components such as CPAP and centrin were found to localize above 

the void zone of the C-Nap1 ring or in the middle region atop the C-Nap1 bar 

(Figure 2.1E). Moreover, unlike the strong HsSAS-6 focus present clearly 

outside of the mother centriole (98%, n=58; Figure 2.1F), nearly all weak 

HsSAS-6 foci were located at the space between centrin and C-Nap1 in the 

mother centriole lumen (97%, n=58; Figure 2.1F), a pattern similar to that of 

CPAP. Together, we concluded that HsSAS-6 is first recruited to the proximal 

lumen of the mother centriole during early S phase. 

 

2.2.2. HsSAS-6 Adopts a Cartwheel-like Organization at Mother 

Centrioles Independently of Its Self-Oligomerization Activity 

 

Luminal HsSAS-6 accumulates only transiently in S phase, suggesting that an 

activity in S phase efficiently promotes HsSAS-6 release from the lumen. To 

investigate the luminal recruitment of HsSAS-6 independent of other S-phase 

activities, an inducible cell line was created in which HsSAS-6 could be 

ectopically expressed in G1 phase. HsSAS-6 is normally degraded in G1 by 

APC/Ccdh1, but a mutation of the degron (KEN box) renders it nondegradable 

[52], referred to here as HsSAS-6ND. To assess whether HsSAS-6ND could 

localize to G1 centrioles, retinal pigmental epithelial (RPE-1) cells that had 

been arrested in G0/G1 phase by serum starvation were induced to mildly 

express HsSAS-6ND through an inducible promoter, and subjected to 3D-SIM 

analysis. Intriguingly, newly synthesized HsSAS-6ND stably localized to the 
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proximal lumen of all G1-arrested centrioles (Figure 2.2A; 100%). Moreover, 

when cells were released into S phase, HsSAS-6ND was efficiently removed 

from the lumen and became externally attached (Figure 2.2B), confirming the 

presence of S-phase activities that release luminal HsSAS-6. This assay 

recapitulates and temporally separates the two HsSAS-6 localization steps 

seen in wild-type centrioles during early S phase. 

 

To examine the organization of HsSAS-6ND at the proximal lumen of G1 

centrioles, super-resolution stimulated emission depletion (STED) microscopy 

at a resolution of ~50 nm was used [117-119], a work in collaboration with Dr. 

Jung-Chi Liao of Academia Sinica, Taipei, Taiwan.  We first examined the 

cartwheel structure of S-phase centrioles using a monoclonal antibody against 

the C-terminal tail of HsSAS-6 (Figure 2.2C). In these experiments, and 

depending on the orientation of the centrioles imaged, the C termini of HsSAS-

6 should occasionally be resolved into a ring under STED imaging. Indeed, 

27.5% of HsSAS-6 signals in S-phase centrioles were depicted as a ring-like 

structure (Figure 2.2D), comparable to the frequency of observing a C-Nap1 

ring with 3D-SIM (Figure 2.2E). The average diameter of the ring was ~100 

nm, which is consistent with previous electron microscopy analyses of the 

cartwheel [55, 92]. Interestingly, the size of the solid foci was also measured at 

~100 nm on average, revealing potentially the thickness of the HsSAS-6 stack. 

The same C-terminal antibody was then used to analyze HsSAS-6ND at G1 

centrioles. Strikingly, ~22.5% of HsSAS-6ND signals in G1 centrioles displayed 

an ~100 nm ring (Figure 2.2F). In contrast, when antibodies recognizing the N-

terminal hemagglutinin (HA) tag of HsSAS-6ND were used, tight foci of ~55 nm 

were consistently seen (Figure 2.2F), much smaller than the foci depicted with 
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the C-terminal antibody (~100 nm). These results suggest that the luminal 

HsSAS-6 in G1 centrioles adopts an organized structure, with the N termini of 

HsSAS-6ND clustered at the center of the lumen, resembling the central hub, 

and the C-terminal tails spread out radially from the center, resembling the 

spokes of a cartwheel. 

 

HsSAS-6 dimers are able to self-oligomerize through the N-terminal globular 

domain to form a cartwheel-like ring [92, 93]. It is therefore possible that 

preassembled cartwheels localize to the centriolar lumen. Alternatively, 

HsSAS-6 dimers may first localize to the centriole lumen followed by 

oligomerization. To differentiate between these two scenarios, HsSAS-6ND 

harboring the F131E mutation that has been previously shown to disrupt the 

oligomerization property of HsSAS-6 [92, 93] was inducibly expressed in G1-

arrested cells. HsSAS-6F131E, which contains an intact C-terminal tail, localized 

efficiently to the proximal lumen of G1 centrioles (Figure 2.2G), indicating that 

HsSAS-6 dimers can be individually recruited. More surprisingly, STED 

imaging analyses revealed that in the absence of self-oligomerization, luminal 

HsSAS-6F131E was organized into a cartwheel-like conformation, showing a 

ring-like shape or large focus of ~100 nm when probed with the C-terminal 

antibody and compact foci of ~55 nm when the N terminus was labeled 

(Figure 2.2H). This result suggests that mother centrioles recruit and then 

organize HsSAS-6 molecules into a highly ordered structure, which is largely 

independent of the self-oligomerization activity of HsSAS-6. 
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Figure 2.2. G1 centrioles can recruit and organize HsSAS-6 into an 
ordered structure similar to the cartwheel 
(A) RPE1 cells arrested in G1 for 48 hr followed by expression of HA-tagged 
HsSAS6ND were imaged with 3D-SIM. n > 45, N = 3.  
(B) G1-arrested RPE1 cells expressing HsSAS-6ND as described in (A) were 
released into S phase by serum reintroduction and stained with the indicated 
antibodies. S-phase cells were identified by BrdU labeling, not shown. n > 21, 
N = 3.  
(C) Schemetic diagram of domain organization of  HsSAS-6 and the epitopes 
recognized by the antibodies used in STED analyses. 
(D) Representative STED images of HsSAS-6 staining with anti-C-term 
antibody on normal S-phase centrioles were shown. Graph presents STED 
measurements of ring/focus diameter by averaging the long and short axes. 
Actual size of the structure is estimated by subtracting STED resolution from 
STED measurements as indicated. Error bar represents SD; n = 40. 
(E) Frequency of observing C-Nap1 ring under 3D-SIM. n = 46. 
(F) STED imaging of HsSAS-6ND stained with anti-C-term and anti-N-term 
antibodies. Actual size of the structure is estimated as indicated. Error bars 
represent SD; n as indicated. 
(G) HsSAS-6F131E localizes to the proximal lumen of G1 centrioles. 3D-SIM 
image of G1-arrested RPE1 cells inducibly expressing HA-tagged HsSAS-
6F131E as described in (A). n > 39, N = 3.   
(H) STED imaging of HsSAS-6F131E stained with anti-C-term and anti-N-term 
antibodies. Actual size of the structure is estimated as indicated. Error bars 
represent SD; n as indicated. 
 
Image from (A-C), and (G) were generated in collaboration with Chii Shyang 
Fong.  
Image from (D) to (H) were generated in collaboration with Tony T. Yang in Dr. 
Jung-Chi Liao’s group.  
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Figure 2.2. 
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2.2.3. HsSAS-6 Recruitment to the Proximal Lumen Is Mediated by the C-

Terminal Tail and Requires Luminal Protein CPAP 

 

To determine the mechanisms by which HsSAS-6 is recruited to the proximal 

lumen of a preexisting centriole, different domains of HsSAS-6ND were 

inducibly expressed in G1-arrested cells, and their localizations examined 

(Figure 2.3A & 2.3.B). All HsSAS-6 fragments lacking the C-terminal domain 

(DM1, DM3, and DM5) failed to localize to G1 centrioles (Figure 2.3A-2.3C). 

Interestingly, a fragment of the C-terminal domain (DM6) alone was insufficient 

for centriolar targeting (Figure 2.3A & 2.3.B). Only when a small portion of 

coiled-coil domain was also present (DM4), could it effectively localize to 

centrioles (Figure 2.3A & 2.3.B), suggesting that both the C-terminal tail and 

the dimerization of HsSAS-6 through its coiled-coil domain are important for 

recruitment to centriole lumen. To further test if centriolar components present 

at the wall of the proximal lumen are required for HsSAS-6 recruitment, we 

focused on the luminal protein CPAP and CEP135 that have been shown to 

form a complex with HsSAS-6 [120]. In agreement with previous report [120], 

incomplete, but severe reduction of CEP135, which efficiently blocked 

centriole duplication, had no effect on HsSAS-6 recruitment (not shown; see 

Figure 2.3E). In contrast, HsSAS-6 recruitment was disrupted in centrioles 

depleted of CPAP in both G1 and S-phase cells (Figure 2.3D), supporting the 

idea that the luminal protein CPAP mediates the recruitment of HsSAS-6. The 

role of CEP135 in luminal HsSAS-6 recruitment is uncertain at this point 

because our RNAi could not completely remove centriole-bound CEP135 [120]. 

These results indicate that HsSAS-6 dimers are individually recruited to the  
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Figure 2.3. Molecular requirements for HsSAS-6 recruitment to and 
release from centriole lumen 
(A) Collection of various HsSAS-6 deletion mutants tagged with HA (red). 
Centriolar localizations of these mutants are summarized.  
(B and C) Localization and expression of HsSAS-6 mutants. Indicated HsSAS-
6 mutants were inducibly expressed in G1-arrested RPE1 cells, and their 
luminal localizations were examined.  
(D) HeLa cells depleted of CPAP (two sequential RNAi for 6 days) were 
induced to express HsSAS-6ND. Centrioles in G1 or S-phase cells were 
examined for HsSAS-6 localization as indicated. Similar results were obtained 
with three independent siRNA oliogs (see Experimental Procedures). Error 
bars represet SD; n > 31, N = 2. The significance (two-tailed t test) is indicated, 
***p < 0.0001. 
(E) U2OS cells depleted of the indicated protein were examined for the 
localization of the endogenous HsSAS-6 during S phase. n > 31, N = 2.  
(F) U2OS cells depleted of PLK4 or STIL were examined for the localization of 
the endogenous HsSAS-6 during S phase by 3D-SIM. Error bars represent 
SD; n > 26, N = 3.  
(G) U2OS cells depleted of PLK4 were induced to express HsSAS-6ND. The 
duplication status and localization of the elevated HsSAS-6 were eexamined 
and quantified in S-phase cells by 3D-SIM with indicated antibodies. Note that 
duplication was not rescued, and S-phase cells containing unduplicated 
centrioles (centrin singlet) were counted. n > 25, N = 3.  
(H) Wild-type, early S-phase U2OS cells containing one bright and one weak 
HsSAS-6 foci were examined for the localization of STIL. Note that STIL only 
associates with the bright HsSAS-6 focus. 
(I) STIL localization in control or PLK4-depleted U2OS cells expressing 
HsSAS-6ND was examined. n > 29, N = 3.  
(J) Immunoblots showing STIL level is unaffected by PLK4 knockdown. 
(K and L) HsSAS-6F131E was inducibly expressed in U2OS cells depleted of 
the endogenous HsSAS-6. Localization of HsSAS-6F131E (K) and STIL (L) were 
then examined in S-phase cells by 3D-SIM and regular microscopy, 
repectively, as indicated. n > 24, N = 3. 
(M) fdfd 
S-phase cells shown in (D), (E), (F), (G), (I), (K), and (L) were identified with 
BrdU labeling, not shown. 
 
This figure was generated in collaboration with Chii Shyang Fong. 

 



	
	

46 

Figure 2.3. 
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Figure 2.3 (Continued) 
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centriole lumen, and subsequently aligned by the radial, 9-fold symmetrical 

body frame of a preexisting centriole. 

 

2.2.4. Release of Luminal HsSAS-6 from Mother Centrioles Requires 

PLK4 and STIL and Is a Prerequisite for Daughter Centriole Formation 

 

To explore the process by which luminal HsSAS-6 is released from the 

centriolar lumen, centriolar proteins required for duplication were 

systematically depleted. Centriole duplication failed in all cases, but resulted in 

distinct patterns of HsSAS-6 localization. In cells, where CP110, CEP135, 

protein phosphatase 2, regulatory subunit A alpha (PPP2R1A), or centrosomal 

protein of 120 kDa (CEP120) were depleted or severely reduced, HsSAS-6 

was consistently seen at the side of mother centrioles (Figure 2.3E), 

suggesting that these proteins are not critically involved in HsSAS-6 

recruitment, but regulate later stages of centriole assembly. In contrast, in cells 

depleted of PLK4 or STIL, centriole duplication was arrested at a step where 

the endogenous HsSAS-6 was persistently trapped at the proximal lumen of 

mother centrioles (Figure 2.3F). Consistent with the reported role of PLK4 in 

stabilizing HsSAS-6 [101], PLK4-depleted centrioles containing weak or no 

HsSAS-6 signal were noticed, with 43% of centrioles marked with weak 

(luminal) HsSAS-6, and 57% with no detectable HsSAS-6 (Figure2.4A), raising 

a possibility that the duplication defect is due to HsSAS-6 insufficiency. 

Intriguingly, overexpression of HsSAS-6ND in PLK4-depleted cells failed to 

rescue duplication, and the elevated HsSAS-6 remained trapped at the 

proximal lumen of nearly all PLK4-depleted centrioles (Figure 2.3G), revealing 

a new role of PLK4 in the release of luminal HsSAS-6. Next, we examined the 
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involvement of STIL, a critical centriole biogenesis factor known to interact 

with CPAP [53, 95, 121, 122] and PLK4 [123]. Strikingly, in early S-phase cells 

containing one bright and one weak HsSAS-6 foci as described in Figure 2.1, 

STIL was always associated with bright HsSAS-6 foci, but rarely seen at 

centrioles with weak HsSAS-6 signals (Figure 2.3H), suggesting that STIL 

specifically marks the population of HsSAS-6 that is tethered at the side, but 

not in the lumen, of mother centrioles. Consistently, no STIL was detected in 

PLK4-depleted centrioles where high level of HsSAS-6 was trapped in the 

lumen (Figure 2.3I), although the cellular level of STIL was not changed 

(Figure 2.3J), suggesting that STIL functions downstream of PLK4 to promote 

HsSAS-6 release This pathway may add new insights into the relationship of 

SAS-6 with Ana2/SAS-5/STIL and PLK4/ZYG-1 reported in Drosophila and C. 

elegans [109, 124, 125]. Together, we conclude that the disassociation of 

luminal HsSAS-6 from mother centrioles is mediated by PLK4 and STIL, a 

prerequisite for subsequent formation of daughter centrioles at the side of 

mother centrioles. 

 

To examine if HsSAS-6 release depends on its self-oligomerization activity, 

HsSAS-6F131E was expressed in cells depleted of the endogenous HsSAS-6. 

As reported previously [92, 93], centriole duplication failed in this case, but 

strikingly, HsSAS-6F131E was seen attaching to the outside wall of mother 

centrioles during S phase (Figure 2.3K) and colocalizing with STIL (Figure 

2.3.L). Thus consistent with the study done in worms [124], we suggest that 

self-oligomerization activity of HsSAS-6 is critically involved in later stages of 

centriole duplication, downstream of the initial recruitment (Figure 2.2G), 

organization (Figure 2.2H), and release (Figure 2.3K & 2.3.L) of luminal 
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HsSAS-6. Moreover, we found that HsSAS-6 deletion mutants, DM2 and DM4, 

both of which localize to the lumen of centrioles independent of STIL during 

G1 phase, can tether to the side of mother centrioles in S phase (Figure 2.4B), 

colocalizing with STIL (Figure 2.4C). In contrast, mutants that cannot localize 

to the lumen of G1 centriole (DM1, 3, 5, or 6) also failed to associate with 

mother centrioles during S phase (Figure 2.4D; not shown), even for DM5, 

which contains the intact coiled-coil domain known to interact with STIL [125]. 

These results, together with those seen in CPAP depletion, support the idea 

that luminal targeting of HsSAS-6 plays a critical role in the formation of the 

HsSAS-6/STIL structure at the side of mother centrioles, consistent with the 

chronology of HsSAS-6 recruitment during early S phase. 

 

2.2.5. Recruitment of Luminal HsSAS-6 to Mother Centrioles Is Inhibited 

by Centriole Engagement 

 

Centriole engagement is known to block centriole duplication, whereas 

disengagement releases the block and licenses duplication [62, 107]. However, 

the step at which duplication is specifically regulated by 

engagement/disengagement is unknown. Interestingly, the luminal recruitment 

of HsSAS-6, which marks one of the earliest steps of centriole duplication, can 

occur at disengaged centrioles in G1 cells (Figure 2.2A), but not engaged 

mother centrioles in S phase (Figure 2.1F), suggesting that luminal recruitment 

of HsSAS-6 may be regulated by centriole engagement/disengagement. 
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Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

 

  

                
Figure 2.4. Molecular requirements for centriolar localization of HsSAS-6 
(A) PLK4 depletion reduces HsSAS-6 localization at centrioles. U2OS cells 
depleted of PLK4 were examined for the localization of the endogenous 
HsSAS-6 during S phase. Note that only centriole singlets in S phase were 
counted for PLK4-depleted centrioles. Error bars, standard deviation. n > 34, 
N = 3. 
(B and C) HsSAS-6 deletion mutants DM2 and DM4 can attach to the outside 
wall of mother centrioles, and co-localize with STIL in the absence of the 
endogenous HsSAS-6 during S phase. DM2 and DM4 were inducibly 
expressed in RPE1 cells depleted of the endogenous HsSAS-6. Localization 
of HsSAS-6 deletion mutants (B) and STIL (C) were then examined in S-phase 
cells by 3D-SIM and regular microscopy, respectively as indicated. n > 28, N = 
3. 
(D) HsSAS-6 deletion mutanbt DM5 do not associate with mother centrioles 
during S phase. DM5 was inducibly expressed in RPE1 cells depleted of the 
endogenous HsSAS-6, and its localization was examined. 
S-phase cells in (A), (B), (C) and (D) were identified by BrdU labeling (see 
Experimental Procedures), not shown.  
 
This figure was generated in collaboration with Chii Shyang Fong. 
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In agreement with this, the earlier observation that disengaged centrioles in S 

phase are capable of recruiting luminal HsSAS-6 (Figure 2.3F & 2.3G) 

indicates that recruitment is not simply regulated by cell cycle cues. To test 

whether the opposite condition also holds, we generated engaged centrioles in 

G1 cells expressing HsSAS-6ND by blocking centriole disengagement in 

mitosis with PLK1 inhibitors as described previously (Figure 2.5A; [11, 106]).  

Intriguingly, whereas HsSAS-6ND was recruited to all disengaged centrioles in 

control G1 cells, no HsSAS-6ND was detected in mother centrioles that 

remained engaged to their daughters (Figure 2.5B; 90%). These data suggest 

that centriole engagement and disengagement critically regulate the ability of 

mother centrioles to assemble luminal HsSAS-6, consistent with their roles in 

blocking and licensing centriole duplication, respectively. 

 

2.3. Discussion 

 

Our results demonstrate that HsSAS-6 is transiently recruited to the proximal 

lumen of disengaged mother centrioles in early S phase, before it is seen 

colocalizing with STIL at the external site for new centriole formation. Luminal 

targeting of HsSAS-6 is mediated through the C-terminal tail of HsSAS-6 and 

the luminal wall protein CPAP, shaping HsSAS-6 into a cartwheel-like 

organization independent of its self-oligomerization activity. The removal or 

release of luminal HsSAS-6 requires STIL and the kinase PLK4. Abolishing 

either the recruitment or the removal of luminal HsSAS-6 leads to a block of 

HsSAS-6 assembly (or centriole duplication) at the outside wall of mother 

centrioles. After duplication, the lumen of the engaged mother centriole is 
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Figure 2.5.   

 

 

 

 

 

 

 

 

 

 

    

                  
2.5. Engaged centrioles block luminal recruitment of HsSAS-6 
(A) Schematic outlining the generation of G1 cells with engaged centrioles as 
described previously [11, 106]. HsSAS-6ND expression was induced in 
proliferating cells for 16 hrs before adding BI-2536 to inhibit PLK1. Mitotic 
arrested cells were forced to exit mitosis 5 hrs after PLK1 inhibition by Cdk1 
inhibitor RO-3306 for 5 hrs. Multinuclei cells, which were cells that had gone 
through mitosis in the absence of PLK1 activity, were examined for the 
centriolar localization of HsSAS-6 with indicated antibodies. n > 26, N = 3. 
(B) HsSAS-6 recruitment to mother centriole lumen is inhibited by engaged 
centrioles. Immunofluorescence image of a G1 cell containing engaged 
centrioles with indicated antibodies.  
(C) Model for a template-based mechanism of centriole duplication. HsSAS-6 
dimers are individually recruited to the proximal lumen of mother centrioles, 
where they are organized by the surrounding geometry to undergo 9-fold 
symmetrical assembly. The assembled HsSAS-6 oligomer is then released 
from the lumen and forms the cartwheel that drives daughter centriole 
formation. Centriole engagement blocks rerecruitment of HsSAS-6 to the 
mother centriole lumen and thus prevents centriole reduplication. Centriole 
disengagement and cartwheel removal at the end of mitosis allow the 
centrioles to be used as a template for their own biogenesis. Mother centriole 
(grey), daughter centriole (green), CPAP (blue), and HsSAS-6 (red). 
 
This figure was generated in collaboration with Chii Shyang Fong.  
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prevented from recruiting new HsSAS-6 until disengagement occurs at the end 

of mitosis, correlating with the block and license for centriole duplication. 

Notably, due to technical limitations and the transient nature of the process, 

we have not been able to determine if the HsSAS-6 structure formed in the 

lumen “directly relocalizes” to the outside wall of the mother centriole. These 

results, however, prompted us to reevaluate centriole duplication in cycling 

cells, and consider a template-based mechanism by which the geometric 

shape and copy number of the centriole can be faithfully preserved (See 

Figure 2.5C for the proposed model). 

 

A recent report showed that high levels of the exogenous HsSAS-6 can 

accumulate into a torus-like pattern around the proximal end of mother 

centrioles, colocalizing with the pericentriolar marker [126]. In our study, both 

the endogenous and the mildly expressed exogenous HsSAS-6 were seen to 

localize at the lumen of mother centrioles, without forming a torus-like pattern. 

 

It is known that centrioles can form through de novo assembly [58, 63, 110, 

111], suggesting that the template-based replication proposed here may be 

specifically used in cycling cells where centriole number is strictly controlled. In 

this case, mother centrioles act as the template to catalyze and guide the 

assembly of the HsSAS-6 ring, which can otherwise be formed through other 

mechanisms such as self-assembly but is at a lower rate and without 

numerical controls. We note that loss of cartwheel, which empties the proximal 

lumen of a centriole, appears to be species-specific, raising a question as to 

whether the template-based replication proposed here can apply to centrioles 

constantly occupied with the cartwheel as seen in other species [55]. 
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Interestingly, the cartwheel is known to contain a stack of SAS-6 oligomers 

that varies in height [55], suggesting that centrioles may serve as a SAS-6 

reservoir, can inducibly release a fraction of the SAS-6 stack for new centriole 

assembly, a model that has been proposed previously [127]. In vertebrate 

cycling cells, however, the program may be modified so that the SAS-6/STIL-

based cartwheel at the daughter centriole is “nonreleasable,”and must be 

eliminated before the next cell cycle to allow the assembly of “releasable SAS-

6,” ensuring a tight control of centriole duplication. 

 

2.4. Experimental Procedures  

 

2.4.1. Cell Culture 

 

RPE1 cells were cultured in DME/F-12 (1:1) medium supplemented with 10% 

FBS and 1% penicillin-streptomycin. For S-phase arrest, cells were treated 

with 2µg/ml aphidicolin for 18-24 hours. BrdU was added to culture medium 30 

min before fixation to label S-phase cells. Late S-phase cells were identified by 

a 1 hour BrdU pulse, followed by a 4 hours chase into BrdU-free medium. BI-

2536 and RO-3306 were used at 200nM and 10µM, respectively. G1-arrested 

cells were enriched by serum starvation for 2 days. 

 

2.4.2. RNAi and stable cell lines 

 

Transient transfection of siRNA oligos was performed using RNAiMAX (Life 

Technologies). The siRNA oligos used are:  
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CPAP: 5’-GAACGCAUCUUUAGCUAAAtt-3’, 5’-

GGAAUGCACGUGACGAUGAtt-3’, 5’-GUACAGAUCCGGUCGGAUAtt-3’, 

Ambion, 

CP110: 5’-GCAAAACCAGAAUACGAGAtt-3’, Ambion, 

PPP2R1A: 5’-GGCUGAACAUCAUCUCUAAtt-3’, Qiagen, 

CEP120: 5’-CCAUAGCAUUUGCUACCCAtt-3’, Ambion, 

STIL: 5’-AAUGAUAGUUCACAGUGUAtt-3’, Dharmacon, and 

HsSAS-6: 5’-GAGCUGUUAAAGACUGGAUACUUUA-3’, Invitrogen. 

 

PLK4 shRNA lentivirus was from Open Biosystems 

5’-CCTCAGACTGAAACCGTACAA-3’, 5’-CCAGACTACATCAAACAGAAA’-3’, 

5’-GAACGATGTCACTCAGCAGAA-3’. 

 

Stable clones of HeLa, U2OS, and RPE-1 cells inducibly expressing the full-

length HsSAS-6ND or HsSAS-6F131E, and stable clones of RPE-1 cells 

expressing various HsSAS-6 deletion mutants from the tetracycline-inducible 

promoter were obtained through in vivo gene delivery using the lentiviral 

vector pLVX-Tight-Puro vector (Clonetech).  

 

2.4.3. Microscopy 

 

Cells were permeabilized in PTEM (20mM PIPES pH 6.8, 0.2% Triton X-100, 

10mM EGTA, 1mM MgCl2) for 2 mins, then fixed in ice-cold methanol at -20°C 

for 10 mins. Slides were blocked with 3% bovine serum albumin (w/v) with 

0.1% Triton X-100 in PBS before incubating with primary antibodies. DNA was 

visualized using 4’,6-diamidino-2-phenylindole (DAPI). Fluorescent images 
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were acquired on an upright microscope (Axioimager; Carl Zeiss) equipped 

with 100x oil objectives, NA of 1.4, and a camera (ORCA ER; Hamamatsu 

Photonics). Captured images were process with Axiovision (Carl Zeiss) and 

Photoshop CS5 (Adobe). 

 

2.4.4. Antibodies 

 

Mouse monoclonal antibodies used in this study are anti-centrin2 (Milipore), 

anti-SAS-6 (Santa Cruz Biotechnology), andti-C-Nap1 (BD Transduction 

laboratories) and anti-HA.11 (Covance). A rabbit polyclonal antibody against 

the human C-Nap1 was produced as previously described [62]. Other rabbit 

polyclonal antibodies used include anti-CPAP (Proteintech), anti-STIL (Bethyl 

Laboratories), anti-CP110 (Proteintech), anti-CEP135 (kind gift from Erich 

Nigg at U. of Basel) and anti-CEP120 (kind gift from Moe R. Mahjoub at 

Washington U.). Rat anti-BrdU was from AbD Serotec. Secondary antibodies 

Alexa-Fluor 405, 488, 594, and 680 were from Molecular Probes. 

 

2.4.5. Immunoblots 

 

Cells were lysed in RIPA buffer (20mM Tris-HCl pH 7.5, 150mM NaCl,, 1mM 

Na2EDTA, 1mM EGTA, 1% NP-40, 1% sodium deoxycholate) supplemented 

with Complete protease and phosphatase inhibitors (Roche) at 4°C for 15 

mins. Lysates were cleared by centrifugation and resolved by SDS-PAGE. 

 

2.4.6. Super-Resolution Microscopy 
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DeltaVision OMX (Applied Precision) or a home-built continuouos-wave (CW) 

STED was used. DeltaVision OMX V4/Blaze system (GE Healthcare) was 

fitted with an Olympus 100x/1.40 NA UPLSAPO oil objective and Photometrics 

Evolve EMCCD cameras. 405, 488, and 568 nm laser lines were used for 

excitation, and then corresponding emission filter sets were 436/31, 528/48, 

and 609/37 nm, respectively. Image stacks were acquired with an optical 

section spacing of 125 nm. SI reconstruction and Image Registration were 

performed using softWoRx v6.1 software, using optical transfer functions 

(OTFs) generated from point spread functions (PSFs) acquired using 100 nm 

(green and red) or 170 nm (blue) FluoSpheres and alignment parameters 

refined using 100 nm TetraSpeck beads (Invitrogen/Life Technologies). The 

STED imaging was performed as previously described [128]. Briefly, a 491-nm 

solid-state laser (Calypso 25, Cobolt AB) and a 592-nm 1W CW laser (VFL-P-

1000-592, MPB Communications) were used to supply the excitation beam 

and the depletion beam, respectively. Two laser beams were coupled and 

focused onto the sample through a 100x oil immersion objective (Olympus 

UPLSAPO 100x-1.4 NA). An avalanche photodiode (APD) module (SPCM-

AQR-15, PerkinElmer) was used for signal collection. For quantitative 

measurement, STED images were first cleaned by a mean filter of 0.5 pixels 

and background subtracted, and then were fitted with a two-dimensional 

Gaussian function, A exp[-(x-x0)2 / (√2c1)2 – (y-y0)2 / (√2c2)] + C, x = x’ cos θ + 

y’ sin θ; y = -x’ sin θ + y’ cos θ to identify the principal axes and to find the 

FWHMs, where c1 and c2 were used to determine the FWHM by multiplying 

the factor of 2√2ln2. For image presentation, confocal and STED images were 

smoothed and contrast-enhanced with generalized Tikhonov regularization 

with ImageJ [ref]. 
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CHAPTER THREE 

Promotion and Suppression of Centriole Duplication Are Catalytically 

Coupled through PLK4 to Ensure Centriole Homeostasis 

 

PLK4 drives centriole duplication once per cell cycle, as the block for 

reduplication establishes quickly afterwards. Centriole engagement, which 

holds the newborn centriole closely to the mother centriole, is known to block 

reduplication, but the molecular identity of the engagement constituting the 

block is unknown. Here we show that centriolar cartwheel, a geometric 

scaffold for centriole assembly, forms the identity of newborn centrioles 

essential for the block, ceasing further duplication of the mother centriole to 

which it is engaged. Moreover, we found that to ensure a steady block, the 

cartwheel requires constant maintenance by PLK4 through phosphorylation of 

the same substrate that drives centriole assembly, revealing a parsimonious 

control that “assembly” and “block for new assembly” rely on the same 

catalytic reaction to achieve homeostasis. Consistent with these data and the 

known published results, a simple model that the cartwheel-bound PLK4 

directly suppresses centriole reduplication is proposed. This work was 

submitted and is under review. 

 

3.1. Introduction 

 

Centriole biogenesis in vertebrate cycling cells is tightly regulated, following a 

stereotypical program [41, 129]. Cells begin G1 phase with two preexisting 

centrioles, both of which are capable of recruiting the pericentriolar material 

(PCM) and thereby functioning as the centrosome or microtubule-organizing 
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center (MTOC). In S phase, the two MTOC-competent centrioles duplicate, 

generating two mother-daughter centriole pairs in which the newborn daughter 

are incapable of recruiting the PCM (MTOC-non-competent) and thus must be 

tightly attached, or engaged, to their mothers for proper segregation in mitosis 

[11]. Duplication starts with the formation of the cartwheel, a 9-fold symmetric 

scaffold upon which all centrioles are built. The newborn, MTOC-non-

competent daughter centriole is itself unable to duplicate, and can further 

suppress the duplication potential of the mother centriole to which it is tightly 

engaged [62, 102, 107], strictly limiting centriole duplication to once per cell 

cycle. At the end of cell cycle, daughter centrioles are converted to 

centrosomes (MTOC-competent) [11], disengaged from their mothers [130], 

and removed of the cartwheel [9, 114] all of which are mediated by PLK1 [11], 

transforming themselves to mother-like centrioles in the following G1 phase. 

Centriole-to-centrosome conversion and centriole disengagement, respectively, 

license daughter and mother centrioles for duplication [11, 104, 131], but the 

underlying reason for cartwheel removal is not fully clear. 

 

The newborn (MTOC-non-competent) centrioles are “sterile” as they lack the 

PCM and PCM-associated components such as CEP152 essential for 

duplication [104, 131-133]. In contrast, it is not understood how mother 

(MTOC-competent) centrioles also cease to duplicate when they are engaged 

to newborn centrioles. It has been shown that cells have no arithmetic ability to 

count the centriole number [105], but can somehow differentiate the property 

intrinsic to duplicated centrioles from that of unduplicated centrioles, allowing 

“duplication” and “block for re-duplication” to occur simultaneously in the same 

cytoplasm [105]. It is possible that the physical property of the engagement, 
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which holds two centrioles closely within certain distances [134], blocks 

reduplication. Alternatively, a specific chemical property intrinsic to newborn 

centrioles may serve as the “mark” of duplicated centrioles, and locally 

suppress further duplication of the engaged mother. The molecular identity of 

such a mark, however, is unknown. 

 

Interestingly, the cartwheel that forms and stabilizes newborn centrioles 

throughout S/G2 phase [103] is removed during mitosis before these 

centrioles support duplication in the following S phase. The pattern of 

cartwheel assembly or disassembly correlates nicely with the formation or 

relief of the duplication block during the cell cycle, raising a testable model that 

perhaps the cartwheel is the “mark” of the newborn centriole constituting the 

block. It has been reported that the centriolar protein HsSAS-6 and its binding 

partner STIL form the cartwheel [92, 93, 125, 135] in a process catalyzed by 

the PLK4 [88-90], and that loss of the cartwheel during mitosis depends on 

PLK1 [11] and Cdk1 [100]. Here, we aim to disrupt cartwheel dynamics 

through manipulations of PLK4 and STIL, with a goal to determine whether the 

cartwheel is involved in the block for centriole reduplication.  

 

3.2. Result 

 

3.2.1. Persistent PLK4 Activity Stabilizes the Cartwheel and Newborn 

Centrioles 

 

To address cartwheel dynamics and maintenance after centriole duplication 

has occurred, a number of retinal pigmental epithelial (RPE1) cell lines in 
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which PLK4 can be conditionally removed or inactivated were made (see 

Table 3.1 and Experimental Procedures for details). With help from Dr. Prasad 

Jallepalli of Sloan Kettering Institute, New York, we generated PLK4flox/neoflox 

cells in which the endogenous, wild-type PLK4 can be conditionally deleted by 

expression of the Cre recombinase; then derived a cell in which the 

endogenous PLK4 is deleted, and an analog-sensitive mutant (PLK4as) that 

can be chemically inactivated by bulky ATP analog is expressed under the 

tetracycline inducible promoter (PLK4-/-; tet-PLK4as, Figure 3.1 and 

Experimental Procedures for details). To ensure proper expression of PLK4as 

under the endogenous promoter, we also obtained a PLK4as knock-in cell line 

(PLK4asKI) from the Holland lab (unpublished), similar to the DLD-1 cell line 

recently reported [89]. Moreover, using these cells, we constructed other 

derived cell lines in which the endogenous p53 and STIL were inactivated by 

CRISPR/Cas9 gene targeting, generating acentriolar cell lines in which 

centrioles made of different forms of STIL can be subsequently reconstituted 

(Table 3.1) [16, 103]. This cell was generated by Won-Jing Wang. For clarity, 

the brief name of each cell line was used in the main text, with the detailed 

genetic information listed separately in a table (see Table 3.1). Knockout of 

endogenous p53 in PLK4asKI cell was done by Chii Shyang Fong.  
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Table 3.1. List of cell lines utilized in this study 

 
Name Genetic Background Centrosome Status Relevant 

Figure 
PLK4as PLK4-/-; tet-PLK4as ✓ PLK4as inducible cell line 

propagating under low doxycycline 
(DOX) and carrying nearly normal 
numbers of centrioles/centrosomes 

Figure 
3.4.2 (A-D) 

PLK4as; p53-/- PLK4-/-; p53-/- 

; tet-PLK4as 
✓ PLK4as inducible cell line capable of 
losing centrioles 
✓ Acentriolar cell line in which de 
novo centriole assembly can be 
triggered by DOX addition 

Figure 
3.4.2 (F-K) 

PLK4as; STIL-/- PLK4-/-; p53-/- 

; tet-PLK4as; STIL-/- 
✓ Acentriolar cell line  

PLK4as; STILWT PLK4-/-; p53-/-; STIL-/- 

; tet-PLK4as; tet-STILWT 
✓ Acentriolar PLK4as cell line in which 
de novo centrioles made of STILWT 
can be reconstituted by DOX addition 

Figure 
3.4.3 (A) 
and Figure 
3.4.4(C & 
D) 

PLK4as; STIL4A PLK4-/-; p53-/-; STIL-/- 

; tet-PLK4as; tet-STIL4A 
✓ Acentriolar PLK4as cell line with or 
without DOX; STIL4A is not functional 
for centriole assembly 

Figure 
3.4.3 (B) 

PLK4as; STIL4D PLK4-/-; p53-/-; STIL-/- 

; tet-PLK4as; tet-STIL4D 
✓ Acentriolar PLK4as cell line in which 
de novo centrioles made of STIL4D 
can be reconstituted by DOX addition 

Figure 
3.4.3 (C) 
and Figure 
3.4.4 (C & 
D) 

PLK4asKI; 
STILWT 

PLK4asKI; p53-/-; STIL-/-

; tet-STILWT 
✓ Acentriolar in the absence of DOX 
✓ PLK4as knock-in cell lines carrying 
nearly normal numbers of STILWT-
derived centrioles were obtained 
through long-term culture with lox 
DOX. 

Figure 
3.4.3 (D & 
E), Figure 
3.4.4 (A, B, 
and F), and 
Figure 
3.4.5 (D & 
F) 

PLK4asKI; 
STIL4D 

PLK4asKI; p53-/-; STIL-/-

; tet-STIL4D 
✓ Acentriolar in the absence of DOX 
✓ PLK4as knock-in cell lines carrying 
nearly normal numbers of STIL4D-
derived centrioles were obtained 
through long-term culture with lox. 
DOX. 

Figure 
3.4.3 (D & 
E), Figure 
3.4.4 (A, B, 
and F), and 
Figure 
3.4.5 (E & 
F) 

STILWT STIL-/-; p53-/- 

; tet-STILWT 
✓ Acentriolar in the absence of DOX 
✓ Under lox DOX, cell lines with 
nearly normal numbers of STILWT-
derived centrioles were obtained 
through long-term culture. 

Figure 
3.4.4 (E) 

STIL4D STIL-/-; p53-/- 

; tet-STIL4D 
✓ Acentriolar in the absence of DOX 
✓ Under lox DOX, cell lines with 
nearly normal numbers of STIL4D-
derived centrioles were obtained 
through long-term culture. 

Figure 
3.4.4 (E) 

 



	
	

65 

 

 

 

 

 

 
 
Figure 3.1. A chemical genetic system to manipulate PLK4 activity in 
human cells 
(A) Diagram of PLK4 locus targetd to create PLK4flox/neoflox alleles. loxP sites 
and FRT sites are indicated by triangles and circles, respectively. Wild-type, 
neoflox and flox alleles are detected as PCR products a, b, and c, respectively.  
Expected PCR products to confirm genetic manipulation are shown in 
magenta. Control PCR products are blue. Deletion of exon 3 and 4 from Flox 
and neoflox alleles by AdeCre infection give rise to PCR product d and e, 
respectively. 
(B) PCR analysis confirming gene replacement and Cre-induced 
recombination in indicated PLK4 alleles. PCR products corresponding to each 
alleles are indicated. Non-specific bands are noted as *. 
 (C) Functional test of PLK4flox/neoflox; tet-PLK4as cell. AdCre infected cells 
(PLK4-/-; tet-PLK4as) were cultured for about 2 days (left), then were supplied 
with a high concentration of doxycycline (center), or high doxycycline with 
3MB-PP1(right). Centrioles are stained with the indicated antibodies. 
Tetracycline-inducible PLK4as construct was made by Won-Jing Wang. 
(D) Functional test of PLK4flox/neoflox; tet-PLK4as; p53-/- cell. AdCre infected cells 
(PLK4-/-; tet-PLK4as; p53-/-) were cultured for more than a week (left), then 
were supplied with a high concentration of doxycycline (center), or high 
doxycycline with 3MB-PP1(right). Centrioles are stained with the indicated 
antibodies. 
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Figure 3.1. 
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We first examined if cartwheel maintenance requires constant PLK4 activity in 

PLK4as cells (PLK4-/-; tet-PLK4as) arrested at S phase, when the cartwheel is 

present in every newborn daughter centriole (Figure 3.2A). Unlike control cells 

always carrying two pairs of duplicated centrioles in which the newly formed 

daughter was labeled with STIL or HsSAS-6 (Figure 3.2B, top row), 

inactivation of PLK4 resulted in serial losses of the cartwheel components 

from daughter centrioles (Figure 3.2B & 3.2D). Specifically, 1 hour after PLK4 

inactivation, about 50% of daughter centrioles lost STIL (Figure 3.2B, second 

row); by 4 hours, a similar loss of HsSAS-6 was observed (Figure 3.2B, third 

row), consistent with the previous report [89]. Moreover, after 12 hours, 

daughter centrioles started to disappear (Figure 3.2B, bottom row; Figure 

3.2C; Figure 3.2D), leaving behind two single mother centrioles each of which 

was labeled with centrin, C-Nap1 and acetylated alpha tubulin, as revealed by 

superresolution microscopy (3D-SIM) (Figure 3.2C). This is consistent with our 

previous report that the cartwheel is required to stabilize newborn centrioles 

[103]. Similar results were observed with PLK4as knock-in cells (PLK4asKI) 

(Figure 3.2E). Note that in the absence of the cartwheel, daughter centrioles 

remained engaged to the mother centriole before they eventually lost the 

stability (Figure 3.2B, 2nd and 3rd row). The requirement of PLK4 in stabilizing 

the cartwheel was also seen for de novo centrioles (Figure 3.2G-3.2J & 3.2K), 

which were reconstituted in PLK4as; p53-/- cells (Figure 3.2F; Table 3.1). 

Interestingly, the loss of HsSAS-6 and centrin from de novo centrioles upon 

PLK4 inactivation occurred much faster than that from canonically duplicated 

centrioles (Figure 3.2D, 3.3E & 3.3K). These results together suggest that the 

cartwheel is a dynamic structure requiring constant maintenance by PLK4, and  

 



	
	

68 

 
 
 
 
 
 
 
 
Figure 3.2. Persistent PLK4 activity is required to stabilize the cartwheel 
and newborn centrioles in either canonical duplication or de novo 
synthesis. 
(A) Schematic of the experimental design to inactivate PLK4 in late S-phase 
cells containing canonically duplicated cetnrioles using PLK4as cell line. 
Doxycyline (DOX) was added as indicated to induce PLK4 expression. 
(B) The serial loss of cartwheel components from canonically duplicated 
newborn centrioles at indicated time points after PLK4 inactivation was 
characterized using the indicated antibodies. Top, centrioles from DMSO 
control treatment. Bottom three, representative images of PLK4 inactivation by 
3MB-PP1 at each time point. 
(C) Superresolution 3D-SIM image of acetylated tubulin, centrin, and C-Nap1 
in S-phase centrioles after 12 hours of control treatment (DMSO, top) or PLK4 
inactivation (bottom). 
(D) Quantification of (B). Error bars represent SD; n > 50, N = 3. 
(E) Similar cartwheel loss was also seen and quantified in PLK4asKI cells. 
Error bars represent SD; n > 50, N = 3. 
(F) Schematic of the experimental design to inactivate PLK4 in late S-phase 
cells containing de novo centrioles using PLK4as; p53-/- cell line. De novo 
centrioles were induced to form in acentriolar PLK4as; p53-/- cells by adding 
doxycycline (DOX). 
(G-J) de novo formed centrioles in S phase were treated with DMSO (left) or 
inhibited of PLK4 (right) and analyzed by immunofluorescence microscopy 
using the indicated antibodies. Upon PLK4 inactivation, cartwheel components 
STIL and HsSAS-6 (H), but not the core centriolar component CPAP (J), were 
quickly lost. Note also that the number of de novo centrioles (centrin/CPAP 
foci) was dramatically reduced after 3MB-PP1 treatments (H & J), faster than 
that for canonical centrioles (see D, E, and K). 
(K) Quantification of (G-J). Error bars represent SD; n > 25, N = 3. 
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Figure 3.2. 
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Figure 3.2 (Continued) 
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that cartwheel maintenance is essential for the long-term stability of newborn 

centrioles.  

 

3.2.2. Phosphomimetic STIL Supports Centriole Assembly Only When 

PLK4 is Present 

 

Recent studies showed that phosphorylation of STIL by PLK4 drives cartwheel 

assembly [88-90]. While the four critical residues phosphorylated by PLK4 

(S1061, S1111, S1116, and T1119) are conserved between human and 

Drosophila [90], it is unclear if phosphomimetic STIL can bypass the 

requirement of PLK4 for centriole assembly. To address it, epitope-tagged full 

length STIL carrying wild-type (STILWT), phosphonull (STIL4A) or 

phosphomimetic (STIL4D) residues were made, and expressed in acentriolar, 

PLK4as; STIL-/- cells (Table 3.1) in the presence or absence of 3MB-PP1. As 

expected, in the presence of PLK4 activity (no 3MB-PP1), expression of 

STILWT or STIL4D but not STIL4A successfully rescued de novo centriole 

formation, as revealed by centrin, STIL, and HsSAS-6 staining (Figure 3.3A-

3.3C, left and center). Conversely, when PLK4 was inactivated, none of the 

constructs, including STIL4D, could drive de novo centriole formation (Figure 

3.3A & 3.3C, right). These results together indicate that while the STIL4D 

mutant is functional, it cannot bypass the requirement of PLK4 for centriole 

assembly, suggesting that PLK4 may need to phosphorylate additional sites 

on STIL, or work on other substrates.  

 

3.2.3. Phosphomimetic STIL Can Stabilize the Cartwheel In the Absence 

of PLK4 Activity 
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Figure 3.3. Phosphomimetic STIL supports centriole assembly, but 
cannot bypass the requirement of PLK4. 
(A-C) Acentriolar PLK4as; STIL-/- cells stably carrying exogenous, tet-inducible 
STIL constructs were induced to express STILWT (A), STIL4A (B), or STIL4D (C) 
in the presence or absence of 3MB-PP1 as indicated, and examined for 
centriole assembly using HsSAS-6, STIL, and centrin anbitodies. Note that 
STILWT (A) and STIL4D (C) could drive centriole assembly only when PLK4 
was active. STIL4A is not functional in either case (B) 
(D & E) The efficiency of centriole duplication during S phase (BrdU) was 
examined in stable PLK4asKI; STILWT or 4D cell lines in which centriole 
biogenesis is supported by exogenously expressed STILWT or STIL4D, using 
indicated antibodies (D). Note that centrioles duplicate normally in most 
STILWT and STIL4D cells under low DOX, forming centriole doublets each 
labeled with 1 STIL dot (1 STIL/Doublet). A minor centriole overduplication is 
noted in ~7.5% of STIL4D cells (E, green), forming centriole triplets or rosettes 
each labeled with more than 1 STIL dots (>1 STIL/overduplication). Error (bar) 
represents SD; n > 50, N = 3. 
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We next asked whether STIL4D is sufficient to stabilize the cartwheel in the 

absence of PLK4. To test this, we used the CRISPR/Cas9 method to 

inactivate STIL and TP53 genes in the PLK4as knock-in cell line (PLK4asKI), 

generating PLK4asKI; p53-/-; STIL-/- cells in which centrioles made of different 

forms of STIL can be subsequently reconstituted under the endogenous level 

of PLK4 (Table 3.1). Tetracycline inducible constructs of STILWT or STIL4D 

were reintroduced back to PLK4asKI; p53-/-; STIL-/- cells. Upon induction, 

centrioles derived from STILWT or STIL4D were formed first through de novo 

assembly, followed by canonical duplication (not shown). PLK4asKI; STILWT or 

PLK4asKI; STIL4D cell lines stably carrying relatively normal numbers of 

canonical centrioles were obtained through long-term culture in the presence 

of low doxycycline (Figure 3.3D & 3.3E; Table 3.1). We thus examined the 

effect of PLK4 inactivation in these two cell lines arrested in S phase.  

 

As expected, STILWT derived centrioles quickly los the cartwheel upon PLK4 

inactivation, as indicated by loss of STIL or HsSAS-6 (Figure 3.4A & 3.4B). In 

contrast, surprisingly, the cartwheel made of STIL4D could stably exist in 

newborn centrioles in the absence of PLK4 activity, retaining STIL, HsSAS-6 

and other centriolar components (Figure 3.4.A & 3.4.B; not shown). In addition 

to canonical centrioles, a similar PLK4-independent stabilization of the 

cartwheel by STIL4D is also seen in de novo centrioles reconstituted in PLK4as; 

STILWT or 4D cells (Table 3.1) (Figure 3.4.C & 3.4D). Moreover, to confirm that 

our observation is not due to a nonspecific effect of the PLK4 analog-sensitive 

mutation, we inactivated PLK4 with the recently reported small molecule 

inhibitor centrinone [136] in cell lines expressing wild-type PLK4 but carrying 

centrioles made of exogenous STIL4D or STILWT as the control (see STILWT or 
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STIL4D cell lines in Table 3.1). Consistently, centrinone treatment caused 

serial losses of the cartwheel components from STILWT centrioles, but not from 

centrioles made of STIL4D (Figure 3.4E). Interestingly, while the STIL4D derived 

cartwheel is stable in the absence of PLK4, it is still efficiently removed from 

daughter centrioles during mitosis (Figure 3.4F), indicating that other 

mechanisms are involved in normal cartwheel removal. Together, our data 

indicates that phosphomimetic STIL can bypass the requirement of PLK4 for 

cartwheel maintenance but not for centriole assembly, suggesting that 

perhaps PLK4 has additional substrates involving in other steps of centriole 

biogenesis.  

 

3.2.4. Loss of the Cartwheel from Daughter Centrioles Induces 

Reduplication of the Mother Centrioles 

 

Inactivation of PLK4 induces rapid loss of the cartwheel component STIL from 

daughter centrioles (Figure 3.2 and 3.4). To test if constant maintenance of the 

intact cartwheel is required for the reduplication block, PLK4 activity was 

resumed after cartwheel loss. A caveat of this procedure is that inactivation of 

PLK4 also results in gradual accumulation of PLK4 in cells [97, 137, 138], 

leading to centriole over-duplication upon PLK4 reactivation. To inactivate 

PLK4 without causing its accumulation, cells were treated with cycloheximide 

(CHX) to block protein synthesis, shortly before and during PLK4 inhibition 

(Figure 3.5A). As expected, in the absence of new translation, PLK4 level at 

the centrosome after PLK4 inhibition stayed the same (Figure 3.5B). Note that 

PLK4 and protein synthesis were inhibited for 1 hour only, followed by PLK4 

reactivation (Figure 3.5A), as long-term inhibition of protein synthesis caused  
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Figure 3.4 Cartwheels comprised of phosphomimetic STIL stably 
maintain at the daughter centrioles independent of PLK4 activity 
(A) Centrioles in PLK4asKI; STILWT or 4D cell lines, as indicated, were stained for 
STIL and HsSAS-6 before (top row) and after PLK4 inhibition with 3MB-PP1.  
(B) Quantification of STIL loss seen in (A). Error bars represent SD; n > 25, N 
= 3. 
(C) De novo centrioles made of STILWT (top) or STIL4D (bottom) were induced 
in PLK4as; STILWT or 4D cells and analyzed with the indicated antibodies before 
(left) and after (right) PLK4 inhibition for 1 hour.  
(D) Quantification of STIL loss seen in (C). De novo centrioles made of STILWT 
or STIL4D were inhibited of PLK4 for indicated amounts of time, and analyzed 
for STIL retention. Error bars represent SD; n > 25, N = 3. 
(E) Quantification of STIL loss induced by centrinone. The wild-type PLK4 was 
inhibited by centrinone in STILWT and STIL4D cells for indicated amounts of 
time. Error bars represent SD; n > 25, N = 3. 
(F) Loss of the cartwheel from STIL4D newborn centrioles occurs normally in 
mitosis. Stable PLK4asKI; STILWT or 4D cells in metaphase were examined for 
cartwheel loss with indicated antibodies. Note that by metaphase, both STILWT 
and STIL4D were removed from most centrioles. Errors represent SD; n > 30, 
N = 3.  

 

 

 

 

 

 

 

 



 
 

77 

Figure 3.4. 
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significant reduction of STIL (and likely other proteins) essential for centriole 

duplication (not shown). Intriguingly, 2 hours after restoring PLK4 activity and 

protein synthesis, all preexisting daughter centrioles, which were still engaged 

to the mother centriole (Figure 3.5C, 2nd row), regained intact cartwheels 

(100%), as revealed by STIL and HsSAS-6 staining. Moreover, we 

consistently saw that about 20% of mother centrioles reduplicated, carrying 

two engaged daughter centrioles, one preexisting and one newly formed, both 

equipped with the cartwheel containing STIL and HsSAS-6 (Figure 3.5C, 3rd – 

5th row & 3.5F left). To further test if the reduplication of mother centrioles 

depends on loss of STIL from the daughter, we repeated the same assy in 

cells where daughter centrioles were made of the exogenous STIL4D, or 

STILWT as the control (Figure 3.5D & 3.5E). Strikingly, whereas a significant 

fraction of mother centrioles engaged to STILWT daughter centrioles 

reduplicated after a transient PLK4 inactivation and reactivation (Figure 3.5D & 

3.5F center), nearly none was seen for mother centrioles engaged to STIL4D 

daughter centrioles (Figure 3.5E & 3.5F right). Importantly, the stochastic 

nature of the reduplication, i.e. not all mother centrioles losing the associated 

cartwheel could reduplicate, is consistent with the principle of the duplication 

control (see Figure 3.6). Collectively, our result suggest that loss of intact 

cartwheel from daughter centrioles can induce stochastic reduplication of the 

engaged mother centriole in the same S phase, leading to over production of 

centrioles. Thus, the intact cartwheel carried by the daughter centriole 

constitutes a critical part of the duplication block, which is specifically tethered 

to mother centrioles through the engagement to locally suppress reduplication 

(See Discussion & Figure 3.6 for a proposed model). 
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Figure 3.5. Loss of the cartwheel from the daughter centriole induces 
reduplication of engaged mother centriole 
(A) Experimental schematic to inactivate PLK4 in S-phase arrested cells 
without causing PLK4 accumulation at the centrosome. Following S-phase 
arrest and BrdU labeling, cycloheximide (CHX) was added to the cells to block 
new protein synthesis 10 minutes before PLK4 inactivation. PLK4 was then 
inactivated with 3MB-PP1 for one hour, followed by reactivation of PLK4 and 
protein translation for 2 hours. At each fixation time point, PLK4 intensity at 
centrosomes was quantified using immunofluorescence.  
(B) Scatter plot quantification of centriolar PLK4 intensity at each fix point. 
Error bars represent SD; n > 20. 
(C-E) Representitive images of each fix point in PLK4asKI (C, endogenous 
STIL), PLK4asKI; STILWT (D, exogenous STILWT), and PLK4asKI; STIL4D 
(exogenous STIL4D) cells. Top row, fix point 1 (S phase), 2nd row, fix point 2 
(after 1 hour of PLK4 inhibition), and 3rd – 5th row, fix point 3 (after 2 hours of 
washout; images from 3 independent cells were shown). Centriole 
reduplication was indicated by two colocalizing STIL/HsSAS-6 foci per three 
centrin dots. 
(F) Quantification of normally duplicated (blue) and reduplicated (red) 
centrioles in (C-E). Error bars represent SD; n > 35, N = 3. Centriole 
overproduction was detected in a small population of PLK4asKI; STIL4D cells 
(exogenously expressed STIL4D) regardless of the treatment (see Figure 3. 
3E) 
  
Scatter plot (B) was generated in collaboration with Brian O’rouke.  
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Figure 3.5. 
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3.3. Discussion 

 

Phosphorylation of STIL by PLK4 drives cartwheel assembly for centriole 

duplication, which occurs once only per cell cycle. Our results here showed 

that cartwheel maintenance at the newborn daughter centriole is essential for 

the duplication block, requiring persistent PLK4 activity. Inactivation of PLK4 

after duplication causes rapid losses of cartwheel components from daughter 

centrioles. Resuming PLK4 activity, intriguingly, induces cartwheel assembly 

not only back to the preexisting daughter centriole, but also, stochastically, at 

a new site around the mother, where the second daughter forms. Conversely, 

the cartwheel made of phosphomimetic STIL can exist stably, exerting the 

duplication block continuously independent of PLK4. Thus, PLK4 not only 

promotes centriole duplication, but also preserves the “mark” of duplicated 

centrioles, the cartwheel, to prevent reduplication, revealing a counterintuitive 

idea that “assembly” and “block for new assembly” are driven by the same 

machinery.  

 

We reason that the reduplication process induced by cartwheel removal 

occurs stochastically through one of the following two routes (Figure 3.6): One, 

the intact cartwheel is rebuilt in the preexisting daughter centriole, where it 

exerts a block for reduplication, leading to stabilization of only one daughter 

centriole. In the second route, the cartwheel is randomly formed at a new site 

around the mother, and quickly establishes a block for reduplication, but has 

not effect on the recruitment of cartwheel components back to the preexisting 

daughter, leading to stabilization of two daughter centrioles. It is likely that the 

first route is preferred, as the preexisting daughter still carries some cartwheel 
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components such as HsSAS-6, which may provide high affinity binding sites 

for efficient reassembly. The stochastic nature of the process is consistent with 

the basic principle of the “once-only” control for centriole duplication, and more 

importantly, is supported by our observations that only a fraction of mother 

centrioles losing the cartwheel from the associated daughter could reduplicate 

to form the second daughter.  

 

Figure 3.6. 

 

 

 

 

 

 

 

 

          

 

 
Figure 3.6. Stochastic nature of centriole reduplication. 
In normal S phase (top), the cartwheel is actively maintained at the daughter 
centriole by PLK4 and exerts a reduplication block. When PLK4 is inactivated 
(bottom), the cartwheel fails to remain and the mother centriole is relieved 
from the reduplication block. Once PLK4 activity is resumed, an intact 
cartwheel can be rebuilt in the preexisting daughter centriole and exert an 
immediate duplication block (route 1). Alternatively, the cartwheel can be 
randomly form at a new site around the mother, resulting in additional 
daughter centriole formation and establishes a block for reduplication (route 2). 
However, recruitment of the cartwheel component back to the preexisting 
daughter centriole is unaffected, leading to stabilization of two daughter 
centrioles. 

Stochastic nature of centriole reduplication 
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How does the cartwheel locally block the duplication potential of the mother 

centrioles to which it is engaged? One intuitive idea is that the cartwheel, 

which contains a form of PLK4 bound to STIL and HsSAS-6, carries negative 

regulators to suppress centriole duplication. It has been shown that PLK4 

induces self-destruction through trans-autophosphorylation [97, 137, 138], that 

the kinase activity of PLK4 is greatly enhanced by binding to STIL [89], and 

that the binding of PLK4 to STIL prevents PLK4 from self-destruction [88]. 

Enlightened by these elegant studies, it is tempting to speculate that perhaps 

the highly active STIL-bound PLK4 at the cartwheel could locally target 

specific forms of the key centriole duplication factor for degradation or 

inactivation, including, for example, the CEP152-bound PLK4 at the mother 

centriole (Figure 3.7). In this model, the STIL-bound PLK4 is spatially 

restricted to the cartwheel and thus unable to initiate centriole assembly at a 

new site, but can actively eliminate CEP152-bound PLK4 that is rapidly 

diffusing within the PCM (liquid droplets [139]) of the mother centrosome 

embracing the cartwheel. This model is consistent with the known 

observations that proteasome inhibition or overexpression of PLK4, STIL, or 

HsSAS-6 drives centriole overduplication; moreover, it could perhaps also 

explain why PLK4 at the centrosome temporally changes its binding partner 

throughout the cell cycle, from CEP152 in late G1 [86, 87] to STIL in S/G2 [88], 

CEP192 in M/G1 [86, 87], and back to CEP152 in G1/S.  More efforts are 

required to engineer specific reagents and tools to test this model.  
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Figure 3.7. 

 

 

 

 

 

 

 

 

 

 

            

  
 
 
 
 
 
 
 
 
Figure 3.7. A proposed model of cartwheel-bound PLK4 induced 
reduplication block. 
In late G1, CEP152-bound PLK4 is capable of initiating centriole duplication, 
but also susceptible to undergo self-degradation. In S phase, PLK4 binds to 
STIL and highly active STIL-bound PLK4 is resistant to self-degradation, 
actively maintains the cartwheel, but cannot re-initiate centriole duplication. 
The PCM components including CEP152-bound PLK4 dynamically diffuse 
within the PCM of the mother centriole, constantly encountering the cartwheel. 
The STIL-bound PLK4 actively degrades CEP152-bound PLK4 within the 
PCM, resulting in elimination of PLK4 pool bound to CEP152, thus blocking 
further centriole assembly. 
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3.5. Experimental Procedure 

 

3.5.1. Knockout and stable cell lines 

 

To generate PLK4flox/neoflox alleles, exon 3 and 4 of PLK4 were targeted by 

homologous recombination as published [140]. Template genomic DNA was 

from RPCI-11 human BAC clone, 398H1 (Invitrogen). Primers used in the 

targeting process are below: 

 
PLK4 targeting primers 
5’-TTTTCTCGAGCGGAAGGTGTCAGGGAGAACT-3’ 

5’-CCCCGATATCTGACAAATAATTCTTAATTTGCTTATGTTTAT-3’ 

5’-CCCCGGATCCCATTTATCTAAACCACTTAGAAAAAGAACTGG-3’  

5’-

TTTTGTCGACATAACTTCGTATAGCATACATTATACGAAGTTATCCTATAAA

ATAGCATATTCCTCAAAACTACAC-3’ 

5’-

TTTTGGATCCTGGCGTCGACATATAGTAAAACTGTTTGAATTATTACTTTA

AGC-3’ 

5’-CCCCGCTAGCATTATGAGAAATTGAGGAAGTCTGAAGC-3’ 

  

Primers to confirm gene replacement 

5’-GATTTTAAAGTTGGAAATCTGCT-3’ 

5’-AGCAGCTTGGGATGTAGGAAATC-‘3 

 

Control PCR primers 

5’-CGGAGCGATCCATCTCGTTAC-3’ 

5’-TGACAAATAATTCTTAATTTGCTTATGTTTAT-3’ 
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After generating the PLK4flox/neoflox clones we utilized the lentiviral pLVX-Tight-

Puro vector system (Clonetech) to transduce a doxycycline inducible, analog 

sensitive construct of PLK4 known as PLK4as.  These PLK4flox/neoflox; tet-

PLK4as cells were then infected with adenovirus expressing Cre recombinase 

to deplete endogenous PLK4, plated in 96 well plates, and cultured in the 

media containing 5ng/ml of doxycycline. Dox was first replaced after 7 days, 

then every two days. Cell lines that exhibited the relatively normal number of 

centrosomes were selected.  

 

Knockouts of p53 and STIL were performed as previously published [103]. The 

genomic targeting sequences for STIL is 5’-	TGTGGAATTTGACTTGCAT -3’. 

The generation of STIL4A/4D required mutation of four S/T residues on STIL 

(S1061, S1111, S1116, and T1119). 

 

Stable clones of STILWT/4D and PLK4asKI; STILWT/4D that inducibly express 

STILWT/4D were generated through lentiviral based transduction of mutant 

constructs into the respective parental cell lines stil-/-; p53-/- or PLK4asKI; stil-/-; 

p53-/-. PLK4asKI; STILWT/4D cell lines were isolated as described above, using 

0-10 ng/ml and 20-50 ng/ml of doxycycline, respectively. 

 

For PLK4as; STILWT/4A/4D cells, STIL and p53 were targeted using 

CRISPR/Cas9 in PLK4flox/neoflox; tet-PLK4as cells. Cells that grew without 

centrioles/centrosomes were selected. The resulting PLK4flox/neoflox; tet-PLK4as; 

p53-/-; stil-/- cells were infected with lentivirus carrying doxycycline-inducible 

STILWT, 4A, and 4D and clones were isolated that formed centrioles with induction 

(PLK4flox/neoflox; tet-PLK4as; p53-/-; stil-/-; tet-STILWT/4D) or expresses STIL4A 
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(PLK4flox/neoflox; tet-PLK4as; p53-/-; stil-/-; tet-STIL4A). Then the endogenous 

PLK4 was depleted by infecting adenovirus expressing Cre recombinase and 

resulting PLK4as; STILW/T4A/4D clones were isolated.  

 

3.5.2. Cell culture 

 

RPE1 cells were cultured in DME/F12 (1:1) medium supplemented with 10% 

FBS and 1% penicillin-streptomycin. PLK4as cells (plk4-/-; tet-PLK4as) were 

grown under constant supply of 5 ng/ml of doxycycline replaced in every two 

days. Both the STIL4D and PLK4as KI; STIL4D cell lines grown under constant 

supply of 20 ng/ml of doxycycline replaced in every two days contained 

relatively normal number of centrosomes. STILWT and PLK4as KI; STILWT cell 

lines were grown under 0-10 ng/ml of doxycycline. For S-phase arrest, cells 

were treated with 2 ug/ml aphidicolin for 12-16 hours. S phase cells were 

labeled by the medium containing BrdU without aphidicolin for 30 minutes. For 

prolonged S phase arrest, cells were rearrested to S phase by replacing with 

the medium containing aphidicolin without BrdU.  

 

3.5.3. Drug treatment 

 

To test the effect of PLK4 inactivation in late S phase, S phase arrested, BrdU 

labeled PLK4as cells were treated with 20 uM of 3MB-PP1 (EMD Millipore 

Corp) combined with aphidicolin for 0, 1, 2, 4, 8, 12 hours and fixed at each 

time point. In de novo centriole assembly, 3MB-PP1 was applied for 0, 1, 2, or 

4 hours and cells were fixed at each time point.  

To inactivate endogenous PLK4, 0.2 uM of centrinone was used [136]. 
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To resume PLK4 activity after inhibition, PLK4asKI cells were first treated with 

1 uM CHX for 10 minutes. 0.2 uM of 3MB-PP1 was then added for additional 1 

hour. Cells were thoroughly washed 3 times with PBS and once with regular 

medium (without CHX and PLK4 inhibitor), followed by incubation in regular 

medium for 2 hours. Cells were fixed after CHX, but before adding 3MB-PP1 

(fix point 1), after 1 hour of 3MB-PP1 addition (fix point 2), and after 2 hours of 

washout (fix point 3).  

 

3.5.4. Microscopy 

Cells were permeabilized in PTEM (20 mM PIPES pH 6.8, 0.2% Triton X-100, 

10 mM EGTA, 1 mM MgCl2) for 2 minutes, then fixed in ice-cold methanol at -

20°C for at least 10 minutes. Slides were blocked with 3% bovine serum 

albumin (w/v) with 0.1% Triton X-100 in PBS before incubating with primary 

antibodies. DNA was visualized using 4’,6-diamidino-2-phenylindole (DAPI). 

Fluorescent images were acquired on an upright microscope (Axioimager; Carl 

Zeiss) equipped with 100x oil objectives, NA of 1.4, and a camera (ORCA ER; 

Hamamatsu Photonics). Captured images were processed with Axiovision 

(Carl Zeiss) and Photoshop CS6 (Adobe).  

 

3.5.5. Super-resolution microscopy 

DeltaVision OMX was employed as previously described [108]. 

 

3.5.6. Antibodies 

Mouse monoclonal antibodies used in this study are anti-centrin2 (clone 20H5; 

04-1624, Millipore), anti-SAS-6 (sc-81431, Santa Cruz Biotechnology), anti-

acetylated alpha tubulin (clone 6-11B-1; T7451, Sigma-Aldrich), anti-alpha 
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tubulin (clone DM1A, Sigma-Aldrich). A rabbit polyclonal antibody against the 

human C-Nap1 was produced as previously described [62]. Other rabbit 

polyclonal antibodies used include anti-CPAP (Proteintech), anti-STIL (Bethyl 

Laboratories), and anti-PLK4 (kind gift from Andrew Holland at Johns Hopkins 

University). PLK4 and STIL antibody was pretreated with plk4-/-; p53-/- and stil-/-

; p53-/- cells, respectively to minimize background noise. Rat-anti-BrdU was 

from AbD Serotec. Secondary antibodies Alexa-Fluor 405, 488, 594, 680 were 

from Molecular Probes.  

 

3.5.7. Quantification of PLK4 intensity  

To comparatively quantify fluorescence intensity, data sets were acquired 

under identical conditions between control and experimental cells. PLK4 

fluorescence intensity was quantified in cells with centrin doublets using a 

uniform ROI large enough to encapsulate a single centrosome (ImageJ, NIH). 

Following background subtraction, readouts were compared to controls and 

graphed using GraphPadPrism (GraphPad Software). 

 

3.5.8. Immunoblots 

Cells were lysed in RIPA buffer (20 mM Tris-HCl pH 7.5, 150mM NaCl, 1 mM 

Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate) supplemented 

with Complete protease inhibitor (Roche) at 4°C for 15 minutes. Lysates were 

cleared by centrifugation and resolved by SDS-PAGE. 
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CHAPTER FOUR 

Discussion and Future Direction 

 

4.1. Shape control in centriole duplication 

 

In eukaryotes, centriole assembly occurs almost exclusively in close proximity 

to preexisting (mother) centrioles, a process traditionally described as centriole 

duplication. No evidence exists to indicate that mother centriole actually 

function as an external template for centriole assembly. In fact, the template 

model has been disfavored since the discovery of de novo centriole assembly 

[63, 64]. Moreover, based on recent in vitro data, the cartwheel, a geometric 

scaffold for centriole assembly, has been proposed to form via self-

oligomerization of its major structural component SAS-6 [92, 93], consistent 

with self-assembly model. Thus, while the term centriole duplication is 

commonly used, it is meant to describe the localized self-assembly of new 

centrioles around the mothers [91]. 

 

Recent study of in vivo reconstruction of de novo centriole assembly in 

HsSAS-6-/-; p53-/- cells, however, provides important information prompting us 

to reconsider the self-assembly model [16]. The study showed that structurally 

intact centrioles can be reconstituted in HsSAS-6-/-; p53-/- cells by exogenously 

expressing HsSAS-6 mutants that cannot self-oligomerize. Moreover, about 

30% of de novo centrioles formed through expression of wild-type HsSAS-6 

contained structural error, and this rate was not increased when self-

oligomerization defective form of HsSAS-6 was expressed. These results 

fundamentally reject the SAS-6 self-assembly model, and further suggest that 
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centriole biogenesis should not rely on the error-prone, de novo assembly 

process. 

 

Consistent with SAS-6 self-oligomerization being nonessential for centriole 

assembly, my data in Chapter 2 raises a paradigm-shifting model. In brief, we 

propose that in cycling cells, centriole duplication involves a template-based 

step (Figure 2.5C) in which HsSAS-6 assembly occurs in and is shaped by the 

lumen of the mother centriole prior to centriole duplication. To verify the 

template-based model, the key experiments would be to examine the direct 

relocation of luminal HsSAS-6 to the outside wall of the mother centriole. To 

effectively characterize this process, a uniform population of cells undergoing 

centriole assembly in synchrony is needed. We can obtain this in PLK4as cell 

line described in Chapter 3 where PLK4 activity can be inactivated by 3MB-

PP1. As PLK4 is not required for cell cycle progression, we can chemically 

arrest centriole duplication at the step 1, followed by drug removal to instantly 

reactivate and thus synchronize centriole assembly. HsSAS-6 release (and its 

kinetics) can be monitored by super-resolution 3D-SIM at different time points 

after reactivation of PLK4.   

 

Whether the HsSAS-6 structure formed in the lumen indeed relocalizes and 

forms the cartwheel of future newborn centrioles can be tested with real-time 

analyses coupled with photoconversion of an appropriately labeled HsSAS-6.  

Specifically, PLK4as cells depleted of the endogenous HsSAS-6 can be 

induced to express recombinant HsSAS-6 tagged with photoconvertible GFP, 

and treat with 3MB-PP1 to arrest centriole duplication at the initiation step. 

Immediately before reactivation of PLK4, GFP-tagged HsSAS-6 within the 
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centriole lumen can be locally irradiated with violet-blue light, which will 

convert the luminal GFP to a red state. The transfer of the “red HsSAS-6” from 

the mother lumen to newborn centrioles upon reactivation of PK4 will be the 

indicator of template-based centriole duplication.  

 

Finally, the template-based model can be reinforced if we can show that the 

non-9-fold symmetric centrioles can be stably transmitted to the successive 

cycles. Among the 30% of de novo centrioles reconstituted with wild-type 

HsSAS-6 and carrying structural errors, it would be interesting to isolate clonal 

cell lines carrying centrioles with error shapes, and check whether the 

geometry of centrioles is faithfully copied, even though it is not 9-fold 

symmetrical.  

 

4.2. Copy number control in centriole duplication 

 

The once only principle of centriole duplication is analogous to that of DNA 

replication. For DNA, replication and block for rereplication involve mutually 

exclusive actions of two components, CDK and APC/C that govern each 

process. For centrioles, our results in Chapter 3 lead to an interesting 

conclusion that promoting centriole duplication and blocking the reduplication 

is catalytically coupled through PLK4. Considering all the published results 

and our new observations, we propose the following model. 

 

We speculate that the cartwheel-bound PLK4, which is spatially confined in 

the newborn daughter centriole, triggers degradation of non-cartwheel-bound 

PLK4 within the PCM around the mother centriole, thus preventing further 
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duplication (Figure 3.7). To test our hypothesis, we need to manipulate 

cartwheel-bound PLK4, and monitor the consequential change of PLK4 

pattern within the PCM. It is reported that PLK4 pattern changes from a 

CEP152-bound ring in late G1 (before duplication) to a cartwheel-bound dot in 

S phase (after duplication). To examine if the pattern change is due to S 

phase entry or centriole duplication, we can check if PLK4 asymmetry exists in 

early S-phase cells that carry one duplicated centriole and one unduplicated 

centriole (Figure 2.1A). PLK4 pattern can be discerned via imaging with super-

resolution microscopy. If the ring pattern of PLK4 is always associated with 

unduplicated centrioles, even when cells are in S phase, our model is 

supported. Additionally, the change in PLK4 pattern during PLK4 manipulation 

within S phase can be monitored. If PLK4 inactivation changes PLK4 

localization pattern from the cartwheel-bound dot to the CEP152-bound ring 

and reactivation of PLK4 restores the cartwheel-bound PLK4 dot, then our 

hypothesis will be supported. 

 

Moreover, it would be interesting to test whether a PCM-associated PLK4 in 

G1 unduplicated centrioles can be degraded or removed when these G1 

centrioles are in direct contact with newborn centrioles carrying the cartwheel. 

This can be done via cell fusion experiment between G1 cells that contain 

unduplicated singlet centrioles, in which PLK4 displays as a ring, and S/G2 

cells that contain de novo centrioles (daughter centrioles without mothers), 

where PLK4 displays as a dot at the cartwheel. In this case, when de novo 

centrioles are recruited to the G1 centrosomes, we can investigate whether 

CEP152-bound PLK4 ring of G1 centriole is eliminated by nearby cartwheel-

bound PLK4 from de novo centrioles.  
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We found that our phosphomimetic STIL was sufficient to stabilize the 

cartwheel, thereby preventing centriole reduplication. However, it could not 

bypass the requirement of PLK4 for centriole assembly. This indicates that 

there are additional residue(s) on STIL and/or substrate(s) that constitute 

minimal set of PLK4 substrate required for centriole duplication. Alternatively, 

it is possible that not all four phosphomimetic mutations fully mimic 

phosphorylated status. Since STIL was the only protein that was rapidly 

affected by PLK4 inactivation among the centriolar proteins tested, we tried to 

identify additional residues on STIL that undergo PLK4-dependent 

phosphorylation, a project in collaboration with Dr. Hendrickson in Proteomics 

Core Facility of Memorial Sloan-Kettering Cancer Center. We have so far 

identified additional residues located outside of the STAN domain that are 

potentially important. More efforts are required to verify the function. 
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