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SUMMARY'
Centrosome asymmetry has been implicated in stem cell fate maintenance in both
flies and vertebrates. Drosophila neuroblasts, the neural precursors of the fly’s central
nervous system, contain molecularly and physically asymmetric centrosomes. For
instance, the apical daughter centrosome maintains a stable microtubule organizing
center (MTOC) activity and remains tethered to the apical cortex throughout the cell
cycle. The basal mother centrosome, however, loses MTOC activity and only regains
it during prophase. This centrosome asymmetry is important for centrosome
positioning, spindle orientation and centrosome segregation during asymmetric cell
division.
In a gene candidate approach, we identified Bld10, fly ortholog of Cep135 and the
uncharacterized gene CG7337, the fly ortholog of WDR62, as a regulator of
centrosome asymmetry during interphase. In bld10 mutant neuroblasts the mother
centrosome does not downregulate MTOC activity resulting in two mature active
centrosomes. As a consequence of perturbed centrosome asymmetry, we observed
spindle misalignment during metaphase and centrosome missegregation. In contrast,
we were able to show that in CG7337/wdr62 mutant neuroblasts both centrosomes
lose MTOC activity, resulting in interphase neuroblasts containing two untethered
centrioles. Moreover, cold treatment of wdr62 mutant neuroblasts displayed
microtubule instability while over expression of Wdr62 had hyper stabilized
microtubules. We also observed decrease in Polo levels on the apical centrosome in
mutant neuroblasts. Wdr62 localizes to the microtubules during the cell cycle. Taken
together, we concluded that Wdr62 plays an important role in stabilizing
microtubules, which are necessary for recruitment of Polo, and hence, maintains
centrosome asymmetry. In addition, wdr62 mutants display cell cycle delay and
decrease in brain size.

2

SUMMARY'
To gain further insight into the neuroblast centrosome cycle and centrosome
asymmetry establishment, we used 3D-SIM (Structured Illumination Microscopy).
We observed that centriole duplication begins soon after centriole separation and
molecular markers involved in establishing centrosome asymmetry have a very
precise segregation pattern based on the age of the centrioles. Using 3D-SIM, we are
able to define the time points of the occurrence of these events.

3

2. INTRODUCTION
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The centrosome is the microtubule-organizing center (MTOC) in a majority of
eukaryotic cells with the exception of female meiotic systems and the majority of
higher plants. Work from the eminent biologists Edouard van Benenden (1883) and
Theodor Boveri (1887) in the 1880s have paved the way in discovering and
understanding the role of centrosomes in mitosis in healthy and tumor cells. However,
even after a century we have not completely understood how this organelle is
structured and functions. Centrosomes have been implicated in cancer and genetic
disorders such as ciliopathies, microcephaly and dwarfism (Bettencourt-Dias et al.,
2011; Nigg, 2006; Nigg and Raff, 2009; Thornton and Woods, 2009). Due to its
impact on human health and disease, there is a general interest in understanding the
role and function of centrosomes in cell division. With the discovery and
improvement of imaging techniques, such as electron microscopy and super
resolution imaging, along with possibilities to genetically manipulate the genome
using RNA interference and CRISPR/Cas9, there is the potential for great
contributions in the field of centrosome research.

2.1 Structure of the centrosome
The introduction and use of electron microscopy in the 1950s to study biological
structures revealed that a mammalian centrosome was composed of two cylindrical
structures, known as centrioles (Figure 1A&B). The centriole is a conserved
eukaryotic organelle made primarily of stabilized microtubules, approximately 200nm
in diameter and 500nm in length (Azimzadeh and Marshall, 2010). The centriole’s
inner core is arranged in a pinwheel like structure called the cartwheel. The cartwheel
consists of the central hub from which nine pinheads arise, displaying a nine-fold
radial symmetry (Gönczy, 2012; Guichard et al., 2012; van Breugel et al., 2014). At
5
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end of each pinhead, microtubule blades are arranged as triplets, which form the outer
centriole wall. These microtubule blades undergo modifications such as
polyglutamylation that stabilizes the microtubules against depolymerisation. The end
at which the daughter centriole starts to form is known as the proximal end and the
opposite end is defined as distal. The cartwheel serves as template for the newly
forming centriole known as the procentriole (also called nascent centriole). The
procentriole assembly is at an orthogonal position at the proximal end of the mother
centriole. Interconnecting fibers link the older mother centriole and newly formed
daughter centriole. A mature centriole in addition possesses distal and subdistal
appendages, necessary for microtubule attachment (Paintrand et al., 1992).

(A)

(B)

Figure 1 : The Centrosome (A) 3D representation of the structure of the centrosome
consisting of the centriole and procentriole surrounded by pericentriolar matrix
(PCM). The older mature centriole has distal and subdistal appendages necessary for
cilia formation and microtubule attachment. (B) 3D-SIM images of fixed Drosophila
neuroblasts’ centrosome labeled for centrioles and centrosome.

In proliferating cells, an electron dense pericentriolar matrix (PCM) surrounds the
centrioles, which serves as a lattice-like structure for microtubule nucleation and
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anchoring (Bornens, 2002; Figure 1A, 1B, 2A). The molecular composition of the
PCM is highly dynamic with rapid turnover of proteins during the cell cycle (Kalt and
Schliwa, 1993). The centrosomes are surrounded by an array of microtubules (Figure
2A). Microtubules are nucleated from the centrioles by the subdistal appendages or by
PCM protein complexes (Bornens, 2002). The key protein involved in nucleating
microtubules is γ-Tubulin (γ-Tub) (Félix et al., 1994; Oakley et al., 1990; Oakley and
Oakley, 1989; Stearns and Kirschner, 1994). γ-Tub along with other proteins exists as
complexes known as γ -TuRCs (γ-Tubulin ring complexes) and γ -TuSCs (γ-Tubulin
small complexes) that anchor and stabilize microtubules (Moritz et al., 2000; 1995).
Microtubules are polar structures with fast growing plus ends and slow growing
minus ends. γ-TuRCs and γ-TuSCs together organize the minus ends close to the
centrosome (Stearns and Kirschner, 1994; Zheng et al., 1995; Wiese and Zheng, 2000;
Moritz et al., 2000; Figure 2B).

(A)

(B)

Figure 2 : The centrosome organizes microtubule network.(A) 3D SIM image of a
fixed Drosophila neuroblasts labeled in green for microtubules and magenta for
centrosome. As shown in the image, the microtubules arise from the centrosome and
radiate outwards. (B) Model of microtubule minus end capping by γ-TuRCs
7
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Although the centrioles’ nine-fold symmetry is highly conserved, they do show
structural

differences

among

organisms.

In

Drosophila melanogaster

and

Caenorhabditis elegans embryos, centrioles fail to form microtubule triplets and form
doublets or even singlets instead. Moreover, these centrioles lack appendages (Moritz
et al., 1995a; Gonzalez et al., 1998; O’Toole et al., 2003). In C.elegans, the cartwheel
structure is completely replaced by a central tube-like structure. Chlamydomonas
reinhardtii do not seem to have any PCM although centriolar structure matches
human centrioles (Dutcher, 2003). Budding yeast cells, instead of the centrosome,
possess the spindle pole body, a plate-like structure embedded in the nuclear
membrane with the ability to nucleate microtubules (Rout and Kilmartin, 1990;
Jaspersen and Winey, 2004). Despite these structural differences, the function of a
centrosome as a microtubule-organizing center remains highly conserved among
various species.

2.2 Molecular Organization of the Centrosome
Over the recent years, the advancement in genomic and proteomics technology has
brought to our knowledge multiple protein components that localize to the centrosome
and centrioles. In addition, the discovery of super resolution light microscopy has
helped us overcome the limitation of a conventional microscope by allowing the
capture of images of higher resolution than the diffraction limit. Hence, combining the
powers of electron microscopy and super resolution microscopy we have gained
insight into the architecture of the centrosome. (Sillibourne et al., 2011; Fu and
Glover 2012; Lau et al., 2012; Lawo et al., 2012; Menella et al., 2012; Sonnen et al.,
2012 ; Figure 3).
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Figure 3 : Localization of key human centriolar and centrosomal proteins
(Gönczy, 2012). HsSAS-6, STIL and CEP135 are present in the very proximal
part of the procentriole. In addition, CEP135 is present in the proximal part of the
centriole. CEP152 and CEP63 form a ring around the proximal part of the
centriole, and PLK4, which interacts with these proteins, seems to localize in the
same vicinity. CPAP is present within the procentriole and centriole and may
contact microtubules, whereas SPICE has not been localized with precision
(denoted with a question mark), but seems to be present below centrin in both
procentriole and centriole. Centrin is found towards the distal end of both
procentriole and centriole, occupying a larger domain in the centriole. CP110
(centriolar coiled-coil protein of 110 kDa) is present at the very distal tip of both
centriolar cylinders. Centrobin, CEP120, CEP192 and CEP135 are found in the
vicinity of microtubules in the procentriole. Similarly, CEP120, CEP192 and
CEP135 are found in the vicinity of microtubules in the centriole.

2.2.1 The Cartwheel
The core of the centriole essentially consists of Sas-6. (Sonnen et al, 2012;
Dzhindzhev et al., 2014). Studies across several species, including Chlamydomonas,
Drosophila and Paramecium, revealed loss of Sas-6 caused severe defects or
9
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complete loss of the cartwheel structure (Nakazawa et al., 2007; Rodriguez-Martins et
al., 2007a;Jerka-Dziadosz et al., 2010). Crystallography of protein fragments from
zebrafish and Chlamydomonas, unveiled that Sas-6 exists as homodimers . The amino
part of each of the nine Sas6 homodimers undergoes head-to-head dimerization to
form the central hub and the carboxy end coiled-coil dimers radiate outwards like
spokes of a wheel (Cottee et al., 2011;Kitagawa et al., 2011c; Schuldt 2011; van
Breugel et al., 2011;Figure 4A). In fact, Sas-6 protein could assemble into this
cartwheel structure in-vitro.

In C.elegans, however, Sas-6 still forms N-N

homodimers and coiled-coil dimers but instead of forming a ring, they assemble into
filamentous spiral oligomers giving rise to a tube-like structure (Hilbert et al., 2013).
Another protein closely involved with Sas-6 during centriole duplication, is Sas-5 as
has been reported in C.elegans. This association is conserved in human and
Drosophila counterparts of Sas-5, STIL and Ana-2, respectively. (Stevens et al., 2010;
Kitagawa et al., 2011a; Tang et al., 2011; Arquint et al., 2012; Vulprecht et al., 2012).
STIL and Sas-6 colocalize to the inner core of the centriole. (Sonnen et al., 2012;
Dzhindzdev et al., 2014). In C.elegans, Sas-5 binds to Sas-6’s coiled-coil domain to
prevent the dimer from forming a tetramer in vitro (Qiao et al., 2012;Cottee et al.,
2015)(Figure 4B).

2.2.2 The Centriole Wall
While Sas-6 and Sas-5/STIL/Ana2 form the inner core of the centriole, Sas-4
(CenPJ/CPAP in humans) localizes to the end of the Sas-6 pinheads where the
microtubule triplets form the centriolar wall. (Fu and Glover et al., 2012; Figure
4A&B). Its human ortholog CPAP causes centriole elongation when overexpressed
(Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). In Sas-4 depleted
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C.elegans embryos, the microtubule wall fails to form even though Sas-6 is recruited
indicating central tube formation (Pelletier et al.,2006). CPAP possesses a tubulinbinding domain and its localization on the centriole is dependent on γ-TuRCs and
microtubules (Dammerman et al., 2010).

(A)

(B)

Figure 4: Sas-6 dimerization is necessary for the nine-fold symmetry of the
centriole. Sas-6 in orange, STILin red, CPAP in pink, Cep135 in light gray (A) Top
view of cross section of a mammalian centrosome displaying the nine-fold symmetry
of the cartwheel structure. The dark blue, light blue and dark gray indicates the
microtubule blade arranged as triplets at the end of each spoke. (B) The close-up of
one spoke of the cartwheel indicated by dotted lines. Sas6 forms homodimers by
dimerization of the coiled coil domains on the Carboxy Terminus. The amino end of
Sas-6 undegoes a globular fold (N) and forms the central hub region with other Sas-6
homodimers. The coiled coil domains are stabilized by STIL. Sas-4 localizes at the
junction between the cartwheel and centriole wall. Sas-4 is responsible for centriole
wall formation by recruiting microtubules. Adapted from (Cottee et al., 2013;2015)

While the roles of Sas-6, Sas-5/STIL/Ana2 and Sas-4/CPAP are evolutionarily
conserved in centriole assembly pathways, there are a variety of essential protein
components contributing to the regulation of the pathway. CPAP interacts and
colocalizes with Cep135 (bld10 in Drosophila), a protein involved in centriole
assembly in some species (Cottee et al 2013; Hatzopoulos et al., 2013; Lin et al., 2013
a; Hiraki et al., 2007; Jerka-Dziadosz et al.,2010; Sonnen et al., 2012; Figure 4B).
Various other proteins such as CP110 or Cep120, known to interact with CPAP/Sas-4,
11
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localize to the centriole (Schmidt et al., 2009; Lin et al., 2013). The human centriolar
proteins CP110 and POC1 appear to be involved in length control like Sas-4 (Keller et
al., 2009; Kohlmaier et al., 2009; Schmidt et al., 2009). However, RNAi depletion of
CP110 and Cep135 does not prevent centriole assembly in human cycling cells.
Centrins are another group of centriolar proteins that’s been implicated in basal body
formation (Ruiz et al., 2005; Stemm-Wolf et al., 2005) but its role in centriole
assembly is rather controversial (Kleylein-Sohn et al., 2007). On the other hand,
depletion of coiled-coil centriolar proteins such as Spindle and centriole-associated
protein (SPICE), Centrobin, and Cep120 seems to affect procentriole assembly
(Figure 3).

2.2.3 The Pericentriolar Matrix (PCM)
With the help of super resolution imaging, we now know that the PCM is no longer
just an amorphous cloud around the centriole but a structured network of proteins in
layers with a clear hierarchy (Fu and Glover et al., 2012; Lawo et al 2012; Mennella
et al 2012; Sonnen et al 2012). Based on this, we can divide the PCM into an inner
PCM pool close to the centriole wall and an extended outer PCM.
The Inner PCM pool consists of vertebrate proteins Cep152 (Asterless (Asl) in
Drosophila), NEDD1 (Dgp71WD in Drosophila) and Pericentrin (Pericentrin like
protein (Plp) in Drosophila). These proteins localize as rings close to the centriole
wall. Cep 152 localizes with the C-Terminus close to the centriolar wall interacting
with CPAP and the N-Terminus radiating outward (Sonnen et al., 2012). NEDD1
interacts with γ-Tub as part of the γ-TuRCs and is required for microtubule
nucleation. Pericentrin is necessary for PCM organization and microtubule nucleation
(Dictenberg et al., 1998; Doxsey et al., 1994).

12
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The Outer PCM pool predominantly consists of CDK5RAP2 (Centrosomin (Cnn) in
Drosophila), γ-Tubulin, Transforming acidic coiled-coil (TACC; D-TACC in
Drosophila), and Cep192 (Spindle defective-2 (Spd-2) in Drosophila). The
boundaries of the outer PCM proteins are not well defined and they tend to localize to
other parts of the centrosome. These proteins localize as scaffolds, starting close to
the centriole and tend to grow and shrink through the cell cycle by constant
recruitment and shedding of these proteins (Sonnen et al 2012; Mennella et al., 2012).

2.2.4 Appendage Proteins
Mature human centrioles have distal and subdistal appendages, which they acquire
during centriole maturation (Nigg and Stearns 2011). Distal appendages proteins such
as Cep164, Cep89, Cep83, SCLT1 or FBF1, form a ring and localize to the distal
end of the centriole (Sonnen et al.,2012). These proteins are involved in the docking
of basal bodies to the membrane during cilia formation (Tanos et al., 2013). Subdistal
appendages proteins are Ninein, Cep170, ODF2 (also known as cenexin) or
Centriolin, which are necessary for anchoring cytoplasmic microtubules (Sonnen et al
2012; Bornens 2002; Piel et al., 2000).

2.2.5 Centrosomal Regulatory Proteins
Centrosomal regulatory proteins refer to kinases, phosphatases and signaling
molecules, regulating centrosome function. More than 100 of these regulatory
proteins have been shown to transiently or stably associate with centrosomes (Doxsey
et al.,, 2005a). They regulate centrosomal functions during duplication, maturation,
separation and control microtubule nucleation capacity and they link the centrosome
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to other signaling pathways. Members of four key mitotic kinase families localize to
centrosomes and are further discussed below.

Cyclin Dependent Kinases (Cdk) are serine/threonine kinases and are known to be
mitosis regulators (Morgan 2007). Cdks partner with cyclins to form a complex that
phosphorylates various substrates for timely cell cycle progression (Enserink and
Kolodner, 2010). Both Cdk1 and Cdk2 complexes localize to centrosomes and their
activity determines transition through the different phases of cell cycle. The
Cdk1/Cyclin B complex appears on the centrosome at prophase (Bailly et al., 1989)
and controls centriole separation and spindle assembly (Jackman et al., 2013, Blangy
et al., 1997). The Cdk2/Cyclin E complex is involved in initiating centriole
duplication in Xenopus and mammalian somatic cells. (Hinchcliffe et al., 1999; Lacey
et al., 1999; Matsumoto et al., 1999; Meraldi et al., 1999).

Polo like Kinases were named after the Drosophila Polo protein (Sunkel and Glover,
1988). They are serine/threonine kinases, which work very closely with Cdks to
regulate the cell cycle (Glover et al., 1998; Van De Weerdt and Medema, 2006). At
the C-terminus, they have a phosphopeptide domain, known as the Polo box domain,
which is conserved across species. The Polo box domain is necessary for localizing
these kinases to specific sub cellular locations for mediating phosphorylation events
(Lee et al., 1998). Plk1, the vertebrate ortholog of Polo, is localizing to multiple
locations during mitosis, including centrosomes, kinetochore, the central spindle and
the midbody (Golsteyn et al., 1995). Plk1 is necessary for centrosome maturation by
promoting recruitment of γ-Tubulin complexes, CDK5RAP2 and abnormal spindle
protein (Asp) by phosphorylating them (Conduit et al., 2014; Lane and Nigg, 1996;
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Lee and Rhee, 2011; Sunkel and Glover, 1988). Plk4 (SAK in Drosophila), is another
member of the family, that is essential for centriole duplication and hence localizes to
centrioles (O'Connell et al, 2001; Bettencourt-Dias et al, 2005 Habedanck et al, 2005)

Aurora Kinases are serine/threonine kinases that are active throughout mitosis.
Aurora A localizes to centrosomes and astral microtubules. It has been shown to be
required for centrosome maturation and maintenance of a bipolar spindle by
mediating the recruitment of γ-Tubulin, Cnn, Minispindles (Msps) and TACC.
(Berdnik and Knoblich, 2002; Barros et al., 2005). Aurora A also phosphorylates
Histone H3 to initiate chromosome condensation to initiate mitosis (Crosio et al.,
2002).

NIMA kinases (named after Aspergillus nidulans “Never in mitosis A” protein
kinase) are serine/threonine kinases, necessary for cell cycle control. The most studied
kinase in this family is Nek2 that localizes to centrosomes and kinetochores. Nek2
ensures proper separation of centrosomes. Other kinases from the family, such as Nek
6, Nek7 and Nek 9 are necessary for mitotic spindle organization and localize to
spindle poles( O’Regan et al., 2007).

2.3 Centrosome Cycle and its Regulation
The centrosome cycle refers to well-orchestrated events that take place on the
centrosome to modulate centrosome/centriole structure and function during the cell
cycle (Figure 5A).

15
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(A)

(B)

Figure 5: The Mammalian Centrosome Cycle (A) Illustration of events occurring
on the centrosomes co-related with cell cycle phases S, G2, M and G1. (B)
Centrosomal events in detail (1) Centriole Duplication (2) Centrosome Separation (3)
Centrosome Maturation (4) Centriole Disengagement. For detailed description refer
text below.
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2.3.1 Centrosome Duplication and Elongation
Centrosomes at G1 consist of two centrioles connected by interconnecting fibers. One
of the centriole is older and carries distal appendages, which are necessary for the
formation of cilia in quiescent cells. Appendage proteins are absent on the younger
daughter centriole (Tanos et al., 2013). In dividing cells, centrosomes duplicate once
every cell cycle similar to DNA replication. In fact, both processes are dependent on
Cdk2/Cyclin E. In Xenopus egg extracts and Drosophila embryos, treatment with
DNA polymerase inhibitor caused continuous rounds of centrosome assembly (Raff
and Glover 1988; Hinchcliffe et al., 1999). In contrast, treatment with Cdk inhibitors
can block centrosome duplication. The G1 to S transition switches the cell from a
quiescent state to a proliferative state during which centriole duplication occurs. The
activation of Cdk2 initiates centriole duplication usually at the same time DNA
replication starts. Existing centrioles start to form the template structure, known as the
cartwheel at the proximal end of the centrioles (Azimzadeh and Bornens, 2007;
Strnad and Gönczy, 2008; Gönczy, 2012; Pelletier et al.,, 2006).

The centriole

assembly pathway was first described for C. elegans. The protein SPD-2 (Spindle
defective 2, Cep192) recruits the kinase ZYG-1 (Plk4). The kinase ensures the timely
recruitment of Sas6 and Sas5 (STIL) in order to start cartwheel formation, followed
by Sas-4 localization, adding the singlet microtubules to the centriole wall (O’Connell
et al., 2001; Kirkham et al., 2003; Leidel and Gonczy, 2003; Dammerman et al., 2004;
Delattre et al., 2004; Kemp et al., 2004; Pelletiere et al., 2004,2006; Leidel et al.,
2005). All the above-mentioned duplication factors and pathways are highly
conserved in vertebrate systems as well (Balestra et al., 2013; Dobbelaere et al., 2008;
Kleylein-Sohn et al., 2007). It has been shown that overexpression of Plk4 or SAS-6
induces the formation of extra centrioles around a single parent centriole (Kleylein-
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Sohn et al., 2007; Leidel et al., 2005; Peel et al., 2007). Therefore it is likely that the
number of centrioles produced during each S-phase depends on the limited presence
of these proteins at centrosomes. After template formation, centrioles start to grow by
deposition of microtubules onto the template structure. CPAP/Sas4 and Cep120
promote the polymerization of centriolar wall microtubules (Mahjoub et al., 2010;
Comartin et al., 2013; Lin et al., 2013b). The newly assembled procentrioles elongate
throughout G2 phase and remain tightly associated with their parental centrioles until
the end of the next mitosis (Figure 5B(1)).

2.3.2 Centrosome Separation
The two centrioles are connected by flexible protein fibers to form a single active
MTOC during interphase (Bornens et al., 1987). C-Nap, a Nek2 substrate, is a
centriolar protein that binds the fiber-forming protein Rootletin and thereby links the
mother with daughter centriole. Phosphorylation of c-Nap by Nek2 releases this link
and allows centrosomes to separate (Yang et al., 2006; Figure 5B(2)). In aid to this,
PP1 (Protein Phosphatase 1) is inactivated during mitosis to ensure centrosome
separation (Helps et al., 2000). The separated centrioles move away from each other
with the help of various microtubule associated motor proteins such as Eg5 (Bertran
et al., 2011; Blangy et al., 1995; Smith et al., 2011).

2.3.3 Centrosome Maturation
Once the centrosomes have separated, both centrosomes start to accumulate PCM and
hence increase their MTOC activity at G2/M transition. This is enabled by kinases
Plk1 (Conduit et al., 2014; Lane and Nigg, 1996; Lee and Rhee, 2011; Sunkel and
Glover, 1988) and Aurora A (Berdnik and Knoblich, 2002; Hannak et al., 2001),

18

INTRODUCTION
which recruit PCM proteins such as CDK5RAP2, Spd-2, Msps, Asp,TACC, γ-TuRC
components, ensuring the nucleation of a large amount of microtubules ((Blagden and
Glover, 2003; Glover, 2005; Giet et al., 2002; Barros et al., 2005; Figure 5B(3)).
Apart from modification to the PCM structure and increased microtubule nucleation
activity, the older centrioles acquire distal and subdistal appendage proteins (Lange
and Gull, 1995; Nakagawa et al., 2001), which allow them to anchor cytoplasmic
MTs (Bornens, 2002; Piel et al., 2000) or to initiate ciliogenesis (Tanos et al., 2013).
Younger centrioles will undergo this modification, which is dependent on Plk1 in the
next cell cycle (Wang et al 2009). The mature centrosomes proceed to orient at
opposite ends and form a bipolar spindle at M phase.

2.3.4 Centriole Disengagement
At the M/G1 phase transitions, the mother-daughter centriole pair tend to lose its tight
orthogonal orientation and centrioles are known to be disengaged (Kuriyama and
Borisy, 1981; Figure 5B(4)). The orthogonal orientation of the centriole blocks the
parental centriole from reduplication. This separation is necessary for the centrioles to
undergo duplication in S phase (Tsou and Stearns, 2006a; Wong and Stearns, 2003;
Nigg, 2007; Tsou and Stearns, 2006b). Separase is the key protease which cleaves the
cohesin rings to separate sister chromatids during chromosome segregation at
Anaphase (Uhlmann, 2003). It has been hypothesized that separase could be involved
in disengaging the centrioles during G1 (Nakamura et al., 2009; Schöckel et al.,
2011). In addition, Kendrin, a PCM component, has been reported to be a Separase
substrate (Matsuo et al., 2012).
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2.3.5 The Cilium cycle
Most vertebrate cells have cilia, which are necessary for signaling and transduction. In
quiescent cells, the mother centriole associates with the ciliary vesicle at its distal end,
migrates to the cell surface and docks to the plasma membrane to become the basal
body (Figure 5A). Cep83 is responsible for centriole to membrane docking (Joo et al.,
2013; Tanos et al 2013). The mother centriole loses CP110 and Cep97 in order to start
forming cilia (Riparbelli et al., 2012; Goetz et al., 2012). Failure to lose these proteins
blocks cilia formation although the basal body still docks to the membrane. The basal
body acts as the site from where the cilia start to elongate. (Pederson and Rossenbaum
2008; Ishikawa and Marshall 2011; Avasthi and Marshall 2012). When the mother
centriole has to regain its function as a centrosome, it loses the cilia and the basal
body dissociates from the cortex. Aurora-A and Plk1 are key players in cilia
disassembly in the majority of vertebrate ciliated cells (Wang et al., 2013).

2.4 Centrosome Functions
2.4.1 Microtubule dependent functions
The primary role of the centrosome is the organization and nucleation of microtubules
and hence regulates all microtubule dependent functions. In mitotic cells, the main
function of the centrosome is the formation of a bipolar spindle (Gadde and Heald,
2004). During mitosis, the centrosomes increase their microtubule nucleation activity
and position themselves at diametrically opposite ends of the cell. Astral microtubules
are formed, anchoring both centrosomes at the correct position through cortical
interactions (Kotak and Gönczy, 2013). Thereafter, microtubules arising from the
centrosomes connect to the kinetochores of the chromosomes. Abnormal spindle
architecture, due to multiple centrosomes or centrosome separation defects, leads to
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genomic instability, a common sign in cancer progression (Lingle et al., 2002; 2005;
Nigg, 2002; Zyss and Gergely, 2009). Apart from faithful chromosome segregation,
recent data from stem cells have also implied the role of correct spindle alignment in
segregation of centrosomes into daughter cells (Yamashita et al., 2007, Wang et al.,
2009; Conduit and Raff 2010; Januschke et al., 2011). It is hypothesized that the age
of the centriole might influence the cell’s ability to respond to niche signaling and
could alter cell fate (Anderson and Stearns. 2009).
Although centrosomes are eminent in spindle assembly, female germ cells and all
major plants seem to form a normal bipolar spindle even though they don’t have
centrosomes. This is because of an alternative pathway for spindle formation
involving the RanGTP gradient, chromosomes and kinetochore fibres (Gruss and
Vernos, 2004; O'Connell and Khodjakov, 2007; Wadsworth and Khodjakov, 2003). In
fact, laser ablation and removal of centrosomes did not affect cell cycle progression in
vertebrate cells although some cells failed to complete cytokinesis. (Hinchcliffe et al.,
2001; Khodjakov and Rieder, 2001; Uetake et al., 2007). Moreover, in Drosophila
loss of DSas4 leads to absence of centrioles and even then manages to develop into
morphologically normal adult flies (Basto et al., 2006). On the other hand, Plk4
depleted mice undergo mitotic failure; implying that centrosomes are key in
vertebrate development (Hudson et al., 2001).

2.4.2 Cell Shape, Polarity and Migration
The ability of centrosomes to maintain a microtubule network in animal cells
implicates it in maintaining cell shape and establishing polarity. MTOCs are sufficient
to generate cortical actin structures. It is hypothesized that centrosomes regulate cell
shape because of the cross talk between the end of the microtubules and the actin

21

INTRODUCTION
network on the cortex (Raff and Glover 1989; Vaizhel-ohayon and Schejter 1999).
This has an important role in intiating furrowing and formation of the actomyosin ring
by localizing kinases such as Plk1 and Rho.
Centrosomes are important in migrating cells such as in migrating nerve cells. The
centrosome is positioned between the cell nucleus and the leading edge (Cooper,
2013). This polarizes the MT network and allows for stabilization of the leading edge
and transport of membrane vesicles towards the site of movement.
In C.elegans, it has been reported that the centrosomes play an important role in
initiating a break in symmetry causing the cell division axis to switch due to
redistribution of cortical proteins (Gönczy and Rose, 2005). In Drosophila
neuroblasts, loss of microtubule activity of the active centrosome causes the cell to
lose memory of the existing polarity axis. Hence, reaffirming the role of the MTOC in
establishing polarity in polarized cells (Januschke and Gonzalez, 2010).

2.4.3 Cell Signalling
Interestingly, there has been increasing evidence, implicating the MTOC as a
signaling center or hub that generates and modulates cellular signaling pathways to
influence cell cycle progression (Arquint et al., 2014; Doxsey et al., 2005a; Rieder et
al., 2001; Sluder, 2005). For example, the entire signaling network of proteins to
initiate mitosis such as Cdks, cyclins and Plk1 all localize to the centrosome,
confirming the centrosome as a signaling platform (Bailly et al., 1989; Debec and
Montmory 1992; Gopalan et al., 1997; Kimura et al 1997; Roghi et al 1998; Golsteyn
et al., 1995; Dutertre et al., 2004). DNA damage response and cellular stress pathway
proteins have also been known to reside in the centrosome (Fletcher and Muschel
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2006). However, the involvement of centrosomes in signaling pathways requires
further scrutiny.

2.5 Centrosome aberrations and Diseases
The involvement of centrosomes in cellular processes is eminent based on its
functions as explained above. Hence, centrosome abnormalities byway of mutation in
centrosomal genes have been implicated in various human developmental disorders;
from diseases affecting brain development and supernumary centrosomes causing
tumorigenesis through to global growth failure syndromes caused due to ciliary
malfunctions (Chavali et al., 2014).

2.5.1 Neurodevelopmental disorders
Centrosomes have been known to play a role in various processes during brain
developments from neurogenesis and polarity establishment to neuronal migration. A
genetic neurodevelopmental disorder, known as Autosomal primary recessive
microcephaly, is caused by mutations in nine genes encoding centrosome-associated
proteins. Microcephaly (MCPH) is characterized by non-progressive mental
retardation and reduced brain size. Depending on the gene mutated, there could be
additional abnormalities including dwarfism and stertility (Mahmood et al., 2011).
The nine genes implicated in MCPH are CPAP (Sas-4), Cep152 (Asl) , Cep135
(Bld10) , STIL(Ana2), CDK5RAP2(Cnn) , WDR62, ASPM/Asp, CASC5/Blinkin and
Microcephalin/MCPH1 (Figure 6). The first five genes are core centrosomal proteins
involved in centrosome duplication and maturation. WDR62 and ASPM are spindle
pole protein necessary for accurate mitotic spindle assembly (Gilmore and Walsh.
2013). The remaining two proteins however have no known centrosomal functions.
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CASC5/Blinkin is a centromere protein involved in spindle assembly checkpoint
(Genin et al., 2012; Kiyomitsu et al., 2007) and MCPH1 is a nuclear and centrosomal
protein that controls cell cycle checkpoint transitions, DNA damage response and
repair (Lin et al., 2005; Jackson et al., 1998).

(A)

(B)

Figure 6: Microcephaly model (A) Microcephaly is manifested by the occurrence of
reduced brain size but structurally normal brain. (B) A model depicting the role of
various centrosomal proteins implicated in microcephaly. Defects in centrosomal
proteins could leads to defects in centrosome maturation, centrosome amplification,
premature mitotic entry and/or misaligned spindles. The neuroprogenitor cells
undergo multiples rounds of symmetric divisions to generate the stem cell pool. In
microcephalic brains, there are reduced numbers of progenitor cells. One of the
possibilities could be that there is a premature shift in the spindle position causing it
to divide asymmetrically and hence leading to reduced number of progenitor cells.
Adapted from (Thornton and Woods, 2009).
Although the cell biological cause of MCPH has not been completely understood,
evidence suggests that it could be due to the reduction of the neuroprogenitor stem
cell pool (Thornton and Woods, 2009). This could be due to a number of reasons.
Firstly, aberrant centrosomes can lead to misaligned spindles in stem cells. The
orientation of the division axes determines the fate of the daughter cells. Hence,
misaligned spindles could affect cell fate decisions and hence affect the balance
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between the amount of progenitor and differentiated cells (Lesage et al., 2010).
Secondly, during the development of the mammalian brain, changes in cell cycle
length occur. As cells transition from proliferative to neurogenic, cells shorten S
phase and prolong G1 phase (Takahashi et al.,1995; Calegari et al., 2005; Arai et al.,
2011). Defects in cell cycle duration could also lead to a reduction in the number of
cells as they divide less frequently. Lastly, the two centrosomes in a cell are very
different in terms of size, age, molecular composition and function. For example, in
the mouse neocortex, the mother centriole-inheriting cell maintains its stemness,
while the cell undergoing differention inherits the younger daughter centriole
(Spalding et al., 2013). In fact, interfering with this segregation process can deplete
the progenitor pool. This is primarily because the mother centriole is necessary for
forming cilia, which in turn is important for transmission of signaling proteins such as
Wnt and Shh (Anderson and Stearns 2009; Wallingford and Mitchell 2011; Tasouri
and Tucker 2011; Paridaen et al., 2013). Hence, missegregation of centrioles and
impaired cilia formation could lead to abnormal signaling, causing premature neural
differentiation.
A recent breakthrough from the Knoblich group is the generation of human cerebral
organoids from induced pluripotent stem cells (Lancaster et al., 2013). These
organoids recapitulate many of the features of embryonic brain development and can
hence be used to study developmental disorders such as MCPH. In fact, organoids
derived from CDK5RAP2 deficient patient cells show spindle misalignment defects
and premature neural differentiation.
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2.5.2 Cancer
More than a hundred years ago, Boveri made a bold prediction that centrosome
amplification could lead to cancer. This hypothesis has become an area of active
investigation now due to the observation that knockdown of p53, a tumour suppressor,
leads to centrosome amplification in mouse fibroblasts and skin tumours (Fukasawa
.2007) Cancers affecting breasts, lung, prostate, colon and brain show centrosomal
abnormalities (Lingle et al., 1998; Pihan et al., 1998). These abnormalities could be
structural or numerical in nature (Nigg 2006). Structural abberations commonly occur
due to altered expression of centrosomal proteins causing centrosomal size
enlargement or affecting the ability of the centrosome to nucleate microtubules.
Numerical aberrations are however the most common characteristics of cancer
(Bettencourt-Dias et al., 2011). Centrosome amplification can occur due to
overexpression of centriole duplication factors such as Plk4 or due to cell cycle delay
or cell cycle failure (Figure 7). It has been shown that cells with extra centrosomes
can ultimately still divide in a bipolar fashion by clustering of extra centrosomes or
partial inactivation of centrosomes that fail to cluster (Quintyne et al., 2005; Yang et
al., 2008; Kwon et al., 2008; Basto et al., 2008). However, centrosome amplification
can generate low-level chromosomal instability, even in the presence of clustering,
due to simultaneous attachment of sister kinetochores to one spindle pole known as
merotelic attachement (Ganem et al., 2009; Silkworth et al., 2009). However, there is
very little genetic evidence of the implications of centrosome abnormalities on human
tumorigenesis.
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(A)

(B)

Figure 7: Centrosome amplificiation models in Cancer cells (A) Centrosome
Overduplication model: Due to defects in centriole duplication machinery, cells
undergo multiple rounds of centriole duplication during S phase. (B) Incomplete
cytokinesis defects: Failure to complete cell division leads to tetraploidy and
centrosome amplification due to the presence of much older centrosomes. Adapted
from (Nigg, 2002)

2.6 Drosophila Neuroblasts: An ideal model to study stem cell biology
Drosophila melanogaster, commonly known as the fruit fly, is a widely used model
organism for biological research such as genetics, cell signaling and developmental
biology. Most human disease genes have orthologs in Drosophila with a fairly high
percentage of conservation. Hence, Drosophila is being used as a genetic model for
studying

underlying

mechanisms

of

human

diseases

neurodegenerative diseases and diabetes (Reiter et al., 2001)
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Drosophila neuroblasts are the stem cells in the developing fly brain that have over
the years emerged as an important model system for studying underlying mechanisms
of asymmetric stem cell division (ACD). Neuroblasts first appear from the embryonic
stages 9-11 (approximately 3 hours after embryo laying) by delaminating from the
neuroepithelium on the ventrolateral region of the embryo. Embryonic NBs are
specified in a process called lateral inhibition in which Notch/Delta signaling refines
the expression of proneural genes to individual cells (Artavanis-Tsakonas and
Simpson, 1991; Skeath and Thor, 2003; Homem and Knoblich 2012). Neuroblasts
undergo asymmetric cell divisions repeatedly to generate a self-renewing neuroblast
and a ganglion mother cell (GMC). The GMC then undergoes division once to
generate neurons or glia. Embryonic NBs generate all the neurons in the larval central
nervous system (CNS) (Prokop and Technau, 1991; Green et al., 1993). While most
neuroblasts from the abdominal regions of the embryo are eliminated after completing
their neuronal lineages, cephalic and thoracic neuroblasts undergo cells cycle arrest
and become quiescent. Around 8-10 hours after larval hatching at the end of the 1st
instar stage, these quiescent neuroblasts enter mitosis again. This second round of
asymmetric cell divisions generates 90% of the neurons in adult CNS. These
neuroblasts continue to divide until early pupal stages after which they undergo cell
cycle exit and disappear (White and Kankel, 1978; Truman and Bate, 1988; Maurange
et al., 2008; Homem et al., 2014).
The neuroblasts in the larval brain are distinguished into different types based on their
position and lineage characteristics, namely: Central brain neuroblasts and ventral
nerve cord (VNC) neuroblasts (Figure 8A). The VNC neuroblasts are the abdominal
and thoracic neuroblasts from embryonic stages. The central brain neuroblasts consist
of type I, type II, mushroom body and optic lobe neuroblasts. While the former three
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arise from embryonic cephalic neuroblasts, the optic lobe neuroblasts are formed only
during larval stages (Egger et al., 2007;2010).
(A)

(B)

(C)

Figure 8: Neural stem cells of the fly brain (A) Illustration of Drosophila larval
brain. Blue dots indicate central brain neuroblast and dark blue indicate ventral nerve
cord neuroblasts. On the right is a snapshot of live larval brains expressing
microtubule marker. The yellow arrows indicate central brain neuroblasts .(B) Type I
neuroblasts (Blue) divide asymmetrically to generate a self renewing neuroblast and
Ganglion mother cell(Green).The GMC differentiates in neuron or glia (Pink).(B)
Type II neuroblasts (Blue) divide asymmetrically as well, but give rise to an immature
interdiate neural progenitor cell (iINP; yellow) instead of a GMC. These cells then
mature to become mature INP (mINP; brown) and under go asymmetric division to
generate another INP and GMC which differentiates.
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There are approximately 100 type I neuroblasts in each brain lobe and they are located
on both anterior and posterior sides of the brain. They continue to divide in the same
fashion as embryonic neuroblasts, generating a self-renewing neuroblast and a
GMC(Figure 8B). Type II neuroblasts, on the other hand, are located on the posterior
side of the brains and there are just eight of them in each brain lobe (Bello et al.,
2008; Boone and Doe, 2008; Bowman et al., 2008). They divide asymmetrically to
generate a self-renewing neuroblast and an immature intermediate neural progenitor
(iINP). The INP eventually matures (mINP) after undergoing transcriptional changes
and divides asymmetrically a few times to generate another mature INP and a GMC
(Figure 8C). This mode of division amplifies the amount of neural cells produced by
type II compared to type I neuroblasts. Together, type II neuroblasts generate
approximately 5000 adult neural cells that form major neuropile substructures of the
brain, such as the central complex (Izergina et al., 2009; Bayraktar et al., 2010;
Homem and Knoblich, 2012).
Neuroblasts divide in a molecular and physically asymmetric manner to generate two
cells that assume different cell fates after cytokinesis. This asymmetry is established
because of four main steps during neuroblast cycle progression: establishment of a
polarity axis, orientation of the spindle axis along the polarity axis, positioning the
cleavage furrow in a physically asymmetric manner and asymmetric localization and
segregation of cell fate determinants (Knoblich, 2008; Figure 8D). After
delamination, neuroblasts inherit polarity from epithelial cells of the neuroectoderm.
They then undergo multiple rounds of ACD perpendicular to the overlying epithelium
in order that the neurons are on the opposite side, thus orienting initial neural tissue
growth (Yoshiura et al., 2012). However, during subsequent embryonic and larval
divisions the spindle is aligned dependent on the previous division axis. Hence the
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cell has a memory of where polarity was established in the previous cell cycle and
maintains the same orientation in future division (Yu et al., 2006).
During mitosis, neuroblasts retain apico-basal polarity due to polarized localization of
the cell fate determinants and protein complexes. Known cell fate determinants are
the transcription factor Prospero, the Notch regulator Numb and binding partners
Miranda (Mira) and Partner of Numb (Pon), all localizing to the basal side of the
neuroblast during metaphase; all these cell fate determinants segregate into the GMC
after cytokinesis. The basal localization of these determinants is dependant on the
apical Par complex (Wodarz, 2005). The Par complex is made up of Par6, atypical
protein kinase C (aPKC) and Par3/Bazooka (Baz). aPKC directly phosphorylates
Numb, leading to its release from the apical cortex. The adaptor protein Pon binds to
Numb in order to localize it to the basal cortex during metaphase (Smith et al., 2007;
Wirtz-Peitz et al., 2008). aPKC also phosphorylates the adaptor protein Mira which
causes it to relocalize to the basal cortex (Wirtz-Peitz et al., 2008; Atwood and
Prehoda, 2009). Brat and Pros localize to the basal side because they are bound to
Mira. (Ikeshima-Kataoka et al., 1997; Shen et al., 1997; Matsuzaki et al., 1998; Bello
et al., 2006; Betschinger et al., 2006; Lee et al., 2006c). Since Pros is bound to Mira
and tethered to the cortex, it cannot regulate transcription in the neuroblast during
mitosis. After cytokinesis and segregation into GMC, Mira is degraded and Pros is
able to enter the nucleus to activate proneural genes while switching off cell cycle
genes (Choksi et al., 2006; Southall and Brand, 2009). Numb promotes endocytosis of
the Notch receptor leading to Notch inhibition in the GMC (Schweisguth, 2004;
Couturier et al., 2012). Brat partners with Pros in activating differentiation in GMCs.
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The apical Par complex also plays an important role in ensuring that the spindle
orients itself along the polarity axis. Baz of the Par complex links the adaptor protein
Inscuteable (Insc) to the Pins (Partner of Inscuteable)/GαI/Mud complex (Schaefer et
al., 2000; Yu et al., 2000; Schaefer et al., 2001). Through Mud, this complex recruits
the dynenin-dynactin complex, which exerts a pulling force to recruit and maintain
one centrosome at the apical pole, thereby aligning the mitotic spindle along the
apical/basal polarity axis (Bowman et al., 2006; Izumi et al., 2006; Siller et al.,
2006;Siller and Doe, 2008). Apart from this, there is a second spindle orientation
pathway involving Pins, Discs large (Dlg) and Khc73. Khc73 localizes to microtubule
plus ends and is involved in inducing the formation of Dlg/Pins/GαI crescents even in
absence of the Par complex (Siegrist and Doe, 2005).

Figure 9: Drosophila neuroblasts are intrinsically asymmetric. Epithelial apical
polarity (apkC-Par complex;red) is inherited by delaminated neuroblasts. During
mitosis, Mud is responsible for orienting the mitotic spindle. Mud is recruited by
Pins/GαI(green) , which in turn associates with Inscuteable (yellow) and the aPKCPar complex. The asymmetric localization of cell fate determinants (Pon, Numb,
Mira, Pros and Brat (in purple)) is dependent on aPKC phosphorylation. In the GMC,
Numb represses Notch signaling and Pros regulates transcription. Adapted from
(Knoblich, 2008)

As mentioned earlier, neuroblasts carry the memory of where the apical polarity
complex was recruited in the previous cell cycle. Work from the Gonzalez group has
established the importance of the interphase aster in maintenance of polarity and
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spindle alignment in Drosphila neuroblasts (Januschke and Gonzalez, 2010).
According to their findings, the position of the interphase MTOC is consistent with
where polarity is established during mitosis. In the scenario where the aster is lost due
to microtubule depolymerization by drug treatment or centrosomal protein mutations,
they observed that cells lose memory of the positioning of the apical polarity proteins.
On inactivation of the drug, the centrosome regains microtubule nucleating capacity
and tether to the cortex serving as a reference point for accumulation of apical polarity
(Januschke and Gonzalez, 2010). Although, it has to be mentioned that this was not
seen in all drug treated cells that brings us to the hypothesis that there are centromal
aster dependent and centrosomal independent functions that are involved in polarity
maintenance. However, more research is necessary to understand what are the factors
involved in this centrosome – cortical interaction. Due to this, there is an avid interest
in understanding centrosome and centrosome behavior in asymmetric cell division.

2.7 Asymmetric centrosome behavior in stem cells
The term ‘ centrosome asymmetry’ refers to the difference in age, size and molecular
composition of the two centrosomes in a cell. Centrosome asymmetry has been
observed in various systems and is hypothesized to have a role in centrosome
segregation and cell fate. For example, Drosophila male germline stem cell (GSC)
divides asymmetrically into a self-renewing stem cell and a differentiating gonioblast.
GSCs attach to a group of cells called the hub, which secretes signaling molecules
such as Unpaired to give germ cells their stem cell identity (Kiger et al., 2001; Tulina
and Matunis 2001). Pioneering work from Yamashita (2007) has established that the
mother centrosome always remains in the stem cell close to the hub and the daughter
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centrosome segregates to the gonioblast (Figurt 9A). The mother centrosome staying
close to the hub could have a role in maintaining stemness.
A similar segregation pattern has been reported in mouse radial glia progenitors
(Wang et al 2009).

Removal of appendage proteins like ninein disrupts the

centrosome segregation pattern leading to premature depletion of progenitors. In
summary, centrosome segregation and cell fate are linked and understanding
centrosome asymmetry could give insight into how cell fate is regulated.
In Drosophila neuroblasts, the centrosome cycle is a very intricate process involving
unequal centrosomes to ensure correct spindle orientation and centrosome
segregation. This was conclusively established by live imaging of neuroblasts using
PCM markers like Cnn and centriolar markers like Asl which revealed that one of the
centrosome remains tethered to the apical cortex throughout cell cycle (Rebello et al.,
2007; Rusan and Peifer, 2007). Shortly after cytokinesis, centrioles separate; while
one centriole remains on the apical side, maintaining Cnn and microtubule nucleating
capacity, the separating centriole fails to maintain Cnn and microtubules. Unknown
factors ensure that the separating centriole moves through the cytoplasm towards the
basal part of the neuroblast. During maturation, the separating centriole becomes the
second MTOC and attaches itself to the basal side of the cell before forming the
bipolar spindle. The neuroblast proceeds to divide asymmetrically and the stationary
centrosome always remains in the neuroblasts and the separating centriole ends up in
the GMC. However, it was not known which centriole remains in the neuroblast and
it was always assumed it could be the mother centrosome due to its role in
maintaining stemness in mouse radial glia progenitors. Works from the Raff and
Gonzalez labs a few years ago clearly showed that the daughter centrosome remains
in the neuroblast and the mother centrosome segregates into the GMC (Figure 9B).
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Mother and daughter centrioles were traced using live imaging and photoconversion
experiment with the marker Pericentrin-AKAP450 centrosomal targeting (PACT) that
accumulates more on the older centriole (Conduit and Raff, 2010; Januschke et al.,
2011). Januschke also verified the same by live imaging using Drosphila Centrobin
(Cnb; Centrobin in humans) that is a daughter centriole specific protein. Hence in the
Drosophila brain, the daughter centriole is retained by the neuroblasts and the older
mother centriole segregates into the GMC.
(A)

(B)

Figure 10: Asymmetric centrosomes and cell fate. (A) Drosophila male germline
stem cells (Violet) are always located close to the hub cell (Indigo). The mother
centrosome (Red) remains close to the side in contact with the hub cell and orients the
spindle away from the hub cell. The Gonioblast (Pink) retains the daughter
centrosome (Green). (B) In Drosophila neuroblast(blue) the daughter centrosome
remains tethered to the apical side of the cell while mother centrosome matures
towards the opposite side of the cell. The daughter centrosome is retained by the
neuroblasts while the mother centrosome segregates into the GMC (Light Green).
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Progress has since been made to identify the molecular players involved in
establishing centrosome asymmetry in Drosophila larval neuroblasts. The key
regulator of centrosome asymmetry appears to be a kinase known as Polo (Plk1 in
humans). Polo phosphorylates and activates centriolar and PCM components in order
to ensure accurate centrosome maturation. However, there is recent evidence of Polo
playing a significant role during interphase in neuroblasts. Centrobin(Cnb) is a
daughter centriole specific protein and is a target for Polo phosphorylation (Januschke
et al., 2013). Loss of Cnb in neuroblasts causes both centrosomes to lose MTOC
activity during interphase. However, both centrosomes mature at the same time at
prophase and the cell cycle progresses normally. Moreover, ectopically localizing Cnb
on the mother centriole is sufficient to generate two active MTOCs. Hence, Polo
phosphorylation of Cnb triggers daughter centrosome specific PCM maintenance and
microtubule nucleation during interphase.
Pericentrin like protein (Plp), the fly ortholog of Pericentrin, was discovered to be a
key component in mother centrosome dematuration (Lerit and Rusan 2013). Loss of
Plp in neuroblasts causes Polo to be recruited to both centrosomes during interphase
apart from other defects. Plp localizes to both centrosomes but is enriched on the
mother centrosome during interphase. This is because Cnb plays a role in blocking
Plp accumulation on the apical centrosome. On the mother centrosome, accumulation
of Plp leads to loss of Polo. In fact, ectopically localizing Cnb to the mother centriole
is sufficient to make Plp symmetric on both centrosomes. Hence, the mother
centrosome cannot maintain PCM and MTOC activity due to the absence of Cnb.
Taken together; these papers established that Cnb is central to the establishment and
maintenance of centrosome asymmetry in neuroblasts(Figure 10 A&B).
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(A)

(B)

Figure 11: Centrosome Cycle in Drosophila Neuroblasts (A) Scheme of events
occurring during the centrosome cycle. After cytokinesis, the apical centrosome
consists of the younger Cnb+ve centriole (orange) and the older Cnb-ve centriole
(gray). The older centriole separates and sheds MTOC activity. The younger centriole
remains on the apical side maintaining MTOC activity. The older centriole wanders
through the cytoplasm and matures only at prophase on the basal side of the cell. The
centrosomes orient the spindle along the polarity axis and proceeds to divide
asymmetrically. (B) 1. Polo phosphorylated Cnb blocks Plp causing PCM retention
and MTOC activity 2. Plp blocks Polo recruitment on the basal centrosome causing
loss of PCM and MTOC activity.
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Although disturbed centrosome asymmetry does not seem to have drastic
consequences in asymmetric cell divison or cell cycle progression, we are yet to
exclude that this could have long-term defects in development. Centrosome
asymmetry regulators have been implicated in diseases such as Polo/Plk1 in cancer
and Cnn and other centrosomal proteins in Microcephaly. It would be interesting to
find out if centrosome asymmetry defects could play a role in developmental
disorders and other human diseases.
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Here we have analysed two centrosomal candidates Bld10 (Cep135 in humans) and
CG7337 (WDR62 in humans) in Drosophila melanogaster neuroblasts. The human
orthologs of these genes have been implicated in Microcephaly, a neurodegenerative
disease that is connected to centrosomes. The precise nature of how centrosome
impairment affects brain development is unknown and hence, it is the reason that
prompted us to study centrosome behavior in such great detail. We also adopted
higher resolution imaging using 3D-SIM to aid us in broadening our knowledge of the
centrosome cycle and localization of centrosomal/centriolar proteins in Drosophila
neuroblasts.
Recent reports have already established the importance of differential regulation of
the mother and daughter centrosome during the cell cycle. We have succeeded in
adding novel players into the existing pathway for establishing and maintaining the
asymmetry between the centrosomes. In addition, for the first time, we now know
how centrosome asymmetry is temporally regulated in neuroblasts.
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Summary
Centrosomes are the microtubule organizing centers (MTOCs) of eukaryotic cells,
consisting of a pair of centrioles, surrounded by a matrix of pericentriolar proteins.
Drosophila neuroblasts consist of physical and molecular asymmetric centrosomes
(Conduit and Raff, 2010; Januschke et al., 2011). This asymmetry is necessary for
correct centrosome positioning, spindle orientation and centrosome segregation
(Rebello et al., 2007; Rusan and Peifer , 2007). However, the mechanisms underlying
the establishment of centrosome asymmetry are incompletely understood. Here, we
have used super-resolution 3D-structured illumination microscopy (3D-SIM) to better
understand the spatial relationship of key pericentriolar proteins and centriolar
components of Drosophila neuroblast centrosomes at different cell cycle stages.
We found that centriolar proteins localize either as a dot at the center of the centriole
or in a ring-like structure along the centriolar wall. For instance, Sas-6 was detectable
as a dot at the core of the centriole, consistent with its role in cartwheel formation.
Interestingly, Sas-6 formed a dot next to the older centriole soon after centriole
separation at interphase, indicating that Sas-6 is an early marker for the site of nascent
centriole formation. The other centriolar wall proteins including Bld10 and Sas-4 start
localizing to the walls of the nascent centriole by prometaphase. Pericentrin-like
protein (PLP) and Polo asymmetrically localize on centrioles as has been previously
reported with confocal imaging. This asymmetric localization was observed after
centrosomes separated during interphase. Remarkably, our data suggests that Polo
starts to localize on the nascent centriole from metaphase onwards while Plp remains
on the older centriole. These results suggest that molecular markers involved in
establishing centrosome asymmetry have a very precise segregation pattern based on
the age of the centrioles and using 3D-SIM, we are able to define the time points of the
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occurrence of these events.

Introduction
Recent reports have already established the use of 3D-SIM to better understand
centrosome architecture in different model systems (Sillibourne et al. 2011; Fu and
Glover 2012; Lau et al. 2012; Lawo et al. 2012; Mennella et al. 2012; Sonnen et al.
2012). Our understanding of the Drosophila neuroblasts’ centrosome architecture is
limited and this would be the first attempt to investigate these centrosomes in higher
resolution. This is interesting as it contributes to our knowledge of centrosome
structure conservation among species and secondly, in understanding centrosome
asymmetry. A mammalian centrosome consists of two centrioles, called a diplosome;
the older mother centriole and the younger daughter centriole. Centrosome duplication
is a tightly regulated process and usually begins with the formation of the cartwheel at
an orthogonal position to each of the existing centrioles within the centrosome during
interphase (Azimzadeh and Bornens, 2007; Strnad and Gönczy, 2008; Gönczy,
2012; Pelletier et al., 2006). Soon after cartwheel formation, the centriole wall begins
to form and elongate (Mahjoub et al. 2010; Comartin et al. 2013; Lin et al. 2013b).
In Drosophila neuroblasts, it was not clear for a very long time whether separating
centrosomes already contain a full diplosome or a single centriole instead.
Furthermore, the time point of centriole duplication was also not known. In 2011, it
was proposed that in neuroblasts, centriole duplication occurred after centrosomes
separated (Januschke et al. 2011). It was also confirmed that neuroblast centrosomes
contain only a single centriole instead of two centrioles. However, the exact time
point of centriole duplication was still not defined.
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Asymmetric centrosome behavior has been documented in various model systems
including flies and mice. The correlation between unequal centrosomes and cell fate
has been an area of keen interest. Drosophila centrosomes are asymmetric in terms of
age, molecular composition and its ability to maintain PCM proteins. Key centrosomal
proteins involved in establishing centrosome asymmetry are Cnb, Plp and Polo.

Results and Discussion
Spatial organization of key centriolar and centrosomal proteins in Drosophila
neuroblasts
Using 3D-SIM, we proceeded to examine the spatial relationship between eight
centriolar/PCM components at different cell cycle stages in fixed Drosophila
neuroblasts. For this purpose, we used an assortment of well-characterized antibodies
and transgenic lines expressing centriolar and centrosomal proteins tagged with GFP
(see methods). Neuroblasts at interphase after centrosome separation revealed that
centriolar proteins localized in either a dot or ring-like structure. For instance, the
cartwheel proteins Sas-6 and Ana-2 localized as compact dots whereas Bld10 and Sas4
localized as ring-like structures of varying diameters corresponding to their
localization on the centriolar wall (Figure 1(A)). The analysis of PCM components
revealed two separate overlapping domains. Plp and Asl localize as rings of much
larger diameter compared to centriolar wall components. Cnn on the other hand
formed a scaffold-like structure with a hollow center farther away from the centriole
walls. Polo kinase (Plk1 in humans) was the only protein to localize both to the
centriolar wall and in the PCM, supporting its function as a key regulator of the
centrosome cycle in Drosophila neuroblasts. Maximum intensity projections of
interphase neuroblasts were used to do diameter measurements. Based on these
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measurements, we were able to divide the neuroblast centrosome into four sections:
Cartwheel, Centriole wall, Centriole-PCM interface and PCM (Figure 1(B)).
However, the boundaries of these sections are hard to define as large centrosomal
proteins may overlap with other sections especially in cases where proteins comprise
of extended coiled-coil domains. For example, Asl and Plp have been reported to
localize with their carboxy terminal towards the centriole wall and amino terminal
stretched outwards into the PCM (Sonnen et al 2012; Menella et al. 2012) and hence
they are referred to here as Centriole-PCM interface proteins.

Figure1. 3D SIM of centrosomal proteins revealed four distinct structural domains
within the neuroblast centrosome: A) Representative images of interphase
neuroblasts stained for the indicated markers (scale bar 0.5um) (B) shows the average
diameter of each protein. Please note that Polo appears as a centriolar and dispersed
PCM pool. (C) Graphical representation of centriolar/centrosomal protein arrangement
in interphase fly neuroblasts. Colours correspond to indicated markers in (A) and (B)

100

RESULTS

Figure 2. Centriole duplication begins during interphase soon after centriole
separate: (A) Centrioles stained with Asl (Centriole Wall) and expressing SAS6::GFP (cartwheel) indicate that cartwheel formation of the nascent centriole starts
soon after centrioles separate. (B) Inner centriolar and centriolar wall components such
as SAS-4, Bld10 begins to localize to the nascent centriole wall during Prophase. .
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(A)&(B) bottom row are representations of centriole duplication process (Asl:Orange,
Sas-6: Red, Bld10: Purple, Sas-4: Beige) Scale bar 0.5um

Temporal regulation of Centriole duplication
We performed 3D-Structured illumination microscopy (SIM) imaging using
Sas6::GFP, Asl and Mira in fixed neuroblasts. Neuroblasts were imaged at various
cell cycle stages to determine the time point of centriole duplication. We found that as
long as the centrioles were still close together, the centrioles are unable to initiate
cartwheel formation (Figure 2A). Cartwheel formation starts as soon as the centrioles
have separated a certain distance indicated by the presence of another Sas-6 dot
orthogonal to the existing centriole. Hence, it can be concluded that soon after
centriole separation, cartwheel formation occurs and later both centrosomes separate.
Moreover, 3D-SIM of fixed neuroblasts from interphase to telophase expressing
Bld10::GFP and stained for Asl revealed that centriole wall formation starts at
prophase and is complete by metaphase (Figure 2B). However, 3D-SIM live imaging
is necessary to better understand the temporal regulation of centriole duplication and
protein localization onto the nascent centriole.

Timing of centrosome asymmetry establishment on apical centrosome
Since we were able to follow nascent centriole formation and protein localization, we
questioned when exactly does the nascent centriole start to recruit centrosome
asymmetry markers such as Polo and Plp. To understand how centrosome asymmetry
is established we analysed fixed neuroblasts expressing Polo::GFP (protein trap)
stained with Plp using 3D-SIM through different stages of the neuroblast cell cycle.
Since Polo is maintained in robust amounts on the apical daughter centrosome, and Plp
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is upregulated on the mother centrosome, we used these markers in order to
differentiate between the older and the younger centriole (Figure 3A). We found that
during metaphase both centrosomes already display centrosome asymmetry. The
newly formed centriole starts to accumulate more Polo compared to the older one. Plp
on the other hand remains on the older centriole (Figure 3B&C). Hence, during
metaphase, centrioles are already asymmetric before they disengage and separate in
the next cell cycle and thus, the centrosome cycle is always one cycle ahead of the cell
cycle(Figure 4).
The key to understanding centrosome asymmetry would be to understand what
controls the transfer of Polo to the younger nascent centriole and blocks Plp on the
older centriole. This could be because Centrobin starts to be expressed on the nascent
centriole. Centrobin undergoes Polo phosphorylation and hence Polo starts to
accumulate on the younger centriole. There is very little evidence to conclude whether
the presence of Cnb is sufficient to prevent Plp localization on the new centriole but
this could be a possibility (Lerit and Rusan, 2013). The other possibility is that an
identified factor is responsible for anchoring Plp to the mother centriole. Further
studies are necessary to conclude what interactions are involved in this elaborate
process of centrosome asymmetry establishment. Further imaging involving Cnb and
bld10 mutants, where centrosome asymmetry is compromised, would be clear
indicators of how this process is regulated.
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Figure 3 Polo and Plp are asymmetric at metaphase (A) Representative images of
Polo and Plp on apical and basal centrosome from Interphase to Metaphase (B)
Representative images of Polo and Plp showing clear asymmetry at telophase as has
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been published. (C) Representative image of the apical centrosome at metaphase.
Bottom row shows intensity plots corresponding to dotted line in the images above.
Blue and orange lines correspond to Plp. Green and Red lines to Polo. Scale bar
0.5um

Figure 4. Centrosome Cycle in Drosophila Neuroblasts . At telophase, the
centrosome consists of two centrioles, one centriole displays robust amounts of Polo
kinase (Blue) and the other centriole maintains high level of Plp (Pink). Shortly after
cytokinesis, in interphase, the centrioles begin to separate (indicated by dotted line)
and begin cartwheel formation for procentriole assembly. By prophase, when both
centrosomes mature, the centriolar markers such as bld10 (Purple) start to localise to
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the wall of the procentrioles. At metaphase, Polo starts localizing on the procentriole
and Plp remains on the older centriole and hence the centrioles are already
asymmetric.

Methods
Fly strains and genetics: The following transgenes and fluorescent markers were used:
pUbq-DSas4::GFP, pUbq-GFP::DSas6, pUbq-Ana2::GFP, (from Raff group),
polo::GFPCC01326 (protein trap line; Buszczak et al. 2007), bld10::GFP expressing
bld10 under the endogenous promoter (Blachon et al. 2008).
Antibodies: The following primary antibodies were used: rat anti-α-Tub (Serotec;
1:1000) , mouse anti-α-Tub (DM1A, Sigma; 1:2500), rat and guinea-pig anti-Mira
(1:500) (gifts from Chris Doe), rabbit anti-Asl (1:500), rabbit anti-Plp (1:1000; gift
from N. Rusan), rabbit anti-Sas4 (1:250), rabbit anti-Cnn (1:1000) (gifts from J. Raff).
Secondary antibodies were from Molecular Probes and the Jackson Immuno
laboratory.
Immunostaining: 96-120h (AEL; after egg laying) larval brains were dissected in
Schneider’s medium (Sigma) and fixed for 20 min in 4% paraformaldehyde in PEM
(100mM PIPES pH 6.9, 1mM EGTA and 1mM MgSO4). After fixing, the brains were
washed with PBSBT (1X PBS, 0.1% Triton-X-100 and 1% BSA) and then blocked
with 1X PBSBT for 1h. Primary antibody dilution was prepared in 1X PBSBT and
brains were incubated overnight at 4 °C. Brains were washed with 1X PBSBT four
times for 20 minutes each and then incubated with secondary antibodies diluted in 1X
PBSBT at 4 °C, overnight. The next day, brains were washed with 1X PBST (1x PBS,
0.1% Triton-X-100) four times for 20 minutes each and kept in Vectashield (Vector
laboratories) mounting media at 4 °C.

106

RESULTS
Super–Resolution 3D Structured Illumination Microscopy (3D-SIM): 3D-SIM was
performed on fixed brain samples using a DeltaVision OMX-Blaze system (version 4;
Applied Precision, Issaquah, WA), equipped with 405, 445, 488, 514, 568 and 642 nm
solid-state lasers. Images were acquired using a Plan Apo N 60x, 1.42 NA oil
immersion objective lens (Olympus) and 4 liquid-cooled sCMOs cameras (pco Edge,
full frame 2560 x 2160; Photometrics). Exciting light was directed through a movable
optical grating to generate a fine-striped interference pattern on the sample plane. The
pattern was shifted laterally through five phases and three angular rotations of 60° for
each z section. Optical z-sections were separated by 0.125 µm. The laser lines 405,
488, 568 and 642 nm were used for 3D-SIM acquisition. Exposure times were
typically between 3 and 100 ms, and the power of each laser was adjusted to achieve
optimal intensities of between 5,000 and 8,000 counts in a raw image of 15-bit
dynamic range at the lowest laser power possible to minimize photobleaching.
Multichannel imaging was achieved through sequential acquisition of wavelengths by
separate cameras.

3D-SIM Image Reconstruction: Raw 3D-SIM images were processed and
reconstructed using the DeltaVision OMX SoftWoRx software package (Applied
Precision; Gustafsson, M. G. L. 2000). The resulting size of the reconstructed images
was of 512 x 512 px from an initial set of 256 x 256 raw images. The channels were
aligned in the image plane and around the optical axis using predetermined shifts as
measured using a target lens and the SoftWoRx alignment tool. The channels were
then carefully aligned using alignment parameter from control measurements with 0.5
µm diameter multi-spectral fluorescent beads (Invitrogen, Molecular Probes).
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Unequal centrosomes arise due to differences in age, size and/or molecular
composition between the two centrosomes and this has been referred to as
‘centrosome asymmetry’. It has been implied that this asymmetry is not only
necessary to form a normal bipolar spindle, it also seems to affect centrosome
segregation a variety of cells (Januschke and Nathke , 2014). Recent reports have
hypothesized that cell specific centrosome segregation pattern may have a role in cell
fate in asymmetrically dividing cells (Yamashita et al., 2007; Cheng et al., 2008). In
support of this hypothesis, in mouse neuroprogenitor cells missegregation of the
younger centrosome into the stem cell causes loss of stem cell identity. (Wang et al.
2009) This leads to a scenario where the cell switches into differentiation mode and
hence reducing the number of neuroprogenitor cells. Hence, I am interested in
understanding the role of centrosome asymmetry in Drosophila neuroblasts’ cell
cycle progression, cell fate and overall development of the fly brain.

Drosophila neuroblast centrosomes are intrinsically asymmetric; the daughter
centrosome maintains PCM and MTOC activity and the mother centrosome
downregulates MTOC activity. In a gene candidate approach we decided to study
Bld10 (Cep135 in humans) and CG7337 (WDR62 in humans) since its vertebrate
orthologs have been implicated in centrosome regulation as well as Microcephaly.
Furthermore, we used super resolution microscopy to understand localization of
various centrosomal proteins, which gave us insight into how the centrosome cycle is
regulated in neuroblasts as well as when centrosome asymmetry is established.
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5.1 The centriolar proteins Bld10 and Plp work together to downregulate Polo
kinase on the mother centrosome
Bld10, the ortholog of human Cep135, has been implicated in cartwheel formation
and centriole duplication in Chlamydomonas and Paramecium (Hiraki et al, 2007;
Jerka-Dziadosz et al, 2010). However, in Drosophila, its been established that while
bld10 is not necessary for cartwheel formation, it plays an integral role in stabilizing
the connection of the centriole wall to outer centriolar wall components (Roque et al.
2012). Bld10 has also been known to assemble and stabilize central microtubule pair
formation in flagella biogenesis during Drosophila spermatogenesis (Mottie-Pavie
and Megraw, 2009; Carvalho-Santos et al., 2012). In Drosophila neuroblasts, we
observed that bld10 mutant neuroblasts failed to downregulate PCM proteins and
MTOC activity on the mother centrosome. In wild type neuroblasts, we show that the
mother centrosome after separation sheds PCM proteins such as Cnn, γ-Tub and Msps
in order to establish unequal centrosomes. Our live imaging experiments in mutant
neuroblasts suggest that the two active MTOCs are maintained because Polo is not
downregulated from the mother centriole-containing centrosome. Another protein that
seems to be implicated in downregulating Polo on the mother centrosome is Plp (Lerit
and Rusan, 2013). Consistent with the role of Plp in blocking Polo on the mother
centrosome, Plp is upregulated on the mother centriole compared to the daughter
during interphase. Loss of Plp shows a phenotype similar to bld10 mutants. However
Bld10 and Plp do not interact directly based on our yeast two hybrid data. Therefore,
based on these results, we concluded that Bld10 and Plp work in parallel pathways,
required to shed Polo mother centrosome. As a consequence of perturbed centrosome
asymmetry, mutant neuroblasts displayed misaligned spindles that were rescued by
anaphase onset. The prominent defect of centrosome asymmetry we observed was
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missegragation of centrosomes. In wild type neuroblasts, the daughter centrosome
normally remains in the neuroblasts (Conduit and Raff, 2010; Januschke et al., 2011).
In bld10 mutants, the mother centrosome was retained in approximately 50% of
neuroblasts. However, the consequence of missegregation of centrosomes is still
unknown. Hence, we were able to report the novel role of Bld10 in establishing
centrosome asymmetry in Drosophila neuroblasts.

5.2 The Microtubule binding protein Wdr62 is required for microtubule stability
and timely mitotic entry
WDR62 is a spindle pole protein required for normal mitotic progression and brain
development in humans (Nicholas et al., 2010; Yu et al., 2010; 21. Bilgüvar

et

al.,

2010; Chen et al., 2014). Due to the conservation between human WDR62 and
Drosophila CG7337, henceforth we will refer to CG7337 as Wdr62. In Drosophila
neuroblasts, I was able to show that Wdr62 co-localizes with microtubules during the
cell cycle, consistent with its human ortholog. I also observed by live imaging that
wdr62 mutant neuroblasts tend to lose MTOC activity on the apical centrosome
during interphase giving rise to cells with naked centrioles. Moreover, when these
mutant neuroblasts were subjected to cold treatment, the majority of cells displayed
reduced MTOC activity while wild type cells still maintained MTOC activity. In
addition, cold treatment of neuroblasts overexpressing Wdr62 in wild type
background was sufficient for stabilization of microtubules and displayed longer
microtubules. Taken together, these findings support the conclusion that Wdr62 is
necessary for microtubule stability in general. However, the exact molecular
mechanism remains to be identified. Since Wdr62 expression in other mutants such as
Cnb and Pins does not rescue the loss of MTOC activity phenotype, its fair to
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consider that there are still other molecular players involved that are upstream of
Wdr62. I also observed that wdr62 mutant neuroblasts show a significant amount of
cell cycle delay in comparison to wild type. This cell cycle delay could affect the
development of the fly brain as the cells proliferate at a much slower rate. When we
compared brain size of wdr62 to wild type, we observed a 40% decrease in brain
volume owing to developmental delay. The role of Wdr62 in stabilizing microtubules
and regulating mitotic entry are consistent with earlier publications in mice (Chen et
al. 2014).

5.3 The role of microtubules in maintaining Polo kinase on the daughter
centrosome
An important regulator of establishing centrosome asymmetry is Polo. Polo kinase
ensures that centriolar and PCM proteins such as Cnb, Cnn, Asp and γ-Tubulin
complexes are activated by phosphorylation and recruited to the centrosome in order
to establish and maintain its microtubule activity (Conduit et al., 2014; Lane and
Nigg, 1996; Lee and Rhee, 2011; Sunkel and Glover, 1988). We observed that during
interphase in wild type neuroblasts, Polo is maintained in robust amounts on the
apical daughter centrosome due to phosphorylation of Cnb and downregulation of Plp
(Januschke et al. 2013;Lerit and Rusan 2013). The mother centrosome sheds Polo due
to Plp upregulation and Bld10. As mentioned earlier, wdr62 mutant neuroblasts
displayed complete loss of MTOC activity on the daughter centrosome. Live imaging
of Polo in mutant neuroblasts revealed that the apical centrosome have drastically low
levels of Polo.
To further examine this defect, we used 3D-SIM (Structured Illumination
Microscopy) to visualize the interphase apical centrosome in higher resolution. In
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wild type the apical centrosome have two separate pools of Polo; a centriolar pool and
an outer PCM pool. Two separate pools of Polo have been observed before during
mitosis in Drosophila S2 cells and reported in Fu and Glover, 2012. In wdr62 mutant
neuroblasts, the PCM pool of Polo was completely lost. Moreover, we observed that
the apical centrosome maintained high amounts of Plp unlike in wild type. Similar
observations were made when microtubules were depolymerized using colcemid drug
treatment. This led to the hypothesis that Polo recruitment to the centrosome and
maintenance of PCM polo depends on stable microtubules. We confirmed this by
using photoconversion and observed cytoplasmic photoconverted Polo molecules
travel through microtubules to accumulate on the centrosome. Moreover
photoconverted Polo failed to accumulate at the centrosome in colcemid treated
neuroblasts. Hence, we were able to conclusively show the role of stable microtubules
in Polo recruitment and maintenance during Interphase. We were able to further
confirm based on live imaging of colcemid-treated neuroblasts that PCM proteins
such as Cnn also require microtubules for their constant turnover.

5.4 Novel insight into centriole duplication and centrosome asymmetry
establishment
Our knowledge of centrosome organization in Drosophila was for a very long time
limited to data from electron microscopy. More recently, with the application of 3DSIM, there have been reports about centrosome organization in Drosophila S2 cells
and spermatocytes (Fu and Glover, 2012; Mennella et al., 2012). This revealed that
centrosome organization between different populations of cells from the same animal
could be different. Hence, our curiosity led us to investigate the spatial and temporal
regulation of centrosomal and centriolar proteins using 3D-SIM. Our initial analysis
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revealed that the neuroblasts centrosome could be divided into four structural
domains: Cartwheel (a compact dot like structure); Centriole wall (a ring–like
structure); Centriole-PCM interface proteins (a ring-like structure of much greater
diameter than the centriole) and PCM (scaffold). Imaging of Sas6 and Asl at different
cell cycle stages revealed that centriole duplication begins as soon as centrioles
separate and Bld10 starts to localize to the centriole wall by Prophase. Hence, for the
first time, we are able to describe the centrosome cycle with such in depth details in
Drosophila neuroblasts. Based on this result, we questioned when exactly is
centrosome asymmetry established. Existing reports based on conventional confocal
microscopy suggests that asymmetry is established after centrosomes separate when
proteins like Polo and Plp show asymmetric localization (Conduit and Raff, 2010;
Januschke et al., 2013). We confirmed the asymmetric localization of Polo and Plp on
the daughter and mother centrosome, respectively. Interestingly, in metaphase, when
the nascent centriole is already present, Polo remains on one centriole while Plp
remains on the other. Based on the literature, Plp stays on the older centriole (Lerit
and Rusan, 2013). Therefore we can predict Polo stays on the nascent centriole.
Although ideally, this would needs to be further verified using Cnb as a daughter
centriole specific marker. Based on these results, we can conclude that centrioles
duplicate soon after centriole separation and newly formed centrioles localize Polo
and Plp asymmetrically by metaphase. This asymmetric localization ensures that in
the next cell cycle the mother centrosome loses MTOC activity and the daughter
centrosome maintains MTOC activity. Hence, centrosome cycle is always ahead of
the cell cycle in Drosophila neuroblasts.
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5.5 New players and methods redefine the centrosome asymmetry model in
Drosophila neuroblasts
Centrosome asymmetry in neuroblasts is key to accurate spindle orientation and
faithful centrosome segregation. Hence there has been growing interest in discovering
the molecular players that control centrosome asymmetry. Polo, Cnb and Plp are the
known players involved in establishing centrosome asymmetry. These three proteins
were combined in a very simplistic model describing how Polo-phosphorylated Cnb is
necessary for maintenance of MTOC activity on the daughter centrosome and Plp
blocks Polo recruitment on mother centrosome (Lerit and Rusan, 2013; Januschke et
al., 2013). Based on our findings, we are able to add to the existing model of
centrosome asymmetry establishment and maintenance.
The centriolar protein Bld10 works with Plp in ensuring that the mother centrosome
sheds PCM proteins and downregulates MTOC activity. However, Plp localizes
normally in bld10 mutants indicating that Plp localization is independent of Bld10.
This leads us to the hypothesis that they could be part of parallel pathways involved in
downregulating Polo on the mother centrosome. Moreover, we were not able to
conclusively prove that Bld10 is involved in the same pathway described before.
Hence, there should be other molecular players involved that interact with Bld10 to
ensure that mother centriole remains naked.
Another uncharacterized protein involved in maintaining centrosome asymmetry is
Wdr62. Although, its human counter part has been implicated in mitotic progression
and spindle formation, WDR62’s role in centrosome asymmetry is unknown. Wdr62
controls the maintenance of centrosome asymmetry by maintaining stable microtubule
array ensuring proper recruitment of Polo and PCM proteins. This turnover of Polo is
impaired in the scenario where microtubules are unstable and have tendency to
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depolymerize. If Polo molecules were not available freely in the PCM for
phosphorylating and activating proteins Cnn involved in PCM retention and
microtubule nucleation, this would further reduce its capability to nucleate
microtubules. Hence, the maintenance of MTOC activity on the daughter centrosome
can be described as a feedback loop. Decrease in the amount of Polo on the daughter
centrosome could also affect the phosphorylation of Cnb. It is hypothesized that Polo
phosphorylated Cnb blocks Plp upregulation on the apical centrosome (Lerit and
Rusan, 2013). Hence, reduced Polo phosphorylation of Cnb could lead to Plp being
upregulated. Therefore in parallel to the feedback loop involving PCM proteins for
microtubule maintenance, there is a negative feedback loop ensuring that Plp levels
are correctly maintained.
To clearly understand how centrosome asymmetry is regulated, we need to
understand when centrosomes become asymmetric. Recent reports have proposed that
this asymmetry is established at Interphase once the centrioles separate (Rebello et al.,
2007; Rusan and Peifer, 2007; Januschke and Gonzalez, 2010; Januschke et al., 2013;
Lerit and Rusan, 2013). 3D-SIM imaging of neuroblasts, however, revealed that
centrioles were already asymmetric before separation. In fact, they became
asymmetric by metaphase when the nascent centriole was formed. Polo transfers to
the younger nascent centriole and Plp remains on the older centriole. This is could
Cnb dependent as Cnb undergoes Polo phosphorylation and hence Polo starts to
accumulate on the younger centriole. There is very little evidence to conclude whether
the presence of Cnb is sufficient to prevent Plp localization on the new centriole but
this could be a possibility (Lerit and Rusan, 2013). The other possibility is that an
identified factor is responsible for anchoring Plp to the mother centriole. A recently
published report from Rusan group has confirmed that Plp interaction with
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Calmodulin is necessary for its localization to the centrosome (Galleta et al., 2014).
This interaction is key for Plp recruitment and maintenance of Plp levels on the
centrosome. Calmodulin is a calcium binding messenger protein known in C.elegans
to play in promoting meiotic spindle formation (van der Voet et al., 2009). Hence,
Calmodulin could be the factor locking Plp on the older centriole, preventing it form
moving to the new centriole. Further studies are necessary discover other proteins
involved this elaborate process of centrosome asymmetry establishment.

(a)
h
m

(b)

Figure 1. Centrosome asymmetry establishment and maintenance during the
Drosophila neuroblast cell cycle. (a) Centrosome asymmetry maintenance: 1. After
centriole separation, the daughter centriole maintains PCM and microtubules.This is
primarily due to the presence of Polo (Green) which phosphorylates Cnb (Orange) to
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keep Plp (blue) levels low and maintain MTOC activity. However, Polo is constantly
turned over during interphase and Polo requires stable microtubules for its turnover.
Wdr62 is necessary for stabilization of microtubules and ensuring maintenance of
MTOC activity by active recruitment of Polo. 2.On the mother centrosome, Plp is
maintained at high levels and along with Bld10 (Purple), it blocks Polo from being
recruited on the mother centrosome. Hence the mother centrosome sheds PCM and
loses MTOC activity. (b) Centrosome asymmetry establishment: During metaphase,
the older centriole retains Plp and Polo relocates to the the newly formed procentriole
(indicated by green dots and arrows). This asymmetry gives the centrioles identity in
order that the daughter centriole maintains MTOC activity and the mother centriole
becomes naked.

5.6 Is perturbed centrosome asymmetry a cause for microcephaly?
Mutations in Cep135 and Wdr62 are known to cause microcephaly in humans. In
Drosophila neuroblasts, loss of Cep135/Bld10 and Wdr62 causes defects in
centrosome asymmetry during interphase. This leads to spindle misalignment and
wrongful centrosome segregation. Moreover, both mutants tend to show a reduced
brain size phenotype compared to wildtype. The spindle misalignment is rescued by
unknown rescue mechanisms by anaphase onset and cells continue to divide
asymmetrically and hence cannot contribute to the brain size phenotype.
In mouse neuroprogenitor cells, the mother centrosome is retained by the stem cell in
order to maintain stemness. We are yet to rule out whether the missegregation of the
centrosomes affects cell fate in neuroblasts. It could be interesting to verify whether
this has any affect on the neuroblast’s ability to continue dividing or on the ability of
the GMC to differentiate into neuron/glia.
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WDR62 is responsible for activating the c-Jun N-terminal protein kinases (JNK)
pathway required for proper neurogenesis during mitosis. (Xu et al., 2014;
Bogoyevitch et al., 2012). JNK activity is known to regulate apoptosis,
neurodegeneration, cell differentiation and proliferation, etc. It has also been recently
reported that Aurora Kinase A (AurA) is responsible for accumulation of WDR62 on
spindle microtubules while JNK phosphorylation antagonizes WDR62 microtubule
localization during mitosis (Lim et al. 2014). In the developing mouse brain
widespread expression of Wdr62 was observed. Expression was seen in the
ventricular zone and cortical plate, consistent with roles in progenitor cells and
postmitotic neurons (Yu et al. 2010). Wdr62 mutant mice show an overall
developmental delay and reduced brain size. Wdr62 interacts with Aur A during
spindle formation and loss of Wdr62 cause cell cycle delays and cell death of
neuroprogenitor cells (Chen et al. 2014). Wdr62 mutants also displayed significant
cell cycle delay resulting in reduced brain size. Wdr62 mutant neuroblasts also show a
significant amount of cell cycle delay in comparison to wild type. As in the mouse
model, the cell cycle delay could be AurA dependent. The other possibility is that due
to loss of microtubule activity, the centrosome is no longer able to function as a
signaling center. This cell cycle delay could affect the development of the fly brain as
the cells proliferate at a much slower rate. In vertebrate model systems, Cdk/Cyclin
complexes localize to centrosomes and their activity levels ensure timely transition
through cell cycle phases (Arquint et al., 2014). However, further conclusive data is
necessary to contemplate the role of Cdk/Cyclin complexes in wdr62 mutant
neuroblasts’ timely mitotic entry.
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5.7 Future direction and concluding remarks
This thesis, as the title suggests, a humble attempt in understanding a very precise
tightly regulated structure known as the centrosome and how mitotic stem cells strive
to make them clearly distinguishable. As Albert Einstein said, “ To raise new
questions, new possibilities, to regard old problems from a new angle, requires
creative imagination and marks real advance in science”. Our findings have not only
added to the existing model of centrosome asymmetry but at the same time, brought
new questions and ideas for the further understanding of the regulation of this tiny
organelle.
Our work has convincingly established the role of Bld10 and Wdr62 in centrosome
asymmetry. The consequences of disrupted centrosome asymmetry include spindle
misalignment

and

centrosome

missegregation.

The

impact

of

centrosome

missegregation in neuroblasts is however unknown. Hence, further studies are
necessary to understand the effect of disturbed centrosome asymmetry in
development of the fly brain. For example, analyzing the mutants for defects in
neuronal lineages, the development of the optic lobe and verifying that cell fate
markers are correctly expressed in different cell types present in the brain. In addition,
analyze if cells displaying centrosome asymmetry phenotype display apoptotic
markers.
We described Polo regulation during interphase in avid detail for the first time. Since
we were able to show that Polo and Cnn recruitment is dependent on microtubules,
this would indicate that microtubule motor proteins are involved in transporting them.
Kinesin and Dynein are microtubule motor proteins that travel along microtubules in
opposite directions; Kinesin moves towards the plus end and Dynein moves towards
the minus end. These proteins could be involved in regulating PCM protein
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recruitment and turnover. In Drosophila, Lis1 binds to dynactin and dynein motor
complex to ensure accurate metaphase spindle orientation (Siller and Doe, 2008). The
study of microtubule motor proteins will give us further insight into how Polo
molecules move from the centrosome to the kinetochores and back to centrosome
once again.
Last but not least, we were able to follow centriole duplication and centrosome
asymmetry establishment using 3D- SIM that has never before been done in
Drosophila neuroblasts. Although we were able to precisely time the events with help
of cell cycle and centrosomal markers, it would be interesting to develop a method to
perform live imaging using 3D-SIM. Live imaging opens a wide field of potential
experiments including Fluorescence recovery after photobleaching (FRAP) and
Photoactivation that could help us better understand protein dynamics.
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ABBREVIATIONS

3D-SIM: Three Dimensional Structured Illumination Microscopy
ACD: asymmetric cell division
Ana2: anastral spindle 2
aPKC: atypical protein kinase C
Asp: abnormal spindle protein
Aur A: aurora A kinase
Baz: bazooka
Bld10: basal body protein 10
CASC5: cancer susceptibility candidate 5
Cdk: cyclin-dependent kinase
Cdk5rap2: CDK5 regulatory subunit-associated protein 2
Cep/CP: centrosomal protein
Cnb:centrobin
Cnn: centrosomin
CNS: central nervous system
CPAP: centrosomal P4.1-associated protein
CTL: cytotoxic T lymphocytes
C-Nap: centrosomal Nek2-associated protein
Dlg: discs large
GSC: germline stem cell
INP: intermediate progenitor
Insc: inscuteable
GMC: gangalion mother cell
MCPH: autosomal recessive primary microcephaly
MTOC: microtubule organizing center
Mira: miranda
Nedd1: neural precursor cell expressed developmentally down-regulated protein 1
Nek2: never in mitosis A-related kinase 2
PCM: pericentriolar material/matrix
Pins: partner of inscuteable
Plk: polo-like kinase
PLP: pericentrin-like-protein
POC: protein of centriole
Pon: partner of numb
SAS: spindle assembly abnormal
SPB: spindle pole body
SPD-2: spindle-defective protein 2
TACC: Transforming acidic coiled-coil
VNC: ventral nerve cord
WDR62: WD repeat domain 62
ZYG-1: zygote defective protein 1
γ -TuRC: gamma tubulin ring complex
γ-TuSC: gamma tubulin small complex
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