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SYNOPSIS
Introduction
The cell cycle ensures that duplicated DNA is divided equally into two daughter cells.
Progression through a cell cycle involves the sequential activation and deactivation of
cyclin-dependent kinases (CDKSs) (1). CDK activity is dependent on the partner
cyclins and is regulated both positively and negatively by phosphorylation (reviewed
in (2)). CDK inhibitors (CKIls) bind to and inactivate CDK—cyclin complexes (2).

Sequential activation of different CDKs is responsible for controlling the onset of S
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phase and mitosis, and for ensuring that, with certain notable exceptions, S-phase
always alternates with M-phase in each cell cycle (3).

Accurate genome segregation in the cell-division cycle is mediated by the
microtubule organizing function of the centrosome. The centrosome is a membrane-
less organelle, comprising of two centrioles, a mother and a daughter, surrounded by a
proteinaceous cloud, the pericentriolar matrix (PCM) (4,5). The two centrioles differ
in age, maturity and the amount of PCM they nucleate. Centrosome duplication is
initiated at the G1-S transition of the cycle, at the same time at which DNA
replication is initiated, and is coincident with cdk2-dependent phosphorylation of
centrosomal substrates and the subsequent moving apart or ‘splitting” of the centriole
pair (6). Procentriole nucleation occurs orthogonal to each mother centriole during S
phase (7). These nascent procentrioles become mature full-length structures by the
end of G2 (8). By M-phase both centrosomes have acquired the maximal amount of
PCM and migrate to the two ends of the spindle to form the poles (9,10). Following
cytokinesis, a normal diploid cell inherits one centrosome. Centrosome amplification
contributes to tumorigenesis while the presence of less than two centrosomes in a
mitotic cell leads to errors in genome segregation (11-14). Therefore, regulation of
centrosome duplication is an essential process that is required for accurate genome
segregation.

14-3-3 proteins are a group of small, dimeric, acidic proteins with seven isoforms in
mammalian cells (15). Most 14-3-3 proteins bind to their ligands via one of two
consensus motifs, RSXpSXP or RXYFXpSXP, although a number of ligands bind to
14-3-3 in a phospho-independent manner (16-18). Previous studies have shown that
only two isoforms, 14-3-3¢ and 14-3-3 v, can bind to and inhibit ¢dc25C function
(19). 14-3-3 binding to cdc25C controls both cdc25C localization and cdc25C activity
(20,21). Previous studies have also shown that the loss of 14-3-3y leads to an increase

in centrosome number, chromosome instability and tumorigenesis (22).
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One of the goals of this study is to understand how loss of 14-3-3y leads to
centrosome duplication, as the mechanisms that mediate centriole licensing and
duplication are still unclear. In order to answer this question, we have undertaken two
approaches. In the first approach, we have attempted to identify which centrosomal
proteins 14-3-3 proteins bind to. Upon identifying these proteins, we have tried to
map the 14-3-3 binding site on these proteins and tested for the phenotypes that occur
upon loss of 14-3-3 binding. In the second approach, we have endeavoured to
understand which residues in 14-3-3 proteins are important for mediating ligand
binding.

Also, it has been shown that with an increase in passage of cells harbouring a
knockdown of 14-3-3y, there is an increase in centrosome clustering (22). Clustering
of multiple centrosomes furnishes an adaptive advantage to cancer cells, which are
usually aneuploidy (23,24). These experiments have been performed in fixed samples,
so one of the goals of this study is to study how clustering occurs in the 14-3-3y
knockdown cells in a live cell imaging system.

Objectives

1. Does 14-3-3 binding to centrosomal proteins inhibit centrosome licensing and
duplication?

2. Does centrosome clustering increase upon 14-3-3y knockdown?

Results and discussion

1. Does 14-3-3 binding to centrosomal proteins inhibit centrosome licensing and
duplication?

1.1 Which centrosomal proteins do 14-3-3 proteins bind to?

Previous results have demonstrated that 14-3-3y binds to centrosomal proteins such as
y-tubulin and centrin using FRET (22). This was confirmed in GST pull-down assays,
in which it was demonstrated that 14-3-3 proteins formed a complex with y-tubulin,

Centrin2, Cep-170, and GCP2, all centrosomal proteins. Based on these results, a
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motif scan was performed to identify putative 14-3-3 binding sites on these proteins.
However, the scan did not generate any positive results for the proteins Centrin2,
GCP2 and y-tubulin. To address this question, several deletions of the centrosomal
proteins described above were designed and were tested for their ability to form a
complex with 14-3-3 proteins.

Centrin2 is the most ubiquitously expressed isoform of the centrin family of proteins
(25). In mammalian cells, Centrin-2 is essential for centriole biogenesis (26). Centrin2
localizes to the distal lumen of centrioles throughout the cell cycle (27) and has four
EF hand domains. An analysis of several N and C-terminal deletions of Centrin2
demonstrated that 14-3-3 proteins bind to Centrin2 via the first EF hand domain. The
14-3-3 binding deficient mutant is also unable to localize to the centrosome. Based on
our results, we hypothesize that binding to 14-3-3 proteins is essential for the
centrosomal localisation of Centrin2 (28).

Three mutants of y-tubulin, each with a deletion of progressive C terminal domains
were cloned into pECFP-N1 vector. All the mutants express correctly and localize to
the centrosome. We then performed GST pull-down assays using GST tagged 14-3-3y
in order to map the 14-3-3y binding site on y tubulin. We mapped the binding to the
first domain of y tubulin, i.e., the FtsZ / GTPase domain. In order to confirm this, we
are generating a mutant that does not express this FtsZ/GTPase domain.

Three mutants of GCP2, each with a deletion of progressive C terminal domains were
cloned into ECFP-N1 vector. All the mutants express correctly and localize to the
centrosome. Further, GST pulldowns and Co-IP assays need to be standardised in
order to map the 14-3-3 binding site.

Upon performing a bioinformatics scan to search for putative 14-3-3 binding sites on
Cepl170, we found that there were three such sites; Thr-644, Thr-1078 and Thr-1259.
We have generated site directed mutants of Cep170 and are testing their binding with

14-3-3y. We have found that the levels of Cepl70 are decreased in HCT116 derived
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14-3-3y knockdown cells in Western blot experiments. However, we were unable to
observe the same in immunofluorescence experiments.

1.2 How do negatively charged residues in the peptide binding groove of 14-3-3
proteins regulate ligand function?

Most ligands of 14-3-3 proteins bind via a phosphorylated serine at a defined motif,
RSXpSXP or RXYFXpSXP, although a number of ligands bind to 14-3-3 in a
phospho-independent manner (16-18). It has been demonstrated that the 14-3-3
residues important for phosphor-peptide binding are conserved within all 14-3-3
isoforms. The binding site for the phosphor-serine consists of a basic pocket
composed of Lys-50, Arg-57 and Arg-128 and Tyr-129, within the third and fifth
helices (16,17,29). We wanted to understand if there are other residues with the 14-3-
3 peptide binding groove that also contribute to ligand binding. A sequence alignment
of the seven 14-3-3 isoforms demonstrated that there are two negatively charged
residues, an Aspartate 129 (D129) and a Glutamate 136 (E136) in 14-3-3y, that are
conserved within the peptide binding groove of all 14-3-3 isoforms. It has been
demonstrated that 14-3-3 possess ATPase activity and that mutation of the Aspartate
129 to an Alanine (D129A) results in an increase in ATPase activity and
oligomerization (30). Therefore, we decided to test the contribution of these two
negatively charged residues to ligand binding by mutating them to Alanine.

To this end, site directed mutants of 14-3-3y, D129A, E136A and D129AE136A were
generated and cloned into an mOrange CMV vector. As a knockdown of 14-3-3y
leads to an increase in centrosome number (22), we wished to determine the effect of
these mutant 14-3-3 proteins on centrosome duplication by over-expressing them in
HCT116 cells. Centrosome number was determined in 100 transfected mitotic cells as
described previously (22). Cells transfected with either the vector control or the WT
construct showed the presence of two centrosomes in mitotic cells. In contrast, a

statistically significant proportion of mitotic cells expressing the D129A construct
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contained a single centrosome while expression of the E136A mutant led to the
presence of >2 centrosomes in mitotic cells. Expression of the double mutant,
D129AE136A leads to the presence of two centrosomes in mitosis, an example of
intragenic complementation suggesting that each of these mutants can suppress the
phenotype of the other mutant. Similar results were observed in the HCT116 derived
vector control and 14-3-3y knockdown cells and in other cell lines such as HEK293
and HaCaT cells. Given that the phenotypes were observed in all cell types all further
experiments were performed in HCT116 cells.

In order to determine centriolar organization in cells containing single or multiple
centrosomes, HCT116 cells were co-transfected with each of the mOrange 14-3-3y
constructs and EGFP centrin2 to visualise centrioles. After synchronization at mitosis,
the cells were stained with antibodies to pericentrin and DAPI to visualize DNA.
Cells transfected with either mOrange alone or the WT construct showed two
Centrin2 dots in each pericentrin cloud. In contrast, cells transfected with the D129A
mutant, which contained single centrosomes based on pericentrin staining, showed the
presence of 2 Centrin2 dots within the single pericentrin cloud. This suggested that
there could be a defect in duplication or disjunction of the centriolar pair. Cells
transfected with the E136A mutant, which showed multiple pericentrin dots also
displayed two Centrin2 dots contained within each pericentrin cloud. A similar
phenotype was observed in cells expressing the D129AE136A mutant.

To test whether the two centrioles seen in the single centrosomes observed upon
expression of the D129A mutant had a defect in duplication or disjunction, we stained
for Cep68, an intercentrosomal linker protein. We observed the presence of two dots
for Cep68, colocalising with each of the 2 Centrin2 dots. Therefore, we can conclude
that the single centrosomes seen in cells expressing the D129A mutant are due to a
defect in duplication. We also stained for Ninein, a subdistal appendage marker, in

order to test the age of the two centrioles seen in cells expressing the D129A mutant.

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013



Ninein localises specifically to the older of the two mother centrioles in interphase.
We observed that the two Centrin2 dots seen in cells expressing the D129A mutant
co-localised with a single ninein dot. Given the results of the Cep68 and the ninein
staining, it means that the single centrosome observed in cells expressing the D129A
mutant is a centrosome with disengaged centrioles that are unable to duplicate.

Based on the data obtained, we concluded that there is a centrosome duplication
defect in cells with a single centrosome expressing the 14-3-3y D129A mutant, i.e.
they were unable to form procentrioles. In order to rescue the single centrosome
defect, we overexpressed certain proteins that are extremely essential for procentriole
formation. Overexpression of Plk4 increases centriole numbers and leads to de novo
centrosome formation (31). Over-expression of either Cdk1 or Cdk1-AF resulted in an
increase in centrosome over-duplication in HCT116 cells (22). Increased Cdk2
activity allows cells to accumulate multiple centrosomes (32). However, when tested,
these constructs were unable to reverse the single centrosome phenotype.

Another protein required for centriole duplication is Nucleophosmin 1(NPM1)
(33,34). Phosphorylation of NPM1 at a Threonine 199 (T199) residue by cdk2
releases NPM1 from the centrosome (34). This acts as a licensing factor for centriole
duplication and triggers centriole biogenesis. HCT116 cells were co-transfected with
each of the mOrange tagged 14-3-3y mutants and either Flag epitope tagged WT
NPM1 a phosphor-deficient mutant (T199A) or a phosphor-mimetic mutant (T199D)
to determine if NPM1 expression could lead to an override of the single centrosome
or multiple centrosome phenotype observed with the 14-3-3y mutants. We observed
that wild type NPM1 (WT) was able to partially rescue the single centrosome
phenotype seen in cells expressing the D129A mutant. Expression of the T199D
mutant was able to completely rescue the single centrosome phenotype seen in cells
expressing the D129A mutant. Expression of the T199A mutant was able to rescue the

multiple centrosome phenotype in cells expressing the E136A construct. These results
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suggested that the phenotypes observed in cells expressing the D129A and E136A
mutants might be due to the interaction between NPM1 and 14-3-3y.

The WT and 14-3-3y mutant constructs were cloned into HA pcDNAS3 transfected
into HCT116 cells. Co-immunoprecipitation assays demonstrated that the D129A
mutant bound with greater efficiency to NPM1 as compared to the WT. The E136A
mutant did not bind to NPM1. The D129AE136A mutant bound to NPM1 with a
lower affinity as compared to WT.

A motif scan identified three putative 14-3-3 binding sites on NPM1 S48, S143 and
S292. We performed site directed mutagenesis to convert each of the serine residues
to alanine so that they can no longer be phosphorylated. Upon testing their binding to
14-3-3y using a GST pull-down assay, we determined that only the S48A mutant was
unable to bind to 14-3-3y. We tested the effect of the S48A mutant on centrosome
number by co-transfecting it into HCT116 cells along with each of the 14-3-3y
mutants. We found that the S48A is able to rescue the single centrosome phenotype
seen upon expression of D129A.

Since the NPM1 S48A mutant is able to reverse the single centrosome phenotype seen
upon expression of D129A, we performed site directed mutagenesis to create an
NPM1 S48E mutant. It is hypothesized that the S48E is a phosphomimetic mutant.
We observed that the S48E mutant binds to 14-3-3y. We tested the effect of the S48E
mutant on centrosome number and found that it reverses the multiple centrosome
phenotype observed upon expression of E136A.

The T199 phosphorylation status of the NPM1 WT, S48A and S48E mutants was also
tested. To this end, HCT116 cells were transfected with each of the ECFP tagged
NPM1 constructs and T199A was used as a negative control for T199
phosphorylation. We hypothesized that since the S48A mutant is able to rescue the
single centrosome phenotype, it should be highly phosphorylated at T199.

Conversely, since the S48E mutant is able to rescue the multiple centrosome
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phenotype, it should have T199 phospho levels comparable to that seen upon
expression of NPM1 T199A. And that is what we observed.

Our results suggest that the centrosome phenotypes observed upon expression of the
different 14-3-3y mutants are due to differential binding of these mutants to NPM1. In
case of the D129A mutant, it binds to NPM1 with a high affinity. This inhibits the
ability of NPM1 to dissociate from the centrosome upon phosphorylation by CDK2 at
T199. Expression of 14-3-3y binding deficient mutant, NPM1 S48A, is therefore able
to reverse this phenotype. In case of the E136A mutant, which is unable to bind to
NPM1, NPM1 dissociates from the centrosome prematurely, which leads to
centrosome amplification. Expression of the S48E mutant, which binds to 14-3-3y, is
thus able to reverse this phenotype. The D129AE136A mutant behaves like WT 14-3-
3y due to intragenic complementation.

2. Does centrosome clustering increase upon 14-3-3y knockdown?

Normal cells with multiple centrosomes undergo a multipolar mitosis. A multipolar
mitosis leads to massive aneuploidy and has negative consequences on the viability of
cells (35). However, most transformed cells with multiple centrosomes undergo a
clustered mitosis (6). It has been proven that the clustering phenotype shown by cells
with multiple centrosomes is a mechanism leading to increased survival of
transformed cells (23,24).

It has been demonstrated that a loss of 14-3-3y gives rise to multiple centrosomes
(22). Further, it has also been demonstrated that with an increase in passage of the 14-
3-3y, there is an increase in the percentage of cells undergoing a clustered mitosis
(22). However, these experiments were performed in fixed samples and the cells
counted were mainly prophase cells. Centrosome clustering is a phenomenon that can
be truly tested only in anaphase cells.

In order to perform the above experiments and to follow the 14-3-3y knockdown cells

across the cell cycle, we tried to generate HelLa cells with a stable 14-3-3y
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knockdown. These cells already express H2B-mCherry and o-tubulin GFP. For this
purpose, previously verified 14-3-3y shRNA was cloned into a pLKO Hygro vector
(20). Several Hygromycin resistant 14-3-3y knockdown clones were obtained.
However, most of the clones with a knockdown of 14-3-3y did not survive. And the
clones that did survive did not harbour a knockdown of 14-3-3y. According to a paper
published shortly thereafter, upon depletion of 14-3-3y, HelLa cells display a delay of
the cell cycle in the G2/M phase and a decrease in cell proliferation (36). Therefore,
we concluded that HeLa cells are not a good model system for our experiments.

To follow the fate of the 14-3-3y knockdown cells across the cell cycle, using live cell
imaging, the following construct was generated. We cloned the H2B-mCherry — IRES
-- y-tubulin-GFP into a pcDNAS3 puro vector. Based on a transient transfection of this
construct into the vector control and the 14-3-3y knockdown cells, we were able to
observe centrosome amplification in the 14-3-3y knockdown cell line in an interphase
cell. More experiments are needed to verify if the 14-3-3y knockdown cells with
multiple centrosomes prefer a clustered mitosis over a multipolar one with an increase

in passage. Also, stable cell lines can be prepared to study the same.
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1. Introduction



1. Introduction

1.1 The cell cycle

The cell cycle is a structured series of events which ensures that replicated DNA is separated
accurately into two daughter cells (fig. 1.1) [reviewed in (1,2)]. Two of the most important
events that occur during the cell cycle are; precise copying of the genome (S phase), and
segregation of the duplicated genome into daughter cells (M phase) [reviewed in (2,3)].
These two phases are temporally distinct and are divided due to the existence of two gap
phases (G1 and G2) (4). It is extremely essential that the replication and segregation phases
are distinct and alternate, to ensure the maintenance of ploidy. This ordered progression is
ensured by the unidirectional nature of the cell cycle; once a cell crosses the G1/S transition,
it is committed to replicate its DNA [reviewed in (5)]. Similarly, once a cell has crossed the
G2/M transition, it is committed to completing mitosis and will not usually revert to a second

G2 [reviewed in (5)].

Mammalian cells are sensitive to mitogenic stimuli in their environment during a specific
time in the early G1 phase of the cell cycle, known as the restriction point (R) (6). Here,
the cell assesses the cumulative effect of all growth factor stimuli, or the absence of them.
If the signals are favourable to growth, then the cell enters the cell cycle. Under certain
conditions, including high cell density and an absence of growth factors, mammalian cells
will accumulate in a state of 2n DNA content. This is known as the GO phase or
quiescence, which is an out-of-cycle phase and could be one of minimal metabolism

[reviewed in (7)]. At other times during the cell cycle, the absence of mitogens does not
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Fig. 1. 1 The cell cycle — The restriction point (R) — is the point after which cells are
unable to respond to extracellular signals and are committed to completion of the cell
cycle. Cells may enter a quiescent, or the GO phase, which is an out-of-cycle state at a
point in G1 before the restriction point. Transition through G1 is mediated by cyclin D-
cdk4/6 complexes, which are inhibited by the INK family of CDK inhibitors (8-10). Transition
from G1 to S is mediated by cyclin E/CDK2 complexes (11). Progression through S to and
entry into G2 is mediated by the cyclin A-CDK2 complex (12). Progression through G2 and
entry into mitosis is mediated by cyclin A-CDK1 and cyclin B-CDK1 complexes (13). All the
cyclin-CDK complexes besides the cyclin D-cdk4/6 complex, are inhibited by KIP family of

CDK inhibitors. Activating complexes are shown in green and inhibitory in red.
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affect cell-cycle progression and the cells will proceed through the cell cycle, back to the

responsive period. There are four phases in the cell cycle; G1, S, G2 and M (fig. 1.1).

G1 — This is the first gap phase in the cell cycle. During this phase, the cell can either be
committed to division or withdraw from the cell cycle and enter a resting, GO phase. This
decision depends on a number of extracellular growth signals (14). The cell also synthesizes

proteins necessary for DNA replication.

S — This is the synthesis phase of the cell cycle, during which the cell replicates its DNA.
During S phase, the cell also duplicates its centrosome, an organelle essential for

chromosome segregation.

G2 — This is the second gap phase in the cell cycle where the cell prepares for the next phase,

mitosis. Organelles and proteins essential for mitosis are synthesized in this phase.

M — Mitosis is that phase of the cell cycle where separation of DNA into two daughter cells

occurs. It is further divided into (fig. 1.2) —

Fig. 1.2 Phases of mitosis. HeLa Kyoto cell line stably expressing H2B-mCherry and a-
tubulin-GFP were synchronized in mitosis and imaged on an Olympus Spinning Disk
Confocal microscope after Nocodazole release. (a) Prophase, (b) Metaphase, (c) Anaphase

and (d) Telophase.

Prophase — Here, chromatin condensation into chromosomes occurs (fig. 1.2 (a)).
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Metaphase — Spindle assembly occurs and the chromosomes align at the metaphase plate.

Each kinetochore has to be attached to a spindle microtubule before the next phase can begin

(fig. 1.2 (b)).

Anaphase — The spindle starts shortening, and the paired chromatids are pulled apart towards

each end of the bipolar spindle (fig. 1.2 (c)).

Telophase — The single chromatids reach the poles of the spindle and cell division is initiated

(fig. 1.2 (d)).

Cytokinesis — The cell divides into two daughter cells, each with a full complement of the

genome.

There are exceptions to this ordered cell cycle. The development of the endosperm in plants
occurs due to formation of a syncytium, a large cell comprising 100 nuclei post fertilization
(15). The Drosophila embryo also develops as a syncytium, as a series of nuclear
duplications without cell divisions (16). Salivary glands of Chironomous contain Polytene
chromosomes, which are created due to repeated rounds of chromosome duplication without
segregation (17). Previously, it was believed that neurons exist in a post-mitotic state;

however, recent reports indicate tetraploidization in neurons (18).

1.1.1 Regulation of the cell cycle

Ordered succession through a cell cycle is mediated by the activity of a heterodimer made of
two classes of proteins; the cyclins and the cyclin dependent kinases (CDK’s). The cyclins
are the regulatory subunit, while the cyclin dependent kinases are the catalytic subunit (19).
Physical interaction with the cyclin controls the catalytic activity of the CDK (20,21).
Multiple CDK’s are bound by multiple cyclins in animal cells, the abundance of the cyclins is

the determining factor. The expression of cyclins is cyclic in nature; cyclins are expressed

33



and undergo degradation, depending on the cell cycle phase. Each of the cyclins is under
different transcriptional and proteolytic controls. Activation of a CDK by a cyclin, thus lends

temporal control of its activity and confers substrate specificity via the bound cyclin.

Different cyclin-CDK complexes are active during distinct phases of the cell cycle. The
cyclin D-CDK4/6 complex is active during G1, the cyclin E-CDK2 complex during the G1-S
transition, cyclin A-CDK2 during S phase and cyclin A/B-CDK1 prior to and during mitosis
up to the end of metaphase (fig. 1.1) (22-24). In mammals, each cyclin has multiple family

members, Al, A2, A3, B1, B2, D1, D2, D3, E1 and E2 (19).

1.1.2 Regulation of CDK'’s.

Regulation of the CDKSs occurs at many levels. These include, increased cyclin concentration,
leading to binding to CDKSs, activating and inhibitory phosphorylation (T14Y15 and T161),
Cdk inhibitors (CIP/KIP and INK4), and SCF (Skpl/Cull/F-box protein) ubiquitin ligase and
the APC/C (Anaphase Promoting Complex/Cyclosome) mediated ubiquitination and

subsequent degradation of cyclins and Cdk inhibitors (fig. 1.3).
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Fig. 1.3 Regulation of the CDKs (19). (a) Mechanism of regulation of the CDK’s, (b)

Interaction of CDK'’s by CKI’s (19).

1.1.2.1 Regulation of the CDK'’s by phosphorylation.

The catalytic activity of the Cyclin dependent kinases is initiated by phosphorylation of
residues on their T loop; a threonine residue (T172 in CDK4, T160 in CDK2 and T161 in
CDK1). The CDK7-cyclin-H complex (also known as CAK; CDK activating kinase), a
serine/threonine kinase that is also involved in transcription and DNA repair, is responsible
for this acitivity (25). Dual specificity kinases (WEE1 and MYT1) phosphorylate adjacent
threonine and tyrosine residues (T14/Y15 in CDKZ1), which are inhibitory in nature. The
CDC25 phosphatases (CDC25A, CDC25B and CDC25C) dephosphorylate these residues and

relieve the inhibition (26,27).

1.1.1.2 Regulation of cdk’s by the CKIs.
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Another level at which the CDKs are regulated is via the CDK kinase inhibitors (CKIs). The
CKis restrain CDK activity. They are divided into two groups (28). The first group includes
the INK4 proteins, which specifically bind to and inhibit only monomeric CDK4 and CDKG6
proteins (28). Four INK4 proteins have been identified: pl6INK4a (also known as CDK
inhibitor 2A or CDKN2A), p15INK4b (CDKN2B), p18INK4c (CDKN2C) and p19INK4d

(CDKN2D) (8,9,29-31).

The second group of CKIs includes the Cip/Kip (CDK-interacting protein/CDK-interacting
protein) family of proteins which bind to cyclin-CDK complexes (32). Cip and Kip inhibitors
have a more extensive effect on cell cycle progression by blocking CDK activity by forming
inactive trimeric complexes with the cyclin-CDK complex (33-37). The Cip/Kip family of
CKIls consists of three members: p21Cipl (also called CDK inhibitor 1A or CDKN1A),

p27Kipl (CDKN1B), and p57Kip2 (CDKN1C) [reviewed in (38)].

Cyclin D-CDK4/6 — The Cyclin D-CDK4/6 complex is active during entry into G1. CDK4
and CDK®6 are bound by three D-type cyclins: D1, D2 and D3. Cyclin D levels increase due
to mitogenic stimuli through receptor tyrosine kinases, Map and ras kinases (39-42). This
results in its binding to CDK4/6, which activates the catalytic function of CDK4/6. pRb and
related proteins are the key targets of these complexes (27). The control of the
phosphorylation state of the Retinoblastoma (Rb) is extremely essential for cells to cycle
from G1 to S [reviewed in (41)]. Rb is hypophosphorylated in early G1 or growth arrested
cells and binds to transcription factors of the E2F family, repressing transcription by
recruiting histone deacetylase (HDAC) (43,44). Phosphorylation by the cyclin D-CDK4/6
complex disrupts the binding of Rb to the E2F family of transcription factors. This results in

initiation of the DNA synthesis phase by suspending the E2F-Rb-HDAC complex formation.
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The effects of a knockout of cyclin D are most observed in tissues that express only one D-
type cyclin (45,46). Cyclin D1 is expressed at high levels in the retina and breast and it was
observed that mice lacking cyclin D1 exhibited developmental anomalies confined largely to
the retina and developing breast tissue during pregnancy, but were otherwise viable
(46). CDK4 (-/-) mice survived embryogenesis but exhibited delayed growth, with both male
and female mice being infertile (47). Cdk4-null mutant mice are liable to harbor neurological
abnormalities, imapired thymocyte maturation and allergen response, and defective adipocyte
differentiation and function (45,46,48). Cdk6-deficient mice show thymic atrophy and are
defective in Notch-dependent survival, proliferation and differentiation. (49). The Cyclin
D/CDKA4/6 complex is therefore, required for growth and development but not for viability.

Cyclin E-CDK2 — Transition from G1 to S mainly requires the activity of the Cyclin E-CDK2
complex. The expression of cyclin E begins during late G1 and continues till cells enter S
phase (11,50). Activation of the cyclin E-CDK2 complex occurs via two mechanisms. First,
the E2F family of proteins, no longer bound to Rb; mediate the synthesis of Cyclin E which
leads to an increase in Cyclin E levels (51,52). Second, binding of the cyclin D-CDK4/6
complex to WAF1/KIP inhibitors renders them unable to bind to and inhibit the cyclin E-
CDK2 complex (28). This is important because cells from mice with a knockout of CDK4 are
defective in activating cyclin-E-CDK2 complexes via the redistribution of p27 to cyclin-D-

Cdk4 complexes (47). They are thus delayed in entering the cell cycle.

The substrates of the cyclin E-CDK2 complex include proteins required for DNA replication,
licensing of replication origin and centrosome duplication (53-56). Cyclin E-CDK2 mediates
the phosphorylation of the CDK inhibitor Kipl1, which permits cells to transition from G1 to
S (57). When cells enter S phase, cyclin E undergoes degradation via the ubiquitin

proteasome pathway (58-61).
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Cdk2-null mice are viable and have no defects apart from male and female sterility due to
meiotic defects, with a life span of 2 yrs (62,63). It is possible that other cdk’s might
compensate for its absence. Cyclin E1 or E2 deletion is also as harmless as cdk2 deletion, as
the male knockout mice have reduced fertility, but no other phenotype (64,65). However,
defects in duplication cycles in placental trophoblast giant cells resulted in embryonic
lethality by E11.5, in mice with a double knockout of both cyclin E1 and E2 (65). Cyclin E is
therefore, not essential for mitotic cells in embryonic development, but for endoreplicating
cells. Also, it is possible that the cyclin E proteins have redundant functions within a class

and a dual knockout is thus, fatal.

Cyclin A-CDK2 and Cyclin A/ICDK1 — The cyclin A-CDK2 complex is responsible for cells
to go through S phase, whereas the cyclin A-CDK1 mediates entry into mitosis. Cyclin A
unbound CDK is inactive as it is inaccessible to substrate due to the presence of an
unphosphorylated T-loop region (20). Also, the catalytic residues in the CDK are not
arranged in the correct conformation for catalysis (12,66). Upon Cyclin A binding, CDK2
and CDK1 undergo a conformational change that makes them accessible to the substrate,
ATP (67). Substrates of the kinase activity of the cyclin A-CDK2 complex in S phase initiate
DNA replication (68-70). Cyclin A-CDK2 is also necessary for the synchronization of the
end of the S phase with activation of the mitotic cyclin-CDKs (71). The cyclin A-CDK1
complex promotes mitotic entry by phosphorylating Bora, which mediates Aurora-A
dependent Plk1 phosphorylation (72). Myosin phosphatase targeting subunit 1 (MYPTL1) is
also a cyclin A-CDK1 substrate that modulates Plk1 at kinetochores in prometaphase (73).
The Anaphase Promoting Complex (APC) mediated proteolysis of cyclin A is essential for

mitotic exit (74).

Cyclin A function is required for the division of hematopoietic and embryonic stem cells, as

germline Cyclin A2 knockout mice die at embryonic stage E5.5 (75,76). The importance of
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CDK1 in development is elucidated by the fact that deletion of Cdk1l arrests of embryonic

development around the blastocyst stage (77).

Cyclin B1-CDK1 - During G2, cyclin A is degraded and cyclin B levels rise, which initiates
mitosis (74,78). There are two cyclin B family members which are expressed in mammals,
B1 and B2, but only cyclin B1 is essential for viability in mice (79). After the degradation of
cyclin A, rising levels of cyclin B1 promote its binding to CDK1. Active cyclin B1-CDK1
complexes regulate the phosphorylation of several proteins required for centrosome
separation, chromosome condensation and nuclear envelop breakdown (80-82). Inactivation
of the cyclin B1-CDK1 complex drives exit from mitosis and this is brought about by APC/C
mediated degradation of cyclin B1 [reviewed in (83,84)]. The substrates of the cyclin B1

CDK1 complex include CDC25C, Rad2, Sgo2 and Orcl (85,86).

The two B type cyclins have different roles. Cyclin B2 knockout mice do not have any
phenotype and are fertile, while Cyclin B1 knockout mice die in utero (79). Cyclin B1, may

therefore, be able to compensate for the loss of Cyclin B2, but not vice versa.

1.1.2 Cell cycle checkpoints.

To ensure the completion of critical events in each phase of the cell cycle before progression
to the next phase, each transition has to be monitored to ascertain that fidelity of the previous
phase. DNA is prone to various stresses and insults that might affect the viability of a cell
[reviewed in (87)]. In order to respond to these stresses, eukaryotic cells have evolved
regulatory circuits, called checkpoints, to co-ordinate surveillance mechanisms with
transition of the cell cycle from one phase to the subsequent one. Checkpoints are non-
essential regulatory pathways that prevent the succession of the cell cycle in response to
stresses such as damaged DNA or incomplete S-phase (88). These pathways also coordinate

the activation of DNA damage repair responses (89-91).
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Checkpoints are present at specific points during the cell cycle to detect the presence of
defects such as DNA damage and to initiate repair pathways. “Sensor” proteins detect the
presence of damaged DNA and relay this information to “transducer” proteins. Further, cell
signaling pathways then transmit this information to “effector proteins” which lead to — 1)
Aurrest of the cell cycle and 2) Initiation of DNA damage repair pathways. If repair pathways
are unable to repair the severely damaged DNA, the cell undergoes apoptosis. This is
essential, because a cell harbouring damaged DNA or chromosomal instability will pass on
these defects to daughter cells (92). Over a number of generations, these defective daughter

cells may then contribute to tumorigenesis (92).

There are four checkpoints in a mammalian cell cycle. G1/S, incomplete S and G2/M are
checkpoints that detect and respond to DNA damage. The fourth checkpoint, called the
Spindle Assembly Checkpoint (SAC), detects improper connections between the spindle
microtubules and the kinetochores and arrests cells at metaphase. Once a cell is arrested at a
checkpoint, it can proceed to the next phase once only once it has repaired the damage that

led to checkpoint initiation.

Loss of checkpoint function can affect the cell in various ways, depending on the severity of
the defect. These defects are caused due to mutations in genes required for checkpoint
function, the most studied of which are mutations in the p53 gene. Dominant negative
mutations in the p53 gene cause a loss of WT p53 function. This leads to deregulation of its
downstream effectors, such as p21. p21 is thus unable to regulate CDK function, and this
causes an abrogation of the G1/S arrest (93). Oncogenic mutations in cyclin D1 cause cells to
enter the cell cycle independent of mitogenic stimuli, which can lead to uncontrolled growth

of cells (94,95).
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G1/S checkpoint — This checkpoint is present just before the cell can enter S phase and
prevents replication of damaged DNA. It also prevents the synthesis of proteins required for
S phase progression. The checkpoint can be initiated by exposure to lonizing Radiation (IR)
or DNA damaging agents such as lovastatin, cisplatin and bleomycin (96-98). Upon exposure
to DNA damaging agents, ATM (ataxia telangiectasia, mutated) and ATR (ataxia
telangiectasia and Rad3-related) kinases phosphorylate the checkpoint serine/ threonine
kinases, CHK1 (checkpoint kinase 1) and CHK2 (checkpoint kinase 2) (99). These kinases
then phosphorylate CDC25A, leading to its ubiquitination and degradation (100-102).
Inactivation of CDC25A prevents activation of cyclin E-CDK2 complexes, thus inhibiting
G1/S transition (100). Activated ATM and ATR also stabilise p53 levels (103-105). Increased
p53 levels lead to an increase in the levels of its downstream effector protein, p21, which

inhibits the cyclin E-CDK2 complex (106,107).

Another mechanism for ensuring G1/S arrest is via the INK4 and Cip/Kip families of CKils.
Expression of INK4 titrates CDK4 away from the cyclin D-CDK4 complex and cyclin D is
degraded via the ubiquitin proteasome pathway (8,108). Also, in early G1 phase, binding of
p21Cipl and p27Kipl inhibits the cyclin E-CDK2 and cyclin A-CDK2 (10,93,109). For entry
in S phase, the cyclin D-CDK4/6 complex must sequester the p21Cipl and p27Kipl away
from the cyclin E-CDK2 and cyclin A-CDK2 complexes. Degradation of D-type cyclins
therefore prevents the titration of p21Cipl and p27Kipl by cyclin D-CDK4/6 complexes. The
Cip/Kip bound cyclin E-CDK2 and cyclin A-CDK2 complexes thus prevent S phase entry

(110).

Incomplete S-phase checkpoint — This checkpoint monitors DNA replication and the presence
of stalled replication forks. When the incomplete S-phase checkpoint is initiated, it prevents
replication initiation and fork progression, and therefore, slows down DNA replication (111-

113). The cell thus has time to repair damaged DNA and complete DNA replication. Loss of
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the incomplete S-phase checkpoint results in cells entering mitosis prematurely, via
Premature Chromatin Condensation (PCC), which can be lethal (114). The incomplete S-
phase checkpoint is activated upon exposure to UV radiation, X-rays or chemical mutagens
such as hydroxyurea. Exposure to these agents leads to the formation of pyrimidine dimers,

DNA methylation, depletion of deoxyribonucleotides and damaged DNA (115,116).

ATR senses the presence of single stranded DNA lesions and stalled replication forks, which
lead to its activation and phosphorylates and activates Chkl and Chk2. This results in the
inhibition of CDC25A, CDC25B and CDC25C, which averts the activation of cyclin E-
CDK2, cyclinA-CDK?2 and cyclin A-CDK1 and thus, G2 entry. It also prevents activation of
CDK1 by its dephosphorylation on Thr 14 and Tyr 15. This prevents cyclin B1-CDK1

complex activation and inhibits progression into mitosis (117-125).

G2/M checkpoint — The G2/M checkpoint is activated upon DNA damage to cells that are in
G2 or cells that acquired DNA damage in previous cell cycle phases but escaped checkpoint
activity (126,127). It is activated by agents such as ionizing radiation, Adriamycin and
Bleomycin, that cause double strand breaks. The G2/M is the last checkpoint that monitors
DNA damage before cells enter mitosis. It has been shown that cells lacking the p53, which
are unable to arrest at the G1/S checkpoint, might depend on the G2/M checkpoint to repair
DNA damage (128). Inability of cells to undergo the G2/M arrest upon DNA damage can
result in the production of daughter cells with defective DNA and can contribute to

tumourigenesis.

This checkpoint is activated by the rad family of proteins that sense double strand DNA
damage (129). This results in the activation of the ATM and ATR family of kinases, which
phosphorylate Chk1 and Chk2 kinases (117,130). The ultimate objective of this checkpoint is

preventing the activation of the cyclin B1-CDK1 complex. This is achieved by the
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inactivation of the CDC25 phosphatases A, B and C, due to phosphorylation by Chk1, Chk2
and C-TAK1 (117-125,131,132). This phosphorylation results in the generation of a 14-3-3
binding site on CDC25C at a serine 216 residue (121,133). 14-3-3 proteins sequester
CDC25C in the cytoplasm and prevents its nuclear localisation. This inhibits its ability to
activate the cyclin B1-CDK1 complex and thus prevents mitotic progression. The inhibitory
phosphorylation on CDK1 is further accentuated by the association of Weel with 14-3-3
proteins. This binding activates Weel and maintains the inhibitory phosphorylation of CDK1

(134,135).

Spindle Assembly Checkpoint (SAC) — During mitosis, replicated chromosomes have to be
divided into two daughter cells. The paired chromosomes are attached to the spindle
microtubules via kinetochores at the metaphase plate, followed by segregation during
anaphase into two daughter cells. Inability of the chromosomes to attach correctly to the
spindle microtubules can result in the two daughter cells receiving unequal complements of
the genome, which may lead to apoptosis or disease. The Spindle Assembly Checkpoint
(SAC) prevents the anaphase transition of a cell in metaphase with incorrect attachment
between the kinetochores and the mitotic spindle [reviewed in (136)]. It delays anaphase

transition until all the chromosomes are properly attached to the mitotic spindle.

The SAC is activated upon loss of spindle pole tension, unattached kinetochores at metaphase
or by certain spindle poisons such as nocodazole (137). The goal of the SAC is preventing the
degradation of the APC/C. Several proteins regulate the SAC - BUB1 (budding uninhibited
by benzimidazole 1) and the MAD (mitotic-arrest deficient) family of proteins, MAD1,
MAD?2 and MAD3 (BUBRL1 in humans) (138-140). The target of the SAC is the co-factor of
the ubiquitin ligase APC/C, CDC20 (141-144). Activation of the SAC hinders the ability of
CDC20 to stimulate APC/C-mediated ubiquitination of two key substrates, cyclin B and

Securin, thus preventing their degradation by the 26S proteosome. Cyclin B degradation is
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required for mitotic exit (84). Destruction of Securin leads to activation of Separase, which
results in anaphase onset by cleaving the cohesion complex that holding sister chromatids
together (145-147). Thus, by controlling CDC20 function, the SAC allows chromosomes to
align properly on the metaphase plate and attach to the spindle poles via microtubules. The
checkpoint is quenched when the chromosomes are oriented correctly. This releases the cell

from a mitotic arrest, allowing anaphase to begin.

1.2 14-3-3 proteins.

14-3-3 proteins are a family of small, dimeric, acidic, regulatory proteins [reviewed in (148)].
They were first isolated as abundant, soluble proteins from bovine brain tissue lysates and
were theorized to be brain specific (149). 14-3-3 proteins derive their name from the elution
fraction of bovine brain tissue lysates containing these proteins following DEAE-cellulose
chromatography and their migration position after starch gel electrophoresis (149). The 14-3-
3 proteins were extracted by the authors’ from the 14th fraction of bovine brain lysate in a
DEAE cellulose column and fractions 3.3 of the final step (149). Subsequent research has
revealed that 14-3-3 proteins contribute to regulation of the cell cycle, cellular metabolism,
apoptosis, cell-cell adhesion, protein transport, transcription and malignant transformation

(150-156).

14-3-3 proteins were the first proteins demonstrated to bind to phosphorylated Serine or
Threonine residues (157,158). There are seven isoforms of 14-3-3 proteins in mammalian
cells; B, v, €, 6, 1, T (or 0) and {, with 6 and a being the phosphoforms of f and {, respectively
(148,159). These isoforms were named with respect to their order of elution on HPLC
(160,161). The different isoforms are quite homologous, but contain a few regions of
variation. 14-3-3 proteins are found in most eukaryotic organisms, from fungi to mammals

[reviewed in (162)]. Multiple 14-3-3 isoforms are expressed across eukaryotes, from two in
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the yeast Saccharomyces cerevisiae (BMH1 and BMH2), to at least 13 in the plant
Arabidopsis thaliana (GRF1-GRF13) (163-165). Most isoforms of 14-3-3 proteins are
ubiquitously expressed, barring 14-3-3c, which is expressed solely in epithelial cells and 14-

3-31, expressed predominantly in T cells (166,167).

1.2.1 Structure of 14-3-3 proteins.

All the different 14-3-3 isoforms function as either homodimers or heterodimers, with 14-3-
30 acting exclusively as a homodimer and 14-3-3y and 14-3-3¢ preferentially forming
heterodimers (168-170). Initial crystallization studies with the { and t isoforms demonstrated
that the 14-3-3 proteins are helical and dimeric in nature (171-173) (fig. 1.4). The monomer
comprises of 9 anti-parallel a-helices, with an N terminal and a C terminal domain. The
biologically functional dimer is a shrunken “®” shaped structure. Four of the a-helices are
involved in dimer formation, with the remaining helices making up the sides and top of the
“o” (171-173). All 14-3-3 isoforms consist of a target binding region and a dimerization

domain at the N-terminus.

The current consensus is that the rigid “®” shape contributes to deformation of the target
protein but does not largely change the 14-3-3 dimer structure (174,175). The exception to
this model is 14-3-3C, with a flexible carboxyl-terminal region. Phosphorylation of this region
changes its conformation (176). This relatively unconserved region is theorized to have an

isoform specific auto inhibitory role in ligand binding (176,177).
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Fig. 1.4 Structure of 14-3-3 proteins. (a) Schematic representation of the 14-3-3 dimer
(178). The more conserved alpha helices are shaded. The hypothetical docking positions of
helices from interacting proteins are represented by the two central unnumbered circles.
PDB ID code 1QJB (b) The ribbon representation, of 14-3-3 bound to two Mode I phospho-
peptides, with the central green stick indicating the axis of symmetry. Each monomer is
coloured in red to blue from the C to N terminus (a4- aB) (173), (c) The spacefill
representation of the homodimer with 90° rotation. An aperture is present at the central
dimeric interface, marked here with a green dot, (d) Structure of 14-3-3{ shaded according to
residue conservation across species (179). Legend denotes relative conservation levels in the
protein, with teal representing the least-conserved residues and burgundy representing the

most highly conserved residues.
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Fig. 1.5 Sequence alignment of human 14-3-3 isoforms. Conserved residues are highlighted

by a red line in the sequence alignment.

There are five conserved sequence blocks within the 14-3-3 family of proteins. These blocks
comprise the end of helix aA, the aA/aB-connecting loop, the helices involved in ligand
binding (aC, oG, oE and al), and the start of helix aB, that constitute an essential element of
the dimer interface (174,178) (fig. 1.5). A large negatively charged channel is created due to
the dimer. Invariant regions that are conserved throughout isoforms mainly line the interior of
this channel with variable residues present on the exterior side of the protein. This channel is

important for the recognition of target proteins.
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The specificity of interaction of each of the 14-3-3 isoforms and their ligands involves the
outer surface of the protein. Each monomer encodes an amphipathic groove that forms a
structure for interacting with ligands. The 14-3-3 dimer can therefore, interact with two
ligands (171-173,175,180). Direct interactions between the phosphate and Lys-49 and Arg-56
in helix aC, and Arg-127 and Tyr-128 in helix oE are required for the binding of 14-3-3 to
phospho- Serine/Threonine containing motifs. These residues form a basic compartment in a
mainly acidic molecule. Substrate serine/threonine phosphorylation can thus function as

molecular switches controlling ligand binding.
1.2.2 Target recognition by 14-3-3 proteins.
Recognition of consensus phosphorylated binding motifs.

Initial studies suggested that 14-3-3 proteins bind to their ligands only when the ligand
protein is phosphorylated at a serine or threonine residue (173,180). Muslin, et. al, illustrated
the archetype phosphorylated serine recognition motif, RSxpSxP, from a 15-mer Raf-1
peptide containing RQRS?®'TS?® TP (157). When phosphorylated on S259, this peptide
bound directly to 14-3-3( with a K4 of 122 nM. The binding is site specific, because when
unphosphorylated, the same peptide could not interact efficiently with 14-3-3 or when
phosphorylated at S257 or at S257 and S259 together. The Arg residue in the -3 or —4
position relative to the phosphoSerine is essential for 14-3-3 binding. The Proline residue at
+2 is important, but this position can be substituted by other residues (173). Further screening
of phosphoSerine-oriented peptide libraries identified two alternative consensus motifs with
one (mode 1) closely related to the RSxpSxP motif (180). There are preferences for certain
amino acids in the -1, —2, and +1 positions. Thus, the 14-3-3 recognition motif has been
refined to R[S/Ar][+/Ar]pS[L/E/A/ M]P, where Ar represents an aromatic residue and +

indicates a basic residue. The second identified motif (mode 2) uses the most favorable
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sequence RX[Ar][+]pS[LE/A/M]P. The phosphorylated residue can also be a Threonine,
though many identified 14-3-3 binding partners contained a phosphorylated Serine residue
within the motif. For example, phosphorylation at a Thr231 site modulates the binding of 14-
3-3 to serotonin N-acetyltransferase (AANAT) (175,181). Similarly, phosphorylation by
AKT at Thr28 and Ser193 generates a 14-3-3 binding site on the protein FOXO4 (182-184).
The defined 14- 3-3 consensus motifs can be used to identify putative 14-3-3 binding sites, as
several proteins that were anticipated to bind 14-3-3 based on these recognition sequences
were then experimentally verified, including Cdc25 and Bad (121,157,180,185-187).
However, further experiments are required to completely elucidate this mode of interaction

due to the vast range of substitutions tolerated in these motifs.

Recognition of consensus unphosphorylated binding motifs.

There is a third consensus binding motif (pS/pT-X1-2-COOH), which is C-terminal and
phosphorylation independent (188). The interactions of 14-3-3 with unphosphorylated ligands
are of high affinity, similar to those with phosphorylated proteins. These targets bind to 14-3-
3 proteins in the same location as phosphorylated targets and can compete with
phosphopeptides for binding, adding a level of complexity to 14-3-3 target recognition
(189).There are structural homologies between the two classes of ligands in cases such as 5-
phosphatase, which displays an RSxSxP-like motif, RSESEE (190). This C-terminal motif
could result in binding of an additional small molecule that closes a gap remaining in the 14-
3-3 ligand binding groove, and hence significantly stabilize the resulting ternary complex. An
example of such a compound is an activator of the H (+) —ATPase, the fungal phytotoxin
Fusicoccin. Fusicoccin binds to the 14-3-3:H (+)-ATPase complex and facilitates the binding
of 14-3-3 to the unphosphorylated C terminus of the H (+)-ATPase (191). Two new

compounds structurally unrelated to Fusicoccin, Pyrrolidone 1 and Epibestatin, were recently
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identified and they can selectively activate the H (+)-ATPase by stabilizing its complex with

the 14-3-3 protein (192,193).

1.2.3 14-3-3 proteins and dimerization.

Deletion experiments have determined that the N terminal is essential for dimerization. Work
by Gu and Du, 1998, demonstrated that deletion of even the first 32 amino acids can disrupt
the dimerization of 14-3-3( (194). Several monomeric forms of 14-3-3 proteins bind to their
phosphorylated ligands with unchanged affinity as compared to the dimeric forms in vitro
(194-197). But in vivo, dimerization deficient mutants of 14-3-3 are unable to associate with
phosphorylated ligands as well as wild type protein (198). A ligand binding deficient mutant
of 14-3-3, K49E, is capable of forming heterodimers with endogenous WT 14-3-3 (199,200).
However, this heterodimer is also unable to bind ligands, which elucidates the importance of
the 14-3-3 dimer for ligand binding (200). In at least some cases, the dimer of 14-3-3 is
essential for it to perform its functions (197). Dimerization deficient mutants of 14-3-3
proteins can bind phosphorylated Raf-1 (197). Yet, the kinase exists in an inactive
conformation, as its activity requires the “bridging” function of the dimeric 14-3-3 proteins

(197).

A single polypeptide with two 14-3-3 binding sites can bind to 14-3-3 with a 30-fold increase
in binding affinity (180). Therefore, a single polypeptide harbouring two 14-3-3 binding sites
of low affinity sites will be able to bind to dimeric 14-3-3. This has been demonstrated in the
case of 14-3-3 ligands such as Weel, keratin 18, Cbl, IGF-I receptor and IRS-1, which all
need multiple phosphorylation sites for stable binding to 14-3-3 (201-205). Recently, it has
been demonstrated that the inhibition of 14-3-3 dimerization can be used in anti-cancer
therapy. Woodcock, J. et. al., have identified sphingosine mimetics that can result in

mitochondrial-mediated apoptosis by making dimeric 14-3-3 susceptible to phosphorylation
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at a site within the dimer interface. RB-011 and RB-012 are compounds that can induce
apoptosis in human A549 lung cancer cells, with RB-012 reducing tumour voulmes in mice

through disruption of MAPK signalling (206).

1.2.4 Modes of action of 14-3-3 proteins (fig. 1.6).

Structural change of the protein — 14-3-3 binding can regulate enzymatic activity. Plant
nitrate reductase (NR) can be inactivated by phosphorylation followed by 14-3-3 binding

(207-209). Phosphorylation of NR at a Ser543 site generates a 14-3-3 binding site on this

(i) Direct structural change of the target protein Function

Regulation of enzymatic
activity

14-3-3

Regulation of subcellular
localization

Inhibition of protein-
protein or protein-DNA
interactions

Protection against
dephasphorylation or
proteolytic degradation

(iii) Scaffolding that facilitates protein-protein interactions

utq

Stabilization of
multiprotein complexes

Fig. 1.6 Modes of action of 14-3-3 proteins (210).

protein (207). Binding of 14-3-3 induces a conformational change in NR that disrupts the
Electron Transfer Chain within its cofactors and thus inhibits the enzyme (208). 14-3-3 bound
NR is also a more stable dimer which further undergoes degradation (211). 14-3-3( has been

demonstrated to inhibit the activity of the pro-apoptotic protein apoptosis signal-regulating
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kinase 1 (ASK-1) (212). Tumour necrosis factor (TNF) mediated phosphorylation of ASK-1
at a Ser 966 site results in its kinase domain being bound by 14-3-3(, which blocks its

accessibility and negatively affects its conformation (212,213).

On the other hand, 14-3-3 binding can also activate enzymes. For example, tryptophan and
tyrosine hydroxylases are phosphorylated in the presence of Ca?*, followed by 14-3-3n
binding resulting in a conformational change and full activity (160,195). For serotonin-N-
acetyltransferase (AANAT), phosphorylation of the residue Thr31 leads to binding of 14-3-
3C and a conformational change, which releases the “fly-casting” mechanism and activates

the protein (175,214).

Regulation of the Raf- 1 protein kinase by 14-3-3( is complex and three 14-3-3 binding sites
are involved. In cells non-stimulated EGF or serum, 14-3-3( keeps Raf-1 in an inactive
conformation by binding to two sites, Ser 259 and Ser621 (197). Upon stimulation, 14-3-3( is
displaced from the Ser259 site, but it remains attached to the Ser621 site. This results in
intermediate activation of Raf-1. For full catalytic activity, the 14-3-3( protein binds to two

different phosphorylated serines, thus stabilizing the active conformation (197).

Scaffolding as a means to modulate protein-protein interaction — Both Raf-1 and Bcr protein
kinases can bind to a single 14-3-3f dimer resulting in interaction between the two protein
kinases (215). 14-3-3p acts as a bridge, connecting Raf-1 and Bcr, which are unable to
interact in the absence of 14-3-3f3 (215). 14-3-3 also affects the binding of BAD to Bcl-XL.
During survival conditions, BAD is phosphorylated on S112, S136 and S155 (186,187,216-
218). 14-3-3( binding maintains BAD in the cytoplasm and aids in the phosphorylation of the
S155 site (186,216). This phosphorylation prevents binding of BAD to the anti-apoptic

proteins Bcl-2 and Bcl-XL (216-218).
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Chibby (Chby), a conserved antagonist of B-catenin, has a vital role in the canonical Wnt
signalling pathway [106]. Chy interacts with the C-terminal activation domain of -catenin
and inhibits its ability to be transcriptionally activated. Mass spectrometry studies have
shown that 14-3-3¢ and 14-3-3( recognize a Ser20 phosphorylated residue on Cby and
sequester it in the cytoplasm (219). 14-3-3, Cby and B-catenin form a stable, tripartite

complex, which leads to the nuclear export of B-catenin and terminates its signalling (219).

Tertramerization of the tumour suppressor protein p53 is required for its activity, in this
conformation it binds to DNA with high affinity or interact more proficiently with its ligands
[reviewed in (220)]. 14-3-3 proteins bind to a site in its intrinsically disordered C-terminal
domain and activate the DNA binding affinity and increase the stability of p53 (221-223). In
vitro studies indicate, that 14-3-3y and 14-3-3¢ can accelerate the tetramerization of p53 even
at low p53 dimer concentration (224). This augments the binding p53 to sequence-specific

DNA and thus controls p53 activity (224).

Sequestering of structural or sequence-specific features - It has been demonstrated in vitro
that 14-3-3 B, ¢, v, o and { can bind to wild type CDC25C (152). In vivo, only 14-3-3y and
14-3-3¢ can bind to CDC25C (152). Binding of 14-3-3y or 14-3-3¢ at a Ser216 residue
sequesters CDC25C phosphatase in the cytoplasm, whereas they cannot bind to the mutant
S216A (152). Disruption of 14-3-3 binding to CDC25C, exposes a nuclear localization
sequence on CDC25C. This results in its translocation to the nucleus where it activates CDK1

and leads to mitotic entry (121,133,225,226).

Another group of proteins that undergoes this type of regulation are the FOXO proteins, a
subgroup of forkhead transcription factors that play a central role in cell-cycle regulation,
differentiation, stress response and apoptosis [reviewed in (227)]. Akt kinase phosphorylation

creates two 14-3-3 binding motifs on FOXO04, Thr28and Ser193; one of which is embedded
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within the NLS (182,228). Several studies demonstrated that upon binding to 14-3-3(, the
resulting FOX04:14-3-3{ complex is translocated to the cytosol where the bound 14-3-3
protein masks the NLS of FOXO4 and inhibits its re-entry into the nucleus

(182,184,200,229,230).

1.3 14-3-3y

14-3-3y (known as YWHAG in humans) is one of the isoforms of 14-3-3 proteins that was
first isolated in 1991 by Isobe T. et. al., while performing a fractionation of bovine brain
lysates (231). This isoform was theorised to be expressed only in the brain, but has since been

isolated from a number of different tissues, such as skeletal muscle and the heart (231,232).

1.3.1 Functions of 14-3-3y

14-3-3y performs various functions in a cell by participating in different cellular pathways.

Some of these are described below.

1.3.1.1 Regulation of cell cycle checkpoint control.

One of the ways by which 14-3-3 proteins regulate the G2/M transition is via binding to
CDC25C (121,131,225,226). CDC25C, a dual specificity phosphatase activates the mitotic
complex, CyclinB-CDK1, leading to the entry of cells into mitosis (233). During interphase
or cell cycle arrest, to prevent the entry of cells into mitosis, CDC25C is phosphorylated at a
Serine residue at position 216 (S216) which leads to the creation of a 14-3-3 binding site
(121). 14-3-3 then sequesters CDC25C in the cytoplasm, prevents activation of the mitotic
complex, cyclinB-CDK1 and thus, mitotic entry (226). Of the different isoforms of 14-3-3,
only 14-3-3y and 14-3-3¢ were found to interact with CDC25C in vivo (152). To test whether
14-3-3y binding to CDC25C had any effect on CDC25C function, the 14-3-3y-CDC25C

complex formation was disrupted by expressing an S216A CDC25C mutant which failed to
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bind 14-3-3y (152). The cells expressing S216A CDC25C mutant showed premature
chromatin condensation (152). PCC is seen in S phase cells in which premature mitosis is
induced by the override of the incomplete S phase and G2 checkpoint pathways (152). In
HCT116 cells, disruption of endogenous 14-3-3y-CDC25C complex by loss of 14-3-3y also
resulted in premature activation of cyclinB-CDK1 complex by CDC25C and increased PCC

(234).

14-3-3y also regulates the G2/M transition by interacting with Cdt2 (cell division cycle
protein 2) (235). Cdt2 has a role in the cell cycle due to its function as the substrate
recognition adaptor of the CRL4%“? E3 ubiquitin ligase complex. This complex is required
for the proteasomal degradation of Cdtl (DNA replication licensing factor), p21 (cyclin-
dependent kinase [CDK] inhibitor), and Set8 (histone methyltransferase) in S phase
[reviewed in (236)]. Cdt2 itself is regulated by SCF™°-mediated proteasomal degradation.
It has been reported that 14-3-3y interacts with Cdt2 phosphorylated at threonine 464 (T464)
and shields it from proteasomal degradation (235). Further, loss of 14-3-3y leads to a delay of
the cell cycle in the G2/M phase and a decrease in cell proliferation (235). This occurs due to

the accumulation of the CRL4Cdt2 substrate, Set8 methyltransferase.

One of the kinases that phosphorylate CDC25 proteins and generate a 14-3-3 binding site is
Chkl (124). Upon DNA damage, activation of Chkl prevents cell cycle progression and
causes a G2/M arrest via CDC25C (237,238). Phosphorylation of Chk1 at Ser317 and Ser345
by ATR, in response to DNA damage mediates autophosphorylation of Chk1 at Ser296 (239).
This is a binding site for 14-3-3y (239). The 14-3-3y dimer is able to bind to both Chk1 and
CDC25A which leads to phosphorylation of CDC25A at a Ser76 residue by Chk1 (239). This
further leads to degradation of CDC25A in a B-TRCP dependent manner. 14-3-3y is thus

required for checkpoint activation via Chk1 (239).
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1.3.1.2 Regulation of cell-cell adhesion.

Mice harbouring a knockdown of 14-3-3y are sterile, due to defects in cell-cell adhesion
(154). It has been demonstrated that loss of 14-3-3y inhibits desmosome formation in
HCT116 cells. Under normal conditions, PKCu phosphorylated plakoglobin (PG) at a Ser236
residue, which is a 14-3-3 binding site (154). 14-3-3y then loads PG onto the KIF5B-KLC1
complex, which is then transported to the desmosome (154). However, upon loss of 14-3-3y,
this pathway is affected and desmosome formation cannot be inititated, leading to defects in

cell adhesion (154). This can be restored by artificially targeting PG to the desmosome (240).

1.3.1.3 Regulation of adeno-associated virus type 2 replication.

Adeno-associated virus type 2 is a non-pathogenic human parvovirus which requires a helper
virus for efficient DNA replication. One of the proteins expressed by the virus is Rep68, the
function of which is to replicate DNA and site specific integration. It was found that
phosphorylation of Rep68 at Ser535 induces its binding to a 14-3-3y-14-3-3¢ to form a
ternary complex (241,242). A Rep68 mutant which is unable to bind to 14-3-3 proteins has

increased affinity for DNA and is more efficient in viral DNA replication (243).

1.3.1.4 Regulation of smooth muscle activation.

14-3-3y levels have been shown to rise in rat carotid arteries, post surgery (243). Arteries are
composed of vascular smooth muscle cells (VMSCs), hyper proliferation of which leads to
the harmful narrowing of arteries post surgery. 14-3-3y might have a function in muscle
tissue, given its high expression in VSMCs and skeletal and heart muscle (243). It has been
demonstrated that upon exposure of VSMCs to growth stimuli such as Platelet Derived

Growth Factor (PDGF), different isoforms of PKC phosphorylate 14-3-3y, which then
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interacts with Raf (244). This interaction might promote the activation and proliferation of

the VSMC:s, resulting in the formation of lesions.

1.3.1.5 Regulation of p53 activity by 14-3-3y and suppression of 14-3-3y expression by p53.

p53 initiates the transcription of genes involved in cell-cycle arrest, senescence, apoptosis and
DNA repair, and is thus important for the preservation of genome integrity. p53 activity can
be regulated by both post-translational modifications and protein—protein interactions. It is a
tumor suppressor protein, which is frequently mutated in cancers. It was observed that 14-3-
3y binds to p53 in vitro and in vivo (245). The 14-3-3 binding deficient mutants of p53 were
unable to induce cell cycle arrest in response to IR, which implies that the p53 binding to 14-
3-3 is important for p53 function (245). 14-3-3y helps in oligomerization of p53 and the 14-3-
3y-p53 complex had higher affinity to bind DNA when compared to p53 alone (222,224,246).
Conversely, it has been demonstrated that in non-small cell lung cancers, that loss of
functional p53 correlates with an increase in 14-3-3y levels (247). Upon exposure to IR, p53
binds to the promoter of 14-3-3y and suppresses its expression (247). p53 also enhances the

ubiquitination of 14-3-3y and thus regulates its levels (248).

1.3.1.6 ATPase activity

Recent reports have shown that 14-3-3 proteins possess ATPase activity (249). Pure
recombinant human 14-3-3 (, vy, € and t isoforms hydrolyze ATP with similar Km and kcat
values. This activity can be altered by mutation of Asp124 or Arg55 to Alanine and results in
a gain or loss of function. The activity could be due to the presence of an as yet unknown

binding pocket (249).
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1.3.1.7 Role in neurodegenerative disorders

14-3-3y levels are often deregulated in different neurodegenerative disorders. Mutations in a-
synuclein are the cause of aggregate formation (Lewy bodies), which are a hallmark of
Parkinson’s disease. 14-3-3 proteins interact with a-synuclein and are seen in a-syn inclusion
bodies (250). Over-expression of a-synuclein in mouse model revealed a reduction in the
levels of 14-3-3y, 14-3-3( and 14-3-3¢ (251). Conversely, over-expression of 14-3-3y, 14-3-
3¢ and 14-3-3( in a neuroglioma cell line led to the reduction of the a-synuclein aggregates.
14-3-3y overexpression in dooaminergic cells also provided protection against cytotoxicity
due to drugs such as Rotenone and 1-Methyl-4- phenyl pyridinium (251). Thus, 14-3-3y

might have a protective function against Parkinson’s disease.

Leucine rich repeat kinase-2 (LRRK2) is a multidomain protein and is mutated in familial
Parkinsons’s disease. PKA mediated binding of 14-3-3y at a S1444 site regulates the kinase
activity of LRRK2 (252). Mutation of 14-3-3 interaction with LRRK2 is hampered in
R1441C/G/H-mediated PD pathogenesis. LRRK2 is phosphorylated by protein kinase A at
multiple sites. LRRK2 phosphorylated at S1444 residue serves as binding site for 14-3-3y.
The kinase activity of LRRK2 is attenuated by binding to 14-3-3y. Mutation of this binding
site to an alanine results in loss of 14-3-3 binding. This is important, because a LRRK2
overexpression knock-in model showed lysosomal dysfunction and accumulation of a-
synuclein enriched Lewy Bodies (253). Further, increased levels of 14-3-3y in the
cersbrospinal fluid are a diagnostic marker for the transmissible spongiform encephalopathy

(TSE) Creutzfeldt-Jakob disease (CJD) (254,255).

1.3.1.8 Regulation of class switching in B cells by 14-3-3y

14-3-3 proteins bind to supercoiled as well as cruciform DNA (256,257). 14-3-3y specifically

binds to the multiple 5-AGCT-3' repeats in the IgH locus switch (S) regions, which is where

58



B-cell class switching occurs. This binding aids in the recruitment or stabilization of
activation-induced cytidine deaminase (AID), protein kinase A (PKA) and uracil DNA
glycosylase (258,259). Moreover, binding of 14-3-3y, 14-3-3( and 14-3-36 enhances the
activity of AID and inhibition of recruitment of 14-3-3y and AID inhibits class switch DNA

recombination (259).

Besides these functions, 14-3-3y is also postulated to have a role in the regulation of mRNA
stability, transcription of synaptic genes, ion channel activation, regulation of P-Body
formation and mitochondrial metabolism. However, the exact mechanism of this regulation is

unknown.

1.3.2 Expression of 14-3-3y in cancers

14-3-3y is ubiquitously expressed in the cytoplasm as well as the nucleus. Its levels can vary

acCross cancers.

Cancer subtype Levels Assay Outcome Reference
Non-Small Cell Increased IHC, Invasion | Poor survival, (247,260)
Lung Carcinoma assay, gRT- lymph node
(NSCLC) PCR, Western metastasis,
Blot increased
invasion
Breast Cancer Increased Western Blot, Tumour (261,262)
IHC, MALDI progression,
TOF poor prognosis
Lung Cancer Increased RT-PCR, Tumour (263)
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Western Blot,

progression

IHC
Cholangiocarcinoma Increased IHC Poor survival (264)
Hepatocellular Increased IHC Poor survival, (265)
Carcinoma extra hepatic
metastases
Uterine leiomyoma Decreased Two - NA (266)
dimensional

electrophoresis
(2DE), Western
blot, RT-PCR,
IHC and mass

spectrometry

Table 1.1 Expression of 14-3-3y in cancers

1.3.3 Mouse models of 14-3-3y

In order to study the role of 14-3-3y in vivo, Steinacker et al., developed 14-3-3y knockout
mice by introducing a neomycin resistance cassette in exon2 of the 14-3-3y coding sequence
(267). These mice did not have any physiological or developmental abnormalities. Given that
levels of 14-3-3y increase in the cerebrospinal fluid of patients with CJD, the 14-3-3y
knockout mice were injected with prions to study the effect of the loss of 14-3-3y on the
progression of CJD. However, there was no change in disease progression in wild type,
heterozygous and knockout mice (267). There was no change in the levels of other 14-3-3

isoforms either. In another model, 14-3-3y in the lateral ventricles of the brains of embryonic
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mice was knocked down using shRNA (268). These mice had thicker stems and highly
branched processes (268). Interestingly, the over-expression of 14-3-3y in electroporated

embryos also led to a delay in neuronal migration (269).

Mouse models with a partial loss of function of the gene of interest are essential in order to
study the effect of genes which are involved in multiple pathways. Such mutants are called
hypomorphic mutants. In order to generate a hypomorphic mutant of 14-3-3y, lentiviruses
harbouring 14-3-3y shRNA were injected into the testes of pre-pubescent male mice (154).
These pre-founder male mice were sterile and the testis section of these mice showed loss of
cell-cell adhesion, and cell-matrix adhesion leading to collapse of the blood-testis barrier
(BTB) and defects in spermatogonial stem cell differentiation and spermatocyte development

and maturation (154).

1.4 The centrosome.

Error-free segregation of chromosomes in mitosis depends on the correct organization of the
mitotic spindle. In mammalian cells, this is dependent on centrosome function. The
centrosome is a membrane-less organelle, composed of two centrioles surrounded by a
proteinaceous toroid, the pericentriolar matrix (PCM). Initially identified by Flemming and
van Beneden, the name centrosome was given to this organelle by T. Boveri and literally
means “central body”, alluding to its close association with the nucleus [reviewed in (270)]. It
is the principal microtubule organizing centre (MTOC) in a mammalian cell. Due to its
ability to organise microtubules, the centrosome exerts an influence on various processes in a
cell; cellular trafficking, mediating an immune response, cellular signaling, cell polarity and
cell cycle progression [reviewed in (271-274)]. Given their contribution to numerous cellular
processes, any defects in centrosome structure or number can lead to several disease

conditions [reviewed in (275)].
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A mature centrosome in a mammalian cell in interphase is composed of two centrioles, a
mother and a daughter, that differ in age and maturity (fig. 1.7). The older of the two
centrioles, the mother centriole can be identified by the presence of distal and sub-distal
appendages. Distal appendages are essential for anchoring the mother centriole at the cell
membrane during ciliogenesis (276). Sub-distal appendages are essential for the microtubule
organizing function of the centrosome [reviewed in (277)]. The mother centriole also has the
ability to organize PCM, which is an electron dense layer of proteins surrounding the two
centrioles (278). The PCM s responsible for all the microtubule organizing function of the
centrosome. Several papers using 3D-SIM and STED nanoscopy have determined that PCM
proteins are arranged into concentric layers that surround the mother centriole in a tube-like

organization (279-282).

PCM

Distal appendages

Sub-distal
appendages

Mother
centriole

Daughter
centriole

1.7 The centrosome — The centrosome consists of two centrioles, the mother (shown in red)
and the daughter (shown in yellow). The mother centriole possesses distal and sub-distal

appendages. The two centrioles are surrounded by the PCM.
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1.4.1 Centriolar architecture

Most centrioles are made up of nine circularly organized triplet microtubules around a central
cartwheel, in a typical 9+3 structure [reviewed in (283)]. This cartwheel consists of a central
hub that is approx. 25 nm in diameter, and radial spokes, which are made of 9 homodimers of
Sas-6 (284). The spokes emanating from the hub bind to the first microtubule of each triplet

at a pinhead through an interaction between Cep135 and the microtubule (51).

The triplet microtubule has a complete A microtubule, onto which two additional partial
microtubules (the B- and the C-tubules, respectively) are assembled. In humans and other
organisms, the triplets are arranged in a circle with a diameter of approximately ~450 nm in
height with inner and outer diameters of ~130 nm and ~250 nm, respectively. The triplet
microtubules form the cylindrical cask of centrioles and basal bodies. They are arranged at a
small angle off the circumference, giving the centrioles the look of a turbine. In humans,
assembly of the triplets occurs sequentially, starting with the A-tubule, followed by the B-

and C-tubules, respectively (285).

Made of microtubules, the centriole is an intrinsically polar structure with a proximal and a
distal end. The proximal end is where the minus ends of the microtubule are positioned. A
procentriole is built from the proximal end, using the SAS-6 cartwheel as a template (51). As
demonstrated using CrSAS-6, the cartwheel is assembled from a seed of a single Sas-6
protein (51,284). Pairs of SAS-6 rings are then recruited in a step-wise manner (51).
Recently, live analysis of GFP-tagged Drosophila Sas-6 via 3D-structured illumination
microscopy (SIM) has also demonstrated that Sas-6 is incorporated from the proximal end of
the cartwheel (286). Once the Sas-6 rings are assembled in a stack, peripheral components
can be added to form the centriole. Cepl35 has been postulated to act as the pinhead

connecting the cartwheel with the microtubules, although its necessity can vary across
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systems (51,287,288). Triplet microtubules are added along the central cartwheel.
Cryotomography experiments have indicated that only the A-MT is complete and contains 13
protofilaments, while the B- and C-MTs share protofilaments with A- and B-MTs,
respectively (51,289).

(@)
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Fig. 1.8 Centriolar and cartwheel architecture — (a) Electron micrographs of centrioles in
isolated centrosomes shown in longitudinal section and cross sections highlighting the distal
and subdistal appendages (MC — mother centriole, DC — daughter centriole, PCM —
pericentriolar matrix, DA — distal appendages and SDA — sub-distal appendages (290), (b)
Section of a centriole in HCT116 cells displaying the typical 9+3 structure, (c) Electron
micrograph of a centriole superimposed with a cartoon representing the organisation of the

central cartwheel and triplet microtubules (290).

The centriole is made of different proteins that regulate its size, shape, length and assembly
(fig. 1.9). CEP192, CEP63 and CEP152 which are present on the proximal end of the
centriole, form a scaffold that recruits Plk4 (291). Plk4 marks the site of procentriole
biogenesis on the proximal end of the mother centriole via a process of symmetry breaking
(292-294). Plk4 interacts with and recruits STIL to this site, which then forms a complex with
SASG, initiating procentriole biogenesis (295,296). CPAP (centrosomal P4.1-associated
protein), present within the procentriole and centriole and is essential for microtubule
rescruitment via its interaction with Sas-4 (297-299). The protein SPICE (spindle and
centriole-associated protein) has not be localized with precision (denoted with a question
mark), but is theorized to be present below centrin in both the procentriole and centriole
(297,298). At the distal end of the centrioles are proteins such as CP110 and centrin. CP110
(centriolar coiled-coil protein of 110 kDa) is present at the very distal tip of both centriolar
cylinders. CEP120, CEP192 and CEP135 are found near microtubules in the procentriole and

centriole, while Centrobin is only found in the vicinity of microtubules in the procentriole.
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Fig. 1.9 Localisation of different proteins within the centriole and the procentriole —
Electron micrograph of a centrosome superimposed with a cartoon representing the

localisation of different centriolar proteins (300).

1.4.2 Centriolar appendages

Centriolar appendage proteins localise exclusively to the distal end of the mother centrioles
and consist of distal and sub-distal appendages (table 1.2). These are present only on the
mother centriole, and are acquired when the mother centriole undergoes maturation during

the G2 phase of the cell cycle.

Centriolar appendage Localisation Reference
CEP83 Distal (301)
CEP89 Distal (302)
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CEP164 Distal (303)
FBF1 Distal (276)
p150 Glued Distal (304)
SCLT1 Distal (276)
Ninein Sub-Distal (305)
CEP170 Sub-Distal (306)
CEP110 Sub-Distal (305)
Nlp Sub-Distal (307)
ODF2 Sub-Distal (308)
CEP128 Sub-Distal (309)
CEP19 Sub-Distal (310)

Table 1.2 List of centriole appendage proteins

1.4.2.1 Distal appendages

Distal appendage proteins (DAPs) are essential for cilia formation. Using knockdown
experiments, it was shown that CEP164, which localises to the very end of the mother
centriole, is necessary for the cilia formation (303). Furthermore, immunogold labelling
showed that CEP164 localized to the very tip of the mother centriole at the distal appendages,
and above the subdistal appendages.CEP164 is important for the targeting of RABS8 to the

mother centriole, which promotes the formation of the ciliary membrane (311).
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CEP83 recruits CEP89 and SCLT1 to the distal appendages, subsequently, SCLT1 targets
CEP164 and FBF1 to DAPs. CEP164 and FBF1 are the downstream components in the DAP
assembly pathway and their localization to the centrioles is not required for targeting of other

DAPs (276).

1.4.2.2 Sub-distal appendages

Sub-distal appendage proteins (SDAPS) help the mother centriole to nucleate microtubules.
ODF2 was shown to be required for the formation of both DAPs and SDAPs (312).
Knockdown experiments have demonstrated that loss of NIN, DCTN1 and KIF3A (all
localizing to the SDAP region), resulted in MT disorganization and loss of focused MT asters
at the mother centriole (304,313). Knockout experiments have shown that there exists a
heirarchy between proteins localising at the SDAP region. The first set of proteins named the
ODF2 group consists of ODF2, CEP128, and Centriolin, with ODF2 being the most upstream
component (309). The second subgroup, termed the NIN group, consists of NIN, CEP170,
DCTN1, and KIF2A, with NIN being the most upstream component. Importantly, depletion
of any member of the ODF2 group can abolish the localization of every component of the

NIN group to the distal end of the mother centriole, but not vice versa.

1.4.3 G1-G2 tether

The G1-G2 tether is a proteinaceous linker that connects the proximal end of the two
centrioles upon disengagement. C-NAPL is present at the proximal end of the mother
centrioles and the each pool of C-NAP1 is connected to the other by rootletin fibres
(314,315). It is postulated that LRRCA45 helps to link the rootletin fibres with C-NAP1 (316).
STED nanoscopy experiments have demonstrated that a network of Cep68 binds to rootletin
and increases the thickness of the rootletin fibres (315). Prior to centrosome separation, the

degradation of the tether is initiated by the activity of the NIMA related kinase, Nek2 (317).
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1.4.4 The centrosome duplication cycle

For ensuring the accurate segregation of the genome to the two daughter cells, the canonical
centrosome duplication cycle is synchronized with the DNA replication cycle. Similar to the
DNA duplication cycle, the typical centrosome duplication cycle is also semi-conservative;
the new centrioles are formed using the previously existing centrioles as a template. There are
two rules that govern the centrosome cycle -

1. Copy number control - This regulates how many centrioles can form adjacent to a
previously existing centriole. This is essential, because the presence of more than one
pro-centriole perpendicular to the mother centriole can affect the organization of the
spindle.

2. Cell cycle control - This regulates the number of times in a cell cycle the centrosome
can duplicate. Centrosome amplification is one of the results of loss of this control

and is frequently observed in transformed cells.

The centrosome duplication cycle consists of four different phases; 1) Disengagement, 2)

Duplication, 3) Maturation and 4) Separation. The four steps are discussed below (fig. 1.10).
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Fig. 1.10 The centrosome cycle. The centrosome cycle consists of four distinct phases —

Disengagement, Duplication, Elongation and maturation and Separation.

1) Disengagement - The orthogonal arrangement of the mother and the daughter centriole
from the beginning of the S phase to the beginning of mitosis, is referred to as centriole
engagement. The mother centriole and its corresponding daughter centriole are orthogonally
attached to each other via an S-M linker, the exact composition of which is currently
unknown [reviewed in (318)]. For the initiation of pro-centriole biogenesis in the next cell
cycle, it is essential that this orthogonal arrangement be lost, as it exerts a steric barrier on the
same. This is known as disengagement. This disengagement step licenses both centrioles to
begin the assembly of one procentriole at the next cell cycle. Dissolution of the S-M linker
and establishment of the G1-G2 tether is one of the licensing factors for the initiation of

centriole duplication. Disengagement requires the activity of enzymes such as Plkl and
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Separase (319). Both these enzymes act to facilitate the loss of the S-M linker, although their
substrates are unknown. Pericentrin is postulated to be one of the substrates of Separase, as
expression of a Pericentrin B mutant that cannot be cleaved by Separase results in an absence
of disengagement in HelLa cells(320,321). Also, Separase is active only once in the cell cycle;
during anaphase transition (322). This ensures the copy number control of the centrosome
cycle. Inhibition of PIk1 activity using the small molecule BI2536, inhibits centriole

disengagement during late G2 or early mitosis (319).

Nucleophosminl (NPM1) is a nucleolar protein that has been demonstrated to have a role to
play in centriole disengagement. NPM1 has been demonstrated to localise between the paired
centrioles of unduplicated centrosomes (323). It has been shown that phosphorylation of
NPM1 at a Thr199 residue by CDK2 or CDK1 results in its displacement from the
centrosome (56,324). Expression of a phospho-deficient mutant of NPM1 (T199A) has been
demonstrated to inhibit centrosome duplication, while a phospho-mimetic mutant (T199D),

promotes centrosome amplification (325,326).

Several recent reports have suggested that there might be other factors that govern centriole
disengagement, apart from the loss of the orthogonal configuration (327-329). One of them
has been demonstrated to be the distance between the mother and daughter centriole. Using
light microscopy in HelLa cells, it has been demonstrated that centrioles are competent for

duplication when they are at a distance of ~80 nm (330).

Before procentriole biogenesis can occur, the daughter centriole that is disengaged needs to
become proficient at functioning as a mother centriole in the next cycle. This includes its
ability to become duplication competent and being able to nucleate microtubules. This is
achieved via a process called, “centriole to centrosome conversion”. This process is mediated

by CDK1 and starts with the initial loss of the central cartwheel comprising of SAS6 dimers
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(331). Next, the cartwheel-less centriole needs to be stabilized via the acquisition of Cep295
due to PLK1 activity (332). Further, the centrioles recruit Cep63, Cep152 and Cepl92 to

form a scaffold at the proximal end and are ready for procentriole biogenesis (291,333,334).

2) Duplication - Duplication is regulated by proteins such as Plk4, STIL, SAS6, Cepl52,
Cep192 and CDK2. As per the rule of copy number control in the centrosome cycle, only one
procentriole must form adjacent to each mother centriole. This is brought about in the
following manner. As the first step, Cep152 and Cepl192 are recruited to the pre-existing
centrioles that will serve as templates for the formation of the daughter centrioles. These two
proteins form a scaffold around the centrioles (291). This scaffold recruits Plk4 to the
centrioles. Plk4 is known as the master regulator of centriole duplication and its over-
expression can result in centrosome amplification and in the generation of several
procentrioles from a single mother centriole (335). Upon recruitment at the centriole, Plk4
initially localises in a ring-like manner around the centriole (292,293). To ensure the
formation of only one procentriole from the mother centriole, this ring is focused into a single
dot. One of the ways this is theorized to occur is due to its stabilization by STIL (294).
Several such Plk4-STIL complexes are formed and there is a competition for the highest
concentration of the PIk4-STIL complex (294). The point with the highest concentration of
this complex marks the site of procentriole biogenesis (294). Another model suggests that the
auto-activation and lateral inhibition activity of Plk4 determines where the ring will coalesce

into a spot marking the site of procentriole biogenesis (295,296).

CDK1 is also essential for centrosome duplication. Recent studies in Xenopus egg extracts
and HelLa cells indicate that Cyclin B1-CDK1 competes with Plk4 for binding to STIL (336).
The Cyclin B1- CDK1 complex binds to STIL at the same site as Plk4. Therefore, when its
levels are high during mitosis, it blocks the interaction between Plk4 and STIL by

sequestering STIL. Once Cyclin B1 levels decrease after anaphase transition, PIk4 can bind
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to STIL and participate in procentriole biogenesis. CDK1 thus prevents centrosome
amplification by preventing premature complex formation between Plk4 and STIL (336).
After recruitment of Plk4 and STIL marks the site of pro-centriole formation, SAS6 dimers
localise to the same site and initiate pro-centriole assembly by assembling into higher order
oligomers (337). SAS6 oligomerization is the building block for the 9-fold symmetrical

centriole.

3) Elongation and Maturation - During late S to G2, once Plk4 has marked the site of pro-
centriole biogenesis, centriole elongation is carried out by proteins such as CPAP, CP110 and
SAS6 (338). Dimers of SAS6, the 9-fold symmetrical cartwheel protein, assemble into higher
order oligomers and stack at the procentriole. Due to its nine-fold symmetry, it is able to act
as a scaffold around which microtubules are assembled (337). CPAP is a tubulin dimer
binding capping protein that, along with CP110, promotes microtubule assembly and controls
centriolar length (298). CPAP and CP110 have opposing roles in the control of centriolar
length (Schmidt, 2009, Current Biology). Unusually long centrioles can form due to
overexpression of CPAP or by a reduction in the levels of CP110 (339). The growing
microtubule triplets are linked to the SAS6 cartwheel via Cep135 (297). Centrin and hPOC5
localise to the distal lumen of centrioles and are essential for elongation at the distal end

(340).

Along with procentriolar elongation, another event that occurs is the expansion of the PCM.
This is necessary so that each of the two centrosomes can function as an independent MTOC.
This includes the recruitment of y-Tubulin Ring Complexes (y-TURCSs), which nucleate
microtubules. In cultured vertebrate cells, PLK1 phosphorylates Pericentrin to initiate the
centrosomal recruitment of several PCM proteins such as Aurora A and Cep192 (341). PLK1
phosphorylation of NEK9 leads to the phosphorylation of NEDD1 (also known as GCP-WD),

which induces the recruitment of y-tubulin to centrosomes at mitosis (342,343). CDK5
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regulatory subunit-associated protein 2 (CDK5RAP2), Pericentrin and CEP192 mediated
phosphorylation of NEDDI can recruit y-TURCs into the PCM (342). CEP192 is an
important activator of centrosomal Aurora A and helps to coordinate the feedback activation
of Aurora A and PLK1. PIk1 activity also recruits Cep215, a PCM protein, to the two
centrosomes (342). Aurora A kinase, in conjunction with Plk1, phosphorylates components of
the y-TURCs, thus making them competent for the recruitment of microtubules (341).
Experiments in C. elegans and D. melanogaster have demonstrated that loss of Aurora A can
lead to abnormalities in centrosome maturation, with a reduction in the accumulation of o-
tubulin and y-tubulin at the centrosome (344,345). Centriole maturation also involves the
acquisition of distal and sub distal appendages by the newly formed mother centriole. The
recruitment of the sub-distal appendage protein ODF2 is one of the steps of this process
(312). Ninein and Cepl170 also function as sub-distal appendages and bind microtubules
(346). Distal appendages such as Cep164, Cep89, Cep 83, FBF1 and SCLT1 are essential for

membrane docking and ciliogenesis (276)

4) Separation — The G1-G2 tether is made of proteins such as C-Napl (Cep250), rootletin,
Cep68 and LRRC45 (314,315,317,347-349). For the formation of a mitotic spindle, it is
essential that the G1-G2 tether connecting the two centrosomes be degraded. This is brought
about by the phosphorylation of C-NAP1 and rootletin by the NIMA related kinase, Nek2
(317). This phosphorylation leads to their displacement from the proximal end of the mother
centrioles (314). Plkl mediated degradation of Cep68, further displaces Cep215, a PCM

protein, from the centrosome, resulting in loss of the G1-G2 tether (349).

Once the G1-G2 tether has undergone dissolution, the two centrosomes have to be separated,
so as to form the mitotic spindle. This occurs primarily via the anti-parallel sliding action of
the plus-end directed motor protein, Eg5 (350,351). Inhibition of Eg5 results in the presence

of a monopolar spindle, with two centrosomes at a single pole (351). Additionally, proteins
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such as dynein, Lisl and CLIP-70, which are minus-end directed, contribute to spindle
formation by inducing microtubule sliding in the direction opposite to that of Eg5. The
combined action of these motor proteins and their binding partners promotes migration of the
centrosomes to the two poles (352,353). Once the centrosomes are separated, they migrate to

each end of the cell and form the mitotic spindle.

Fate of the centrioles upon exit from the cell cycle.

In post mitotic cells that have exited the cell cycle, formation of the primary cilium occurs.
This is a single cilium that is observed only in resting or GO cells. It is essential for sensing
extracellular growth stimuli and is involved in many crucial pathways such as Hedgehog,
Whnt and platelet- derived growth factor (PDGF) signaling. In a quiescent cell, the two
centrioles in a centrosome can migrate to the plasma membrane, where the mother centriole —
also referred to as the basal body — docks below the plasma membrane via the fusion of
vesicles that cap the distal appendages [reviewed in (354)]. Then, lengthening of nine MT
doublets of the mother centriole occurs and they form the nine doublets of the axoneme
respectively. Centrioles are also required to begin the formation of motile cilia and flagella
[reviewed in (355,356)]. Here, there are two additional centrally located MTs that form in the

transition zone.

1.4.5 Functions of the centrosome.

Centrosomes can bind more than 100 regulatory proteins, which implies its functions in a

several cellular processes.

1.4.5.1 Microtubule organization.

The cellular functions of microtubules, such an intracellular transport and the formation of a

mitotic spindle, depend on microtubules being arranged in an ordered array. To assemble and
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re-organize these arrays during different phases of the cell cycle or for different processes,
cells need to be able to control their growth. This control is achieved by tethering them at an
organizing centre, the predominant of which in a mammalian cell is the centrosome. The
main microtubule nucleator is the y-TURC, which forms a template for microtubule assembly
[reviewed in (357)]. y-TURCs present at the centrosome anchor the minus end of
microtubules. The MTOC function of the centrosome is most apparent in its role in formation
of the spindle. The number of centrosomes in a cell determines how many poles a mitotic
spindle can have. The presence of less than two centrosomes in a mitotic cell leads to mitotic
delay and a high rate of chromosomal instability (358). Centrosome amplification leads to the
organization of a multipolar spindle, which is deleterious to normal cells (359,360). Mice
overexpressing Plk4 in the developing CNS displayed centrosome amplification and a
multipolar mitosis which results in aneuploidy and microcephaly (361). However,
transformed cells are able to bypass the massive aneuploidy brought about by multiple

centrosomes, by clustering their centrosomes and forming a pseudo-bipolar spindle (360).

1.4.5.2 Regulation of the cell cycle.

Due to the coupling of the cell cycle with the centrosome cycle, there are several cell cycle
proteins that play a role in the centrosome cycle and vice versa. It has been demonstrated in
Chinese Hamster Ovary (CHO) cells that Cyclin E and cyclin A contain a centrosomal
localisation sequence (CLS) and that expression of a cyclin E mutant with a deletion of the
CLS results in an inhibition of DNA replication (362). Expression of a mutant cyclin E that
harboured the CLS but was unable to bind to CDK2 accelerated S phase entry (362). The
accelerated S-phase entry is due to the centrosomal recruitment of MCM5 and Orcl via the
cyclin A CLS (363). Experiments in C. elegans embryos have shown that Aurora A at the
centrosome controls nuclear envelope breakdown, which might occur due to its effect on the

actomyosin networks (364-366). Further, it has also been demonstrated that the cyclin B-
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CDK1 complex is first phosphorylated by PIk1 at the centrosome during prophase (367). The

centrosome thus acts as an integration point for several cell cycle processes.
1.4.5.3 Immune response.

Centrosomes have been observed to move to the contact site of immune cell function. When
immune cells such as T-cell lymphocytes first contact an antigen, the centrosome is
positioned at that site. This re-orients the organization of the microtubule and its associated
proteins. Due to the microtubules being aligned at the point of contact, microtubule
associated organelles and secretory cytolytic vesicles can now access secretory sites and the
cell is able to give rise to an immune reaction. Upon movement of the centrosome form the
site of contact, the microtubules are re-organized again and the immune reaction is halted
[reviewed in (273)]. The centrosome plays an important role in the initiation of an immune

response.
1.4.5.4 Cellular signaling.

Several proteins involved in the DNA damage response, such as p53, Chk1, Chk2, Brcal and
Brca2 localize to centrosomes, in addition to their cytoplasmic and / or nuclear localizations
[reviewed in (368)]. Centrin, a protein that is essential for procentriole biogenesis, interacts
with a core component of nucleotide excision repair (NER), Xeroderma Pigmentosum group
C protein, (369). A knockout of all Centrin isoforms in chicken DT40 cells resulted in delays
in NER, but no discernible centrosome phenotype (370). A single nucleotide change in the
Pericentrin gene (PCNT®%%*T) causes Seckel syndrome and results in its loss from the
centrosome (371,372). Cells isolated from patients with Seckel syndrome also exhibit a
defect in ATR checkpoint signalling (371,372). Similarly, a knockdown of Cepl64 in

Zebrafish was shown to cause nephronophthisis-related ciliopathies and dysregulated DDR
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(373). All these reports elucidate the role of the centrosome as a cellular signalling

integration point.

1.4.5.5 Actin organization.

Microtubules and actin are two of the main cytoskeletal elements in a cell regulating cellular
architecture. The centrosome is the fundamental MTOC in a cell. However, several studies
suggest that it plays a role in organizing the actin network too. Centrosomes purified from the
human T-lymphocyte Jurkat cell line could generate large radial arrays of actin filaments,
when seeded on glass coverslips in the presence of 1 uM purified actin monomers (374). It
was further demonstrated that this nucleation was modulated by PCM1 via its recruitment of
the nucleation promoting factor WASH and Arp2/3 complex at the centrosome (374).
Centrosome-associated Arp2/3 locally concentrates F-actin in resting lymphocytes (375).
This is essential for tethering the centrosome to the nucleus. Upon lymphocyte activation,
Arp2/3 levels at the centrosome decrease, which releases the centrosome from being bound to
the centrosome so that it can migrate to the synapse (375). An inverse co-relation exists
between actin and microtubule nucleation at the centrosome (376). The centrosome thus has a

dual role in organizing the cytoskeleton.

1.4.5.6 Cell migration and polarity.

In wound healing assays using fibroblast monolayers, the centrosome is localized between
the nucleus and the leading edge of cells (377). Due to this, both the Golgi complex and the
endocytic recycling compartment are positioned between the nucleus and the leading edge
(377). Cells lining the tissue periphery lose cell-cell contact to be able to migrate during
epithelial-to-mesenchymal transition (EMT). This involves a change in polarity from apico-
basal to migratory front and rear end polarity. In developing mouse embryos, cultured 3D cell

aggregates and micro-patterned cell doublets, the change in polarity involves the movement
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of centrosomes from their off-centered position next to intercellular junctions, toward
extracellular matrix adhesions on the opposite side of the nucleus, results in the reversal of
internal polarity (378). This movement also included the disassembly of the microtubule

network (378).

1.4.5.7 Asymmetric cell division.

Asymmetric cell division is essential for the maintenance of a stem cell pool. One daughter
cell continues as the stem cell, whereas the other undergoes differentiation. It was first
demonstrated using Drosophila neuroblasts that there is a preference for centrosome
inheritance between the two daughter cells of a stem cell (379). When centrosomes split
in Drosophila neuroblasts, the younger centrosome is retained by the stem cells. The older
centrosome is inherited by the differentiating daughter cell and lacks PCM. This centrosome
migrates away to the other side of the cell before it begins rebuilding its PCM (379). This
inheritance pattern is cell-type specific, as in the case of Drosophila male germline stem cells,
the mother centriole is the one that is retained by the stem cell (380). The functional

consequences of these inheritance patterns are unknown.

1.4.6 Centrosomes and cancer

Deregulation of any step of the centrosome cycle can result in centrosome abnormalities.
These can be classified into two types — a) structural, and b) numerical. Both these

abnormalities can contribute to neoplastic progression.

The overexpression of Ninein like protein (NlIp) in MCF10A derived 3D acini can lead to
excessive cell proliferation and formation of defective acini (381). The overexpression of Nlp
results in a diffuse localization of E cadherin at adherens junctions (382). The adherens

junctions are thus, weak and lead to increased mechanical stress when a cell in the epithelial
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tissue enters mitosis (382). Also the microtubules in such cells are more stabilized (382).
When such a cell enters mitosis, due to the excessive mechanical stress, it buds out from the
original site and might become metastatic (382). In addition to the increased invasion,
structural alterations to the centrosome, could also lead to aneuploidy which often contributes

to tumour progression (383).

Copy number changes in centrosome number can occur due to centrosome over-duplication,
defects in cytokinesis or due to the de novo formation of centrosomes. Several tumour cells
show centrosome amplification, suggesting that the change in centrosome number could drive
aneuploidy and thus, tumour progression (384). However, it is only recently that the causative
link between centrosome amplification and tumour progression has been established. The
first evidence was derived from experiments in Drosophila. No spontaneous tumours formed
in transgenic flies overexpressing PlIk4 and they were also viable (385). However, in a tissue
transplantation assay, brain tissue from flies overexpressing PlIk4 was transplanted into the
abdomen of WT hosts (385). It was observed that that a significant percentage of the hosts
developed tumours with multiple centrosomes and metastatic colonies (385). In a similar
transplantation assay, Castellanos et. al., screened for the ability of mutants of different
centrosomal proteins to affect tumour formation in Drosphila (386). They were able to
demonstrate that 2% of the WT hosts with wing discs from flies overexpressing Sak

transplanted into their abdomen could develop tumours (386).

Studies on Plk4 overexpression have shown significant centrosome amplification in the liver
and skin, but not in the lung or kidney (387). Despite the centrosome amplification, there was
no increase in spontaneous tumor formation or decreased survival compared to controls.
Decreasing p53 levels alone induced many tumors, but PIk4 overexpression did not enhance

the same (387). It was observed that there was an increase in the speed of tumour initiation in
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p53-/- mice with either tissue wide or only an epidermis specific overexpression of Plk4

(388,389).

Inversely, overexpression of PIk4 can initiate tumorigenesis, in a mouse intestinal neoplasia
model (390). In a recent study, widespread overexpression of PIk4 in mice demonstrated for
the first time that centrosome amplification can initiate tumourigenesis (390). Mice were
followed for more than 35 weeks post Plk4 overexpression and it was found that from 35
weeks of age, the mice exhibited a dramatic increase in the spontaneous formation of
lymphomas, squamous cell carcinomas, and sarcomas. Like many human tumours, these also
exhibited aneuploidy and chromosomal instability. There was also a reduction in the levels of
p53 and its target genes (390). These results suggest that centrosome amplification, in

conjunction with p53 inactivation over time, can result in tumour formation.

1.4.7 Centrosome clustering

Normal cells with centrosome amplification undergo a multipolar mitosis and eventual
apoptosis (391). A multi-polar mitosis in most tumour cells also leads to cell death, ostensibly
due to loss of genes that are absolutely required for cell viability. Experiments in a transgenic
Zebrafish line overexpressing Plk4 under a heat shock promoter demonstrate that
neuroepithelial cells harbouring centrosome amplification undergo apoptosis (392). Similarly
mice with centrosome amplification in the CNS due to conditional overexpression of Plk4
exhibit microcephaly, due to increased apoptosis (393). It is interesting to study how
transformed cells harbouring multiple centrosomes prevent the massive aneuploidy resulting
from multi-polar mitoses. In order to tolerate the burden of extra centrosomes, transformed
cells have developed a mechanism called clustering (391). In transformed cells with multiple
centrosomes, during mitosis, centrosomes are not organized in a multipolar spindle. in fact,

they migrate to and cluster at two poles leading to the formation of a pseudobipolar spindle
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during metaphase (360,385,394). This pseudobipolar spindle is less efficient at separating
chromosomes and contributes to errors in kinetochore-microtubule attachments, especially
the formation of merotelic attachments, which contributes to the presence of lagging
chromosomes and an increase in chromosome instability (CIN) (359,395). However, the CIN

is still at a low enough rate, that the tumor cells survive and give rise to neoplastic clones.

Multiple studies have attempted to identify gene products/molecular pathways required for
centrosome clustering. This could lead to the identification of small molecules that inhibit
clustering, as this might result in multi-polar mitoses resulting in killing of tumour cells. A
screen developed by Kwon et al attempted to identify genes required for clustering using
Drosophila S2 cells (360). siRNA mediated knockdown of the motor protein HSET,
induced the formation of multipolar spindles in human cancer cells harbouring multiple
centrosomes (360). A reduction in the levels of proteins that are essential for the Spindle
Assembly Checkpoint (SAC); Mad2, BubR1 (human Bubl), and CENP-E can also generate
multi-polar spindles in S2 cells (360). Several actin binding proteins were also identified in
these screens suggesting that disruption of actin dynamics could inhibit centrosome clustering
(360,396). This is consistent with recent data from the Godinho laboratory, which suggests
that normal cells are unable to cluster centrosomes due to the presence of E-cadherin, which

confers less actin contractility on these cells (397).

Proteins that are a part of the chromosomal passenger complex (CPC), proteins of the Ndc80
complex, Cepl164, and Aurora B, which all contribute to spindle tension, are also required for
centrosome clustering, as shown in a genome wide RNA. screen in UPCI:SCC114, a human

Oral Squamous Cell Carcinoma (OSCC) cell line (396). Depletion of Aurora A in a panel of

82



Acute Myeloid Leukemia cell lines also results in formation of a multipolar spindle and non-

proliferation (398).

Several drugs that bind to cytoskeletal elements, such as Griseofulvin, CP-673451 and
crenolanib, inhibit clustering demonstrating the contribution of the cytoskeleton towards
clustering (399,400). CCBO02, a drug that inhibits the interaction of CPAP and tubulin
activates extra centrosomes to undergo increased PCM expansion (299). This causes cells to
undergo revert from a clustered mitosis to a multipolar one, prolonging mitosis, and eventual
cell death. 3D-organotypic invasion assays using tyrosine kinase inhibitor (TKI)-resistant

EGFR-mutant non-small-cell lung cancers show that CCBO02 has anti-invasive activity (299).

Loss of 14-3-3y leads to premature CDC25C activation and hence cdkl activation, which
leads to an increase in centrosome number. This is accompanied by an increase in the number
of cells with pseudo-bipolar spindles with passage, an increase in aneuploidy and tumour
formation (326). However, expression of a CDC25C S216A mutant, that is deficient for 14-3-
3 binding, in 14-3-3y knockdown cells, leads to a reversal of the clustering phenotype and a
decrease in tumour growth and cell viability, presumably due to prematurely high levels of
cdkl activity in interphase and mitosis (326). All of these results suggest that centrosome

clustering is a complex phenotype that requires multiple cellular pathways.
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2. Aims and objectives

- Does 14-3-3 binding to centrosomal proteins inhibit centrosome licensing and
duplication?

- How do 14-3-3 proteins regulate centrosome clustering?
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3. Materials and methods

3.1 Plasmids and constructs

The pGEXAT1 14-3-3y WT plasmid has been described previously (401). pcDNA3 Plk4
(Sak) wt (Nigg HR9) was a gift from Erich Nigg (Addgene plasmid #41165;

http://n2t.net/addgene:41165: RRID:Addgene_41165). Cdk2-HA was a gift from Sander van

den Heuvel (Addgene plasmid #1884; http://n2t.net/addgene:1884; RRID:Addgene_1884).

The CDK1 WT and CDK1 AF constructs have been described previously (326). pSLIK CA
ROCK2 was a gift from Sanjay Kumar (Addgene plasmid #84649;

http://n2t.net/addgene:84649; RRID:Addgene_84649). pEGFPCentrin2 (Nigg UK185) was a

gift from Erich Nigg (Addgene plasmid #41147; http://n2t.net/addgene:41147;

RRID:Addgene _41147).

All the primers used in generating the following constructs are given in Table 3.1. All the
DNA constructs described in this section were sequenced before being used for expression

and other studies. All the vector maps were created using SnapGene Viewer software.

Name of gene Sequence

Centrin2 5’ Xho | CTCGAGCTATGGCCTCCAACTTTAAGAAGGCA

Centrin2 C1 3° TTAAGCTTTTCAAAGCCCAGGGCCCT

Centrin2 C2 3’ TTAGGATCCCTCAGACATTTTCTGGGTCATCAC

Centrin2 C3 3’ TTAGGATCCGTTCTCACCCAACTCCTTGG

Centrin2 C4 3° GGATCCTTAATAGAGGCTGGTCTTTTTCA

Centrin2 64 5° CTCGAGCTATGCCCAAGAAAGAAGAAATTAAGA
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Centrin2 37 3’

GGGATCCAAAAGCTTCCCGGATCTC

Centrin2 47 3°

TGGATCCGGTGCCAGTTCCATCCGC

Centrin2 28 5°

GGCTCGAGATGGAGCAAAAGCAGGAG

Centrin2 38 5°

CTCGAGCTATGGATCTTTTCGATGCGGAT

Centrin2 48 5°

CTCGAGCTATGATAGATGTTAAAGAACTGA

Centrin2 D39 5’

GCAGGAGATCCGGGAAGCTTTTGCGCTTTTCGATGCGGATGGA
ACTGGCA

Centrin2 D39 3’

TGCCAGTTCCATCCGCATCGAAAAGCGCCAAAAGCTTCCCGGA
TCTCCTGC

Centrin2 T45A 5° | GATCTTTTCGATGCGGATGGCGCCGGCACCATAGATGTTAAAG
AACTG

Centrin2 T45A 3> | CAGTTCTTTAACATCTATGGTGCCGGCGCCATCCGCATCGAAA
AGATC

Centrin2 T47A 5> | CTTTTCGATGCGGATGGAACTGGCGCCATAGATGTTAAAGAAC
TGAAG

Centrin2 T47A 3> | CTTCAGTTCTTTAACATCTATGGCGCCAGTTCCATCCGCATCGA
AAAG

Centrin2 ATCTTTTCGATGCGGATGGCGCCGGCGCCATAGATGTTAAAGA

T45/T47A'5° ACTGAAG

Centrin2 CTTCAGTTCTTTAACATCTATGGCGCCGGCGCCATCCGCATCG

T45/T47A 3° AAAAGAT

NPMI1 Xho 5’ CTCGAGATGGAAGATTCGATGGACATG

NPMI1 EcoRI3” | AAAGAGACTTCCTCCACTGC

NPMI1 S48A'5° GTTATCTTTAAGAACGGTAGCGCTCGGGGCTGGTGCAAAGGAT

GAGTTGC

88




NPMI1 S48A 3° GCAACTCATCCTTTGCACCAGCCCCGAGCGCTACCGTTCTTAA
AGATAAC

NPM1 S218A 5> | GAAAAGACTCAAAACCATCAGCAACACCAAGATCTAAAGGAC
AAGAATCC

NPM1 S218A 3> | GGATTCTTGTCCTTTAGATCTTGGTGTTGCTGATGGTTTTGAGT
CTTTTC

NPMI1 S293A5° | AGAGGCTATTCAAGAGCTCTGGCAGTGGAGGAAGGCTCTTTA
A

NPMI1 S293A 3° | TTAAAGAGCCTTCCTCCACTGCCAGAGCTCTTGAATAGCCTCT

NPMI1 S48E 5° CCAGTTATCTTTAAGAACGGTCGAGCTCGGGGCTGGTGCAAAG
GATGAGT

NPMI1 S48E 3’ ACTCATCCTTTGCACCAGCCCCGAGCTCGACCGTTCTTAAAGA

TAACTGG

14-3-3y EcoRI 5’

GGAATTCATGGTGGACCGCGAGC

14-3-3y Xhol 3

TCCTCGAGATTGTTGCCTTCGCCGC

14-3-3y DI29A
5’

GAAGATGAAAGGGGCCTACTATCGATACCTGGCTGAAGTGGC

14-3-3y DI29A
5 b

GCCACTTCAGCCAGGTATCGATAGTAGGCCCCTTTCATCTTC

14-3-3y  E136A
5 b

TACTACCGCTACCTGGCTGCAGTGGCCACCGGTGAGAAAAGG
GCGACGGT

14-3-3y E136A
3 b

ACCGTCGCCCTTTTCTCACCGGTGGCCACTGCAGCCAGGTAGC
GGTAGTA

14-3-3y R56A 5’

AAGAACGTTGTGGGGGCAGCAAGATCTTCCTGGAGGGTC

14-3-3y R56A 3’

GACCCTCCAGGAAGATCTTGCTGCCCCCACAACGTTCTT
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y-tubulin 5’

CTCGAGATGCCGAGGGAAATCA

y-tubulin G3 3’ GAAGCTTCTGCTCCTGGGTGCCC
y-tubulin G2 3° TAAGCTTCTGGCGACAGGTTCTCT
y-tubulin G1 3° CAGAAGCTTGATCTGGGAGAAGGATGG

CDK2 T14 SFO
5,

GTGGAAAAGATCGGAGAGGGCGCCTACGGAGTTGTGTACAAA
GCCAGAAA

CDK2 T14 SFO
3,

TTTCTGGCTTTGTACACAACTCCGTAGGCGCCCTCTCCGATCTT
TTCCAC

CDK2Y15 BSRG
5,

AAAAGATCGGAGAGGGCACGTTCGGAGTTGTGTAAAAAGCCA
GAAACAAG

CDK2Y15 BSRG
3,

CTTGTTTCTGGCTTTGTTCACAACTCCGAACGTGCCCTCTCCGA
TCTTTT

GCP2 5° CCTCGAGATGAGTGAATTTCGGATTCA

GCP2 GC3 3° GAAGCTTCTGTGCGGTGACTGCG

GCP2 GC2 3’ GCAAGCTTCATGCAGTCCTTCAGGCAG

GCP2 GC1 3’ TAAAGCTTGTCCTCCACCACGGCCG

14-3-3y shRNA | CCGGAGGGTCATCAGTAGCATTGAAAGTTCTCTTCAATGCTAC
5 TGATGACCCTCCTTTTTTC

14-3-3y shRNA | TCGAGAAAAAAGGAGGGTCATCAGTAGCATTGAAGAGAACTT

3’

TCAATGCTACTGATGACCCT

Table 3.1 Oligonucleotides used.

3.1.1 Generation of deletion constructs of Centrin2.

To generate the C-terminal and N terminal deletion constructs of Centrin2, we amplified the
different sequences from the EGFP-Centrin2 construct (fig. 3.1) (402). Forward primers with

an Xhol site and reverse primers with a BamHI site were used to amplify the various

90



sequences and clone them into a TA vector. Then, using Xhol and BamHI restriction sites,
these sequences were cloned into an EGFP-C1 vector. For the N terminal deletions, the

forward primer included a sequence encoding the start codon, AUG.

pPEGFP Centrin2 (Nigg UK185)
5229 bp

Q7
Ny

by 0
3000

,
0
A, O
/amoter o’ @

X
K
W&

Fig. 3.1 Map of the EGFP-Centrin2 construct.

3.1.2 Site Directed Mutagenesis to generate the point mutants of Centrin2.

To discover possible 14-3-3 binding sites on Centrin2, a web based prediction server was
used (403).Two putative sites were identified; T45 and T47. These two residues were altered
to generate T45A, T47A and T4547A. Mutation of T45A would lead to the generation of a
Nael site and mutation of T47A would generate a Sfol site. We also hypothesized that a D39
residue might function as a phosphomimetic 14-3-3 binding site and mutated it to Ala, to

generate a Hhal site. The EGFP-Centrin2 construct was used as the template.

PCR components Forward Mix (uL) Reverse Mix (uL)

HF Buffer 5X 5.0 5.0
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Fwd primer (25 pmol) 1.0 0.0

Rev primer (25 pmol) 0.0 1.0

dNTPs 10mM 0.5 0.5

DMSO (100%) 0.75 0.75

Template (100 ng/pL) 1.0 1.0

Phusion polymerase (2U/pL) (Thermo Fisher 0.25 0.25
Scientific)

Milli Q 17.0 17.0

Table 3.2 List of components used in making sited directed mutagenesis (SDM) PCR mix.

SDM PCR program:

1) Initial denaturation at 95°C for 5 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing at 50°C for 1 minute.

4) Extension at 72°C for 4 minutes. (2kb/min)

5) Repeat from step 2 for 9 cycles.

6) Hold at 4°C forever.

For the first 9 cycles, the forward and reverse mixes were incubated in different tubes. After 9
cycles, forward and reverse PCR mixtures were mixed and the above PCR program was
repeated. A control reaction was also set up, using only the template DNA and MQ. The final
PCR product and the control were then digested with Dpnl (NEB) to degrade template DNA
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(methylated DNA). After digestion with Dpnl, the PCR product was used for transforming
competent DH5a cells. The transformants were grown at 37°C. The clones obtained were

screened using the respective restriction enzymes.

3.1.3. Generation of deletion constructs of y-tubulin.

To generate the C-terminal deletion constructs of y-tubulin, we amplified the different
sequences from the EGFP-y-tubulin construct. Forward primers with an Xhol site and reverse
primers with a Hindll1 site were used to amplify the various sequences and clone them into a
TA vector. Then, using Xhol and Hindlll restriction sites, these sequences were cloned into

an ECFP-N1 vector.

3.1.4 Generation of deletion constructs of GCP2.

To generate the C-terminal deletion constructs of GCP2, we amplified the different sequences
from the FLAG-GCP2. Forward primers with an Xhol site and reverse primers with a HindllI
site were used to amplify the various sequences and clone them into a TA vector. Then, using

Xhol and HindlIll restriction sites, these sequences were cloned into an ECFP-N1 vector.

3.1.5 Site Directed Mutagenesis to generate the point mutants of 14-3-3y.

For the generation of point mutants of 14-3-3y, an shRNA resistant WT 14-3-3y cDNA (234)
was amplified and cloned into pCMV mOrange digested with EcoRI and Xhol (New England
Biolabs) (fig. 3.2). A web based prediction server was used to identify possible 14-3-3
binding sites (403). The following mutant versions of 14-3-3y, D129A, E136A, R56A,
R56AD129A, R56AE136A, D129AE136A and R56AD129AE136A were generated by site
directed mutagenesis (SDM) (404). For D129A, the SDM primers were designed so that the
D129A mutation would lead to the generation of a Clal site. For E136A, mutation would lead

to the generation of an Agel site. For R56A, mutation would generate a Bglll site. The PCR
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reaction was the same as that described in table 3.2. The final PCR product and the control

were then digested with Dpnl (NEB) to degrade template DNA (methylated DNA). After

digestion with Dpnl, the PCR product was used for transforming competent DH5a cells. The

transformants were grown at 37°C. The clones obtained were screened using the respective

restriction enzymes.

mOrange gamma
4992 bp

Replace

EcoRI (627) — Xhol (663}

INSERT|
FRAGMENTl

PCMV-MCS-mOrange
4281 bp

Insert
EcoRI (653) — Xhol (140D)

'_:f.lf B \ EcoR1

Xhol

TA gamma
3644 bp

t

TA CLONING | psert at
1

1

N < <>
lacZa
CAP binding site AmpR promoter

AmpR |flon MCS

pTZS7R/T
2887 bp

Insert
2..758

Insert
757 bp

Amplify 1 .. 741 using |
PCR gamma fwd EcoRI
gamma rev Xhol

14-3-3 gamma
744 bp

Fig. 3.2 Cloning strategy for generating mOrange tagged 14-3-3y.
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3.1.6. CFP tagged NPML1.

In order to generate CFP tagged WT NPM1, FLAG tagged NPM1 was used. Using a forward
primer with an Xhol site and a reverse primer with a BamHII site, NPM1 was first subcloned
into a TA vector. Then, we digested the positive TA — NPM1 clone with Xhol and BamHI to

excise the NPM1 fragment and clone it into the ECFP-N1 NPM1 construct (fig. 3.3).

XhoI

- EcoRI
CFP NPM1
G605 bp
INSERT
FRAGMENT | Replace Insert
¥hol (613) — EcoRI (629) Xhol {652} — EcoRI {1540)
¥hol
' EcoRI
Xhol
NS 1ac2®
\‘. .\a
EcoRI
PECFP-N1
4TI bp TA NPML
3763 bp
TA CLONING | nsert at Insert
1 2. 897
1
8 <o <> i BT
lacZo AmpR | fl orl MCS
CAP binding sibe AmpR promoter
Insert
BYE bp
pTZSTR/T
2EET bp

Amplify 1 .. 882 using |
PCR | npM1 FWD XHOL
NPM1 EcoRI REV

npmi 294
HES hp

Fig. 3.3 Cloning strategy for generating ECFP tagged NPML1.
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Reagent Volume (uL)
FLAG tagged NPM1 (100 ng/pL) 1.0
Forward primer (20pM) 1.0
Reverse primer (20pM) 1.0
Taq polymerase (NEB) 0.2
dNTPs (20mM) 0.5
MgCI2 (Fermentas) 1.5
DMSO 1.0
Buffer 10X (NEB) 2.0
MQ 11.8
Total 20.0

Table 3.3 List of components used in making PCR mix.

PCR program:

1) Initial denaturation at 95°C for 5 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing at 60°C for 1 minute.

4) Extension at 72°C for 1 minutes. (1 kb/min)

5) Repeat from step 2 for 29 cycles.
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6) Hold at 4°C forever.

3.1.7 Site Directed Mutagenesis to generate point mutants of NPML1.

For generating the point mutants of NPM1, the CFP tagged NPM1 was used as the template.
The following mutant versions of NPM1, S48A, S48E, S143A and S293A were generated.
The S48A mutation would generate an Agel site, S48E, a Sacl site, S293A, a Sacl site and
S143A, an Eagl site. The SDM PCR reaction components were the same as that given in
table 3.2. The PCR program was the same as that described in section 3.1.2, except that the

annealing was performed at 55°C.

3.1.8 Generation of HA-tagged 14-3-3y mutants.

The 14-3-3y mutants were cloned downstream of the HA epitope tag in pPCDNA3 HA 14-3-
3y (152) by replacing the WT construct using BamHI and Xhol (New England Biolabs). All

primer sequences are listed in table 1.

3.1.9 Generation of HA CDK2 AF.

In order to generate HA-CDK2 AF, HA-CDK2 was used as the template (fig. 3.4). To
convert HA-CDK2 WT to HA-CDK2 AF, SDM was performed using the same components
as that given in table 3.2. T14 and Y15 in the WT sequence were converted to Ala and Phe
respectively. Mutation of T14A would generate a Sfol site and mutation of Y15F would
generate a Bsrgl site. The PCR program was the same as that described in section 3.1.2,
except that the annealing was performed at 60 °C. The final PCR product and the control
were then digested with Dpnl (NEB) to degrade template DNA (methylated DNA). After
digestion with Dpnl, the PCR product was used for transforming competent DH5a cells. The
transformants were grown at 37°C. The clones obtained were screened using the respective

restriction enzymes.
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Fig. 3.4 Map of the CDK2-HA construct.

3.1.10 Cloning of 14-3-3y shRNA into pLKO.1 Hygro vector

In order to generate a knockdown of 14-3-3y in HeLa cells, we needed to clone the shRNA
targeting 14-3-3y into a pLKO.l Hygro vector. For this purpose, we used previously
validated sShRNA sequences (234). The shRNA sequences contained an Agel site in the
forward primer and an EcoRlI site in the reverse primer. In the pLKO.1 Hygro vector, these
two sites are at a distance of 24 bps, which would make it difficult to screen for positive
clones. Therefore, we first excised RFP from the pTRIPz vector using Agel and EcoRI
restriction enzymes and ligated it with the pLKO.1 Hygro vector also digested with the same
enzymes. The pLKO.1 Hygro-RFP clones were then digested with Agel and EcoRI and the
pLKO.1 Hygro backbone ligated with the shRNA. Positive clones would have a fragment of

~65 bps and negative clones would have a fragment of ~700 bps (the size of RFP).

98



PLKO.1 Hygro RFP
8352 bp

INSERT

FRAGMENT
Agel (2366) — EcoRI (2390) Agel (2992) — EcoRI (3829)

Replace ]Insert

pPLKO.1 hygro pTRIPZ™
7539 bp 13,320 bp

Fig. 3.5 Cloning strategy to generate pLKO.1 Hygro vector containing shRNA targeting

14-3-3y.

For annealing of the sShRNA,

5 uL Forward oligo (20pmols)

5 uL Reverse oligo (20pmols)

5 uL 10x NEB buffer 2

to 35 uL MQ

The above mixture was incubated at 95°C for 4 minutes followed by incubation at 70°C for
10 minutes and the reaction was gradually cooled to room temperature. 2ul of annealed
oligonucleotides mix were phosphorylated by T4 Polynucleotide Kinase (T4 PNK) enzyme at

37°C. After phosphorylation, T4 PNK enzyme was inactivated by incubating the reaction
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mixture at 70°C for 10 minutes. After heat inactivation, ShRNA was ligated to the Agel and
EcoRI digested vector using T4 DNA ligase (NEB) at 16°C for 16 hours. The ligation
mixture was incubated at 65°C for 10 minutes to heat inactivate T4 DNA ligase and then
used for transforming DHS5a competent cells. All the lentiviral vector transformants were

grown at 30°C to avoid recombination.

3.1.11 Generation of the pcDNA3.1-H2B-mCherry-IRES-y-tubulin GFP construct.

In order to generate this construct, initially the IRES sequence was amplified from the TRIPz
vector using forward primers containing a BamHI site and reverse primers containing an
EcoRl site. This fragment was first sub-cloned into a TA vector and then inserted into the
pcDNAS3.1 Puro vector using BamHI and EcoRI restriction enzymes. Then H2B-mCherry
was amplified from the genomic DNA of the HeLa Kyoto EGFP-a-tubulin/H2B-mCherry
cell line (405). This fragment was also sub-cloned into a TA vector. Positive clones were
digested with Nhel and Kpnl and cloned into the pcDNA3.1 IRES clone. Further, y-tubulin
GFP was amplified from a y-tubulin GFP plasmid and sub-cloned into a TA vector. Positive
clones were digested using EcoRV and Notl and the resulting fragment was cloned into the
pcDNAS3.1-H2B-mCherry-IRES construct (fig. 3.5). Components of the PCR mix are given

in table 3.4.
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Fig. 3.6 Cloning strategy for generating pcDNA3.1 H2B-mCherry-IRES-y-tubulin-GFP.

Reagent Volume (uL)
Template (100 ng/pL) 1.0
Forward primer (20pM) 1.0
Reverse primer (20pM) 1.0
Taq polymerase (NEB) 0.2
dNTPs (20mM) 0.5
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MgCI2 (Fermentas) 1.5

Buffer 10X (NEB) 2.0
MQ 11.8
Total 20.0

Table 3.4 List of components used in making PCR mix.

PCR program:

1) Initial denaturation at 95°C for 5 minutes.

2) Denaturation at 95°C for 1 minute.

3) Annealing for 1 minute at

- 52°C for IRES

- 55°C for H2B-mCherry

- 53°C for y-tubulin-GFP

4) Extension at 72°C for

- 50 secs for IRES (1 kb/min)

- 1 minute 20 secs for H2B-mCherry

- 2 minutes 20 secs for y-tubulin-GFP

5) Repeat from step 2 for 29 cycles.

6) Hold at 4°C forever.
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3.1.12 Common reagents used for cloning

3.1.12.1 Luria Bertoni (LB) media

LB is required for optimal bacterial growth. For preparing 1 litre of LB media, the reagents

required are:

Component Volume or Amount
Tryptone (Himedia) 10g
Yeast extract (Himedia) 50
NaCl 10¢
TrispH7.51M 10 mL
MQ Make volumeto 1 L

Table 3.5 Composition of LB media

In order to make LB agar, agar powder (Himedia) was added — 20 g/L. The media was

autoclaved and used.

3.1.12.2 Antibiotics

Antibiotic Stock concentration Final concentration

Ampicillin 100 mg/mL 100 pg/mL

Kanamycin 50 mg/mL 50 pg/mL
Zeocin 100 mg/mL 25 pg/mL

Table 3.6. Antibiotics used for selection
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Antibiotics were added to the LB media for selection of bacteria harbouring the plasmid of

interest.

3.2 Cell lines and transfection

Human colorectal carcinoma cell line, HCT116 (ATCC CCL-247), Human immortalized
keratinocyte cell line, HaCaT (RRID:CVCL_0038) (406) and Human embryonic kidney cell
line, HEK293 (ATCC CRL-1573), were cultured in Dulbecco’s Modified Eagles Medium
(GIBCO), as described previously (407). The media was supplemented with 10% Fetal
Bovine Serum (FBS) (GIBCO), 100 U Penicillin, 100ug/ml of Streptomycin and 2ug/ml of
Amphotericin B (407-409). The HCT116 derived vector control, 14-3-3y knockdown and 14-
3-3¢ knockdown clones were maintained in a selection media containing 5ug/ml of

Blasticidin.

The different methods of DNA transfection used in this study are described below:

1. Lipofectamine LTX (Invitrogen) transfection method:

Diameter of the | DMEM(-FBS, - | Plasmid DNA Plus Reagent Lipofectamine
] Antibiotics) (uL)
tissue culture (1 pg/nl) (nL) LTX (uL)

L
dish (L)

35 mm 190.0 2.0 2.0 5.0

60 mm 480.0 5.0 5.0 12.5

100 mm 930.0 15.0 15.0 40.0
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Table 3.7 A table describing the different components used in making DNA :
Lipofectamine LTX transfection mix.

Cells were at ~60-70% confluency. One — four hours before transfection, the culture media
was changed to DMEM (+FBS, -Antibiotics). For transfection, the DNA was added to
DMEM (-FBS, - Antibiotics) in an eppendorf. The mixture was resuspended and PLUS
reagent was added and mixed again. This mix was incubated at room temperature for 5
minutes, and then Lipofectamine LTX was added. The transfection mix was incubated at
room temperature for 30 minutes before adding this transfection mix in a dropwise manner to
the cells. After adding transfection mix cells were incubated at 37°C with 5% CO2. 16 hours
post transfection, cells were washed with 1x PBS and DMEM + 10% FBS with antibiotics

was added.

2. PEI (Polysciences, Inc.) transfection method:

Diameter of the DMEM Plasmid DNA PEI (pL)
tissue culture dish L (1p/pL)
(-FBS, -Antibiotics)
(nL)
35 mm 190.0 2.5 7.5
60 mm 480.0 5.0 15.0
100 mm 940.0 15.0 45.0

Table 3.8: A table describing different components used for making DNA:PEI transfection

mix.
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Confluency of the cells should be around 60-70% for transfection and cells should be fed
with DMEM + 10% FBS medium 1-4 hours before adding transfection mix. Incubate the

transfection mix at room temperature for 30 minutes before adding dropwise to the cells.

After adding transfection mix cells were incubated at 37°C with 5% CO2. 16 hours post
transfection, cells were washed with 1x PBS and DMEM + 10% FBS with antibiotics was

added.

3.3 Antibodies and Western blotting

Cell extracts were prepared using 1X sample buffer (Table 3.9) and protein concentration was
determined using Folin-Lowry’s method of protein estimation. 50 to 100 pg of protein was
resolved on a 10% resolving polyacrylamide gel (table 3.10). Proteins on the SDS-PAGE gel
were transferred to nitrocellulose membranes of 0.45 um pore size (MDI) in a wet transfer
apparatus (Bio-Rad) using 100 constant volts for 1 hour for a minigel and 55 constant volts
for 3 hours for a maxi gel (table 3.11). Depending on the antibody being used, membranes
were incubated overnight with the primary antibody at 4°C or for 2 hours at room
temperature. Post incubation in primary antibody, membranes were washed thrice with TBS-
T for 10 minutes each. Membranes were incubated with the secondary HRP antibody for 1
hour at room temperature. Membranes were washed thrice with TBS-T for 10 minutes each.
Membranes were flooded with either PicowWest (Thermoscientific) or Clarity (Bio-Rad)
Western blot chemiluminescent substrates and the signal captured onto X-ray films (Kodak)
or a Bio-Rad gel-doc system. For Western blotting, the details of the different antibodies used

are given in Table 3.12.

Components Stock concentration | Volume

Tris pH 6.8 1.0 M 500 uL
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Glycerol 100% 1.0 mL
Sodium Dodecyl Sulphate 10% 2.0 mL
Distilled water 6.5 mL
Table 3.9 Composition of 1X loading buffer.
Component Final concentration Volume
Tris base 250 mM 309
Glycine 25M 187.7 g
SDS 10% 10 g
MQ Make up volume to 1L

Table 3.10 Composition of 1X running buffer

Component Final amount
Tris base 12.1¢g
Glycine 57649
10% SDS 4 mL
Methanol 800 mL
RO water Make volume upto 4 L

Table 3.11 Composition of transfer buffer
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Antibody Cat.no. Incubation Dilution
conditions
14-3-3y Abcam ab137106 4°C O/N 1:500
14-3-3y Enzo Life Sciences 4°C O/N 1:500
CG31
[-actin Sigma A5316 4°C O/N 1:2500
GFP Clontech 632375 4°C O/N 1:15000
NPM1 Invitrogen 325200 4°C O/N 1:2000
Phospho-T199 Abcam ab81551 4°C O/N 1:2000
ROCK2 Santacruz sc-398519 4°C O/N 1:200
Phospho-MLC 2 Cell signaling 3671 4°C O/N 1:1000
FLAG Sigma F-1804 4°C O/N 1:500
HA 12CAb5 hybridoma 4°C O/N 1:100
supernatant
CDK1 Cell Signalling 9116 4°C O/N 1:1000
14-3-3¢ Santacruz sc-1020 4°C O/N 1:500
Centrin2 Santacruz sc-27793-R RT for 2 hours | 1:500
CDC25C Santacruz sc-327 RT for 2 hours | 1:500
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y-tubulin Santacruz sc-17787 4°C O/N 1:1000

GCP2 Santacruz sc-390116 4°C O/N 1:500

Cepl70 Invitrogen 41-3200 4°C O/N 1:500
Aurora A Invitrogen 458900 4°C O/N 1:1000
Phospho-T288 Aurora A Cell signaling 3079 4°C O/N 1:1000
Sas-6 (298) 4°C O/N 1:3000

myc 9E10 hybridoma 4°C O/N 1:100

supernatant

Table 3.12 Antibodies used for Western Blotting.

These antibodies were diluted in 1% BSA solution in TBS-T containing 0.2% Sodium Azide.

The membrane was blocking using 5% milk in TBS-T. The composition of TBS-T is given in

Table 3.13.
Components Stock concentration Volume
Sodium Chloride 25M 60 mL
TRIS pH 8.0 1.0M 10 mL
Tween-20 100% 1mL
DW 929 mL

Table 3.13 Composition of TBS-T.
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The secondary goat anti-mouse HRP (Pierce) and goat anti-rabbit HRP (Pierce) antibodies
were used at a dilution of 1:2500 for Western blots. The secondary antibodies were diluted in

2.5% milk in TBST containing 1% goat serum.

3.4 Immunofluorescence

For immunofluorescence analysis, cells were seeded on 22 mm coverslips (table 3.14). Post-
transfection and synchronization, cells were fixed with 4% paraformaldehyde for 20 minutes
at room temperature. After fixation, the coverslips were washed twice with 1X PBS. Then,
permeabilization was carried out with 0.3% Triton X-100 in 0.1 NP-40 in 1X PBS for 17
minutes. Then the cells were washed carefully with 0.1% NP-40 in 1X PBS twice, taking care
to not remove the second wash. Primary antibodies were prepared in 3% BSA in 1X PBS +
0.1% NP-40 solution. 30uL of the primary antibody solution was added on a parafilm and the
coverslips were inverted onto the solution. These parafilms with the coverslips were then kept
inside a humidified chamber for 2 hours at room temperature in a humidity chamber.
Thereafter, the coverslips were inverted to have the cells facing upwards. The cells were then
washed with 1X PBS and 1X PBS + 0.1% NP-40 six times alternatively. Secondary
antibodies were prepared in 3% BSA in 1X PBS + 0.1% NP-40 solution. 30uL of the
secondary antibody solution was added on a parafilm and the coverslips were inverted onto
the solution. Cells were incubated in secondary antibody solution for one hour at room
temperature in the humidity chamber. Secondary antibodies (conjugated with Alexafluor-
568, Alexafluor-488 and Alexafluor-633 from Molecular probes, Invitrogen; dilution 1:100)
were used for immunofluorescence studies. After incubation, the cells were again washed
with 1X PBS and 1X PBS + 0.1% NP-40 six times alternatively. DNA was labeled using
DAPI and cells were mounted on glass slides using Vectashield (Vector Laboratories H-

1000). A list of the primary antibodies used is in table 3.16.
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DNA Amount of DNA transfected (ug)
14-3-3y-mOrange 1.0
EGFP-Centrin2 1.0
ECFP-NPM1 0.5
FLAG-NPM1 1.0
myc-Plk4 1.0
HA-CDK2 0.5
CDK1 0.5

Table 3.14 Amount of DNA used

Component Volume or amount
NaCl 89
KH2;PO4 0.2
KCI 0.2
Na;HPO4 2.18
MQ Make up volume to 1L

Table 3.15 Composition of 1X PBS

Antibody

Cat. No.

Dilution

Pericentrin

Abcam ab4448

1:1000
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o-tubulin Abcam ab7291, 1:200

Ninein Cloudclone 1:200
PAC657Hu01
Cep68 Abcam ab91455 1:200

Table 3.16 Antibodies used for immunofluorescence.

3.4.1 Assaying centrosome number

In order to count centrosome number, cells were synchronized in mitosis. To this end, cells
transfected with the various constructs were treated with Nocodazole (10uM #M1404 Sigma-
Aldrich) for 18 hours (410). Post 18 hours, the Nocodazole was washed off, with 3 washes
with1X PBS. These washes were given by adding the PBS dropwise with a 1 mL pipette.
After washing off Nocodazole, complete medium was added to the cells. Then, the cells were
further incubated for another 20 minutes. This was to ensure the recovery of cells from
mitotic arrest. The cells were then fixed and stained with antibodies against Pericentrin and
co-stained for DNA using DAPI. The number of centrosomes in 100 mitotic cells expressing
the respective constructs was determined in three independent experiments. Images were
acquired on an LSM 780 confocal microscope at a 630X magnification with a 4X digital
zoom. (.75 pum thin sections of the entire cell were captured. Images are represented as a

projection of the entire Z stack. Images were processed on the LSM software.

3.4.2 Spindle formation assay.

In order to assess the ability of cells expressing the various constructs to nucleate
microtubules, HCT116 cells were transfected with the respective constructs using PEI. 24
hours post transfection, media was changed and Nocodazole was added in order to
synchronize cells in mitosis. 18 hours post incubation in Nocodazole, cells were treated as
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described in section 3.4.2. Post fixation, cells were stained with antibodies against Pericentrin
and a-tubulin and costained for DNA using DAPI. Images were acquired on a Leica SP8
confocal microscope at a 630X magnification with a 4X digital zoom. 0.75 um thin sections
of the entire cell were captured. Images are represented as a projection of the entire Z stack.

Images were processed on the Leica LASX software.

3.4.3 Synchronization in G2 using RO3306.

To visualize the organization of the intercentrosomal linker protein Cep68 and to determine
the age of the two centrioles in cells expressing the different mOrange tagged 14-3-3y
constructs, cells needed to be arrested in G2. Therefore, we used the cdkl inhibitor, RO3306
(9uM #SMLO0569 Sigma-Aldrich) (411). HCT116 cells were co-transfected with each of the
mOrange tagged 14-3-3y constructs and EGFP-Centrin2. 24 hours post transfection, the
medium was changed and cells were treated with RO3306 for 24 hours (411). After
synchronization in mitosis, cells were fixed and stained using Cep68 or Ninein.
Synchronization was confirmed using flow cytometry. Images were acquired on a Leica SP8
confocal microscope at a 630X magnification with a 4X digital zoom. 0.75 um thin sections
of the entire cell were captured. Images are represented as a projection of the entire Z stack.

Images were processed on the Leica LASX software.

3.4.4 ROCK?2 activation and Calpeptin treatment

To test the effect of ROCK2 activation using the Doxycycline inducible ROCK2 CA
construct, cells were first transfected with the mOrange constructs. 24 hours post transfection,
medium was changed and Doxycyline was added to the medium at a concentration of
2ug/mL. 6 hours post Doxycycline treatment, Nocodazole was added to synchronize the cells
in mitois. 18 hours post Nocodazole treatment, cells were fixed and stained with antibodies

against Pericentrin and centrosome number counted.
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To test the effect of ROCK2 activation using Calpeptin, transfected cells were first
synchronized to G1/S using Mimosine (80uM Sigma Aldrich (#M0253)) for 20 hours (410).
6 hours post-release from Mimosine, when the cells were at S phase, cells were treated with
Calpeptin (5uM Santacruz (#202516)) for 30 minutes. Calpeptin was washed off and
Nocodazole was added to synchronize cells in mitosis (410). 18 hours post Nocodazole
treatment, cells were fixed and stained with antibodies against Pericentrin and centrosome
number counted. The synchronization was confirmed using flow cytometry as described

(326).

3.4.5 Determination of the localization of tagged constructs

In order to determine the localization of the different deletion constructs of Centrin2, y-
tubulin and GCP2, HCT116 cells were transfected with each of the deletion constructs. 24
hours post transfection, medium was changed. 48 hours post transfection, cells were fixed
and stained with antibodies against Pericentrin as a centrosomal marker and costained for

DNA using DAPI.

For assessing the localization of the mOrange-14-3-3y constructs, HCT116 cells were
transfected with each of the constructs. 24 hours post transfection, cells were treated with
mimosine (80uM Sigma Aldrich (#M0253)) for 20 hours (410). After synchronization in
G1/S, cells were harvested at different time points to obtain cells in S phase and G2 phase.

Harvested cells were processed for immunofluorescence and flow cytometry.

3.5 GST pulldown

3.5.1 GST protein preparation

BL21 cells were transformed with pGEX4T1 (GST) vector, pGEX4T1-14-3-3y or pGEX4T1-

14-3-3¢. A single colony of the transformed cells was inoculated in 10 ml of LB broth
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containing Ampicillin (100mg/ml) and incubated at 37°C O/N at 200 rpm (rotations per
minute). This culture broth was used to inoculate 100 ml LB broth (10 times the volume of
the inoculum) containing Ampicillin in a 1.0 L flask followed by incubation at 37°C for 1
hour at 200 rpm. After 1 hour of incubation, 10 uL of 1M IPTG was added to this culture and
the flasks were further incubated at 37°C for 3 hours at 200 rpm. After 3 hours the cells were
harvested by centrifugation at 4000 rpm for 10 minutes at 4°C. The supernatant was
discarded and cells were suspended gently in ice cold 0.1% Triton X-100 in PBS, using a
10ml pipette while ensuring that the frothing is minimum. To lyse the bacterial cells, this
suspension was sonicated using a sonicator (Branson) at 50 duty cycles for 10 seconds and
then placed on ice for 10 seconds. The sonication was repeated 4 times (totally sonicated 5
times). The suspension was centrifuged at 10,000 rpm for 15 minutes at 4°C. The pellet was
then discarded and the supernatant was transferred to 15mL screw cap conical tubes and 150
uL of a 50% slurry of Glutathione Sepharose beads (Amersham) was added and incubated on
a rocker at 4°C for 1 hour. After 1 hour, the beads were pelleted by centrifugation at 1000
rpm for 3 minutes at 4°C. The supernatant was discarded, 1ml of NET-N buffer (composition
given in Table 3.17) was added and beads were transferred to a 1.5mL Eppendorf using a cut-
tip. The beads were pelleted by centrifugation at 1000 rpm for 3 minutes at 4°C. Beads were
washed thrice with NET-N. After the wash, beads were re-suspended in 150ul of NET-N. to
determine the purity of the GST tagged proteins, 5Sul of the concentrate was resolved on a

10% SDS-PAGE gel and stained with Coomassie blue.

3.5.2 GST pulldown

To determine the ability of 14-3-3y and 14-3-3¢ to interact with various centrosomal proteins,
EBC extracts of HCT116 cells from one 100 mm plate were prepared (table 3.18). 5% of the
extract was used as Whole Cell Extract (WCE) and the rest was incubated with the various

GST fusion proteins as indicated O/N. 16 hours post incubation, the beads were washed
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thrice with 1 mL NET-N. The complexes were resolved on a 10% SDS-PAGE gel and

Western blotted with antibodies against the indicated proteins.

To map the 14-3-3 binding site of 14-3-3 on NPM1 and to test the interaction of 14-3-3y with
NPM1 S48E, HCT116 cells were transfected with 15ug of each of the CFP tagged NPM1
constructs and CFP vector alone. Two 100 mm plates were used per transfection. 48 hours
post transfection, EBC extracts of HCT116 cells were prepared. 5% of the extract was used
as WCE and the rest was incubated with the various GST fusion proteins as indicated O/N.
16 hours post incubation, the beads were washed thrice with 1 mL NET-N. The complexes

were resolved on a 10% SDS-PAGE gel and Western blotted with GFP antibody.

Component Stock concentration Volume
Tris pH 8.0 1M 2000 pL
Sodium Chloride 25M 4000 pL
EDTA pH 8.0 0.5M 200 pL
MgCI2 25mM 120 pL
NP-40 100% 500 pL

DW 93.3mL

Table 3.17 Composition of NET-N buffer.

Component Final concentration Volume
TrispH8.01M 0.50 mM 50 mL
2.5 M NaCl 125 mM 50 mL
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NP-40

0.5%

5mL

MQ

895 mL

Table 3.18 Composition of EBC lysis buffer

The EBC lysis buffer was stored at 4°C and protease inhibitors were added just before use.

Inhibitor Stock concentration | Final concentration Volume
Leupeptin 1 mg/mL 10 pg/mL 100 pL
Aprotinin 2 mg/mL 20 pg/mL 100 pL
Sodium Fluoride 1M 50 mM 500 pL
Sodium 02M 1 mM 50 pL
Orthovanadate
Pepstatin A 100 mg/mL 10 pg/mL 10 pL
PMSF 500 mM 1mM 20 pL

Table 3.19 Composition of protease inhibitors per 10 mL of EBC lysis buffer

3.6 Co-Immunoprecipitation

For the co-immunoprecipitation assays, HCT116 cells were transfected with 15ug of the HA
tagged 14-3-3y constructs. Two 100 mm plates were used per transfection. 48 hours after
transfection, the cell culture medium was decanted from both the plates and 1mL of cold PBS
(pre-cooled to 4°C) was added to each plate. The cells on each plate were scraped using a cell
scraper and collected in separate 1.5 mL eppendorfs kept on ice. The cells were then pelleted

by centrifugation at 2500 rpm for 3 minutes and the PBS was decanted. PBS washes were
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given so as to remove all traces of media. Thereafter, 1ml of EBC lysis buffer containing
protease inhibitors (as mentioned in 3.19) was added to the cells and incubated for 15 minutes
on ice. This was followed by centrifugation at 13,000 rpm for 15 minutes at 4°C. The
supernatant was transferred to a new 1.5 ml eppendorf. 50 puL of this supernatant was kept
separately and used as 5% whole cell extract. To this, 25uL of 3X sample buffer was added,
boiled in a water bath for 7 minutes and stored at -80°C. The rest of the supernatant was
incubated with 100 pL of anti-HA antibody (12CA5 hybridoma supernatant) for 4 hours.
After 4 hours, 30 pL of a 50% slurry of Protein-G-Sepharose was used to precipitate the HA-
tagged 14-3-3y proteins. After 1 hour, the beads were washed thrice with 1 mL NET-N. after
boiling with 3X sample buffer, the complexes were resolved on a 10% SDS-PAGE gel and

Western blotted with antibodies against the indicated proteins.

3.7 Live cell imaging

To estimate the duration of mitosis, HCT116 cells seeded in a glass-bottomed dish were co-
transfected with the respective constructs. 48 hours post-transfection, and 2 hours before
imaging, cells were treated with nocodazole (410). One hour prior to imaging, ascorbic acid
(100 pM) was added to the media, to reduce photo-bleaching (412,413). Just before imaging,
nocodazole was removed and the cells were fed with media containing ascorbic acid again.
During imaging, cells were maintained at 5% CO, and 95% RH. All images were acquired on
a Leica SP8 confocal microscope at 1000X magnification with 4X optical zoom. Images were

acquired at 20-minute intervals. Images were processed using the Leica LASX software.

3.8 Electron microscopy

To study centrosome amplification and organization at higher magnification in cells
expressing the different 14-3-3y mutants, the cells were visualized under a transmission

electron microscope. Cells synchronized at M-phase were fixed with 3% glutaraldehyde,

118



washed with 0.1 M of sodium cacodylate pH 7.4, and post-fixed with 1%
osmium tetroxide (Tedpella). Cells were then dehydrated and processed. Grids were
contrasted with alcoholic uranyl acetate for 30 seconds and dipped once in lead citrate. The
grids were observed under aJEOL 1400Plus transmission electron microscope, at an

accelerating voltage of 120 KeV and at 10000X.

3.9 Effect of overexpression of CDC25C in the sh-14-3-3¢ cells.

In order to assess the effect of the overexpression of CDC25C in the sh-14-3-3¢ cells on
centrosome number, HCT116 cells were co-transfected with 1 pg each of the previously
described pTU6 and pTU6 E7 vector and GFP or GFP CDC25C (234). sh-14-3-3y cells were
used as the positive control. 48 hours post transfection, the cells were treated with
Nocodazole to synchronize them in mitosis. Post synchronization, the cells were processed
for Western blotting or immunofluorescence and centrosome number was determined as

described previously.

3.10 RT-PCR to determine mRNA levels of Cep170 in the sh-14-3-3y cells.

HCT116 derived vector control and sh-14-3-3y cells were washed with 1X PBS and TRIZOL
(Thermo Fisher Scientific) was added to the cells (Iml for 35 mm tissue culture plate) and
incubated at room temperature for 5 minutes for dissociation of nucleoprotein complex.
Samples were collected in an eppendorf, 200ul of chloroform was added, vortexed and
incubated at room temperature for 2-3 minutes. Samples were centrifuged at 13000 rpm for
15 minutes at 4°C. The aqueous phase was collected in another Eppendorf and 500ul of
isopropanol was added and incubated at room temperature for 10 minutes to precipitate the
RNA. Samples were centrifuged at 13000 rpm for 15 minutes at 4°C followed by 75%
ethanol wash (75ml 100% Ethanol and 25 ml nuclease free water) at 10000 rpm for 5 minutes

at 4°C. The RNA pellet was dried for 10 minutes at room temperature and 25ul of
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commercial water was added. To dissolve the RNA, samples were incubated at 55°C for 10
minutes. RNA was stored at -70°C. For mRNA to cDNA conversion, High capacity cDNA

reverse transcription kit (Applied Biosystems) was used.

PCR components Volume (uL)
RT buffer 10X 2.0
RT Random Primers 10X 0.8
dNTPs 10mM 0.4
Template (100 ng/ul) 10.0
Reverse Transcriptase 1.0
Nuclease free water 6.0

Table 3.20 PCR components for mMRNA to cDNA conversion.

PCR program:

1) 25°C for 10 minutes.

2) 37°C for 2 hours.

3) 85°C for 5 minutes.

4) Hold at 4°C forever.

Iul of the cDNA was used for the PCR amplification using Taq polymerase. Annealing
temperature was 60°C. PCR for GAPDH served as a loading control. The sequence of the

primers used is given in Table 3.14.
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Name of oligonucleotide Sequence
GAPDH &’ TGCACCACCAACTGCTTAGC
GAPDH 3’ GGCATGGACTGTGGTCATGAG
Cepl70 5’ CACCGTGTTACTAGCTCTGCG
Cep 170 3° CCATCTCCTGGCTTGGTCTG
14-3-3y &° GAGCCACTGTCGAATG
14-3-3y 3’ CGCTGCAATTCTTGATC

Table 3.21 Sequence of oligonucleotides used for the RT-PCR reaction.

3.11 Soft agar assay.

The soft agar colony formation assay is performed to determine the ability of cells to grow
independent of anchorage (407). Low melting point (LMP) agarose of two different
concentrations were prepared, 1.6% and 0.8%, and autoclaved to maintain sterility. After
autoclaving, both the LMP agarose solutions were kept on a float in a water bath set at 40°C
to prevent the agarose from solidifying. The 1.6% LMP agarose was then mixed with equal
volumes of 2X DMEM + antibiotic + FBS mix (a mixture of sterile 2X concentrated DMEM
solution, 2X concentrated relevant antibiotic and 20% FBS). Upon mixing, the final
concentration of agarose became 0.8%, the concentration of DMEM and antibiotic becomes
1X and concentration of FBS became 10% (which is the concentration required for optimal

growth of cells). Now 2 ml of this solution was poured onto 35mm cell culture plates slowly
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and allowed to form a thick solid layer on the plate. This was called the lower layer of the

soft agar plate.

Next, the cells of the relevant clones were trypsinized and resuspended in 1ml of 2X DMEM
media. The cells are then counted using a haemocytometer to determine the concentration of
the cells in the solution. Meanwhile, the 0.8% LMP agarose was mixed with equal volumes
of the 2X DMEM + antibiotic + FBS mix to make a final volume of 0.4% LMP agarose +
DMEM solution. To 1 ml of this solution, 2500 cells were resuspended slowly to form a
homogenous suspension and spread evenly on top of the lower layer of soft agar plate and
allowed to settle down and form a semi-solid upper layer. Thereafter, the plates were kept in
a tissue culture incubator maintained at 37°C, 5% CO2, for three weeks. A volume of 150ul
to 200ul of fresh DMEM media with the relevant antibiotics were added on top of the soft
agar plates every 2 days during these three weeks of incubation. Thereafter the total number
of colonies formed on the soft agar plate was counted by making grids at the bottom of the

soft agar plate. Three independent experiments were performed in triplicates for each clone.
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4. Results



4. Results

4.1 Does 14-3-3 binding to centrosomal proteins inhibit centrosome licensing and

duplication?

4.1.1 Are the multiple centrosomes observed upon loss of 14-3-3y able to function as

MTOCs?

Previous studies from our lab have demonstrated that a knockdown of 14-3-3y results in the
presence of excess y-tubulin positive dots (234). Further experiments demonstrated that loss
of 14-3-3y lead to the presence of multiple Centrin, Cep170 and Ninein foci (326). It was also
shown that the multiple y-tubulin foci were able to function as centrosomes, by performing
dual staining for a- and y-tubulin. We wished to confirm this phenotype using another
centrosomal marker and performed dual staining for the centrosome using Centrin and
Pericentrin (a PCM protein) (280,281). We transfected HCT116 derived vector control and
sh-14-3-3y cells with GFP Centrin and synchronized the cells in mitosis using nocodazole. 48
hours post transfection, we fixed the cells and stained for Pericentrin and counterstained for
DNA using DAPI. The number of centrosomes in a 100 transfected mitotic cells was
determined. In both the vector control and the sh-14-3-3y cells, we observed that each GFP
Centrinl foci co-localized with Pericentrin staining. In case of the sh-14-3-3y cells, multiple
Centrinl foci were found to co-localize with the Pericentrin staining. This demonstrates that
the multiple Centrin dots observed in the sh-14-3-3y cells are able to function as MTOC’s

(326) (fig. 4.1).
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Fig. 4.1 The multiple centrosomes in the sh-14-3-3y cells are mature. \Vector control or sh-
14-3-3y cells were transfected with GFP-Centrin. 48 hours post transfection, cells were
processed for IF or lysates prepared for Western Blots. (a) Lysates were resolved on a 10%
SDS-PAGE gel and Western blot performed for the indicated proteins, (b) Quantitation of
centrosome number upon performing dual staining with Centrin and Pericentrin. The mean
and standard deviation from three independent experiments is plotted. Significance was
derived using a Student’s t-test with p< 0.05., (c) The cells were stained with antibodies to
Pericentrin, co-stained with DAPI followed by confocal microscopy and centrosome number

was determined. Representative images are shown. The insert is a zoomed image of the box
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in the main field. Images were captured at 630X magnification and 4X digital zoom under

confocal microscope. Scale bar indicates 2um, unless mentioned.

4.1.2 Loss of 14-3-3y leads to increased levels of activated Aurora A kinase and SAS6.

In order to characterize the centrosome amplification observed upon depletion of 14-3-3y, we
decided to check the expression of proteins involved in the centrosome cycle. Overexpression
of SAS6, the central cartwheel protein can drive extra rounds of centriole replication within a
single cell cycle (414). Aurora A kinase is a protein that has functions in centrosome
maturation and separation. Overexpression of Aurora A causes defects in cytokinesis and
gives rise to centrosome amplification (415). Phosphorylation of Aurora A at Thr288 in its

catalytic domain increases its kinase activity (416).

Lysates were prepared from HCT116 derived vector control and sh-14-3-3y cells at passage
15 and passage 52 and the levels of hSAS6 determined. We found that there was a minor
increase in hSAS6 levels in the sh-14-3-3y cells across passage (fig. 4.2 (a)). We also
observed an increase in the levels of p-T288 levels of Aurora A, indicating increased Aurora
A activation, in the sh-14-3-3y cells (fig. 4.2 (b)). B-Actin was used as a loading control. This
suggests that centrosome amplification in the sh-14-3-3y cells is accompanied by an increase

in the activation of Aurora A and the levels of SAS6 (326).
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Fig. 4.2 Determination of the levels of proteins involved in centrosome duplication upon
depletion of 14-3-3y. (a) Protein extracts from the vector control or 14-3-3y-knockdown cells
were resolved on SDS-PAGE gels followed by Western blotting with the indicated antibodies.
* indicates a non-specific band identified by the Sas-6 antibody. Western blots for f-Actin
served as a loading control. (b) Protein extracts from the vector control or 14-3-3y
knockdown cells synchronized in mitosis by treatment with nocodazole were resolved on
SDS-PAGE gels followed by Western blotting with the indicated antibodies. Note the increase
in the levels of activated Aurora A (pT288) while the levels of total Aurora A remain

unchanged. Western blots for -Actin served as a loading control.

4.1.3 Increased anchorage independence of the higher passage 14-3-3-y knockdown cells

Anchorage independence and aneuploidy are markers of transformation of cells. Given that
the loss of 14-3-3y leads to increased aneuploidy across passage, due to centrosome
amplification, we wanted to observe the effect of loss of 14-3-3y on anchorage independence.
Therefore, we seeded HCT116 derived vector control and sh-14-3-3y cells, at p15 and p52,

on soft agar and counted the number of colonies formed after 3 weeks (fig. 4.3). We observed
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that the sh-14-3-3y cells formed more number of colonies across passage. This indicates that

the sh-14-3-3y cells become more anchorage independent with an increase in passage.
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Fig. 4.3 Increased anchorage independence in the sh-14-3-3y cells across passage. (a)
Representative images of early and late passage 14-3-3y -knockdown and vector control cells
plated in soft agar, (b) Cell lysates of vector-control and sh-14-3-3y cells from passage-16
and passage-56 were resolved by SDS-PAGE and immuno-blotted with antibodies to 14-3-3y.
The levels of 14-3-3y were reduced in 14-3-3y-knockdown cells at passage - 16 and passage-
56. p-Actin served as a loading control, (c) 2-3 weeks after seeding the cells, colonies were
counted from 20 fields (at 10X magnification) and the mean and standard deviation from

three independent experiments is plotted.
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4.1.4 Centrosome amplification in the sh-14-3-3y cells occurs due to premature

phosphorylation of NPM1 at T199.

Nucleophosmin 1 (NPM1) is an oligomeric, nucleolar phosphoprotein that functions as a
molecular chaperone for both proteins and nucleic acids [reviewed in (417)]. Wild-type

NPM1 forms pentameric oligomers through interactions at the amino-terminal core domain.

Previous studies have demonstrated that changes in the oligomerization state of NPM1 may
affect its function (418). NPML1 is phosphorylated by cdk2/cyclin E at the G1/S transition at a
Threonine 199 residue, which acts as a licensing factor for centrosome duplication (325).
NPM1 associates with unduplicated centrosomes, but upon phosphorylation at Thr199 by
CDK2/cyclin E at the G1/S transition, it dissociates from the centrosome, leading to
centrosome duplication (325). In vitro kinase assays determined that the cyclin B1/CDK1
could also phosphorylate NPM1 at T199 (326). It has been demonstrated that a depletion of
14-3-3y leads to an increase in p-T199 levels of NPM1 (326). Overexpression of WT NPM1
and a phosphomimetic T199D mutant leads to increased centrosome amplification in both the
vector control and the sh-14-3-3y cells (326). Expression of a T199A mutant was able to

decrease centrosome amplification.

It had been demonstrated that the centrosome amplification observed in the sh-14-3-3y cells
begins in the S-phase. If the increased levels of p-T199 were the cause of the centrosome
amplification, levels of p-T199 NPM1 would also increase from S-phase onwards. In order to
test the same, we synchronized HCT116 derived vector control and sh-14-3-3y cells cells at
the G1/S phase using mimosine and harvested them at different time points (fig. 4.4 (a and
b)). Then, we prepared lysates and performed a Western blot for cyclin B1 total NPM1 and p-
T199 NPM1. We found that p-T199 NPML1 in the vector control cells first appears at 10

hours post release from mimosine, when the majority of the cells are in G2 phase. Whereas,
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in the sh-14-3-3y cells, NPM1 phosphorylation appears at the six hour time point and
coincides with the increased expression of cyclin B1 (fig. 4.4 (c)). We had demonstrated that
premature activation of CDK1 occurs in the sh-14-3-3y cells (326). Given the observation
that phosphorylation of NPM1 at T199 occurs prematurely in the sh-14-3-3y cells, it suggests
that CDK1 kinase might be the major kinase phosphorylating NPM1 in the sh-14-3-3y cells.
Therefore, this implies that premature activation of CDK1 in the sh-14-3-3y cells leads to

premature phosphorylation of NPM1 at T199, which leads to centrosome amplification.

Hours after mimosine release

Number
@ 200300 ApY 800

Vector

(b)

Time point vec-control sh-14-3-3y
(hours) | 9% G0/G1 % S % G2/GM || % GO/G1 % S % G2/GM
0 74.88 24.01 1.11 85.58 14.42 0.00
2 74.66 25.34 0.00 100.00 0.00 0.00
6 0.00 32.07 67.93 15.54 84.46 0.00
8 3.36 23.01 73.63 2.42 27.08 70.5
10 1.35 21.04 77.61 6.19 22.41 71.4
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25 14-3-3y

Fig. 4.4 NPM1 phosphorylation peaks during early S-phase in the sh-14-3-3y cells. Vector
control and sh-14-3-3y cells were synchronized in G1/S using mimosine. At various time
points post mimosine withdrawal (0 hours), cells were either processed for FACS analysis or
protein extracts prepared from synchronized cell populations. (a) The cell cycle histograms
are shown, (b) The percentage of cells in the different cell cycle phases is shown in the table,
and (c) The extracts were then resolved on SDS-PAGE gels followed by Western blotting with

the indicated antibodies. Western blots for -Actin served as a loading control.

4.1.5 Effect of overexpression of CDC25C in 14-3-3¢ knockdown cells

It has been demonstrated that a knockdown of 14-3-3y leads to centrosome amplification
(326). This phenotype is enhanced by the expression of WT CDC25C and CDC25C S216A
(a 14-3-3 binding defective mutant of CDC25C). Further, a double knockdown of 14-3-3y
and 14-3-3¢ also leads to an increase in centrosome amplification. Given these data, we
wanted to know the effect of overexpression of CDC25C in 14-3-3¢ knockdown cells.
Therefore, we transfected HCT116 derived vector control, sh-14-3-3y and sh-14-3-3¢ cells
with GFP, GFP CDC25C WT and GFP CDC25C S216A constructs. Upon synchronization of

the cells in mitosis, we counted the number of centrosomes in 100, transfected mitotic cells.
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We found that overexpression of CDC25C in the sh-14-3-3¢ cells also leads to an increase in

centrosome number, though not as much as that observed in the sh-14-3-3y cells (fig. 4.5).
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Fig. 4.5 Effect of overexpression of CDC25C in sh-14-3-3¢ cells. Vector control, sh-14-3-3y

and sh-14-3-3¢ cells were transfected with GFP, GFP CDC25C WT or GFP CDC25C
S216A. (a) Representative images of the respective transfections. Images were captured at

630X magnification and 4x digital zoom under confocal microscope. Scale bar indicate 2um,
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(b) 48 hours post transfection, lysates were prepared and resolved on SDS-PAGE gels.

Western blot was performed using the indicated antibodies, and (c) Quantitation of

centrosome number upon depletion of 14-3-3y or 14-3-3c.

4.1.6 Do 14-3-3 proteins form a complex with centrosomal proteins?

Previous results from our lab have demonstrated that a loss of 14-3-3y in HCT116, HEK293
and U20S cell lines and a loss of 14-3-3g in HCT116 cell line leads to centrosome
amplification (326). Further, it has also been shown that 14-3-3y and 14-3-3¢ bind to
centrosomal proteins such as y-tubulin and Centrin using a GST pulldown (326,419). In order
to confirm the same and to identify other possible 14-3-3 binding proteins, we performed a

GST pulldown assay. We were able to demonstrate that 14-3-3y and 14-3-3¢ bind to the

centrosomal proteins Centrin2, GCP2, y-tubulin and Cep170 (fig. 4.6 (a and b)).
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Fig. 4.6 Interaction of 14-3-3y and 14-3-3¢ with centrosomal proteins. Protein extracts
prepared from HCT116 cells were incubated with the indicated GST fusion proteins. The
complexes were resolved on 10% SDS-PAGE gels and Western blots performed with

antibodies against Cepl170, GCP2, y-tubulin and Centrin2. CDC25C was used as a positive
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control. Note that all the proteins form a complex with GST-14-3-3y and GST-14-3-3¢ but not

GST alone. (a) Indicates Poonceau S stained membrane and (b) is the Western blot.

Further, in order to understand how 14-3-3 proteins might regulate the centrosome cycle, we
decided to map the 14-3-3 binding site on these proteins. In order to do so, we used the
Scansite motif prediction webserver (420). We were unable to detect any putative 14-3-3
binding sites on the proteins Centrin2, y-tubulin or GCP2. However, we found three potential
14-3-3 binding sites on the protein Cep170. Based on these results, in order to map the 14-3-3
binding sites, we decided to generate domain deletion constructs of proteins that did not
possess a consensus 14-3-3 binding site. Cepl70, we decided to generate site directed
mutants of the potential 14-3-3 binding sites. Also, given that 14-3-3¢ did not interact with
Centrin and y-tubulin in a FRET based assay, but 14-3-3y did, we decided to study the

interaction of 14-3-3y with centrosomal proteins (326).

4.1.7 Centrin2

Centrins are small, highly conserved members of the EF-hand superfamily of calcium-
binding proteins that are expressed throughout eukaryotes. They have a role in ensuring the
duplication and appropriate functioning of the ciliary basal bodies in ciliated cells (reviewed
in (421)). They have been localized to the distal end of centrioles and are essential for

centriole duplication (422).
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Fig. 4.7 Cartoon of the various deletion mutants of Centrin2. The C and N terminal deletion

constructs of Centrin2 were generated by sequentially deleting a domain from each terminal.

4.1.7.1 The N terminal EF-1 of Centrin2 is sufficient for binding to 14-3-3y.

In order to test the ability of these mutants to bind 14-3-3y, we transfected the WT and the
mutant constructs into HCT116 cells, with EGFP as the vector control. 48 hours post
transfection, we prepared proteins extracts from the transfected cells and subjected them to a
GST pulldown assay using GST 14-3-3y. GST alone was used as the vector control. We
found that all mutant constructs as well as the WT construct were capable of binding to GST
14-3-3y (fig. 4.8). GFP alone did not bind to GST 14-3-3y and none of the constructs bound
to GST alone. This suggests that the first EF hand domain construct, 1-63, was sufficient for
mediating binding of centrin2 to 14-3-3y. Shorter C terminal constructs, 1-37 and 1-47 were
also tested, and we found that they were also able to bind to 14-3-3y (fig. 4.8). This implies

that the 14-3-3 binding site lies within the first 37 amino acids of Centrin2.
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Fig. 4.8 The N terminal EF 1 hand domain of Centrin2 is sufficient for binding to 14-3-3y.
(a and b) HCT116 cells were transfected with the indicated EGFP or EGFP tagged Centrin2
deletion constructs. 48 hours post transfection, protein extracts prepared from HCT116 cells
were incubated with the indicated GST fusion proteins. The complexes were resolved on 10%

SDS-PAGE gels and Western blots performed with antibodies against GFP.

4.1.7.3 Localization of the C-terminal deletion constructs of Centrin2

In order to assess the localization of these mutants, we transfected them into HCT116 cells.
48 hours post transfection, we fixed and stained these cells for Pericentrin, a PCM marker
and DAPI, in order to visualize the nucleus (fig. 4.9). We observed that the EGFP vector
control had a pan-cellular localization, as expected. The WT Centrin2 construct localized as
either two or four Centrin2 dots (depending on the stage of the cell cycle) and co-localized
with Pericentrin (423). The three C-terminal deletion constructs of Centrin2 also co-localized
with Pericentrin. However, as opposed to what was observed in the WT Centrin2 construct,
we were unable to observe the typical two or four dots Centrin2 localization in any of the
mutants in spite of an enrichment at the centrosome and co-localization with Pericentrin. It is
possible that sequences in the last C terminal EF hand domain (EF-4) are necessary for the

correct organization of Centrin2 at the centrosome.

Additionally, the mutant expressing amino acids 1-136 showed increased nuclear
localization. This is similar to the localization of only the C terminal region of Centrin2 (aa.
95-172), when co-expressed with XPC, observed previously (424). The aa. 95-172 region is
hypothesized to be important for binding to XPC and the nuclear localization of Centrin2.

Nuclear sequestration of Centrin2 has been shown to play control centrosome amplification
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in response to DNA damage response, irrespective of p53 status (425). It is possible that the

third EF hand domain of Centrin2, from aa. 99-136 is sufficient for its nuclear localization.

Pericentrin DAPI
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Fig. 4.9 Localization of the C-terminal deletion constructs of Centrin2. HCT116 cells were
transfected with each of the GFP tagged Centrin2 constructs. 48 hours post transfection, the
cells were fixed and stained for pericentrin and counterstained with DAPI. The insert is a
zoomed image of the box in the main field. Note that the mutant constructs do not show the
typical orthogonal arrangement observed with the WT construct. Magnification was a 1000X

with 4X digital zoom and scale bars indicate distance in um.

4.1.7.4 The EF1 domain of Centrin2 is essential for binding to 14-3-3y

There are two scenarios, given that even the construct expressing the shortest stretch of N —
terminal amino acids was capable of binding to 14-3-3y. First, the 14-3-3 binding sequence
lies within the first 37 amino acids of Centrin2. Second there are multiple 14-3-3 binding
sites on Centrin2. To test which one of these is true, we generated two kinds of constructs. In
the first kind, we generated partial deletions of the first EF1 hand domain. In the second, we
deleted the first 28 amino acids of Centrin2, which have been demonstrated to be required for

the self assembly of Centrin2 (426,427).

All these mutants, WT centrin2 and GFP alone were transfected into HCT1116 cells and a
GST pulldown was performed 48 hours post transfection (fig. 4.10). We found that the
construct with a deletion of the EF1 hand domain (64-172) was unable to bind to 14-3-3y.
Given that the construct with a deletion of the first 28 amino acids could bind to 14-3-3y, it
means that the 14-3-3 binding site lies within the first EF hand domain of Centrin2.
Surprisingly, the constructs with a shorter deletion of the EF1 hand domain, 37-172 and 48-
172, were also able to bind to 14-3-3y. This suggests the presence of multiple 14-3-3 binding

sites on Centrin2.
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Fig. 4.10 The N terminal EF1 hand domain of Centrin2 is essential for binding to 14-3-3y
HCT116 cells were transfected with the EGFP or EGFP tagged Centrin2 deletion constructs.
48 hours post transfection, protein extracts prepared from HCT116 cells were incubated with
the indicated GST fusion proteins. The complexes were resolved on 10% SDS-PAGE gels and
Western blots performed with antibodies against GFP. Note that only the deletion of the

entire EF1 hand domain of Centrin2 results in loss of binding to 14-3-3y.

4.1.7.5 Deletion of the EF1 hand domain of Centrin2 results in the loss of its centrosomal

localization.

When we tested the localisation of the N terminal deletion constructs of Centrin2, we found
that the 28-172, 38-172 and 48-172 constructs all co-localized with Pericentrin. They were
not organized in the typical two or four dot arrangement of Centrin2, though, as seen with
other C terminal mutants, they were enriched at the centrosome. This implies that expression
of the full length protein of Centrin2 is required for its proper organization at the centrosome,
even though it is not necessary for it to be enriched at the centrosome. Therefore, there could
be multiple sites within the sequence of Centrin2 that mediate its correct organization at the
centrosome. Interestingly, the mutant that was unable to bind to 14-3-3y, 64-172, was also
unable to localize to the centrosome. Instead, it was observed in a cytoplasmic punctuate

localisation, which did not co-localize with Pericentrin. This suggests that the EF1 hand

139



domain of Centrin2 is necessary both for binding to 14-3-3y and for its centrosomal

localization (fig. 4.11).

Pericentrin DAPI Merge

38-172

Fig. 4.11 Deletion of the first EF hand domain of Centrin2 leads to loss of the centrosomal
localization of Centrin2.HCT116 cells seeded on coverslips were transfected with the GFP
tagged WT or mutant Centrin2 constructs. 48 hours post transfection, the cells were fixed
and stained for pericentrin and DAPI. The insert is a zoomed image of the box in the main
field. Note that the 64-172 construct does not localize to the centrosome unlike the WT or

other mutant constructs. None of the Centrin2 deletion mutants show the typical orthogonal
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arrangement observed with the WT construct. Magnification was a 1000X with 4X digital

zoom and scale bars indicate distance in um.

4.1.7.6 Point mutants within the first EF1 hand domain of Centrin2 are able to bind to 14-3-

3.

— EF1 — EF2 — EF3 — EF4

Fig. 4.12. Cartoon of the point mutants potential 14-3-3 binding sites of Centrin2

Based on our results, we hypothesized that there could be multiple 14-3-3 binding sites
within the EF1 hand domain of Centrin2. So, using the prediction web server
(http://www.compbio.dundee.ac.uk/1433pred) we identified two potential 14-3-3 binding
sites within EF1 in Centrin2; T45 and T47 (403). We altered these two Threonine residues
that could be possible phosphate acceptors in these potential 14-3-3 binding sites to Alanine
(T45A and T47A). We also generated a double mutant, T45/47A. Additionally, we
hypothesized that an Aspartic acid residue at position 39 (D39) might function as a phospho-
mimetic residue in a potential 14-3-3 binding site. This residue was altered to Alanine

(D39A) (fig. 4.12).

All these point mutants were tested for their ability to form a complex with 14-3-3y in GST
pull-down assays. It was observed that all of the point mutants were able to form a complex
with 14-3-3y (fig. 4.13). The double mutant (T45/47A) also formed a complex with 14-3-3y
(fig. 4.13). These results suggested that none of these potential 14-3-3y binding sites in

Centrin2 was required for complex formation with 14-3-3y.
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Fig. 4.13. Point mutants of potential 14-3-3 binding sites of Centrin2 are able to bind to 14-
3-3y HCT116 cells were transfected with the indicated GFP tagged WT or Centrin2 point
mutants constructs and GFP as a vector control. At 48 h post transfection, EBC extracts of
HCT116 cells were incubated with the various GST fusion proteins as indicated. The
complexes were resolved on a 10% SDS-PAGE gel and Western blots performed with
antibodies against GFP. * Indicates a non-specific band. Arrows indicate the positions of the

GFP fusion proteins and the position of molecular weight markers in kDa is indicated.

4.1.7.7 Point mutants of the putative 14-3-3 binding sites of Centrin2 are able to localize to

the centrosome.

The point mutants within the EF1 hand domain we generated were able to localise to the
centrosome and were organized in the typical two or four dots of Centrin2 as seen in the WT
protein (fig. 4.14). This suggests that none of these residues are essential for the localisation

of Centrin2 at the centrosome.
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Pericentrin

Fig. 4.14. Point mutants of potential 14-3-3 binding sites of Centrin2 are able to localize to
the centrosome. To determine the localisation of the point mutants, HCT116 cells seeded on
coverslips were transfected with GFP, GFP Centrin2 WT and each of the GFP tagged
Centrin2 point mutant constructs. 48 hours post transfection, the cells were fixed and stained
for Pericentrin and counterstained with DAPI as described (428). The insert is a zoomed
image of the box in the main field. Note that the mutant constructs show the typical
orthogonal arrangement observed with the WT construct. Magnification was a 1000X with
4X digital zoom and scale bars indicate distance in um. Images are represented as a

projection of the entire Z stack.
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4.1.7.8 14-3-3y and 14-3-3¢ bind to the same region in Centrin2

As 14-3-3y and 14-3-3¢ are both capable of binding to Centrin2, we wanted to test if they
bind to the same region in Centrin2 (fig. 4.15). Therefore, we transfected HCT116 cells with
constructs expressing GFP, GFP Centrin2 WT, 64-172 and 1-63 and performed a GST
pulldown assay using GST, GST 14-3-3y and GST 14-3-35. We found that both GST 14-3-3y
and GST 14-3-3¢ are able to bind to the full length and the mutant expressing aa. 1-63.
However, neither of the 14-3-3 isoforms could bind to the mutant expressing aa. 64-172. This
suggests that both isoforms bind to the same region in Centrin2. Also -actin was used as a

negative control to demonstrate the specificity of binding of 14-3-3 proteins.
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Fig. 4.15 14-3-3y and 14-3-3¢ bind to the same region in Centrin2. HCT116 cells were
transfected with the indicated GFP tagged WT or Centrin2 mutant constructs and GFP as a
vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with
the various GST fusion proteins. The complexes were resolved on a 10% SDS-PAGE gel and
western blots performed with antibodies against GFP or f-Actin. Note that 64-172 does not

form a complex with GST-14-3-3e or GST-14-3-3y in contrast to the WT or the 1-63 mutant.
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Arrows indicate the positions of the GFP fusion proteins and the position of molecular

weight markers in kDa is indicated. f-Actin serves as a negative control.

4.1.7.9 Depletion of both 14-3-3y and 14-3-3¢ does not alter the centrosomal localization of

Centrin2

Next, we wished to determine if the loss of 14-3-3y, 14-3-3¢ or both could result in a loss of
the centrosomal localisation of Centrin2. To this end, we co-transfected previously described
shRNA constructs of 14-3-3y and 14-3-3¢ and GFP Centrin2 in HCT116 cells (234,401). At
72 hours post transfection, the cells were fixed and stained for pericentrin and counterstained
with DAPI (fig. 4.16 (a)). We determined that the constructs were functional by performing a
Western blot for both proteins and using -actin as a loading control (fig. 4.16 (b)). We found
that there was a decrease in the levels of both proteins. In addition, as has been previously
reported, centrosome amplification was observed upon loss of these proteins, suggesting that
these constructs are functional and there was an inhibition of CDC25C function (fig. 4.16 (c))
(326). Loss of 14-3-3y, 14-3-3¢ or both proteins did not result in an alteration in the
localization of Centrin2. It is possible that due to an incomplete knockdown of both 14-3-3y
and 14-3-3¢, there is sufficient 14-3-3 protein available to mediate Centrin2 localization.
Alternatively, it is possible that loss of one or more isoforms is not sufficient to induce a
defect in Centrin2 localization, as, like Raf and CDC25C, Centrin2 binds to multiple 14-3-3

isoforms (152,429).
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Fig. 4.16 Loss of both 14-3-3y and 14-3-3¢ does not alter the centrosomal localization of
Centrin2. (a) HCT116 cells seeded on coverslips were transfected with the GFP tagged WT
Centrin2 and either the vector control or the indicated 14-3-3 shRNA constructs. At 72 h post
transfection, the cells were fixed and stained for Pericentrin and DAPI. The inset is a zoomed
image of the box in the main field. Magnification was a 630X with 4X digital zoom and scale
bars indicate distance in pum. Note that loss of both 14-3-3e and 14-3-3y does not lead to an

alteration in Centrin2 localization, (b) Western blots indicated that the knockdown constructs
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were effective, and (c) HCT116 cells transfected with the indicated shRNA constructs were
synchronized in mitosis with nocodazole and centrosome number determined by staining the
cells with antibodies to Pericentrin and counterstaining with DAPI. Note that loss of either
14-3-3¢ or 14-3-3y leads to centrosome amplification with an additive increase in centrosome
amplification when the expression of both genes is inhibited. *** Indicates a p-value<0.001

and all p values were generated using the Student’s t-test.

4.1.7.10 Centrin2 mutants that are unable to bind to 14-3-3 proteins do not anchor

microtubules

It has been demonstrated that overexpression of fluorescently tagged Centrin2 results in the
overduplication of centrioles in S-phase arrested HeLa and CHO cells (430). However, this
might be a cell specific phenotype, as this phenotype was not observed in U20S or RPE-1
cells (430). Overduplication of centrioles or centrosome amplification can result in the
generation of a multipolar spindle (395). Given our observation that the 14-3-3 binding
deficient Centrin2 mutant, 64-172, exhibited a punctate cytoplasmic localisation, we wished
to test if this mutant could anchor microtubules. We transfected HCT116 cells with GFP,
Centrin2 WT and the 64-172 mutant and synchronized the cells in mitosis using nocodazole.
We fixed the cells after nocodazole release and stained for Pericentrin and a-tubulin and
counterstained for DNA with DAPI. We observed that spindle formation in these cells was
comparable to that seen in cells expressing the WT or the vector control constructs (fig. 4.17).
However, the puncta formed by the 64-172 mutant did not nucleate microtubules or function
as spindle poles. Therefore, expression of a 14-3-3 binding-deficient mutant of Centrin2 does

not interfere with spindle organization.
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Fig. 4.17 Expression of a 14-3-3 binding-deficient mutant of Centrin2 does not interfere

with spindle organization. To test the effect of the 64-172 mutant of Centrin2 on spindle
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formation, HCT116 cells were transfected with either GFP alone or the GFP tagged WT or
64-172 constructs. Post synchronization in mitosis, the cells were fixed and stained with
antibodies to Pericentrin and o-tubulin and counterstained with DAPI. Note that the 64-172
construct does not anchor microtubules. Magnification was a 630X with 4X digital zoom and

scale bars indicate distance in um.

4.1.7.11 Centrin2 mutants that are unable to bind to 14-3-3 proteins do not hamper mitotic

progression

We observed that the 14-3-3 binding deficient mutant of Centrin2 was unable to nucleate
microtubules. However, given its strong cytoplasmic punctate localisation, we wished to
determine if it affected the duration of mitosis. We transfected HCT116 cells with the
Centrin2 WT or 64-172 construct and synchronized the cells in mitosis as described in the
Materials and methods section. We found that cells transfected with either construct
completed mitosis in approximately the same amount of time, i.e ~40 minutes (fig. 4.18).
This suggests that the 64-172 mutant does not act as a dominant negative mutant and is

unable to hinder mitotic progression.
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Fig. 4.18 Expression of a 14-3-3 binding-deficient mutant of Centrin2 does not interfere
with mitotic progression. In order to determine the duration of mitosis in cells expressing the

14-3-3 binding defective mutant of Centrin2, HCT116 cells were transfected with GFP
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tagged WT or mutant Centrin2 constructs. 48 hours post transfection, the cells were imaged
on a Leica SP8 time lapse confocal microscope. The insert is a zoomed image of the box in
the main field. Magnification was a 630X with 4X digital zoom and scale bars indicate

distance in um.

4.1.8 y-tubulin

y-tubulin is a part of the pericentriolar matrix (PCM). It plays a central role in PCM
organization by providing a template for the initiation of polymerization of a- and B-tubulin
heterodimers into growing microtubules and is essential for microtubule nucleation by an
MTOC [reviewed in (357)]. It is a component of the y-tubulin ring complex (y-TURC) along
with GCP2-6, MOZART1, MOZART2A, MOZART2B and NEDD1 (431). The y-tubulin
small complex (y-TUSC), made of y-tubulin, GCP2 and GCP3 is conserved in all eukaryotes,
whereas the y-TURC is found in fewer eukaryotes (432). y-tubulin is essential for
development in mice, as TUBGI (y-tubulin) knockout embryos failed to develop post the
morula/blastocyst stage due to defects in the mitotic spindle; the mitotic spindle was highly
disorganized, and disorganized spindles showed one or two pole-like foci of bundled MTs

that were surrounded by condensed chromosomes (433).

y-tubulin contains a FtsZ/GTPase domain at the N terminus, a middle Tubulin/FtsZ, 2 layer
sandwich domain and a C-terminal domain. We decided to generate C-terminal deletion
constructs of y-tubulin — G1- only the first FtsZ/GTPase domain, G2 — FtsZ/GTPase +
Tubulin/FtsZ 2 layer sandwich domain and G3 — full length construct. They were all cloned
into a pECFP-N1 vector (fig. 4.19). In order to test the expression of the y-tubulin deletion
constructs, we transfected them into HCT116 cells. 48 hours post transfection, we harvested

the cells and prepared lysates and loaded it on an SDS-PAGE gel. When we performed a
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Western Blot using GFP antibody, we observed that the deletion mutants expressed properly

at the right size (fig. 4.19).
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Fig. 4.19 The deletion constructs of y-tubulin. (a) We generated C-terminal domain
deletions of y-tubulin and cloned them into an ECFP-N1 vector. The numbered boxes
indicate the number of amino acids encoded by that domain, (b) HCT116 cells were
transfected with the y-tubulin deletion constructs. 48 hours post transfection, lysates were
prepared and resolved on a 10% SDS-PAGE gel. Western Blot was performed using GFP

antibody.

4.1.8.1 Localization of the y-tubulin deletion constructs

In order to observe the localization of the y-tubulin constructs, we transfected them into
HCT116 cells. 48 hours post transfection, we fixed and stained the cell using antibodies
against Pericentrin to stain the centrosome and counterstained for DNA using DAPI (fig.
4.20). We observed that the full length construct (G3) and the G2 construct were able to

localize to the centrosome, as seen with Pericentrin staining. However, the G1 construct,
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which expressed only the FtsZ/GTPase domain, was unable to localize to the centrosome.
This indicates that the Tubulin/FtsZ 2 layer sandwich domain is necessary for the

centrosomal localization of y-tubulin.

Pericentrin

Fig. 4.20 Localization of the y-tubulin deletion constructs. To determine the localisation of
the deletion constructs, HCT116 cells seeded on coverslips were transfected with ECFP, G1,
G2 and G3 constructs. 48 hours post transfection, the cells were fixed and stained for
Pericentrin and counterstained with DAPI as described (428). The insert is a zoomed image
of the box in the main field. Note that the G3 (full length) and G2 mutant constructs

colocalised with Pericentrin. However, the G1 construct had a pan cellular localisation.
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Magnification was a 630X with 4X digital zoom and scale bars indicate distance in um.

Images are represented as a projection of the entire Z stack.

4.1.8.2 The N terminal of y-tubulin mediates interaction with 14-3-3y

We wanted to determine the binding site of 14-3-3 proteins on y-tubulin. So, we transfected
HCT116 cells with the ECFP-N1, G1, G2 and G3. 48 hours post transfection, we performed a
GST pulldown assay to determine which domain in y-tubulin is essential for binding to 14-3-
3y. We found that the ECFP-N1 is unable to bind to 14-3-3y whereas; all the deletion
constructs are able to bind to 14-3-3y (fig. 4.21). This led us to conclude that the N-terminal
FtsZ/GTPase domain of y-tubulin is sufficient for its interaction with 14-3-3y. However,

binding to 14-3-3y might not be essential for its localisation at the centrosome.

GST-14-3-3y  GST WCE GST-14-3-3y  GST WCE
(LE) (HE)

Fig. 4.21 Mapping the 14-3-3y binding site on y-tubulin. HCT116 cells were transfected
with the indicated CFP vector or G1, G2 and G3 construct. At 48 h post transfection, EBC
extracts of HCT116 cells were incubated with the various GST fusion proteins. The
complexes were resolved on a 10% SDS-PAGE gel and western blots performed with
antibodies against GFP. The position of molecular weight markers in kDa is indicated. Note

that all the deletion constructs bind fo y-tubulin. The GFP antibody detects GST, non-
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specifically, and the band for G1 appears just above the GST-14-3-3y band. LE indicates a

Lower Exposure and HE indicates a Higher Exposure.

4.1.9 y-tubulin complex protein 2 (GCP2)

GCP2 is one of the three proteins that form the y-TUSC, with y-tubulin and GCP3. It is a
homologue of the yeast spindle pole body protein Spc97p (434). Since it is a component of
the y-TUSC, it is essential for microtubule nucleation. A null mutation of Arabidopsis GCP2
severely impaired the development of male and female gametophytes (435). A knockdown of
GCP2 in the glioblastoma cell line T98G led to an accumulation of cells in G2/M phase
(436). This was accompanied by mitotic delay, although the cells were able to complete
mitosis (436). Structurally, GCP2 consists of the domain that bears homology to the Spc97p
protein. We decided to generate C terminal truncated mutants that did not express the Spc97p
domain. We generated two deletion mutants; GC1 — aa. 1 — 220 and GC2 — aa. 1 — 738. Both

these sequences were cloned into the ECFP-N1 vector, along with the full length cDNA.

In order to test the expression of the GCP2 deletion constructs, we transfected them into
HCT116 cells. 48 hours post transfection, we harvested the cells and prepared lysates and
loaded it on an SDS-PAGE gel. When we performed a Western Blot using GFP antibody, we

observed that the deletion mutants expressed properly at the expected size (fig. 4.22).
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Fig. 4.22 Deletion constructs of GCP2. (a) Cartoon representing the deletion constructs of
GCP2. We generated C-terminal domain deletions of GCP2 and cloned them into an ECFP-
N1 vector. The numbered boxes indicate the number of amino acids encoded by that domain,
(b) Expression of the deletion constructs. HCT116 cells were transfected with the GCP2
deletion constructs. 48 hours post transfection, lysates were prepared and resolved on a 10%

SDS-PAGE gel. Western Blot was performed using GFP antibody.

4.1.9.1 Localization of the GCP2 deletion constructs

In order to observe the localization of the GCP2 constructs, we transfected them into
HCT116 cells. 48 hours post transfection, we fixed and stained the cell using antibodies
against Pericentrin to stain the centrosome and counterstained for DNA using DAPI. We
observed that each of the deletion constructs co-localized with the Pericentrin staining (fig.
4.23). This suggests that Spc97p domain is not essential for the centrosomal localisation of
GCP2. However, the intensity of the GC1 construct at the centrosome was much weaker as
compared to the other constructs. Deletion of the Spc97p domain might therefore, affect the

centrosomal recruitment of GCP2.
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Pericentrin

Fig. 4.23 Localization of the GCP2 deletion mutants. To determine the localisation of the
deletion constructs, HCT116 cells seeded on coverslips were transfected with ECFP, GC1,
GC2 and GC3 constructs. 48 hours post transfection, the cells were fixed and stained for
Pericentrin and counterstained with DAPI as described (428). The insert is a zoomed image
of the box in the main field. Note that the GC3 (full length) and GC2 mutant constructs
colocalised very strongly with Pericentrin. However, the GC1 construct had a weaker
intensity at the centrosome. Magnification was a 630X with 4X digital zoom and scale bars

indicate distance in um. Images are represented as a projection of the entire Z stack.
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4.1.10 Cepl70

Centrosomal protein of 170 kD (Cepl70) localises to the subdistal appendages and hence
serves as a marker for the mother centriole (306). It has been demonstrated that Cepl70 is
recruited to the centrosome by CCDC120 and CCDC68, which are also components of the
sub-distal appendages (437). It has also been demonstrated that the non-canonical IxkB
kinase, TANK Binding Kinase 1 (TBK1), is essential for the centrosomal localization of
Cepl70 (438). Expression of phosphosite mutants of Cep170 that cannot be phosphorylated
by TBK1 lead to mitotic defects, such as multipolar spindles (438). It has a forkhead
associated domain (FHA domain), which is a phosphopeptide recognition domain found in

many regulatory proteins (306).

Upon screening for possible 14-3-3 binding sites on Cepl170, we found three sites at high
stringency, T644, T1078 and T1259. These residues were altered to Alanine to determine if

they are required for 14-3-3 binding.

Phosphoserine/threonine binding group (pST bind)

14-3-3 Mode 1 Gene Card YWHAZ

Site Score  Percentile Sequence SA
Té44 02050 0.012% QGERERRTLPQLENE 2.802
Gene Cand YWHAZ
Site Score  Percentile Sequence SA
TI1078 03444 0.194 % SEVTESKETSPVVSGS 1.363
Gene Cand YWHAZ
Site Score  Percentile Sequence SA
T1259 03125 0107 % PEHTRLETSPALETT 1.118

Fig. 4.24. Putative 14-3-3 binding sites on Cepl170

4.1.10.1 Are levels of centrosomal proteins altered in the sh-14-3-3y cells?
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The levels of several proteins involved in the centrosome cycle are altered in various cancers
(439). We wished to determine if there was an alteration in the levels of the proteins that we
identified as interactors of 14-3-3 proteins. We observed that there was no change in the
protein levels of Centrin2, GCP2, and y-tubulin in the vector control vs the sh-14-3-3y cells.
However, there was a decrease in the protein levels of Cepl70 in the sh-14-3-3y cells (fig.
4.25). Given that total protein levels of Cepl70 are decreased in the sh-14-3-3y cells, we
wished to determine if the mRNA levels are also affected. So, we performed an RT-PCR to

determine the mRNA levels. We observed that the mRNA levels of Cepl70 are also

decreased in the sh-14-3-3y cells (fig. 4.25).
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Fig. 4.25. Loss of 14-3-3y results in the decrease of Cepl70 at both protein and mRNA
levels. (a) Lysates of the vector control and sh-14-3-3y cells were prepared and resolved on a
10% SDS-PAGE gel. Western blot was performed for the indicated proteins. -Actin served
as the loading control, (b) RT-PCR was performed to determine mRNA levels of Cepl70 in

the vector control vs the sh-14-3-3y cells. GAPDH was used as the loading control.
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4.1.10.2 The decrease in total levels of Cepl70 in the sh-14-3-3y cells does not affect the

intensity of Cep170 at the centrosome.

In order to find the functional consequences of this phenotype, we wished to determine if the
intensity of Cep170 staining at the centrosome was affected. We observed that there was no
significant change in Cep170 intensity at the centrosome in the vector control vs the sh-14-3-

3y cells (fig. 4.26).
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Fig. 4.26. Intensity of Cepl70 at the centrosome in sh-14-3-3y cells is not altered. (a)
Vector control and the sh-14-3-3y cells were stained with antibodies against Cepl70 and
Pericentrin and costained using DAPI. Magnification was a 630X with 2X digital zoom and
scale bars indicate distance in um. Images are represented as a projection of the entire Z
stack, (b) Mean intensity at the centrosome was determined. GAPDH was used as the

loading control.

4.1.11 How do negatively charged residues in the peptide binding groove of 14-3-3 proteins

regulate ligand function?

Most 14-3-3 ligands are phosphorylated at a serine or threonine residue, though there are
some ligands that bind in a phospho-independent manner (157,173,180,188). The
phosphorylated ligands bind via either a Mode | consensus sequence
(R[S/Ar][+/Ar]pS[L/E/A! M]P), or a Mode Il consensus sequence RX[Ar][+]pS[LE/A/M]P,
where Ar represents an aromatic residue and + indicates a basic residue (157,173,180).
Previous studies have indicated that a number of positively charged residues, such as Lys49,
Arg56, Argl127 and Tyr128, in the amphipathic peptide binding groove of 14-3-3 proteins are
essential for binding to ligands. These residues form a basic compartment in an acidic
molecule, giving substrate serine/threonine phosphorylations the ability to act as a molecular
switch controlling ligand binding. Careful examination of the peptide-binding grove of 14-3-
3 proteins revealed the presence of two conserved negatively charged residues, Asp129 and
Glul136 (fig. 4.27). This was interesting because as mentioned previously, positively charged
amino acids are needed within the peptide-binding groove for ligand binding. We wished to

test the contribution of these negatively charged residues to ligand binding.
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sp|P62258|1433E_HUMAN KVFYYKMKQDYHRYLAEFATGNDRKEAAE
sp|P31947|1433S HUMAN RVFYLKMKQDYYRYLAEYATGDDKKRIID
sp|P61981|1433G_HUMAN KVFYLKMKQDYYRYLAEYATGEKRATVVE
sp|Q04917|1433F_HUMAN KVFYLKMKADYYRYLAEYASGEKKNSVVE

sp|P27348|1433T_HUMAN KVFYLKMKQDYFRYLA
sp|P63104|1433Z_HUMAN KVFYLKMKQDYYRYLA
sp|P31946/14338 HUMAN KVFYLKMKQDYFRYLS

Fig. 4.27 Sequence alignment of the peptide binding groove of 14-3-3 isoforms.

4.1.11.1 Site directed mutagenesis of 14-3-3y WT

We have demonstrated previously, that a loss of 14-3-3y leads to centrosome amplification
(326). Therefore, we decided to test the effect of these mutants on centrosome number. Using
Site Directed Mutagenesis (SDM), we mutated the Asp129 and Glu136 to obtain D129A and
E136A. We also generated a double mutant — D129AE136A. Arg56 has been demonstrated
to be important for ligand binding (180). We mutated this to Alanine, as a residue known to
have an effect on ligand binding. We finally generated multiple mutants, R56A, D129A,
E136A, R56AD129A, R56AE136A, D129AE136A and R56AD129AE136A. shRNA
resistant WT 14-3-3y was cloned into a pCMV-mOrange vector. Then, SDM was performed
to generate the various combinations of mutant proteins. The clones were sequenced and

verified.
4.1.11.2 Testing the expression of the 14-3-3y mutants

In order to test the expression of the 14-3-3y mutants, we transfected HCT116 cells with each
of the constructs. 48 hours post transfection, we harvested the cells and performed protein

estimation. Equal concentrations of the lysates were loaded onto an SDS-PAGE gel and
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Western Blot performed with antibody GFP that detected mOrange. We found that the mutant

proteins expressed at the correct molecular weight, ~54 kDa (fig. 4.28).
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Fig. 4.28 Expression of the mOrange tagged 14-3-3y constructs. HCT116 cells were

transfected with the mOrange tagged 14-3-3y constructs. 48 hours post transfection, lysates
were prepared and resolved on a 10% SDS-PAGE gel. Western Blot was performed using 14-

3-3y antibody.
4.1.11.3 Effect of the expression of the 14-3-3y mutants on centrosome number

In order to test the effect of the mutants on centrosome number, we transfected HCT116 cells
with each of the mutants. 48 hours post transfection and synchronization in mitosis with
nocodazole, we fixed the cells and stained with antibodies against pericentrin and
counterstained for DNA using DAPI. We counted centrosome number in a 100 transfected
mitotic cells. We observed that expression of the vector control or the WT 14-3-3y construct
did not affect centrosome number. The R56A construct alone also had no effect on
centrosome number. However, expression of the D129A mutant resulted in an increase in the
percentage of cells with a single centrosome in mitosis. Conversely, expression of the E136A
mutant gave rise to an increase in the percentage of cells with multiple centrosomes in

mitosis. Expression of the D129AE126A mutant restored centrosome number to that seen

163



upon expression of the WT construct, as an example of intragenic complementation (fig.

4.29).
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Fig. 4.29 Effect of the expression of the 14-3-3y mutants on centrosome number. HCT116
cells were transfected with 1 pg of constructs expressing either the vector control (mOrange)
or the mOrange tagged WT and mutant 14-3-3y constructs. (a) The graph shows the
percentage of mitotic cells with 1, 2 or >2 centrosomes, (b) The transfected cells were fixed,
permeabilized and stained with antibodies to Pericentrin (green) and counterstained with

DAPI. Original magnification 630X with 4X optical zoom. Scale bar indicates 2um.
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Expression of the R56AD129A mutant also gave rise to multiple centrosomes. The
R56AE136A behaved like the E136A alone and the triple mutant gave rise to a phenotype
similar to that of the WT. Given that the expression of the R56A alone did not result in any
significant change in centrosome number when compared to the WT and also that R56 has
already been demonstrated to be involved in ligand binding, we decided to focus on the

D129A, E136A and the double mutant D129AE136A (180).

4.1.11.4 Effect of the 14-3-3y mutants in the sh-14-3-3y cells.

As described earlier, loss of 14-3-3y leads to centrosome amplification (326). Given that the
14-3-3y mutants were overexpression constructs, we wanted to know if endogenous 14-3-3y
modulates the phenotype observed. So, we decided to determine the effect of the 14-3-3y
mutants on cells harboring a knockdown of 14-3-3y (fig. 4.31). As observed before, there was
an increase in the percentage of cells with multiple centrosomes in the sh-14-3-3y cells when
compared to the vector control (fig. 4.30 (a)). Expression of the D129A mutant in both the
vector control and the sh-14-3-3y cells resulted in a significant increase in the percentage of
cells with a single centrosome as compared to cells transfected with the WT construct or the
vector control (fig. 4.30 (a)). Expression of E136A led to a significant increase in the
percentage of cells with >2 centrosomes in both the vector control and sh-14-3-3y cells.
Expression of the D129AE136A mutant did not result in a significant change in centrosome
number. This could be due to intragenic complementation. All proteins were expressed at
equivalent levels (fig. 4.30 (b)). These results suggest that the D129 and E136 residues affect
centrosome number even in the presence of endogenous protein and are dominant over the

endogenous protein in human cells.
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Fig. 4.30. Effect of the 14-3-3y mutants in the sh-14-3-3y cells. The HCT116 derived vector
control or 14-3-3y knockdown clones (shi4-3-3y) were transfected with the indicated
constructs and centrosome number determined in mitotic cells. (a) Note that D129A inhibits
centrosome duplication in both the vector control and 14-3-3y knockdown cells while E136A
promotes centrosome duplication in both cell types. The graph shows the percentage of
mitotic cells with 1, 2 or >2 centrosomes, (b) 48 hours post transfection, protein extracts
were prepared from the transfected cells and Western blots were performed with the
indicated antibodies. Western blot for f-actin served as a loading control. Note that all

proteins were expressed at equivalent levels in both cell types.
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4.1.11.5 The effect of the 14-3-3y mutants on centrosome number is independent of cell type.

We wanted to know if the phenotype we observed was dependent on the cell line being used.
To this end, we expressed these constructs in HaCaT and HEK293 cell lines and observed

that the phenotype was conserved and independent of the cell line being used (fig. 4.31).
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Fig. 4.31. Effect of the mutants is conserved in HaCat and HEK293 cell lines. HaCaT or
HEK293 cell lines were transfected with the vector control or the indicated 14-3-3y
constructs. 48 hours post transfection, protein extracts were prepared from the transfected
cells and Western blots were performed with the indicated antibodies or centrosome number
determined in mitotic cells. Western blots for f-actin served as a loading control. The graph
shows the percentage of mitotic cells with 1, 2 or >2 centrosomes. (a-c) — HaCat and (d-f) —

HEK?293.
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4.1.11.6 Centriolar organization in cells expressing the mutants

1) 2) %)

Fig. 4.32. The three possibilities that can lead to the presence of a single centrosome in

mitosis. (1) defect in separation, (2) defect in disengagement and (3) defect in duplication.

There are three scenarios that can explain the presence of a single centrosome in mitosis.
One, a defect in centrosome separation, two, a defect in centriole disengagement, and three, a
defect in centriole duplication (fig. 4.32). In order to understand the phenotype further, we
had to determine the centriolar structure of the cells with the single and multiple centrosomes.
So, we co-transfected HCT116 cells with each of the mOrange 14-3-3y constructs and EGFP
centrin2 to help us visualise the centrioles. 24 hours post transfection, nocodazole was added
to synchronize cells at mitosis. After synchronization, the cells were stained for Pericentrin
and DNA (fig. 4.33). We observed that cells transfected with the D129A mutant, which had
single centrosomes based on Pericentrin staining, showed the presence of 2 centrin2 dots
within the single Pericentrin cloud. This means that there could be a defect in duplication or
disjunction of the centriolar pair. Cells transfected with the E136A mutant, which showed
multiple pericentrin dots also displayed two Centrin2 dots. The D129AE136A mutant showed
a phenotype similar to the WT, with two pericentrin clouds, each harbouring two Centrin2

dots.
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Fig. 4.33 Centriolar organization in cells expressing the different 14-3-3y mutants.
HCT116 cells were transfected with the indicated 14-3-3y constructs and GFP Centrin2,
synchronized in mitosis with nocodazole, fixed and stained with antibodies to Pericentrin.
Note that cells expressing the D129A mutant, with a single centrosome show the presence of
two Centrin2 dots within the single Pericentrin dot. Original magnification 1000X with 2X

optical zoom. Scale bar indicates 1 pum.
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4.1.11.7 Ultrastructure of the centrioles.

Further, we decided to determine the ultrastructure of the centrioles observed in the single
centrosome. In order to do so, the mOrange tagged WT or mutant 14-3-3y constructs were
transfected into HCT116 cells followed by selection of transfected cells in puromycin. The
puromycin resistant cells were synchronized in mitosis and imaged using electron
microscopy. As shown in figure 4.34, cells expressing WT 14-3-3y, E136A and
D129AE136A showed the typical orthogonal arrangement of centrioles, while in cells
expressing the D129A mutant cells the two centrioles were parallel to one another. This
suggested that cells with a single centrosome did not have the typical orthogonal arrangement

of centrioles, which is seen in mitotic cells.
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Fig. 4.34 Ultrastructure of the centrosomes. HCT116 cells were transfected with the
indicated constructs, synchronized in mitosis with nocodazole and fixed and stained with
Osmium tetroxide and visualized using a transmission electron microscope. Representative
images are shown. Magnification is 10000X and the bar indicates 500 nm, except in E136A,

where the bar indicates 1000 nm.

4.1.11.8 Cells with a single centrosome due to the expression of 14-3-3y D129A4 have a defect

in duplication

To test whether the two centrioles seen in the single centrosome observed upon expression of
the D129A mutant had a defect in duplication or disjunction, we stained for Cep68, an inter-
centrosomal linker protein (315,440). Disengagement is a licensing event for centriole
duplication, which results in the establishment of a G1-G2 tether, which loosely connects the
two centrioles that are ready to participate in procentriole biogenesis (330). Cep68 is a part of
the G1-G2 tether and localises to the proximal end disengaged centrioles (315). Its
degradation begins by the end of G2, when the centrosomes begin to separate (349,440). If

centriolar disengagement had occurred, we would observe one Cep68 dot for each Centrin2
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dot, ina 1:1 ratio. HCT116 cells were co-tranfected with each of the mOrange constructs and
GFP Centrin2. 48 hours post transfection and synchronization in G2 with RO3306 (a CDK1
inhibitor), we fixed and stained the cells with antibodies against Cep68 and counterstained for
DNA with DAPI (411,441). We observed that in cells expressing the WT, E136A and the
D129AE136A mutant, that each contained 4 centrioles, there was a 2:1 ratio for
Centrin2:Cep68 signal; 2 pairs of Centrin2 dots each with one Cep68 dot (fig. 4.36). In cells
expressing the D129A mutant, with a single centrosome, there was a 1:1 ratio for
Centrin2:Cep68 staining; each Centrin2 dot was associated with a Cep68 dot (fig. 4.35). This
suggests that the two centrioles observed in the cells expressing the D129A mutant had

undergone disengagement, but were unable to initiate duplication.
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4.35. Organization of intercentriolar linker proteins in cells expressing the mutants.

D129AE136A

HCT116 cells were transfected with the indicated 14-3-3y constructs and GFP Centrin2,
synchronized in G2 with a CDK1 inhibitor, fixed and stained with Cep68. Each single

centrosome is associated two Cep68 dots suggesting that disengagement has occurred.
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Original magnification 630X with 4X optical zoom. Scale bar indicates 10 pm unless

mentioned.

4.1.11.9 The two centrioles in cells expressing the D129A differ in age.

Newly formed centrioles in cycling cells need to undergo a maturation process for almost two
cell cycles before they can be competent to function as microtubule-organizing centers and
basal bodies. Hence, each cell contains three generations of centrioles, only one of which is
able to form cilia. Ninein, a sub-distal appendage protein, is one such protein that is localized
only on the grandmother centriole (313,442). We co-transfected HCT116 cells with each of
the mOrange constructs and GFP Centrin2 and harvested the cells after synchronization in G2
(411,441). In cells expressing WT 14-3-3y or the E136A and D129AE136A mutants, only
one of the centriole pairs is associated with a Ninein dot (fig. 4.36)). The two Centrin2 dots
seen in cells expressing the D129A mutant co-localized with a single Ninein dot. This
suggests that this single centrosome consists of one mother and one daughter centriole, with
the mother centriole having undergone at least two consecutive cycles (443). Given the
results of the Cep68 and the Ninein staining, it means that the single centrosome observed in
cells expressing the D129A mutant is a centrosome with disengaged centrioles that are unable

to duplicate.
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Fig. 4.36. Determination of centriolar age in cells expressing the mutants. HCT116 cells
were transfected with the indicated 14-3-3y constructs and GFP Centrin2, synchronized in
G2 with a CDK1 inhibitor, fixed and stained with Ninein. Only a single centrosome is

associated a single Ninein dot indicating the presence of the grandmother centriole. Note that

176



in case of cells expressing the D129A mutant, the two centrioles are associated with a single
Ninein dot, indicating that the centrosome has undergone at least two rounds of duplication.
Original magnification 630X with 4X optical zoom. Scale bar indicates 10 pm unless

mentioned.

4.1.11.10 Organization of the spindle in cells expressing the 14-3-3y mutants

Next, we wished to find out if the cells with a single centrosome are capable of organizing
microtubules. In order to observe the structure of the spindle in cells expressing the 14-3-3y
mutants, we transfected HCT116 cells with the mOrange tagged 14-3-3y constructs,
synchronized them in mitosis and stained for a-tubulin and Pericentrin (fig. 4.37). In cells
expressing the WT and D129AE136A construct, we could observe the presence of a bipolar
spindle. We observed that in cells with single centrosomes, expressing the D129A construct,
the organization of the spindle was flawed. The single centrosome was able to nucleate
microtubules, but it was unable to form a bipolar or pseudo bipolar spindle. Also, cells
transfected with the E136A construct, showed the presence of multiple centrosomes, with

each centrosome functioning as an MTOC.
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Fig. 4.37. Spindle organization in cells expressing the mutants. HCT116 cells were
transfected with the indicated 14-3-3y constructs, synchronized in mitosis with nocodazole,
fixed and stained with antibodies to Pericentrin and a-tubulin. Original magnification 630X

with 4X optical zoom. Scale bar indicates 2 pm.
4.1.11.11 Duration of mitosis in cells expressing the 14-3-3y mutants

Cells with improperly organized centrioles have been demonstrated to undergo a prolonged
mitosis, while transformed cells with multiple centrosomes have been shown to undergo
centrosome clustering (444,445). Given that expression of mOrange tagged 14-3-3y D129A

led to the formation of a single centrosome in mitosis, with the lack of a bipolar spindle, we
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decided to study if they completed mitosis by tracking these cells using live cell imaging,. In
order to do so, we co-transfected HCT116 cells with each of the mOrange 14-3-3y mutants
and EGFP Centrin2. 48 hours post transfection, the cells were synchronized in mitosis with
nocadozole, treated with ascorbic acid to reduce phototoxicity and imaged at 20 minute
intervals. We observed that cells expressing the mOrange tagged 14-3-3y WT construct, with
2 centrosomes, were able to complete mitosis in 40 minutes, on average (fig. 4.38 (a)). Cells
transfected with the D129A construct, that had 2 centrosomes were also able to do the same.
However, cells with single centrosomes did not complete mitosis even after 80 minutes (fig.
4.38 (b)). In fact, we were able to track only one cell expressing the D129A mutant with a
single centrosome that completed mitosis and only the cell that inherited the original
centrosome survived (fig. 4.38 (c)). Also, cells transfected with the E136A construct, which
had multiple centrosomes, displayed a clustered centrosome phenotype and were able to

complete mitosis in slightly more than 40 minutes (fig. 4.38 (d)).
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Fig. 4.38. Duration of mitosis in cells expressing the mutants. HCT116 cells transfected
with the indicated constructs and GFP Centrin2 were synchronized in mitosis with
nocodazole. After washing out the nocodazole the cells were imaged using live cell
microscopy as described in materials and methods. Note that cells expressing D129A fail to
complete cell division. Arrows indicate transfected cells. Original magnification 630X with

4X optical zoom. Scale bar indicates 1 um unless mentioned.

4.1.11.12 Localization of the 14-3-3 mutants in interphase

Previous reports indicate that a 14-3-3¢ mutant that was defective for ligand binding
accumulated in the nucleus (200). We wished to determine if we could infer anything about
the difference in phenotypes seen upon expression of these 14-3-3y mutants based on their
localization. In order to determine if the centrosome phenotype was due to a difference in
cellular localization of each of the mutants, we transfected each of the 14-3-3y constructs into
HCT116 cells and synchronized with mimosine. We harvested and fixed the cells at different
stages of the cell cycle, to analyze if there was a difference in the cellular localization of the
mutants as compared to the wild type, and if the difference is dependent on the stage of the
cell cycle. We observed that as opposed to the 14-3-3y WT, which had a pan cellular
localization, each of the mutants; D129A, E136A and D129AE136A had a predominantly
cytoplasmic localization during all stages of the cell cycle. Hence, we can conclude that the

cellular localization of the mutants probably does not affect the centrosome cycle (fig. 4.39).
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Fig. 4.39 Localization of the mutants in interphase. HCT116 cells were synchronized in
G1/S using mimosine. Cells were harvested at various time points post mimosine release, to
obtain them at G1, S and G2. Cells were processed for cell cycle analysis and
immunofluorescence. Cells were stained with antibodies against Pericentrin, as a

centrosomal marker and costained with DAPI for DNA. Original magnification 630X with 4X
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optical zoom. Scale bar indicates 2 pum unless mentioned (a-c). Quantitation of the

localisation of the mutants across cell cycle phases.

4.1.11.13 Overxpression of Plk4, CDK2 and CDK1 does not reverse the single centrosome

phenotype

Based on the data obtained, we concluded that there is a centrosome duplication defect in
cells with a single centrosome expressing the 14-3-3y D129A mutant (they were unable to
form procentrioles). In order to rescue the single centrosome defect, we overexpressed certain
proteins that are extremely essential for procentriole formation. Overexpression of Plk4
increases centriole numbers and leads to de novo centrosome formation (402). Over-
expression of either cdkl or cdk1-AF resulted in an increase in centrosome over-duplication
in HCT116 cells (326). Increased Cdk2 activity allowed the cells to accumulate multiple

centrosomes (446).

Therefore, we co-transfected HCT116 cells with mOrange tagged 14-3-3y constructs and the
myc Plk4 construct and a myc vector control. 48 hours post transfection and synchronization
in mitosis, we prepared lysates of the cells and loaded them on SDS-PAGE gels. Upon
performing a Western blot, we were able to ascertain that the proteins were expressing
correctly. In order to test the effect of overexpression of Plk4, we fixed the cells after
synchronization and stained for the centrosome using antibodies against Pericentrin and
counterstained for DNA using DAPI. We counted the number of centrosomes per cell in a
100 mitotic cells. We found that overexpression of Plk4 is able to induce the formation of
multiple centrosomes in mitosis, as is expected. However, the overexpression was unable to
decrease the number of cells with a single centrosome in cells expressing the mOrange 14-3-
3y D129A. This suggests that the single centrosome phenotype is not due to a defect in Plk4

function (fig. 4.40 (a)).
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CDK?2 and CDK1 are cell cycle regulated kinases that have been demonstrated to play a role
in the centrosome cycle. CDK2 is said to link the cell cycle and the centrosome cycle by
initiating both DNA replication and centrosome duplication (447,448). CDK1 overexpression
has also been demonstrated to lead to centrosome overduplication (80,81,367). When we
overexpressed CDK1 and CDK1 AF, or CDK2 and CDK2 AF in HCT116 cells, we were able
to observe an increase in the percentage of cells with multiple centrosomes. However, there
was no reduction in the percentage of cells with a single centrosome. Western blots prove that
the proteins were all expressed correctly. These data suggest that the single centrosome

phenotype is also not due to loss of CDK1 or CDK2 function (fig. 4.40).

(@) VEC WT D129A

185



100~

% of mitotic cells

)

204
B0
o4
60
40

304

(e

% of mitotic cells

[ Vec

F [6=1000] 2 | wT
B D129A
-
N Fidi-

II""" . f=}

~ 9 N

+ myc

CDK1 WT

CDKI1 AF

B3 Vec + Vec =

B8 Vec + cdki WT BB WT +cdki WT I D129A + cdk1 WT

B3 Vec +cdid AF @8

[r=01880]

—
2um

~ a

+ mye Pl

WT + Vec B D120A + Vec

WT +cdki AF - I D129A + cdk1 AF

IEN [TTTT

No. of centrosomes

186

e
Wr
DJ';JU_‘I

+ myc + mys Plk4

D129A

e
Wr
”2‘),.1

mOrange 14-3-3y

3 bam—]m

o L—Mﬂ}m

1 2 3 4 3 6 7 8 9

Vec CDK1 CDK1 AF



(2

HA

HA-CDK2

HA-CDK2 AF

£ Vec+ HA B WT+HA @ D120A+ HA (I) <§ § 6‘;
(h) 23 Vec + HA cdk2 WT B WT +cdke WT 8 D129A + cak2 WT ® & &~ o & N o & &
» ED Vec+cdAF B WT+cd@AF @ D129A + cdk2 AF S = o S Q S Q
z 14-3-3y
8 s — ImOrange
-
E
5 e SRS IB-Actin
=)
g 1 2 3 5 6 7 8 9 10
E HA-CDK2 AF HA-CDK2 WT HA
o
o -
]
Fd N L g

No. of centrosomes

Fig. 4.40. Effect of overxpression of Plk4, CDK1 and CDK2 on the single centrosome
phenotype. HCT116 cells were transfected with the indicated 14-3-3y and myc-tagged Plk4
(a-c), WT CDK1 or constitutively active CDK1 (CDK1AF) (d-f) and HA-tagged WT CDK2 or
constitutively active CDK2 (CDK2AF) (g-i) and centrosome number determined as
described. Note that none of these kinases can reverse the single centrosome phenotype,

though they can all induce the production of supernumerary centrosomes. Original
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magnification 630X with 4X optical zoom (a and d). Original magnification 400X with 4X

optical zoom (g). Scale bar indicates 2 um unless mentioned.
4.1.11.14 Reversal of the centrosome phenotype by NPML1.

Nucleophosminl (NPM1) is a nucleolar protein that has roles in ribosome biogenesis, DNA
replication, mitosis, centrosome duplication and chromatin remodeling (326,449-451). NPM1
is known to be a substrate of CDK2 and CDK6 (56,325,451). It has been demonstrated that
phosphorylation of NPM1 at a Threonine 199 (T199) residue by CDK2 releases NPM1 from
the centrosome (325). This acts as a licensing factor for centriole duplication and triggers
centriole biogenesis. We have obtained mutants of NPM1; T199A (this mutant cannot be

phosphorylated), T199D (this is a phosphomimetic mutant) (326) (fig. 4.41).
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Fig. 4.41 Role of T199 mutants of NPML1 in the centrosome cycle. Upon phosphorylation of
NPM1 at the T199 residue, it dissociates from the centrosome and licenses centrosome
duplication. Expression of a T199 mutant inhibits centrosome duplication, whereas the

T199D mutant contributes to centrosome amplification.

We co-transfected HCT116 cells with each of the mOrange tagged 14-3-3y mutants and each
of the NPM1 constructs. 24 hours post transfection, we added nocodazole to synchronize the
cells in mitosis (fig. 4.42). 100 transfected, mitotic cells were counted. We observed that
expression of the T199D mutant was able to completely rescue the single centrosome
phenotype seen in cells expressing the D129A mutant. NPM1 wild type (WT) was also able
to partially rescue the single centrosome phenotype. Conversely, expression of the T199A
mutant was able to rescue the multiple centrosome phenotype in cells expressing the E136A

construct.
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Fig. 4.42 Reversal of the centrosome phenotype by NPM1. HCT116 cells were transfected
with the indicated 14-3-3y and NPM1 constructs. Post-transfection the cells were arrested in
mitosis and stained with antibodies to Pericentrin and counter-stained with DAPI and
centrosome number was determined in mitotic cells. In all the experiments the mean and
standard error from at least three independent experiments were plotted, error bars denote
standard error of mean and p-values are obtained using Student’s t test. Molecular weight
markers in kDa are indicated. (a) Representative images from each transfection. Original
magnification 630X with 4X optical zoom, (b) Quantitation of % of mitotic cells with a single
centrosome, (c) Quantitation of % of cells with multiple centrosomes, (d) Total quantitation

and (e) Western blot analysis demonstrates that all proteins are present at equivalent levels.

4.1.11.15 The reversal of the D129A phenotype is specific to expression of T199D.

NPM1 has been demonstrated to function as a decamer (418). Defects in the oligomerization
ability of NPM1 have been shown to affect its function (418). NPML1 is phosphorylated by
Aurora B during at a Serine 125 residue during mitosis (449). The overexpression of a
mutant, NPM1 S125A results in the centrosome amplification and mitotic defects possibly
due to cytokinesis failure (449). We wanted to know if expression of S125 mutants of NPM1
can also affect the single centrosome phenotype. Further, we tested if the oligomerization
status of NPM1 can modulate centrosome number. We co-transfected an NPM1
oligomerization defective mutant (L18Q) with mOrange, 14-3-3y WT and 14-3-3y D129A
(personal communication, Dr. Tapas Kundu). We observed the rescue of the single
centrosome phenotype was only possible upon co-expression of the T199D mutant (fig.

4.43).
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Fig. 4.43 Reversal of the single centrosome phenotype is specific to the T199D mutant of
NPM1. HCT116 cells were transfected with the indicated 14-3-3y and NPMI constructs.
Post-transfection the cells were arrested in mitosis and stained with antibodies to Pericentrin

and counter-stained with DAPI and centrosome number was determined in mitotic cells. In
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all the experiments the mean and standard error from at least three independent experiments
were plotted, error bars denote standard error of mean and p-values are obtained using
Student’s t test. Molecular weight markers in kDa are indicated. Western blot analysis

demonstrates that all proteins are present at equivalent levels.

4.1.11.16 Interaction of NPM1 and 14-3-3y

Given that the overexpression of an NPM1 phosphomimetic mutant is able to rescue the
single centrosome phenotype in cells expressing the 14-3-3y D129A construct, we decided to
test for an interaction between 14-3-3y and NPM1. We performed a GST pulldown assay
using GST and GST tagged 14-3-3y WT. Upon performing a western blot for NPM1, we

found that NPML1 interacts with GST 14-3-3y WT (fig. 4.44).

Fig. 4.44 Interaction of GST-14-3-3y with NPM 1. Unsynchronized and mitotic EBC extracts
of HCT116 cells were incubated with the various GST fusion proteins. The complexes were
resolved on a 10% SDS-PAGE gel and western blots performed with antibodies against
NPML1. The position of molecular weight markers in kDa is indicated. The left panel indicates

a Ponceau staining of the memebrane and on the right is the Western blot.
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Further, we wanted to test if all the mutants of 14-3-3y were able to interact with NPM1. To
this end, we cloned the 14-3-3y mutants into HA pcDNA3 and performed a co-
immunoprecipitation. We found that the D129A mutant bound to more of NPML1 as
compared to the WT protein while the E136A mutant did not bind to NPML1 at all. The
D129AE136A mutant bound to NPM1 with a lower affinity as compared to WT. This
suggests that the different mutants of 14-3-3y bind to NPM1 differentially (fig. 4.45). Further,
we used Centrin2 as a positive control for binding to 14-3-3y (452). We have demonstrated
that the binding of Centrin2 to 14-3-3y is phospho-independent. Here, we observe that all the
mutants bind to Centrin2 with the same efficiency (fig. 4.45). This suggests that the binding

of NPM1 with 14-3-3y might be phospho-dependent.

Fig. 4.45 The 14-3-3y mutants interact differentially with NPM1. HCT116 cells transfected
with the indicated HA tagged constructs were lysed in EBC lysis buffer and subjected to
immunoprecipitation with antibodies against the HA epitope. The reactions were resolved on
SDS-PAGE gels followed by western blotting with the indicated antibodies. Note that while

14-3-3y WT forms a complex with NPM1, E136A4 fails to form a complex with NPM1. D129A4
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shows increased complex formation with NPM1 while D129A-E136A forms a complex with

NPML1 at reduced efficiency.
4.1.11.17 Mapping the binding site of 14-3-3 on NPM1

In order to map the 14-3-3y binding site on NPM1, we performed a motif scan to identify
putative 14-3-3 binding sites on NPM1 using a web-based prediction tool (403). We found
three possible 14-3-3 binding sites; S48, S143 and S293. We performed site directed
mutagenesis to convert each of the Serine residues to Alanine so that they can no longer be
phosphorylated. Upon testing their binding to 14-3-3y using a GST pulldown assay, we
determined that only the S48A mutant was unable to bind to 14-3-3y. This suggests that 14-3-

3y binds to NPM1 in a phosphorylation dependent manner via the Ser48 residue (fig. 4.46).
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Fig. 4.46 Mapping the 14-3-3 binding site of NPM1. HCT116 cells were transfected with the
indicated NPM1 constructs. 48 hours post-transfection, protein extracts prepared from these
cells were incubated with recombinant GST or GST-14-3-3y immobilized on glutathione-

Sepharose beads. The reactions were resolved on SDS-PAGE gels followed by Western
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blotting with GFP antibody. The panel on the left shows the Ponceau-S stain of the same
membrane. Lanes 1-5 indicate the WCE, lanes 6-10 indicate pulldown with GST and lanes

11-15 indicate pulldown with GST 14-3-37.

Previous results suggest that phosphorylation of NPM1 at S48 by Akt leads to an inhibition
of the ability of NPM1 to form oligomers and that a phospho-mimetic mutant (S48E) is
unable to form oligomers in vitro (418,453). We wished to determine if an S48E mutant of
NPM1 could form a complex with 14-3-3y. Therefore, constructs expressing CFP fusions of
WT, S48A, and S48E NPM1 were transfected into HCT116 cells followed by GST pulldown
assays as described above. WT and S48E NPM1 formed a complex with GST-14-3-3y but

not GST alone, in contrast to S48A, which failed to form a complex with GST-14-3-3y (fig.

4.47).
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Fig. 4.47 Interaction of the S48 mutants with 14-3-3y. HCT116 cells were transfected with
the indicated NPM1 constructs. 48 hours post-transfection, protein extracts prepared from
these cells were incubated with recombinant GST or GST-14-3-3y immobilized on
glutathione-Sepharose beads. The reactions were resolved on SDS-PAGE gels followed by
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Western blotting with GFP antibody. The panel on the left shows the Ponceau-S stain of the
same membrane. Lanes 1-4 indicate the WCE, lanes 5-8 indicate pulldown with GST and
lanes 9-12 indicate pulldown with GST 14-3-3y. S484 fails to form a complex with 14-3-3y,

while S48E forms a complex with 14-3-3y.

4.1.11.18 Localisation of the S48 mutants of NPM1

NPM1 is a nucleolar protein and its localisation is phosphorylation dependent, as it has been
demonstrated that the S48E mutant of NPM1 has a nuclear localisation (453). In order to
confirm the same, we transfected HCT116 cells with CFP, CFP-NPM1 WT and S48 mutants.
48 hours post transfection, we fixed and stained the cells with antibodies against pericentrin
and counterstained for DNA using DAPI. We observed that as shown previously, the NPM1
WT and S48A mutants displayed a nucleolar localization, whereas the S48E mutant had a
nuclear localization. We were unable to observe any NPM1 at the centrosome for any of the

constructs (fig. 4.48).
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Pericentrin

Fig. 4.48 The indicated CFP-tagged NPM1 constructs were transfected into HCT116 cells
and imaged using confocal microscopy. Note that none of the proteins expressed from the
constructs localized to the centrosome. Original magnification 630X with 4X optical zoom.

Scale bar indicates 10 um unless mentioned.
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4.1.11.19 Effect of S48 mutants of NPM1 on centrosome number

We have shown that the 14-3-3y mutants bind to NPM1 differentially and that binding occurs
via a phosphorylated S48 residue. We wished to determine if 14-3-3y binding mutants of
NPM1 had any effect on the observed centrosome phenotype. We co-transfected HCT116
cells with each of the NPM1 S48 mutants and each of the 14-3-3y mutants. Upon counting
centrosome number in a 100 transfected mitotic cells 48 hours post transfection, we found
that the S48A is able to rescue the single centrosome phenotype seen after expression of
D129A (fig. 4.50).. However, we did not observe the presence of multiple centrosomes upon
its expression. The S48E mutant reverses the multiple centrosome phenotype observed upon
expression of E136A (fig. 4.49). This suggests that the centrosome phenotypes observed
upon expression of the 14-3-3y mutants occur due to their differential binding to NPM1. The

phenotype can be reversed by co-expression of 14-3-3y binding mutants of NPM1.
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Fig. 4.49 Effect of S48 mutants of NPM1 on centrosome number. HCT116 cells were
transfected with the indicated NPM1 and 14-3-3y constructs. 48 hours post transfection and
synchronization in mitosis, cells were processed for IF or Western blots. Cells were fixed and
stained for Pericentrin to determine centrosome number. (a) Representative images of the
transfections. Original magnification 630X with 4X optical zoom, scale bar indicates 2um,
(b) Quantitation of % of mitotic cells with a single centrosome, (¢) Quantitation of % of

mitotic cells with multiple centrosomes, (d) Total quantitation, and (e) Protein extracts were
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prepared from the transfected cells, resolved on SDS-PAGE gels and Western blots were
performed with the indicated antibodies. Lanes 1-4 indicate transfection with CFP vector,
lanes 5-8 indicate transfection with CFP NPM1 WT, lanes 9-12 indicate transfection with

CFP NPM1 S48E and lanes 13-16 indicate transfection with CFP NPM1 S48A.

4.1.11.20 T199 phosphorylation status of the S48 mutants of NPM1

Previous results have demonstrated that NPM1 phosphorylation at T199 acts as a licensing
factor for centrosome duplication (56,325). Expression of the phosphor-mimetic T199D was
able to rescue the single centrosome phenotype. Given that the S48A mutant was also able to
reverse the single centrosome phenotype and the S48E mutant was able to rescue the multiple
centrosome phenotype, we wished to determine the T199 phosphorylation status of the
NPM1 WT, S48A and S48E mutants. We transfected HCT116 cells with each of the ECFP
tagged NPM1 constructs. We also used T199A as a negative control for T199
phosphorylation. We hypothesized that since the S48A mutant is able to rescue the single
centrosome phenotype, it should be highly phosphorylated at T199. Conversely, since the
S48E mutant is able to rescue the multiple centrosome phenotype, it should have T199
phospho levels comparable to that seen upon expression of NPM1 T199A. And that is what

we observed (4.50).
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Fig. 4.50 p-T199 status of the S48 mutants of NPM1. HCT116 cells were transfected with
the indicated NPM1 constructs. 48 hours post-transfection, protein extracts prepared from
these cells were resolved on SDS-PAGE gels followed by Western blotting. f-actin serve as
the loading control. Note that S48A shows increased phosphorylation on T199 while the

phosphorylation is significantly reduced in the S48E mutant.

4.1.11.21 NPM1 and ROCKII

It has been demonstrated that upon phosphorylation of NPM1 by CDKZ2, it binds to ROCKI|I
(454). ROCKII then phosphorylates proteins that initiate centrosome duplication (454). In
order to further confirm the role of NPML1 in this pathway, we used a doxycycline inducible
constitutively active construct of ROCKII (ROCKII CA). In HCT116 cells transfected with
each of the 14-3-3y mutants, we co-transfected the ROCKII construct and then added
doxycline 24 hours after transfection. 48 hours after transfection, we counted centrosome
number in a 100 transfected, mitotic cells. We observed that induction of ROCKII CA lead to
the presence of multiple centrosomes. It also reversed the single centrosome phenotype seen

upon expression of the D129A mutant (fig. 4.51 (a)). We also tested the effect of ROCKII by
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using Calpeptin, a chemical activator of ROCKII. Addition of Calpeptin also reversed the

effect of D129A (fig. 4.51 (b)).
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Fig. 4.51 14-3-3y inhibits the ability of NPM1 to activate ROCKII. (a) HCT116 cells were
transfected with the indicated 14-3-3y constructs and a doxycycline-inducible constitutively
active ROCKII construct. The cells were cultured in the presence and absence of doxycycline
and centrosome number determined in mitotic cells as described above. Note that the
constitutively active ROCKII construct only induces centrosome duplication in the presence
of doxycycline. Western blot indicates overexpression of ROCKII upon doxycycline induction.
(b)HCT116 cells were transfected with the indicated 14-3-3y constructs and treated with
either the vector control or the ROCKII activator Calpeptin and centrosome number
determined in mitotic cells. Note that Calpeptin reverses the single centrosome phenotype in
cells expressing D129A. In all the experiments the mean and standard error from at least
three independent experiments were plotted, error bars denote standard error of mean and p-

values are obtained using Student’s t test. Molecular weight markers in kDa are indicated.
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Our results suggest that the centrosome phenotypes observed upon expression of the different
14-3-3y mutants are due to differential binding of these mutants to NPMI1. In case of the
D129A mutant, it binds to NPM1 with a high affinity. This inhibits the ability of NPM1 to
dissociate from the centrosome upon phosphorylation by CDK2 at T199. Expression of 14-3-
3y binding deficient mutant, NPM1 S48A, is therefore able to reverse this phenotype. In case
of the E136A mutant, which is unable to bind to NPM1, NPM1 dissociates from the
centrosome prematurely, which leads to centrosome amplification. Expression of the S48E
mutant, which binds to 14-3-3y, is thus able to reverse this phenotype. The D129AE136A

mutant behaves like WT 14-3-3y due to intragenic complementation.

4.2 How do 14-3-3 proteins regulate centrosome clustering?

Non-transformed cells with multiple centrosomes undergo a multipolar mitosis, which results
in massive aneuploidy and eventual apoptosis (391). Centrosome amplification is therefore,
not beneficial to cells. Paradoxically, several reports demonstrate that centrosome
amplification is common in most forms of cancer [reviewed in (455)]. Several proteins that
are involved in the centrosome cycle are deregulated in cancer [reviewed in (384)]. One
mechanism to avoid cell death, utilized by transformed cells with multiple centrosomes, is the
organization of a pseudo-bipolar or clustered spindle (360). It has been demonstrated using
human cell lines and Drosophila models, that in this process, from prophase onwards the
multiple centrosomes gather so as to form only two functional poles (456). The cells go
through a transient multipolar phase that eventually coalesces into a clustered mitosis
(385,445,457). Due to the transient multipolar phase, there are merotelic attachments between

the kinetochore and the microtubules, which contribute towards Chromosomal Instability
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(CIN). However, the CIN is low enough that the resultant daughter cells are still viable. This

confers a growth advantage on the daughter cells (359,360).

Loss of 14-3-3y leads to centrosome amplification (326). When sh-14-3-3y cells from
passage 15 to passage 55 were compared, it was observed that with an increase in passage,
there is an increase in aneuploidy and the ability to form soft agar colonies. This is
accompanied by an increase in the percentage of cells with clustered centrosomes in the sh-
14-3-3y cells as compared to the vector control. Further, upon expression of the 14-3-3y
binding defective CDC25C S216A across passages, there is still an increase in the percentage
of cells with a pseudobipolar spindle (326). However, there is a concomitant increase in the
percentage of cells with a multipolar spindle. This also results in a decrease in tumour

volume.

4.2.1 Generation of HeLa Kyoto EGFP-a-tubulin/ H2B-mCherry cells with a knockdown of

14-3-3y

In order to understand how a loss of 14-3-3y increases the frequency of cells with clustered
centrosomes, it is important to study the dynamics of the process in live cells. Clustering is a
process that begins in prophase but can be visualized only in metaphase or anaphase cells.
When a cell with multiple centrosomes is in prophase, it could proceed in two ways — a
multipolar mitosis or a clustered mitosis. If we observe cells only in mitosis, we would
underestimate the correct number of cells undergoing a multipolar vs a clustered mitosis.
Therefore, in order to visualize the centrosomal dynamics in cells with multiple centrosomes,
we obtained the HelLa Kyoto EGFP-a-tubulin/ H2B-mCherry cell line (405). This clonal
stable cell line was generated by transfecting HelLa cells with a single circular plasmid
followed by G418 and Puromycin drug resistance selection. The advantage of using this cell

line was that it would let us visualize spindle architecture and track chromosome dynamics.
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This is essential, given that centrosome clustering gives rise to merotelic attachments and

chromosome lagging (359).

In order to generate a knockdown of 14-3-3y in the HelLa Kyoto cell line, we cloned
previously tested ShRNA targeting 14-3-3y in a pLKO Hygro vector (234). After selection in
Hygromycin, we were able to obtain Hygromycin resistant colonies. In order to test for a
knockdown in these colonies, we prepared lysates and performed Western blots using
antibodies against 14-3-3y, with B-Actin as a loading control. We were able to verify that a
number of the isolated colonies harboured a knockdown of 14-3-3y. However, upon culturing
the cells further, we observed that the cells were unhealthy and were unable to grow. Also,
after a few passages, the cells reverted to WT levels of 14-3-3y. We observed the same

phenotype after repeated transfection and selection (fig. 4.53).
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Fig. 4.52 Generation of a knockdown of 14-3-3y in the HeLa Kyoto cell line. Clones

selected in Hygromycin were tested for a knockdown of 14-3-3y by performing western blots.
(a) Two vector control clones and two sh-14-3-3y clones. Note the knockdown of 14-3-3y in
the sh-14-3-3y clones. (b) The same clones after further culturing. Note the reversal in the

levels of 14-3-3y in the sh-14-3-3y clones.
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Recently, a paper was published where it was demonstrated using HelLa cells, that 14-3-3
proteins shield Cdt2 from proteasomal degradation (235). Cdt2 is the substrate recognition
adaptor of CRL4“™ E3 ubiquitin ligase complex. CRL™ is essential for the proteasomal
degradation of several cell cycle proteins, such as Cdtl, E2F1, p2land Set8, for the
maintenance of genomic stability [reviewed in (236)]. FbxO11l mediated proteasomal
degradation of Cdt2 leads to cell cycle exit (236). This degradation can be inhibited by its
phosphorylation at a Thr464 residue by CDK1 and CDK2. This phosphorylation also
generates a binding site for 14-3-3y, which then shields Cdt2 from degradation and stabilizes
it. Upon depletion of 14-3-3y, there is an increase in the levels of substrates of CRLA%™?, such
as p21 and Set8 (235). This leads to an arrest of the cells at the G2/M phase due to
accumulation of Set8. This could explain why we were unable to generate a knockdown of

14-3-3y in the HeLa cell line.

It is unclear whether this is a cell line specific phenotype, as transient knockdown of 14-3-3y
has been created in HEK293 and U20S cell lines (326). Moreover, HCT116 cells harbouring
a stable knockdown of 14-3-3y have been generated (234). But given the data from this
publication, we decided to change our model cell line and used the previously generated
HCT116 derived vector control and 14-3-3y knockdown cells for our experiments. Therefore,
we wished to generate a single construct expressing y-tubulin-GFP and H2B-mCherry.
Tagging y-tubulin, which is a PCM protein, would help us track the centrosome and study

centrosome clustering better.

In order to be able to express two proteins using a single promoter, we first cloned an Internal
Ribosome Entry Site (IRES) sequence into the MCS of the pcDNA3.1 Puromycin vector (fig.
4.54 (a)). An IRES is an RNA sequence that forms a complex secondary structure that allows
the initiation of translation from any position within an mRNA immediately downstream

from where the IRES is located. We first cloned mCherry H2B downstream of an (IRES)
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sequence into a pcDNA3.1 Puromycin vector. The expression of the pcDNA3.1 H2B-
mCherry-IRES construct was tested by transfecting this construct into HCT116 cells and
observing the localization of the H2B-mCherry under a microscope 48 hours post
transfection. We observed that the construct expressed correctly, with the H2B-mCherry
being expressed in the nucleus (fig. 4.54 (b)). Then, we cloned y-tubulin GFP upstream of the
IRES sequence and tested the expression of the pcDNA3.1 Puro y-tubulin-GFP-IRES-H2B-
mCherry construct. We observed that the H2B-mCherry localized as observed before, in the
nucleus. However, we also observed that the y-tubulin-GFP formed several large puncta
within cells, which is not the correct localisation of y-tubulin (4.54 (c)). This could be due to

very high overexpression of the y-tubulin-GFP protein.
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Fig. 4.53. Generation of the pcDNA3.1 —y-tubulin-GFP-IRES-H2B-mCherry construct. (a)
Design of the live cell construct, (b) HCT116 cells were transfected with the pcDNA3.1 —
IRES- H2B — mCherry construct. 48 hours post transfection, the cells were visualised using
an inverted microscope, (c) HCT116 cells transfected with the pcDNA3.1 — y-tubulin-GFP-

IRES-H2B-mCherry construct. Note the defective localization of the y-tubulin GFP.

It has been reported that, when using an IRES sequence to drive the expression of two genes,
the gene downstream of the IRES sequence is expressed at levels 20-50% as that of the
upstream gene (458,459). This depends on the gene of interest or the efficiency of the
upstream promoter (458,459). Given this data and our observations, we decided to
interchange the order in which the two genes were cloned around the IRES sequence.
Therefore, we cloned the H2B-mCherry upstream of the IRES sequence and the y-tubulin-
GFP downstream of the IRES sequence. When we tested the expression of the pcDNA3.1
Puro-H2B-mCherry-IRES-y-tubulin-GFP construct, we observed that both the proteins
localized correctly (fig. 4.54). Further, this construct can be used to study centrosome

clustering.
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H2B-mCherry

Fig. 4.54. Expression of the pcDNA3.1H2B-mCherry-IRES-y-tubulin-GFP. HCT116 cells
were transfected with the pcDNA3.1 — y-tubulin-GFP-IRES-H2B-mCherry construct.48 hours
post transfection, the cells were imaged under a Confocal microscope at 630X magnification
with 4X optical zoom. Scale bar indicates 2um. Note the correct localization of the y-tubulin
GFP. Also, cells express H2B-mCherry before they express y-tubulin-GFP. This is probably

due to the y-tubulin-GFP being cloned downstream of the IRES sequence.
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5. Discussion
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5. Discussion.

The results presented in this thesis suggest that 14-3-3 proteins perform several functions in
the centrosome cycle. Binding to 14-3-3y and 14-3-3¢ is essential for the centrosomal
localization of the Centrin2 (452). The functional consequences of this loss of localization
remain to be determined. 14-3-3 proteins are also involved in the centrosome cycle by
inhibiting the premature activation of CDC25C (326). The loss of 14-3-3y results in
centrosome amplification due to increased phosphorylation of the T199 residue in NPM1 by
CDK1 (326). Further, negatively charged residues within the peptide binding groove of 14-3-
3y can affect binding of 14-3-3 to NPML. This binding plays an inhibitory role on centrosome
duplication, as expression of the E136A mutant, which cannot bind to NPM1 leads to
centrosome amplification, and expression of the D129A mutant, which binds with higher

affinity to NPM1, inhibits centrosome duplication.

5.1 The centrosome amplification observed upon a knockdown of 14-3-3y is

accompanied by an increase in the levels of p-T288 Aurora A Kinase.

The primary function of Aurora-A is to promote bipolar spindle assembly but it also has roles
in centrosome maturation and separation, acentrosomal and centrosomal spindle assembly,
kinetochore function, cytokinesis and cell fate determination (341,344,345,366,398,415,460-
466). Aurora-A activation is dependent on its phosphorylation on residue T288 in the
activation loop (467). Our results indicate that Aurora A pT288 levels are higher in the sh-14-
3-3y cells as compared to the vector control cells. Centrosome amplification in the sh-14-3-3y
cells is due to premature CDC25C and CDK1 activation. The connection between premature
CDK1 activation and increased Aurora A activation is not clear. Aurora A has not been
shown to play a role in centriole biogenesis, although it has roles in centrosome separation. It

is possible that its increased activation is an outcome of the centrosome amplification
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observed in the sh-14-3-3y cells. The increase in AuroraA activity might lead to separation of

the duplicated centrosomes and thus facilitate centrosome duplication.

5.2 Binding to 14-3-3y and 14-3-3¢ is essential for the centrosomal localization of

Centrin2.

Centrin2 is a protein that localizes to the distal lumen of both centrioles (423). Loss of
Centrin2 results in centriole “dilution”, with the generation of daughter cells with only a
single centriole (422). These daughter cells do not survive beyond the fourth cell division
(422). Centrin2 also has functions in DNA damage repair; being a part of the Xeroderma

Pigmentosum Complex (XPC) it is necessary for nucleotide excision repair (369).

Previous reports have demonstrated that the C terminal region of Centrin2, which consists of
the EF3 and EF4 domains (aa. 94-172), are necessary and sufficient for its centrosomal
localization and binding to XPC (424). 14-3-3 proteins have been shown to modulate the sub-
cellular localization of their ligands (219,226,240,468). Results from this thesis demonstrate
that 14-3-3 proteins bind to Centrin2 and that this binding is important for its centrosomal
localization. Expression of a 14-3-3 binding deficient mutant of Centrin2 results in a pan-
cytoplasmic, punctate localization of Centrin2, but none of the puncta localize to the
centrosome. This mutant is not dominant negative, as its expression does not interfere with
mitotic progression or spindle formation. While we have been unable to identify the precise
site of 14-3-3 and Centrin2 interaction, our results suggest that the binding is indpendent of
phosphorylation on Centrin2. There could also be at least two possible regions within
Centrin2 that mediate its binding to 14-3-3 proteins; amino acids 29-37 and amino acids 48-
63. These could form an as yet uncharacterized 14-3-3 binding site. The other possibility is
that the interaction is indirect and that other proteins are required to mediate the interaction of

14-3-3 proteins and Centrin2. The interaction of these proteins and Centrin2 might be
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stabilized by 14-3-3 binding and thus help in recruiting Centrin2 to the centrosome. 14-3-3
proteins and Centrin2 may be part of a multi-protein complex, which might be essential for

centriole biogenesis and for the accurate localization of Centrin2 at the centrosome.

Several approaches have been taken to explain how the localization of Centrin2 to the
centrosome is regulated (424,469,470). Dantas, et. al., used chicken DT40 cells expressing
Centrin2 mutants that were unable to bind to Calcium. Their results suggest that the
centrosomal localization of Centrin2 depends on its ability to bind to Calcium, as the Alanine
mutants of D41, D77, D114 and D150, do not localize at the centrosome (470). Based on or
results, this does not seem to be the case. The construct expressing aa. 1-37, which does not
contain any of the four calcium binding residues, is able to localize to the centrosome. These
discrepancies could be due to differences in centriole biogenesis between species.
Experiments in XP4PASV cells, a human fibroblast cell line deficient for XPC, have
demonstrated that both, its localization at the centrosome and binding to XPC are dependent
upon three amino acids in EF3 and one amino acid in EF4 of Centrin2 (424). Yet, all the C-
terminal deletion constructs used in this thesis accumulate at the centrosome and co-localize
with Pericentrin, although not with the characteristic 2 or 4 dot organization. This suggests
that after Centrin2 is directed to the centrosome, other factors might bind to its C-terminal

end and mediate its accurate localization at the centriolar lumen.

X-ray crystallographic studies of mouse Centrinl indicate that the N-terminus of one
Centrinl monomer might form a complex with the C-terminus of another Centrinl monomer
(471). This suggests that the N-terminal mutants of Centrin2 might form a complex with the
endogenous Centrin2. However, the entire EF1 domain in Centrinl is required for
dimerization with the C-terminal EF hands in Centrinl and the 1-37 mutant does not have the
entire EF1 hand. Therefore, it is unlikely that the 1-37 mutant localizes to the centrosome by

forming a dimer with the endogenous Centrin2. Further, the 14-3-3 binding defective mutant,
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64-172, showed no nuclear localization. This could be due to the fact that nuclear localization
of Centrin2 has been linked to its modification by SUMOylation (472). Three putative
SUMOylation sites are present within the first 64 amino acid region of Centrin2. It is possible
that one of these sites could be responsible for SUMOylation and that is why deletion of this

region results in loss of its nuclear localization.

We propose the following model to illustrate the role of 14-3-3 proteins in mediating the
localization of Centrin2 at the centrosome (Fig. 5.1). In cells expressing Centrin2 with an
intact 14-3-3 binding site, Centrin2 is targeted to the centrosome via its interaction with 14-3-
3 and possibly other proteins. Once it is present at the centrosome, other factors regulate its
correct localization at the centrosome. In cells expressing a 14-3-3 binding defective mutant
of Centrin2, Centrin2 can no longer be targeted to the centrosome and is thus not observed at

the centrosome.
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Fig. 5.1 Model describing the role of 14-3-3 proteins in regulating the centrosomal

localization of Centrin2.
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5.3 The centrosomal localization of y-tubulin depends on its middle Tubulin/FtsZ, 2

layer sandwich domain.

y-tubulin is essential for microtubule nucleation, being a part of the y-Tubulin Small Complex
(y-TuSC) and the y-Tubulin Ring Complex (y-TURC). Several reports have focussed on its
activity at the centrosome and its connection to various microtubule nucleation pathways
(reviewed in (473)). The results in this thesis indicate that its middle Tubulin/FtsZ, 2 layer
sandwich domain is essential for its centrosomal localization, as its deletion results in loss of
the centrosomal localization of y-tubulin. This domain might not be essential for binding to
14-3-3y, as the G1 mutant is still able to bind to 14-3-3y, although it is possible that there are
multiple 14-3-3 binding sites on y-tubulin. Further experiments are needed to understand

which other proteins might be necessary for its centrosomal localization.

5.4 Cepl70 levels decrease in the sh-14-3-3y cells.

Cepl170 is a sub-distal appendage protein that is specific to the mother centriole. Our results
indicate that both mRNA as well as protein levels of Cep170 decrease in the sh-14-3-3y cells
as compared to the vector control cells. Given that this decrease does not seem to affect the
intensity of Cep170 at the centrosome, it is difficult to understand its functional significance.
Experiments in the mouse F9 cell line with a knockout of Odf2, another sub-distal appendage
protein show that these cells lack sub-distal appendages and are unable to form primary cilia
(312). Odf2 has been demonstrated to be one of the first proteins that is recruited to the sub-
distal appendages (437). It is possible that this is why its loss has such a severe phenotype.
Further, it is not possible to study the formation of primary cilia in HCT116 cells as these are

actively cycling cells and do not undergo quiescence.
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14-3-3y can bind to and modulate the centrosomal localization of some centrosomal proteins

(fig. 5.2). A better understanding of the consequences of this binding and its specificity is

needed.
14-3-3y
Centrin2 y-tubulin Cepl70
- Binds to EF1. - Binds to -Three putative 14-3-3
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Fig. 5.2 Representation of the connection between 14-3-3 and centrosomal proteins.

5.5 Expression of mutants of the peptide binding grove of 14-3-3y affects centrosome

number.

14-3-3 proteins are dimeric, cup-shaped molecules that can bind to phosphorylated Serine or
Threonine residues in a mode specific manner (173,180). Each monomer forms a highly
conserved amphipathic groove that is the phosphorylation-binding pocket. A number of
positively charged Lysine and Arginine residues (K49, K120, R56, and R127) within this
groove mediate the interaction with the phosphate group of the ligand (172). We have
demonstrated that negatively charged residues within this peptide binding amphipathic
groove of 14-3-3y can affect centrosome number. Expression of the D129A mutant in
HCT116, HaCat and HEK293 cell lines leads to a significant percentage of mitotic cells

harbouring single centrosomes (19%). Expression of the E136A mutant in the same cell lines
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results in the presence of multiple centrosomes in mitotic cells (21%). Interestingly,
expression of the D129AE136A mutant did not result in any change in centrosome number.
This suggests that this mutant shows intragenic complementation. We also observed a similar
phenotype in the HCT116 derived vector control and sh-14-3-3y cells. This implies that the
phenotype is actually dominant over the endogenous protein in the cells. Further, knock-in
experiments are needed to test the effect of the mutants. Also, given that these residues are
highly conserved across isoforms and that different 14-3-3 isoforms can have overlapping
functions, it is possible that similar mutations in other isoforms might result in a similar
phenotype. It would be interesting to study the effect of altering these residues in other

isoforms and determine their affect on isoform function.

5.6 The single centrosome phenotype is due to a failure of centriole duplication.

By performing dual staining for centrosomes, using GFP Centrin2, Pericentrin, Cep68 and
Ninein as markers, we were able to demonstrate that the single and multiple centrosomes
observed are due to defects in centriole duplication. Under normal conditions, mitotic cells
would have 4 Centrin2 dots and 2 Pericentrin clouds, a ratio of 4:2 for Centrin2:Pericentrin,
indicative of two mature centrosomes. Cells expressing the WT 14-3-3y show
Centrin2:Pericentrin staining in the ratio of 4:2 in mitosis, while the single centrosome
observed in cells expressing the D129A mutant shows Centrin2:Pericentrin staining in the
ratio of 2:1 in mitosis. As described in section 4.1.11.6 and figure 4.32, this could be due to a
defect in separation, disengagement or duplication. In order to understand the phenotype
better, we performed dual staining using Centrin2:Cep68 and Centrin2:Ninein. In normal
cells in G2, there would be 4 Centrin2 dots and 2 Cep68 dots, indicative of centrosomes that
had undergone disengagement and duplication. In cells expressing the WT 14-3-3y construct,
we observed Centrin2:Cep68 staining in the ration of 4:2, which is expected. In cells

expressing the D129A construct, with a single centrosome, we observed Centrin2:cep68
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staining in the ratio 2:2, which is indicative of a centrosome that has undergone
disengagement but is unable to duplicate. Further, a normal G2 cell would stain for
Centrin2:Ninein in the ratio of 4:1, indicative of 4 centrioles, of which only one is the
grandmother centriole staining positively for Ninein, which is what we observed in cells
expressing the WT 14-3-3y construct. In cells expressing the D129A construct, with a single
centrosome, we observed Centrin2:Ninein staining in the ratio 2:1. Taken together with the
Cep68 staining, this is indicative of a centrosome that has undergone disengagement but is
unable to initiate duplication. Previous reports in RPEL cells indicate that a 2:2 ratio of
Centrin:C-Napl exists in cells with disengaged centrioles (334). C-Napl is an
intercentrosomal linker protein that has been shown to localize to MTOC competent
centrioles (334,474). In the same report, hSas-6, which is a protein that localizes to the
central cartwheel, has been shown to associate exclusively with daughter centrioles that are
MTOC incompetent. It might be useful to study the pattern of hSas-6 in cells expressing these
14-3-3y mutants. Also, it will be intersting to further characterize the multiple centrosome
phenotype using daughter centriole specific markers such as hSas-6 and Centrobin (475).
This would help us understand whether the daughter centrioles are formed de novo or using

the mother centriole as the template.

5.7 Cells expressing the 14-3-3y mutants exhibit mitotic defects.

Cells expressing the WT 14-3-3y complete mitosis in ~40 minutes. We observed that cells
expressing the D129A mutant, that have a single centrosome in mitosis, are unable to
complete mitosis even after 120 minutes in mitosis. In HeLa cells, a knockdown of Centrin2
leads to the presence of a unicentriolar spindle pole. Here, due to “centriole dilution”, the two
centrioles split, migrate to each pole and nucleate spindle microtubules and complete mitosis
(422). In the next round of mitosis, acentriolar spindle poles are formed and eventually, the

cells are unable to complete cytokinesis and undergo apoptosis (422). Inspite of having only
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two centrioles in a mitosis, the cell is able to complete at least one round of mitosis. A similar
phenotype is not observed in cells expressing the D129A mutant. This could be explained by
the fact that the duration of mitosis is not specified in this report (422). It is possible that cells
expressing the D129A mutant, with a single centrosome in mitosis might also be able to
complete mitosis, if observed for a longer duration and this needs to be tested. Also, if these
cells are undergo apoptosis eventually, it might be difficult to generate a stable cells
overexpressing these constructs. in this case, a conditional knock-in system would be useful.
The other possibility is that activation of the Spindle Assembly Checkpoint (SAC) occurs
when cells expressing the D129A mutant, with a single MTOC, are in mitosis. As described
in section 1.1.2, the SAC is activated upon loss of spindle pole tension, unattached
kinetochores at metaphase or by certain spindle poisons such as nocodazole (137). When a
single MTOC is present, syntelic attachments can occur, where both sister chromatids are
attached to a single spindle pole (476). It might be interesting to study what happens when
cells expressing the D129A mutant, with a single centrosome, are treated with a SAC
inhibitor such as CF1-402257 (477). If treatment with the SAC inhibitor is able to promote
mitosis in these cells, the resulting daughter cells will harbour significant levels of CIN

and this might further affect their viability.

Transformed cells with multiple centrosomes usually undergo a clustered mitosis
(360,385,391,445,478). Extra centrosomes can add upto 30 minutes to the duration of
mitosis, depending on the cell line being used (457). This is in line with our observation that
cells expressing the E136A mutant, that possess multiple centrosomes, take a little more than
40 minute to complete mitosis by clustering centrosomes. We have been unable to detect the
occurrence of a multipolar mitosis in cells expressing E136A. It is possible that these cells
have a very efficient clustering mechanism. Loss of 14-3-3y leads to an increase in

centrosome number, clustering and aneuploidy with an increase in passage (326). The
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centrosome clustering can be reversed to a multipolar mitosis upon co-expresssion of
CDC25C (326) The multiple centrosome phenotype that we observe upon expression of the
E136A mutant mirrors that seen upon loss of 14-3-3y. Expression of this construct in the sh-
14-3-3y cells actually enhances the centrosome amplification observed upon loss of 14-3-3y.
It would be of interest to test the effect of CDC25C overexpression on centrosome number

and clustering in these cells.

5.8 14-3-3y inhibits centriole duplication by inhibiting NPM1 function.

The single centrosome phenotype cannot be reversed by overexpression of Plk4, CDK1 or
CDK2. This is interesting because these proteins are extremely essential for procentriole
biogenesis. Plk4 is first recruited at the proximal end of the mother centriole by Cepl52,
Cep192 and PIk1 (291). Given that overexpression of Plk4 is unable to rescue the single
centrosome phenotype, it would be intersting to study the localization of Cep152, Cep63 and
Cepl192 at these centrosomes. This would help us further understand the dynamics of the
recruitment of these centrosomal proteins at the centrosome and how this recruitment is

affected in cells expressing the 14-3-3y mutants.

Our results indicate that the single centrosome phenotype observed upon expression of the
D129A mutant can be partially reversed by the NPM1 WT protein or completely reversed
upon expression of the NPM1 T199D mutant, which is a phospho-mimetic mutant, or the
S48A mutant, which is unable to bind to 14-3-3y (section 4.1.11.14). Whereas, the multiple
centrosome phenotype observed upon expression of the E136A mutant can be reversed upon
expression of the NPM1 T199A mutant or the S48E mutant, which we propose is another
phospho-mimetic site, necessary for 14-3-3 binding (section 4.1.11.14). Further, the single
centrosome phenotype can be reversed upon activation of ROCK2. It has been demonstrated

that NPM1 phosphorylated at T199 by CDK2 is displaced from the intercentrosomal linker

222



and activates ROCK2. Upon ROCK2 activation, centrosome duplication is initiated
(454,479). However, using both antibodies against NPM1 and a fluorescently tagged
construct of NPM1, we have been unable to detect the presence of NPML1 at the centrosome
in both interphase and mitotic cells. Even the CFP NPM1 S48E mutant which localizes to the
nucleus is not detected at the centrosome. 14-3-3y has been shown to localize to the
centrosome (326). There are no studies that indicate the presence of ROCK2 at the
centrosome. We have demonstrated that 14-3-3y interacts with NPM1. It is possible that the
interaction of 14-3-3y and NPM1 does not occur at the centrosome. It is clear, however, that
the binding of 14-3-3y to NPM1 inhibits NPM1 function. It is possible that the interaction
between NPM1 and 14-3-3y is not direct. 14-3-3 proteins have been shown to form ternary

complexes due to the presence of two ligand binding sites within the dimer (215).

Oligomerization is essential for most NPM1 functions (418). It has been demonstrated
previously, that phosphorylation at the S48 residue by Akt destabilizes NPM1
oligomerization (418). Our results indicate that this S48 residue is actually a mode 2 14-3-3
binding site. Mutation of the S48 to Alanine abrogates binding to 14-3-3y, whereas, the S48E
mutant is still able to bind to 14-3-3y. NPM1 phosphorylated at the S48 residue is unable to
oligomerize, therefore, the generation of the 14-3-3 binding site actually inhibits NPM1
oligomer formation. We also need to find out the kinase that phosphorylates NPM1 at S48
and generates a 14-3-3 binding site. It is possible that it could be Akt, in which case, we need

to understand the role of Akt in the centrosome cycle.

Based upon our results, we propose the following mechanism (Fig. 5.3). Under normal
conditions, in the presence of 14-3-3y, NPMI is bound to WT 14-3-3y and remains at the
centrosome and inhibits centrosome duplication. Upon phosphorylation of NPM1 at T199 by
the CDK2/Cyclin E complex, NPML1 dissociates from the centrosome, and activates ROCK2,

which licenses centrosome duplication (Fig. 5.3 (a)). On expression of the D129A mutant,
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which binds to NPM1 with a stronger affinity as compared to WT 14-3-3y, the NPMI
remains bound to 14-3-3, despite phosphorylation by CDK2/Cyclin E (Fig. 5.3 (b)). This
inhibits centrosome duplication. This phenotype can be reversed by the expression of the
NPM1 S48A mutant, which is unable to bind to 14-3-3y. Upon expression of the E136A
mutant, which is unable to bind to 14-3-3, NPM1 is untethered at the centrosome and is thus
free to activate ROCK2 and leads to centrosome amplification (Fig. 5.3 (c)). This phenotype
can be reversed upon expression of NPM1 S48E, which binds to 14-3-3y. We have not able
to understand the dynamics of 14-3-3y and NPM1 binding and dissociation. It remains to be
understood whether 14-3-3 binds to NPM1 before NPML1 is phosphorylated by CDK2/Cyclin
E or is it vice versa. It is possible that phosphorylation of T199 acts as a positive feedback
loop and makes the S48 site more accessible to 14-3-3 for binding. This is also suggested by
the fact that the S48A mutant is more phosphorylated at T199 as compared to WT 14-3-3y.

However, this needs to be tested.
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Fig. 5.3 Model explaining the regulation of NPM1 function by 14-3-3y.
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5.9 Mutants of 14-3-3 and oligomerization.

14-3-3 proteins function as homo- or heterodimers (197). It has been demonstrated that
dimerization is essential for the function of 14-3-3 proteins, as dimerization defective mutants
of 14-3-3 proteins cannot bind to ligands (200). It is possible that each of these mutants
dimerize with the endogenous WT 14-3-3y. This could explain why the phenotype is
observable in only a percentage of the transfected cells. To test this hypothesis, a conditional
knock-in cell line will have to be generated. It has also been reported that the D129A mutant
oligomerizes more efficiently than the WT protein (249). Whether oligomerization
contributes to the centrosome phenotype needs to be determined. In order to do this, the
oligomerization potential of the E136A and the D129AE136A mutant will also have to be
estimated. It is possible that the E136A mutant is unable to bind to NPM1 because it is unable

to dimerize.

5.10 The different contributions of 14-3-3 proteins in the centrosome cycle.

Based on the results presented in this thesis, we suggest that 14-3-3 proteins have several
roles in the centrosome cycle (fig. 5.4). 14-3-3y prevents premature CDC25C activation and
centrosome amplification in S phase (326). 14-3-3 proteins are also required for the
centrosomal localization of the protein Centrin2 (452). Further, 14-3-3y binding to NPM1
inhibits both the ability of NPM1 to form higher order oligomers and the phosphorylation of

NPM1 on T199 by CDK2.
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Fig. 5.4 Model representing the different contributions of 14-3-3 proteins to the

centrosome cycle.

5.11 Conclusion.

The results in this thesis demonstrate that 14-3-3 proteins perform different functions in the
centrosome cycle. These functions rely on the abilities of 14-3-3 proteins to act as adaptor
proteins, molecular switches and shuttling proteins. Most of the results in this thesis focus on
the y isoform of 14-3-3 proteins, but as has been described before, it is possible that other

isoforms can also perform compensatory functions.
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14-3-3¢ and 14-3-3y localize to the centrosome and regulate centrosome duplication, by inhibiting cdc25C function. As
14-3-37 and 14-3-3¢ form a complex with centrosomal proteins, we asked if this ability was required to regulate centrosome
duplication. The results in this report demonstrate that 14-3-3¢ and 14-3-3y form a complex with Centrin2 and that the
binding site is located in the N-terminal EF hand in Centrin2, EF1. A Centrin2 mutant that does not form a complex with
14-3-3 proteins displays a punctate cytoplasmic localization and does not localize to the centrosome. These results suggest
that in addition to negatively regulating centrosome duplication as previously reported, 14-3-3 proteins might also be
required for centriole biogenesis by regulating the localization of Centrin2 at the centrosome.
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1. Introduction

The 14-3-3 protein family comprises a group of small,
dimeric, acidic proteins that regulate multiple cellular path-
ways (Aitken 2006; Tzivion et al. 2006; Gardino and Yaffe
2011). 14-3-3 proteins bind to ligands such as cdc25C, Raf-
1, IRS-1, via two consensus motifs (modes I and II) con-
taining a phosphorylated serine/threonine residue (Muslin
et al. 1996; Ogihara et al. 1997; Yaffe et al. 1997). Alter-
natively, they also recognize ligands via a phosphorylation
independent mode III sequence (Coblitz et al. 2005). 14-3-3
proteins can function as molecular scaffolds and association
of ligands with 14-3-3 proteins can affect ligand function
(Tzivion et al. 2001). 14-3-3y and 14-3-3¢ have been
demonstrated to localize to centrosomes and the spindle
apparatus (Pietromonaco et al. 1996) and loss of either 14-3-
3¢ or 14-3-3y leads to centrosome amplification
(Mukhopadhyay et al. 2016).

The centrosome is a membrane-less organelle, which is
the primary microtubule organizing centre in mammalian
cells (Conduit et al. 2015). It consists of a pair of centrioles;
the mother centriole and the daughter centriole and a

proteinaceous cloud, the pericentriolar matrix (PCM) (re-
viewed in Azimzadeh and Marshall 2010). The centrosome
undergoes a duplication cycle that is coupled with DNA
replication. In G1, the mother and daughter centrioles dis-
engage, procentriole synthesis is initiated in S-phase, the
new mother centriole acquires distal and sub-distal appen-
dages and procentrioles elongate during G2, and prior to
mitosis the two centrosomes migrate to the two poles
resulting in formation of the spindle and chromosome seg-
regation (reviewed in Nigg and Holland 2018).

Centrin2, which is the most ubiquitously expressed of the
centrin family of proteins (Wolfrum and Salisbury 1998),
localizes to the distal end of the centriolar lumen (Paoletti
et al. 1996) and is absolutely required for centriole dupli-
cation (Salisbury et al. 2002). Centrin2 is a calcium binding
protein and contains four EF hand domains that are essential
for calcium binding (Nishi et al. 2013). Experiments in
different model systems have shown that Centrin2 is
essential for basal body development (Dantas ef al. 2012).
Centrin2 is phosphorylated differentially through the cell
cycle, and this phosphorylation is said to play a key role in
its ability to induce centrosome duplication (Lutz et al
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2001). The N-terminal 25 amino acids of Centrin2 that lie
upstream of the EF1 domain are required for self-assembly
and this property might be important for the ability of
Centrin2 to contribute to centriole formation (Tourbez et al.
2004; Yang et al. 2006). In addition to the functions required
for centrosome formation, Centrin2 mediates nucleotide
excision repair through complex formation with XPC (Wood
1996; de Laat et al. 1999; Araki et al. 2001).

Previous results have demonstrated that 14-3-3¢ and 14-3-
3y localize to the centrosome and form a complex with
various centrosomal proteins (Pietromonaco et al. 1996;
Mukhopadhyay et al. 2016). The results in this report indi-
cate that these 14-3-3 proteins form a complex with Centrin2
and Centrin2 mutants that do not form a complex with 14-3-
3 proteins fail to localize to the centrosome. These results
indicate that in addition to negatively regulating centrosome
duplication (Mukhopadhyay et al. 2016), 14-3-3 proteins
might regulate the intra-cellular localization of centrosomal
proteins, thus regulating centriole biogenesis.

2. Materials and methods
2.1 Plasmids and constructs

All plasmids used in this report are described in supple-
mentary materials and methods.

2.2 Cell lines and transfection

The HCT116 cell line was cultured as described previously
(Kundu et al. 2008). The various EGFP Centrin2 constructs
were transfected into HCT116 cells using polyethyleneimine
(Polysciences, Inc.). At 48 h post transfection, cells were
harvested for western blotting or fixed for immunofluores-
cence assays as described below. For staining mitotic cells, the
cells were synchronized with nocadozole as described
(Mukhopadhyay et al. 2016). At 18 h post incubation, the
nocadozole was removed, cells were allowed to enter mitosis
and fixed, stained and imaged using confocal microscopy. For
performing live cell imaging, at 48 h post transfection, the
cells were treated with nocadozole for 2 h. An hour before
imaging, cells were treated with ascorbic acid to reduce
phototoxicity. To test the effect of reduced levels of both 14-3-
3y and 14-3-3¢ on Centrin2 localization, shARNA constructs
designed previously in the laboratory were used (Hosing et al.
2008; Telles et al. 2009). HCT116 cells were co-transfected
with 1 pg of the pTU6-based shRNA constructs, a suit-
able vector control and EGFP-Centrin2 using Lipofectamine
3000. At 72 h post transfection, the cells were fixed and
stained for pericentrin and DAPI and imaged. To count the
percentage of mitotic cells with multiple centrosomes, the
transfected cells were synchronized with nocadozole as
described (Mukhopadhyay et al 2016) and centrosome
number determined in three independent experiments.
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2.3 Antibodies and western blotting

Protein extracts were prepared in SDS sample buffer and
protein estimations were performed as described previously
(Kundu et al. 2008). Details of the antibodies used in this
study are provided in supplementary materials and methods.

2.4 Immunofluorescence and confocal microscopy

Transfected cells were fixed with 4% paraformaldehyde. The
protocol for staining has been previously described
(Mukhopadhyay et al. 2016). The secondary antibodies used
in immunofluorescence assays were conjugated with Alexa
Fluor 633 or Alexa Fluor 568, to avoid spectral overlap with
GFP. All images were captured using Leica SP8 confocal
microscope. Thin sections of 0.8 um of the entire cell were
captured. Images are represented as a projection of the entire
Z stack. Cells were imaged at either a 630x magnification
with a 4x digital zoom or 1000x with a 4x digital zoom.
Images were processed using the Leica LASX software.

2.5 GST pulldown

HCT116 cells were transfected with GFP tagged WT or
mutant Centrin2 constructs or GFP as a control. At 48 h post
transfection, EBC extracts of HCT116 cells were incubated
with various GST fusion proteins as indicated. The com-
plexes were resolved on a 10% SDS-PAGE gel and western
blotted with antibodies against GFP.

3. Results

3.1 Centrin2 EF1 is sufficient for complex formation
with 14-3-3y

Mass spectrometry analysis and fluorescence resonance
energy transfer (FRET) assays demonstrated that 14-3-3y
potentially formed a complex with centrosomal proteins
(Mukhopadhyay et al. 2016). GST pulldown assays
demonstrated that 14-3-3y formed a complex with Centrin2
(figure 1A) and pulldowns for cdc25C (Peng et al. 1997),
served as a positive control (figure 1A). Centrin2 consists of
four EF hand domains and an N-terminal region required for
oligomerization (Tourbez et al. 2004; Yang et al. 2005). To
identify the region in Centrin2 required for complex for-
mation with 14-3-3y, a number of C-terminal domain dele-
tions of Centrin2 were generated and cloned downstream of
GFP (figure 1B). The constructs were transfected into
HCTI116 cells and protein extracts were prepared from the
transfected cells and subjected to GST pulldown assays as
described in the materials and methods. It was observed that
WT GFP-Centrin2 and all the GFP-tagged C terminal
deletion mutants formed a complex with 14-3-3y in contrast
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Figure 1. The first EF hand domain of Centrin2 interacts with 14-3-3y. (A) Protein extracts prepared from HCTI116 cells were
incubated with the indicated GST fusion proteins. The complexes were resolved on 10% SDS-PAGE gels and western blots performed
with antibodies against Centrin2 and cdc25C. Note that Centrin2 forms a complex with GST-14-3-3vy but not GST alone. (B-D) Cartoon
of the various Centrin2 mutants used in this study. (E, F) HCT116 cells were transfected with each of the GFP tagged Centrin2
C-terminal deletion constructs and GFP as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with
the various GST fusion proteins as indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blotted with
antibodies against GFP. Note that the WT and mutant proteins formed a complex with GST-14-3-3y but not GST alone. Arrows indicate
the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. (G) HCT116 cells were
transfected with each of the GFP tagged Centrin2 constructs. At 48 h post transfection, the cells were fixed and stained for pericentrin
and counterstained with DAPI. The inset is a zoomed image of the box in the main field. Note that the mutant constructs do not show the
typical orthogonal arrangement observed with the WT construct. Magnification was a 1000x with 4x digital zoom and scale bars
indicate distance in micrometres
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to GFP alone (figure 1E). Therefore, we concluded that the
N-terminal 63 amino acids of Centrin2 are essential for
complex formation with 14-3-3y. Shorter C-terminal dele-
tions of Centrin2 expressing amino acids 1-37 and 1-47,
were tested for their ability to form a complex with 14-3-3y
and it was observed that both 1-37 and 1-47 formed a
complex with 14-3-3y (figure 1F).

In order to assess the localization of the C-terminal
mutants of Centrin2, they were transfected in HCT116 cells.
Post-transfection, the cells were stained with antibodies to
pericentrin and counter-stained with DAPI. It was observed
that all the C-terminal mutants localized to the centrosome as
demonstrated by their co-localization with pericentrin, in a
manner similar to that observed for the WT Centrin2 protein
(figure 1G). However, as opposed to what was observed in
the WT Centrin2 construct, none of the C-terminal mutants
appeared as two (G1 and S phase) or four (G2 and M phase)
distinct Centrin2 dots (Paoletti et al. 1996). This could imply
that the fourth EF hand domain might be involved in the
accurate self-assembly of Centrin2 at the centrosome. In
addition, one mutant, 1-136, showed a significant enrich-
ment in nuclear localization that was not observed with
either the other mutants or the WT protein (figure 1G). This
is similar to the localization of only the C terminal region of
Centrin2 (aa. 95-172) observed previously (Nishi et al
2013). This region has been implicated in the binding to
XPC and the nuclear localization of Centrin2. Nuclear
sequestration of Centrin2 is suggested to play a role in the
DNA damage response (Acu et al. 2010). It is possible that
the third EF hand domain of Centrin2 alone is sufficient for
its nuclear localization.

3.2 Deletion of EFI in Centrin2 abrogates binding
with 14-3-3y and leads to loss of the centrosomal
localization of Centrin2

As the construct with the longest C terminal deletion (1-37)
of Centrin2 formed a complex with 14-3-3y, there were two
possibilities. One, that the 14-3-3y binding site in Centrin2
lies in the first 37 amino acids and second, that there are
multiple 14-3-3 binding sites in Centrin2. To test this
hypothesis, two types of N-terminal deletion mutants were
generated (figure 1C). One lacked the first 28 amino acids
(29-172) that are required for the self-assembly of Centrin2
(Tourbez et al. 2004; Yang et al. 2006). The second type
were mutants that had sequential deletions in EF1 or deleted
EF1 entirely. These mutants were transfected into HCT116
cells and WT Centrin2 and GFP alone served as positive and
negative controls, respectively. GST pull-down assays
demonstrated that deletion of the N-terminal region and EF1,
abrogated binding to 14-3-3y (figure 2A). A deletion of the
first 28 amino acids (29-172) formed a complex with 14-3-
3y (figure 2A) suggesting that the 14-3-3y binding site was
present in EF1. However, further N-terminal deletions (38-
172 and 48-172) formed a complex with 14-3-3y
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(figure 2A). These results were surprising as the C-terminal
deletion mutants, 1-47 and 1-37, also formed a complex with
14-3-3y (figure 1F). These results suggest that there might
be multiple 14-3-3y binding sites in the N-terminal 63 amino
acids of Centrin2.

The prediction web server (http://www.compbio.dundee.
ac.uk/1433pred) was used to identify potential 14-3-3
binding sites in Centrin2 (Madeira et al. 2015). Two
potential 14-3-3 binding sites were identified within EF1 in
Centrin2; T45 and T47. The threonine residues that were the
putative phosphate acceptors in these potential 14-3-3
binding sites were altered to alanine (T45A and T47A). In
addition, we hypothesized that an aspartic acid residue at
position 39 (D39) could potentially serve as a phospho-
mimetic residue in a potential 14-3-3 binding site. This
residue was altered to alanine (D39A). All these point
mutants were tested for their ability to form a complex with
14-3-3y in GST pull-down assays. It was observed that all of
the point mutants were able to form a complex with 14-3-3y
(figure 2B). A double mutant (T45/47A) also formed a
complex with 14-3-3y (figure 2B). These results suggested
that none of these potential 14-3-3y binding sites in Centrin2
was required for complex formation with 14-3-3y.

All the N-terminal Centrin2 mutants that formed a com-
plex with 14-3-3vy localized to the centrosome as demon-
strated by the observation that the GFP signal co-localized
with the pericentrin signal (figure 2C). Interestingly, the
organization of these mutants at the centrosome was similar
to that of the C-terminal mutants, i.e. unable to form the 2 or
4 dots typical of Centrin2 localization, but accumulated
strongly at the centrosome. The single amino acid mutants
also localized to the centrosome, in a pattern similar to the
full-length construct (supplementary figure 1A). However,
the 64-172 mutant that failed to form a complex with 14-3-
3y did not localize to the centrosome or the nucleus (fig-
ure 2C) and showed a punctate pattern throughout the
cytoplasm. This was observed in all cells transfected with
the mutant 64-172 and suggests that 14-3-3y binding to
Centrin2 is required for the localization of Centrin2 to the
centrosome.

3.3 Centrin2 binds to both 14-3-3¢ and 14-3-3y

Our previous results had indicated that both 14-3-3g and
14-3-3y can regulate centrosome duplication and that loss of
14-3-3vy did not lead to a disruption of centrin localization to
the centrosome (Mukhopadhyay et al. 2016). This raised the
possibility that multiple 14-3-3 proteins can bind to Centrin2
and regulate its localization to the centrosome. To test this
hypothesis, protein extracts from HCT116 cells were incu-
bated with either GST alone or GST tagged 14-3-3¢ or 14-3-
37, the reactions resolved on SDS-PAGE gels followed by
western blotting with antibodies to Centrin2 and cdc25C. As
shown in figure 3A, both 14-3-3¢ and 14-3-3y formed a
complex with Centrin2. To determine if 14-3-3¢ bound to the
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Figure 2. Deletion of the first EF hand domain of Centrin2 abrogates binding with 14-3-3y and leads to loss of the centrosomal
localization of Centrin2. (A, B) HCT116 cells were transfected with the indicated GFP tagged WT or Centrin2 mutant constructs and GFP
as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with the various GST fusion proteins as
indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blots performed with antibodies against GFP. Note that
64-172 does not form a complex with GST-14-3-3y in contrast to the WT or other Centrin2 mutants. * Indicates a non-specific band.
Arrows indicate the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. (C) HCT116
cells seeded on coverslips were transfected with the GFP tagged WT or mutant Centrin2 constructs. At 48 h post transfection, the cells were
fixed and stained for pericentrin and DAPI. The inset is a zoomed image of the box in the main field. Note that the 64-172 construct does
not localize to the centrosome unlike the WT or other mutant constructs. The deletion mutants do not show the typical orthogonal
arrangement observed with the WT construct. Magnification was a 1000x with 4x digital zoom and scale bars indicate distance in

micrometres
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same sequence in Centrin2, GFP tagged WT or Centrin2
deletion mutants were transfected into HCT116 cells and the
lysates incubated with either GST alone or GST tagged 14-3-
3¢ or 14-3-3y, the reactions resolved on SDS-PAGE gels
followed by western blotting with antibodies to GFP and j-
actin. As shown in figure 3B, both 14-3-3 proteins formed a
complex with the 1-63 mutant, but not the 64-172 mutant.
These results suggest that both 14-3-3 proteins bind to the
same region in Centrin2. Neither of the 14-3-3 proteins
bound to B-actin, which served as a negative control.

To determine if loss of 14-3-3¢, 14-3-3y or both proteins
results in a defect in Centrin2 localization, previously
characterized shRNA constructs for 14-3-3¢ (Telles et al.
2009) and 14-3-3y (Hosing et al. 2008) were transfected into
HCT116 cells along with GFP-Centrin2. At 72 h post
transfection, the cells were stained with antibodies to peri-
centrin, counter-stained with DAPI and Centrin2 localization
determined. Loss of either 14-3-3¢, 14-3-3y or both proteins
did not result in an alteration in the localization of Centrin2
(figure 3C). A decrease in the levels of both proteins was
observed in a western blot suggesting that the constructs
were functional (figure 3D). In addition, centrosome ampli-
fication was observed upon loss of these proteins as previ-
ously reported, suggesting that these constructs are
functional and the knockdown was effective in inhibiting
c¢dc25C function (Mukhopadhyay et al. 2016). Due to the
absence of a complete knockdown of both 14-3-3¢ and 14-3-
3y, it is possible that sufficient 14-3-3 protein is available to
mediate Centrin2 localization. Alternatively, it is possible
that Centrin2, like Raf (Fischer ef al. 2009) binds to all the
14-3-3 isoforms and therefore loss of one ormore isoforms is
not sufficient to induce a defect in Centrin2 localization.

3.4 Centrin2 mutants that do not bind to 14-3-3
proteins do not affect mitotic progression

Since the 14-3-3 binding deficient mutant of Centrin2 was
unable to localize to the centrosome, we wished to determine
whether its expression could inhibit spindle formation and
mitotic progression. As a first step, we wished to determine
if these structures could anchor microtubules. HCT116 cells
transfected with either the GFP control, WT Centrin2 or
64-172 mutant constructs were stained with antibodies to
pericentrin and a-tubulin. We observed that spindle forma-
tion in these cells was comparable to that seen in cells
expressing the WT or the vector control constructs (sup-
plementary figure 1B). However, the puncta formed by the
64-172 mutant did not anchor microtubules or serve as
spindle poles (supplementary figure 1B). Therefore,
expression of a 14-3-3y binding-deficient mutant of Centrin2
does not interfere with spindle organization. Further, we
observed that expression of this mutant has no effect on
mitotic timing, with cells expressing both the WT and the
64-172 constructs completing mitosis in ~40 min (supple-
mentary figure 1C). These results suggest that the 64-172
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mutant does not function as a dominant-negative mutant and
does not inhibit WT Centrin2 function. These results suggest
that 14-3-3y binds to multiple sites in the first EF hand
domain of Centrin2 and that this interaction is required for
the accumulation of Centrin2 at the centrosome.

4. Discussion

14-3-3 proteins have been demonstrated to regulate the
subcellular localization of their ligands (Dalal et al. 1999;
Toshima et al. 2001; Dunaway et al. 2005; Li et al. 2008;
Vishal et al. 2018). The results in this report indicate that
14-3-3 proteins form a complex with Centrin2 and regulate
Centrin2 localization to the centrosome. While we have been
unable to identify the exact residues in Centrin2 required for
14-3-3 binding, our results indicate that there could be at
least two possible regions within Centrin2 that mediate its
binding to 14-3-3 proteins; amino acids 29-37 and amino
acids 48-63. As there are no consensus 14-3-3 binding sites
within either sequence, it is possible that these amino acids
form an as yet unreported 14-3-3 binding site and that
complex formation is required for the localization of Cen-
trin2 at the centrosome. Alternatively, it is possible that this
is not a direct interaction and that the 14-3-3 proteins bind to
Centrin2 via another protein or proteins that are required for
the recruitment of Centrin2 to the newly synthesized cen-
triole and 14-3-3 proteins and Centrin2 may be part of a
multi-protein complex, which might be essential for centri-
ole biogenesis and for the accurate localization of Centrin2
at the centrosome. Therefore, the association between 14-3-3
proteins and Centrin2 might be indirect and depend on
proteins that bind to two different domains in Centrin2
leading to the presence of two different regions in Centrin2
that serve as 14-3-3 binding sites.

Multiple reports have attempted to decipher how Centrin2
localizes to the centrosome, given its essential role in cen-
triole biogenesis (Lutz et al. 2001; Dantas ef al. 2013; Nishi
et al. 2013). Experiments in XP4PASV cells, a human
fibroblast cell line deficient for XPC, have demonstrated that
three amino acids in EF3 and one amino acid in EF4 of
Centrin2 are essential for both, its localization at the cen-
trosome and binding to XPC (Nishi ef al. 2013). However,
all the C-terminal deletion constructs used in this report
exhibit an accumulation at the centrosome and co-localize
with pericentrin, albeit not in the characteristic 2 or 4 dot
organization. It is possible that other factors might bind to
the C-terminal end of Centrin2 and mediate the accurate
localization of Centrin2 at the centriolar lumen, after it is
initially directed to the centrosome. Experiments in chicken
DT40 cells suggest that localization of Centrin2 at the cen-
trosome depends upon its binding to calcium, as mutation of
the four residues (D41, D77, D114 and D150) essential for
calcium binding to alanine, results in a loss of Centrin2
signal at the centriole (Dantas et al. 2013). However, we
have not observed similar results as the mutant expressing
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Figure 3. Loss of both 14-3-3¢ and 14-3-3y does not alter the localization of Centrin2. (A) Protein extracts from HCT116 cells were incubated
with GST, GST-14-3-3¢ or GST-14-3-3y. The reactions were resolved on SDS-PAGE gels followed by western blotting with the indicated
antibodies. Note that both 14-3-3¢ and 14-3-3y form a complex with Centrin2. (B) HCT116 cells were transfected with the indicated GFP tagged
WT or Centrin2 mutant constructs and GFP as a vector control. At 48 h post transfection, EBC extracts of HCT116 cells were incubated with the
various GST fusion proteins as indicated. The complexes were resolved on a 10% SDS-PAGE gel and western blots performed with antibodies
against GFP or actin. Note that 64-172 does not form a complex with GST-14-3-3¢ or GST-14-3-3y in contrast to the WT or the 1-63 mutant.
Arrows indicate the positions of the GFP fusion proteins and the position of molecular weight markers in kDa is indicated. B-Actin serves as a
negative control. (C, D) HCT116 cells seeded on coverslips were transfected with the GFP tagged WT Centrin2 and either the vector control or
the indicated 14-3-3 shRNA constructs. At 72 h post transfection, the cells were fixed and stained for pericentrin and DAPI. The inset is a zoomed
image of the box in the main field. Magnification was a 630x with 4x digital zoom and scale bars indicate distance in micrometres. Note that loss
of both 14-3-3¢ and 14-3-3y does not lead to an alteration in Centrin2 localization. Western blots indicated that the knockdown constructs were
effective (D). (E) HCT116 cells transfected with the indicated shRNA constructs were synchronized in mitosis with nocodazole and centrosome
number determined by staining the cells with antibodies to pericentrin and counterstaining with DAPI. Note that loss of either 14-3-3¢ or 14-3-3y
leads to centrosome amplification with an additive increase in centrosome amplification when the expression of both genes is inhibited. ***
Indicates a p-value <0.001 and all p values were generated using the Student’s t-test. (F) Model illustrating the significance of 14-3-3y binding to
Centrin2. In cells expressing Centrin2 with an intact 14-3-3 binding site, Centrin2 is targeted to the centrosome via its interaction with 14-3-3 and
possibly other proteins. Once it is present at the centrosome, other factors regulate its correct localization at the centrosome. In cells expressing a
14-3-3 binding defective mutant of Centrin2, Centrin2 can no longer be targeted to the centrosome and is thus not observed at the centrosome
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the shortest Centrin2 fragment, 1-37, does not possess any of
the four calcium binding residues, but still localizes to the
centrosome. These differences might reflect minor differ-
ences in centriole biogenesis between species. It has been
reported that the N-terminus of Centrinl might form a
complex with the C-terminus of Centrinl (Kim et al. 2017),
which suggests that the N-terminal mutants of Centrin2
might form a complex with the endogenous Centrin2.
However, the entire EF1 domain in Centrinl is required for
dimerization with the C-terminal EF hands in Centrinl and
the 1-37 mutant does not have the entire EF hand. Therefore,
it is unlikely that the 1-37 mutant localizes to the centrosome
by forming a dimer with the endogenous Centrin2. Further,
the 14-3-3y binding defective mutant, 64-172, showed no
nuclear localization. This could be due to the fact that
nuclear localization of Centrin2 has been linked to its
modification by SUMOylation (Klein and Nigg 2009). Three
putative SUMOylation sites are present within the first 64
amino acid region of Centrin2. It is possible that one of these
sites could be responsible for SUMOylation and that is why
deletion of this region results in loss of its nuclear
localization.

Our previous results have demonstrated that 14-3-3¢ and
14-3-3y can inhibit premature centrosome duplication by
inhibiting cdc25C function (Mukhopadhyay et al. 2016).
Cdc25C has a mode I 14-3-3 binding site (Muslin et al.
1996; Yaffe et al. 1997) and association between cdc25C
and 14-3-3 proteins requires an intact serine residue at
position 216 (S216) in cdc25C (Peng et al. 1997; Dalal
et al. 1999, 2004). However, while ¢cdc25C binds to only
14-3-3¢ and 14-3-3y (Dalal et al. 2004), Raf, which also
contains a mode I 14-3-3 binding site forms a complex with
all the 14-3-3 isoforms (Fischer et al. 2009). Therefore,
some redundancy exists in the requirement for 14-3-3
binding to ligands. In this report, we demonstrate that both
14-3-3¢ and 14-3-3y form a complex with Centrin2, how-
ever, a decrease in the levels of both proteins does not
affect Centrin2 localization but does result in centrosome
amplification (figure 3), possibly due to an increase in
cdc25C function as previously reported (Mukhopadhyay
et al. 2016). 14-3-3 proteins bind to Centrin2 via a non-
canonical 14-3-3 binding site while they form a complex
with ¢dc25C through a mode 1 14-3-3 binding site.
Therefore, it is possible that even though the levels of 14-3-
3¢ and 14-3-3y are lowered upon the knockdown of these
proteins, sufficient protein is available to mediate local-
ization to the centrosome. Alternatively, it is possible that
like Raf (Fischer et al. 2009), Centrin2 can form a complex
with all the 14-3-3 isoforms suggesting that the role of
14-3-3 proteins in regulating the localization of Centrin2
could be shared by multiple 14-3-3 isoforms. This redun-
dancy is consistent with the observation that Centrin2 is
essential for centrosome duplication and cell viability
(Salisbury et al. 2002). Therefore, multiple 14-3-3 proteins
might be required to regulate the localization of Centrin2 to
the centrosome.

A Bose and SN Dalal

On the basis of our results, we propose the following
model (figure 3F). We have demonstrated previously, that
14-3-3e  and 14-3-3y localize to the centrosome
(Mukhopadhyay et al. 2016). In cells expressing Centrin2
with an intact 14-3-3 binding site, Centrin2 is targeted to the
centrosome via its binding to 14-3-3y. Once there, it self
assembles at the centriole permitting centriole biogenesis.
Given that mutation of all potential phosphorylated residues
in EF1 that could serve as 14-3-3 binding sites does not
abolish complex formation with 14-3-3 proteins, it is pos-
sible that the interaction between 14-3-3 proteins and Cen-
trin2 is either independent of phosphorylation or complex
formation between 14-3-3 proteins and Centrin2 is depen-
dent on other proteins required for centriole biogenesis.
Once it is present at the centrosome, presumably, other
factors which might bind to the C-terminal region of Cen-
trin2, direct the organization of Centrin2 to form the cen-
triolar lumen. In cells expressing a mutant of Centrin2 that
either fails to form a complex with 14-3-3 proteins or an
adaptor protein that bridges the interaction with 14-3-3
proteins, 14-3-3¢ and 14-3-3y are no longer able to target
either Centrin2 or the Centrin2 protein complex to the cen-
trosome resulting in the absence of Centrin2 at the centro-
some. Thus, in addition to inhibiting premature centrosome
duplication in late S and G2 phase by inactivating cdc25C
function (Mukhopadhyay et al. 2016), 14-3-3¢ and 14-3-3y
might promote centriole biogenesis by mediating the local-
ization of Centrin2 to the centrosome.
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Chapter 18
Centrosome Amplification
and Tumorigenesis: Cause or Effect?

Arunabha Bose and Sorab N. Dalal

Abstract Centrosome amplification is a feature of multiple tumour types and has
been postulated to contribute to both tumour initiation and tumour progression. This
chapter focuses on the mechanisms by which an increase in centrosome number
might lead to an increase or decrease in tumour progression and the role of proteins
that regulate centrosome number in driving tumorigenesis.
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ODF2 Outer dense fiber protein 2

SAS-6 Spindle assembly abnormal protein 6

SCLTI Sodium channel and clathrin linker 1

SMC3 Structural maintenance of chromosomes protein 3
STIL SCL interrupting locus protein

TACC2 Transforming acidic coiled-coil-containing protein 2
TRF1 Telomeric repeat-binding factor 1

18.1 Introduction

The cell cycle is a carefully orchestrated process that leads to the accurate segrega-
tion of chromosomes into two daughter cells (Malumbres and Barbacid 2007).
Accurate genome segregation is accomplished by aligning the paired sister chroma-
tids along the metaphase plate and attachment of the sister chromatids to the mitotic
spindle (Reber and Hyman 2015; Walczak and Heald 2008). Following attachment
to the spindle, the sister chromatids are ‘pulled’ apart by forces generated by spindle
microtubules that originate from the two poles. Nucleation of the microtubules at the
two poles, such that they are organized into a spindle, is mediated by a cellular
organelle, called the centrosome (Fu et al. 2016).

The centrosome is a membrane-less organelle, which is the primary microtubule
organizing centre (MTOC) in most eukaryotic cells. Its ability to organize microtu-
bules results in it being essential for multiple cellular functions including the
generation of the mitotic spindle, regulation of cell cycle progression, the biogenesis
of and signalling from cilia, the determination of cell fate, cellular trafficking and the
generation of an effective immune response (Arquint et al. 2014; Reina and
Gonzalez 2014; Rios 2014; Stinchcombe and Griffiths 2014). Each centrosome
consists of a pair of centrioles surrounded by an amorphous structure called the
pericentriolar matrix (Luders 2012) (Fig. 18.1). The two centrioles are arranged
orthogonally, and each centriole is organized in a typical 9+3 structure, which
alludes to the nine sets of triplet microtubules arranged around a central cartwheel
(Gonczy 2012). This cartwheel consists of a hub and radial spokes which are made
of nine homodimers of Sas-6 (Kitagawa et al. 2011). The spokes emanating from the
hub bind to the first microtubule of each triplet through an interaction between
Cep135 and the first microtubule of the triplet (Guichard et al. 2017).

In human cells, a mature centriole is a cylinder, ~450 nm in length, with inner and
outer diameters of ~130 nm and ~250 nm, respectively (Winey and O’Toole 2014).
The centriole is said to have a polarized structure, with a proximal end (the base), and
a distal end (the tip). The two centrioles in the centrosome are a mother centriole,
which is inherited from the previous cell cycle, and a daughter centriole, whose
synthesis is initiated in the current cell cycle during S phase (Fu et al. 2015). The
mother centriole can be distinguished from the daughter centriole, by the presence of
distal and sub-distal appendages (Fig. 18.1). The distal appendage proteins such as
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Fig. 18.1 The centrosome. A centrosome consists of a pair of centrioles (represented here in blue
and green). The two centrioles differ in age, with one being the mother centriole (in blue) and the
other, the daughter (in green). The mother centriole is identified by the presence of distal and
sub-distal appendages (red). This centriolar pair is surrounded by an ordered matrix of proteins
called the pericentriolar matrix (PCM) (in pink). The PCM contributes towards the nucleation of
microtubules and spindle assembly

Cepl64, Cep83 and SCLT1 are required to help dock the centrioles at the cell
membrane during the formation of cilia (Tanos et al. 2013). Sub-distal appendages
are made of proteins such as ninein, Cep170 and centriolin (Jana et al. 2014), and
these are associated with nucleating and anchoring microtubules, which contribute to
the organization of the mitotic spindle (Piel et al. 2000).

The microtubule organization function of the centrosome is dependent on the
presence of the pericentriolar matrix (PCM). The PCM is a multi-protein amorphous
structure and contains proteins such as y-tubulin, pericentrin, CDKSRAP2, CPAP,
AKAP450, TACC2, Cepl192 and Cepl52 (Dictenberg et al. 1998; Gergely et al.
2000; Gomez-Ferreria et al. 2007; Keryer et al. 2003; Woodruff et al. 2014). On the
basis of experiments in different model systems, the current consensus is that
initially, a scaffold of proteins such as Cepl92, Cepl52, pericentrin and
CDKS5RAP2 is formed around the paired centrioles (Hatch et al. 2010; Keryer
et al. 2003). The activity of kinases such as polo-like kinase-1 (Plk1) and Aurora
A stimulates the recruitment of y-tubulin, TACC2 and other effector proteins to this
ring (Gergely et al. 2000; Hannak et al. 2001; Kong et al. 2014). y-tubulin forms a
complex with GCP proteins to form y-tubulin ring complexes (y-TURCs), which are
required for nucleating microtubules.
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Fig. 18.2 The centrosome cycle. Each daughter cell inherits one centrosome post-mitosis from the
mother cell, which consists of two orthogonally arranged centrioles, a mother and daughter
centriole. In cycling cells during G1, a new centrosome duplication cycle is initiated by the
disengagement of the two centrioles, during G1, which results in a loss of their orthogonal
conformation and triggers pro-centriole biogenesis. The two centrioles are now held together by a
proteinaceous linker, called the G1-G2 tether. During S phase, the newly formed pro-centrioles are
attached to their respective mother centriole, at their proximal end, by the S-M linker. As the cell
enters G2, the newly formed pro-centrioles elongate and the new mother centriole matures, so as to
be able to nucleate microtubules. As the cell enters mitosis, the G1-G2 tether is degraded and the
two centrosomes separate to organize each end of the mitotic spindle. If a cell withdraws from cycle
and enters GO, the disengaged centrioles can also participate in the formation of cilia, where the
mother centriole is attached to the plasma membrane via distal appendages

18.2 The Centrosome Cycle

The canonical centrosome duplication cycle is synchronized with the DNA replica-
tion cycle, thereby ensuring accurate segregation of the genetic material to the two
daughter cells. The centrosome duplication cycle consists of four different phases:
(1) Disengagement, (2) Duplication, (3) Maturation and (4) Separation (Fig. 18.2).
The four steps are discussed below.
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18.2.1 Disengagement

From the beginning of the S phase to the onset of mitosis, each mother centriole and
its corresponding daughter centriole are orthogonally attached to each other via an
S-M linker (Nigg and Stearns 2011). This orthogonal arrangement of the two
centrioles is referred to as centriole engagement. The exact composition of the
S-M linker has not yet been elucidated; however, studies from Drosophila sper-
matocytes suggest that Sas proteins might be a part of this linker (Stevens et al.
2010). As a cell exits mitosis, the orthogonal arrangement of centrioles in each
mature centrosome in the daughter cells is disrupted by proteins such as separase and
PIk1, resulting in the degradation of the S-M linker (Tsou et al. 2009). Loss of the
S-M linker and establishment of a G1-G2 tether between the two centrioles serves as
a licensing event for the initiation of centrosome duplication. Inhibition of Plkl
activity using the small-molecule BI2536 inhibits centriole disengagement during
late G2 or early mitosis (Tsou et al. 2009). Knockdown experiments in HeLa cells
have demonstrated that cleavage of pericentrin by separase, during anaphase onset,
leads to its dissociation from the centrosome, and thus, disengagement (Matsuo et al.
2012). Separase is active only during anaphase onset, and this ensures that centriole
duplication occurs only once during the cell cycle (Tsou et al. 2009). Once the
centrioles are ‘disengaged’, they are licensed for the initiation of centriole
duplication.

An additional event required for disengagement is the phosphorylation of
nucleophosmin 1 (NPM1) by cyclin-dependent kinases. Phosphorylation of
NPM1 at a threonine residue at position 199 by CDK2 or CDKI1 results in dissoci-
ation of NPM1 from the centrosome, thus licensing the centrosome for duplication
(Okuda et al. 2000; Peter et al. 1990). Expression of a phospho-deficient mutant of
NPM1 (T199A) has been demonstrated to inhibit centrosome duplication
(Tokuyama et al. 2001) while a phospho-mimetic mutant (T199D) promotes cen-
trosome amplification (Mukhopadhyay et al. 2016). Further, NPM1 has been dem-
onstrated to localize between the paired centrioles of unduplicated centrosomes
(Shinmura et al. 2005). Plk1 phosphorylates NPM1 at Ser-4, and inhibition of this
phosphorylation results in mitotic defects such as abnormal centrosome number and
the presence of fragmented nuclei in these cells (Zhang et al. 2004b).

Loss of the orthogonal configuration is not the only licensing event for centriolar
duplication (Engle et al. 2008; Gottardo et al. 2014; Shukla et al. 2015), and another
factor that governs competency for duplication is the distance between the mother
and the daughter centrioles. Plkl can promote maturation and distancing of the
orthogonally arranged daughter centriole, leading to reduplication of the mother
centriole (Shukla et al. 2015). Further, another event that occurs during the disen-
gagement process is termed ‘centriole to centrosome conversion’. It is essential for
the newly formed daughter centriole to become duplication competent and for it to
able to function as an MTOC. In vertebrates, this begins with the initial loss of the
central cartwheel, which is mediated by CDK1 activity (Arquint and Nigg 2014). An
increase in Plk1 activity ‘modifies’ the daughter centriole inherited from the mother
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cell and stabilization of the cartwheel-less centriole occurs via its recruitment of
Cep295 (Izquierdo et al. 2014). Cep152 and Cep192 are further acquired by the
daughter centriole, and the centriole is now competent for duplication and can
mature to form the new mother centriole (Hatch et al. 2010; Kim et al. 2013;
Wang et al. 2011).

18.2.2 Duplication

Following disengagement, in each cell, there is exactly one mother centriole linked
to a daughter centriole via a proteinaceous linker called the G1-G2 tether. The
disengaged centrioles are now licensed for duplication (Wang et al. 2011). When
cells enter S phase, exactly one pro-centriole must form adjacent to each of the
pre-existing centrioles. This process is regulated by proteins such as Plk4 (polo-like
kinase 4), Cep192, Cep152, STIL, SAS6 and CDK2. Initially, Cep152 and Cep192
act as scaffolding proteins that recruit Plk4 to the mother centriole (Kim et al. 2013).
This results in the ring-like organization of Plk4 around the mother centriole as
observed by super-resolution microscopy (Dzhindzhev et al. 2017; Ohta et al. 2018).
PIk4 initiates centriole duplication by first marking the site of daughter centriole
assembly which is dependent on the interaction between Plk4 and STIL (Ohta et al.
2018; Sonnen et al. 2012). STIL is recruited to the centriole by Cep85 (Liu et al.
2018) and upon recruitment to the mother centriole, STIL further activates and
stabilizes Plk4 (Ohta et al. 2018). After recruitment of Plk4 and STIL marks the
site of pro-centriole formation, SAS6 localizes to the same site and initiates
pro-centriole assembly by assembling into higher order oligomers (Nakazawa
etal. 2007). SAS6 oligomerization is the building block for the ninefold symmetrical
centriole. Gorab, a trans-golgi protein, interacts with Sas6 and contributes to the
establishment of the ninefold symmetry of the centriole and to centriole duplication
in Drosophila (Kovacs et al. 2018).

PIk4 is initially observed as a ring around the mother centriole, and this ring
coalesces into a single spot (Dzhindzhev et al. 2017; Ohta et al. 2018). Several
attempts have been made to understand how this transition might occur and how it
might regulate centrosome duplication. Currently, there are two proposed models for
how the transition occurs. According to a biophysical model proposed by Leda et al.
(2018), the activity of Plk4 is dynamic and transiently peaks at several points around
the mother centriole. It has been demonstrated previously that complex formation
between Plk4 and its substrate, STIL, stabilizes active Plk4 (Moyer et al. 2015). The
PIk4—STIL complex could be retained at the centriole due to the binding of STIL to
other components of the centriole. This model predicts that there could be multiple
points within the ring surrounding the mother centriole, at which this Plk4-STIL
complex is stabilized. An exchange of the PIk4—STIL complex occurs between the
mother centriole and the cytoplasm, which determines the concentration of the
complex at any point. Initially, there is a concentration-based competition between
all the PIk4-STIL complexes. The cluster with the highest concentration of Plk4—
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STIL is predicted to mark the site of new centriole formation (Leda et al. 2018). The
second model suggests that first, Plk4 self-assembles into a ring around the mother
centriole. Both inactive and active forms of Plk4 coexist at the centriole. Once it is
recruited to the centriole, due to the ability of Plk4 to both laterally inhibit
neighbouring molecules of Plk4 and undergo auto-activation, there is a localized
increase in Plk4 activity at some points in the ring around the mother centriole. This
localized activity is enhanced by complex formation of Plk4 with STIL and SAS6,
thus leading to the formation of a single pro-centriole (Takao et al. 2018; Yamamoto
and Kitagawa 2018). The formation of the new pro-centriole adjacent to each mother
centriole results in the re-establishment of the S-M linker (Nigg and Stearns 2011).

18.2.3 Elongation and Maturation

During late S to G2, once Plk4 has marked the site of pro-centriole biogenesis,
centriole elongation is stimulated by proteins such as CPAP, CP110 and SAS6, all of
whom play important roles in this process (Kleylein-Sohn et al. 2007). SAS6, the
ninefold symmetrical cartwheel protein, acts as a scaffold around which microtu-
bules are assembled (Nakazawa et al. 2007). CPAP is a tubulin dimer-binding
capping protein that, along with CP110, promotes microtubule assembly and con-
trols centriolar length (Tang et al. 2009). It has been postulated that Cep135 links
SAS6 with CPAP and the microtubule triplet (Lin et al. 2013). Centrin and hPOCS5
localize to the distal lumen of centrioles and are essential for elongation at the distal
end (Azimzadeh et al. 2009).

Elongation of the pro-centrioles is accompanied by expansion of the PCM.
According to one model, pericentrin recruits the Cepl192-Plkl-Aurora A kinase
complex to the centrosome. Plk1 has been demonstrated to trigger the accumulation
of the scaffolding protein, Cep192 (Joukov et al. 2014). Plkl phosphorylates
Cepl192, which creates attachment sites for y-TURCs (Joukov et al. 2014). Plkl
activity also recruits Cep215, a PCM protein, to the two centrosomes (Haren et al.
2009). It is postulated that Aurora A kinase, in conjunction with Plk1, phosphory-
lates components of the y-TURCs, thus making them competent for the recruitment
of microtubules. Experiments in C. elegans and D. melanogaster have demonstrated
that loss of Aurora A leads to defects in centrosome maturation, with a reduction in
the accumulation of a-tubulin and y-tubulin at the centrosome (Berdnik and
Knoblich 2002; Hannak et al. 2001). This step is essential to ensure that the four
centrioles are able to function as two competent MTOCs. Centriole maturation also
involves the acquisition of distal and sub-distal appendages by the newly formed
mother centriole. Centriole maturation begins with the recruitment of ODF2 as a
sub-distal appendage (Ishikawa et al. 2005). Ninein and Cep170 also function as
sub-distal appendages and bind microtubules (Mogensen et al. 2000). Distal append-
ages such as Cep164, Cep89, Cep83, FBF1 and SCLT1 are essential for membrane
docking and ciliogenesis (Tanos et al. 2013).
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18.2.4 Separation

Before entry into mitosis, the G1-G2 tether that connects the two centrosomes is
targeted for degradation. This tether is composed of proteins like C-NAP1 (Cep250),
rootletin, Cep68 and LRRC45 (Bahe et al. 2005; Faragher and Fry 2003; Fry et al.
1998a, b; Pagan et al. 2015). C-NAP1 is connected to the mother centriole via
Cepl135 (Kim et al. 2008). C-NAPI is present at the proximal end of the mother
centrioles and the two pools of C-NAP1 are connected by rootletin fibres (Bahe et al.
2005; Vlijm et al. 2018). Super-resolution microscopy experiments have demon-
strated that Cep68 binds to rootletin and increases the thickness of rootletin fibres
(Vlijm et al. 2018). LRRC45 might link the rootletin fibres with C-NAP1 (He et al.
2013). The degradation of the tether is initiated by the activity of the NIMA-related
kinase, Nek?2 (Fry et al. 1998b). Nek2 phosphorylates C-NAP1 and rootletin, leading
to their displacement from the proximal end of the mother centrioles (Bahe et al.
2005; Fry et al. 1998a). Plkl-mediated degradation of Cep68 further displaces
Cep215, a PCM protein, from the centrosome, contributing to centrosome separation
(Pagan et al. 2015).

Once the G1-G2 tether has undergone dissolution, the two centrosomes have to
be separated so as to form the mitotic spindle. This occurs primarily via the
antiparallel sliding action of Eg5, a motor protein (Cole et al. 1994; Sawin et al.
1992). Additionally, proteins such as dynein, Lis1 and CLIP-70 contribute to spindle
formation by inducing microtubule sliding in the opposite direction to Eg5. The
combined action of these motor proteins and their binding partners promotes migra-
tion of the centrosomes to the two poles (Gonczy et al. 1999; Tanenbaum et al.
2008). Each centrosome migrates towards a different pole in mitotic cells, leading to
the formation of a mitotic spindle. The bipolar spindle further contributes towards
the accurate segregation of DNA into two daughter cells, thus maintaining ploidy.

18.3 Centrosome Defects and Tumour Progression

Two rules govern the centrosome duplication cycle: cell cycle control and copy
number control.

— Cell cycle control ensures that the centrosome replicates only once per cell cycle.
— Copy number control ascertains that only one pro-centriole forms adjacent to
each mother centriole.

Therefore, deregulation of any step of the centrosome cycle can give rise to
centrosome abnormalities. These can be classified into two types: (a) structural and
(b) numerical.

(a) Structural abnormalities. Structural abnormalities in centrosomes are errors in
the organization of the centrosome. This leads to aberrations in centrosome size
or shape and these structural alterations are present at high levels in tumour
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tissues and have been postulated to contribute to tumour progression (Lingle
et al. 1998; Lingle and Salisbury 1999). Recently, it has been demonstrated that
overexpression of Ninein-like protein (Nlp) in MCF10A-derived 3D acini leads
to the formation of centrosome-related bodies (CRB) harbouring large patches of
Nlp, resulting in excessive cell proliferation. The cells in the lumen, which are
normally cleared by apoptosis, are not cleared, microtubule organization is
altered and this phenotype is associated with cellular transformation and neo-
plastic progression (Schnerch and Nigg 2016). Further, it has been demonstrated
that overexpression of Nlp weakens E-cadherin-based adherens junctions in the
epithelium. The weakening of adherens junctions results in increased mechan-
ical stress when a cell in the epithelial tissue enters mitosis. The mitotic
programme results in ‘budding’ of the new daughter cell from the original site
and could contribute to metastatic progression in tumour cells (Ganier et al.
2018). In addition to the changes in invasiveness, alterations in centrosome
structure could lead to aneuploidy which often contributes to tumour progression
(Nigg 2006). However, further studies are needed to investigate the extent of
aneuploidy that is induced by structural centrosome aberrations. Moreover,
given that the centrosome is the hub of several cellular signalling events, it
would be interesting to study how signalling pathways are affected by defects in
centrosome structure.

(b) Numerical abnormalities. Errors in cell cycle control of centrosome duplica-
tion contribute to numerical centrosome abnormalities. They can occur due to
centrosome over-duplication, defects in cytokinesis and the de novo formation
of centrosomes. These result in the presence of more than two centrosomes in a
mitotic cell which is also referred to as centrosome amplification. They are the
more extensively studied of the two types of centrosome abnormalities, espe-
cially in the context of tumour progression. Given that centrosomes organize
microtubules and form the mitotic spindle leading to DNA segregation, any
numerical errors in centrosome organization are strongly correlated with chro-
mosomal instability and aneuploidy, which is a hallmark of most tumours. Most
tumour cells show an increase in the number of centrosomes, suggesting that the
change in centrosome number could drive aneuploidy and thus, tumour progres-
sion (Godinho and Pellman 2014).

Cells with multiple centrosomes form a multipolar spindle leading to a multipolar
mitosis resulting in aneuploidy (Ring et al. 1982). However, a multipolar mitosis in
most tumour cells leads to cell death, probably due to loss of genes that are
absolutely required for cell viability. Experiments in Zebrafish demonstrate that
neuroepithelial cells harbouring centrosome amplification undergo apoptosis (Dzafic
et al. 2015). Similarly, experiments in mice have shown that centrosome amplifica-
tion leads to microcephaly, due to increased apoptosis (Marthiens et al. 2013). These
data suggest that cells harbouring multiple centrosomes must avoid the massive
aneuploidy resulting from multipolar mitoses, which raises the interesting question
of how tumour cells manage to survive and thrive in the presence of multiple
centrosomes. In order to tolerate the burden of extra centrosomes, transformed
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cells have developed a mechanism called clustering (Ring et al. 1982). In
transformed cells with multiple centrosomes, at prophase, centrosomes are not
present at only two distinct poles in tumour cells, thus forming a multipolar spindle.
During prophase, the centrosomes migrate to and cluster at two different poles
leading to the formation of a pseudo-bipolar spindle during metaphase (Basto
et al. 2008; Ganem et al. 2009; Kwon et al. 2008; Quintyne et al. 2005). This
formation of pseudo-bipolar spindles leads to errors in kinetochore—microtubule
attachments, especially the formation of merotelic attachments, which contributes
to the presence of lagging chromosomes and an increase in chromosome instability
(CIN) (Cosenza et al. 2017; Ganem et al. 2009). The increase in CIN permits the
generation of clones with a growth advantage leading to tumour progression.

Multiple studies have attempted to identify gene products/molecular pathways
that are required for centrosome clustering. This could lead to the identification of
small molecules that inhibit clustering, which could lead to multipolar mitoses
resulting in killing of tumour cells. A screen developed by Kwon et al. attempted
to identify genes required for clustering in Drosophila S2 cells (Kwon et al. 2008).
Depletion of HSET, a motor protein, has been demonstrated to induce the formation
of multipolar spindles in human cancer cells harbouring multiple centrosomes
(Kwon et al. 2008). Depletion of components of the spindle assembly checkpoint
(SAC), Mad2, BubR1 (human Bubl) and CENP-E, also leads to the generation of
multipolar spindles in S2 cells (Kwon et al. 2008). Several actin-binding proteins
were also identified in these screens suggesting that disruption of actin dynamics
could inhibit centrosome clustering (Kwon et al. 2008; Leber et al. 2010). This is
consistent with recent data from the Godinho laboratory, which suggests that
adherens junction functions that are required for maintaining cortical actin organi-
zation and cell stiffness can inhibit centrosome clustering (Rhys et al. 2018).

A genome-wide RNAIi screen in UPCI:SCC114, a human oral squamous cell
carcinoma (OSCC) cell line, has demonstrated that proteins that are a part of the
chromosomal passenger complex (CPC), proteins of the Ndc80 complex, Cep164
and Aurora B, which all contribute to spindle tension, are also required for centro-
some clustering (Leber et al. 2010). Depletion of Aurora A in a panel of acute
myeloid leukaemia (AML) cell lines also results in formation of a multipolar spindle
and non-proliferation (Navarro-Serer et al. 2019). Drugs such as Griseofulvin,
CP-673451 and Crenolanib that bind to cytoskeletal elements and inhibit clustering
demonstrate the contribution of the cytoskeleton towards clustering (Konotop et al.
2016; Rebacz et al. 2007).

Previous results have suggested that loss of 14-3-3y leads to premature cdc25C,
and hence CDK1 activation, which leads to an increase in centrosome number. This
is accompanied by an increase in the number of cells with pseudo-bipolar spindles
with passage, an increase in aneuploidy and tumour formation (Mukhopadhyay et al.
2016). However, expression of a 14-3-3y binding defective mutant of cdc25C in
14-3-3y knockdown cells leads to a reversal of the clustering phenotype and a
decrease in tumour growth and cell viability, presumably due to prematurely high
levels of CDKI1 activity in interphase and mitosis (Mukhopadhyay et al. 2016).
These results are consistent with the hypothesis outlined above which suggests that
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small molecules that might disrupt centrosome clustering in tumour cells could lead
to tumour cell killing and cell death. All of these results suggest that centrosome
clustering is a complex phenotype that requires multiple cellular pathways.

Given the strong correlation between centrosome amplification, CIN and cancer,
it has been a long-standing question of whether centrosome number dysregulation is
sufficient to promote tumorigenesis. One of the mechanisms leading to cells acquir-
ing extra centrosomes is a failure in cytokinesis. Therefore, it has been difficult to
assess the causal link between centrosome amplification and tumorigenesis. How-
ever, several recent studies have addressed this question and have offered multiple
solutions of how centrosome amplification might lead to tumour progression. In this
chapter, we aim to highlight several recent observations that shed some light on the
correlation between the presence of multiple centrosomes and transformation. We
have focused on proteins that are essential for different steps of the centrosome cycle
and how their aberrant expression has been demonstrated to contribute to centro-
some amplification and tumorigenesis.

18.3.1 Polo-Like Kinase 1

Polo-like kinase 1 (PIk1) is a member of the polo-like kinase family of proteins that
are serine/threonine kinases. It was initially identified in Drosophila embryos as a
kinase, active during the late anaphase—telophase transition (Llamazares et al. 1991).
PIk1 localization changes throughout the cell cycle, with it localizing at the centro-
some throughout interphase, and then moving to the kinetochore, the spindle and the
spindle mid-body during mitosis (Golsteyn et al. 1995; Kishi et al. 2009). Plk1
performs multiple functions that contribute to mitotic progression. Plk1 phosphor-
ylates multiple residues in the N-terminus of c¢dc25C resulting in an increase in
¢dc25C activity and mitotic progression (Toyoshima-Morimoto et al. 2002). Plk1
phosphorylates BubR1 and INCENP, thus stimulating kinetochore assembly
(Arnaud et al. 1998; Elowe et al. 2007; Goto et al. 2006). Inhibition of PIk1 in
U-20S cells decreases the robustness of the SAC, which decreases accurate chro-
mosome segregation and could, hence, contribute to CIN (O’Connor et al. 2015).
PIk1 contributes to centrosome maturation by phosphorylating NEDD1, which leads
to recruitment of y-TURCs to centrosomes during centrosome maturation (Haren
et al. 2009; Zhang et al. 2009). Depletion of Plk1 using siRNA in HeLa cells leads to
a lack of phosphorylation of NPM 1, which has been demonstrated to lead to defects
in nuclear size, cytokinesis and centrosome amplification (Zhang et al. 2004b). The
activity of PIkl is required for centrosome disengagement, as inhibition of Plkl
using a small molecule prevents centrosome disengagement (Tsou et al. 2009).
Protein levels of Plkl are elevated in a number of tumour types, including
gliomas, breast cancers, oesophageal squamous cell carcinomas, non-small cell
lung carcinomas, melanoma, renal cancer, prostate and colorectal cancer (Feng
et al. 2009; Liu et al. 2017; Ramani et al. 2015). Plkl levels are high in
tamoxifen-resistant MCF-7 cells, and inhibition of Plk1 leads to a decrease in cell
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proliferation (Jeong et al. 2018). A decrease in Plk1 levels confers sensitivity to
gemcitabine in pancreatic cancer cell lines (Jimeno et al. 2010). PIk1 silencing can
also enhance the sensitivity of rectal cancer and medulloblastoma cell lines to
radiotherapy (Harris et al. 2012; Rodel et al. 2010). Interestingly, several missense
and truncation mutations in the C-terminus of Plk1 have been identified in tumour
cell lines such as HepG2, A431, MKN74 and A549 (Simizu and Osada 2000). Given
that levels of Plk1 are found to be both overexpressed and reduced in tumour cell
lines, it is difficult to actually assess the role of Plkl in neoplastic progression or
cellular transformation.

Recent experiments performed in mouse models of Plk1 overexpression suggest
that Plkl may have different effects on neoplastic transformation and tumour
progression depending on the presence of other genetic alterations or the tissue
type in which Plk1 expression is elevated. Mouse embryonic fibroblasts (MEFs)
isolated from mice carrying a doxycycline-inducible transgene for Plk1 exhibit a
variety of mitotic defects such as multiple centrosomes, monopolar and multipolar
spindles in pro-metaphase, as well as lagging chromosomes and anaphase bridges
resulting in an increased duration of mitosis (de Carcer et al. 2018). Despite the
defects in mitosis, when Plkl overexpressing mice were crossed with mice
containing a constitutively active K-Ras allele, K-RasGlzD, which is only expressed
in the mammary gland, a decrease in tumour progression was observed in the
presence of doxycycline (de Carcer et al. 2018). Another study by Li et al. also
found chromosomal instability, lagging and misaligned chromosomes and apoptosis
in MEFs isolated from mice conditionally overexpressing Plk1 (Li et al. 2017). No
malignant transformation was observed in these mice; however, hypersensitivity to
ionizing radiation was observed in the liver. Treatment with ionizing radiation led to
an increase in the number of liver tumours and the presence of lymphomas, which
was accompanied by inhibition in the expression of genes required for DNA repair
(Li et al. 2017). In both cases, despite defects in mitosis that lead to aneuploidy,
overexpression of Plk1 alone did not lead to tumorigenesis in mice, suggesting that
other mechanisms might contribute to tumour formation upon Plk1 overexpression.
It is possible that Plk1 overexpression affects other proteins that influence transfor-
mation, such as p53 (Smith et al. 2017).

In contrast to its expression levels in most transformed cell lines, loss of Plk1 has
been demonstrated to accelerate tumour formation in mice (Lu et al. 2008). Plk1 null
mice show embryonic lethality due to the inability of the embryonic cells to divide.
However, a significant proportion of Plkl heterozygous mice develop tumours in
various organs suggesting that haploinsufficiency of Plkl could drive tumour pro-
gression. Splenocytes isolated from these mice harboured a higher incidence of
aneuploidy, which could contribute to CIN (Lu et al. 2008). Given all of the data
on PIkl, it seems likely that Plkl can act as either an oncogene or a tumour
suppressor in a context-dependent manner.
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18.3.2 Separase

Separase or separin is a cysteine protease that promotes anaphase entry in mitotic cells
by cleaving Sscl, which is part of the synaptonemal complex. This relaxes the tension
in the spindle and leads to anaphase progression (Uhlmann et al. 1999). Inhibiting
separase expression using RNAi in HeLa cells leads to genomic instability (Cucco
et al. 2018). Separase forms a complex with the MCM2-7 helicase and loss of
separase leads to an increase in replication fork speed, probably due to an increase
in the levels of acetylated SMC3 (Cucco et al. 2018). Antisense oligonuleotide-
mediated reduction of separase gives rise to aberrant mitoses with lagging chromo-
somes (Chestukhin et al. 2003). Apart from its function in relieving sister chromatid
cohesion, separase also plays a role in ensuring centrosome disengagement (Tsou and
Stearns 2006; Tsou et al. 2009). Knockout of separase in HCT116 and HeLa cell lines
inhibits centriole disengagement and subsequent duplication (Tsou et al. 2009).
Pericentrin is a potential substrate for separase and expression of a pericentrin mutant
that cannot be cleaved by separase suppresses centriole disengagement and duplica-
tion (Matsuo et al. 2012). Akil and cohesin have also been implicated as substrates of
separase at the centrosome (Nakamura et al. 2009). Separase also functions in double-
strand break repair, where it cleaves cohesin (Hellmuth et al. 2018). Activation of
separase in interphase has been demonstrated to aid in DNA double-strand break
repair in HEK293 cells (Hellmuth et al. 2018). All of these results suggest that
separase is required for maintaining genomic integrity either by regulating genome
organization and duplication or by regulating centrosome duplication.

Separase is significantly overexpressed in osteosarcoma, breast and prostate
tumour samples as per tissue immunofluorescence analysis (Meyer et al. 2009).
An increased nuclear localization of separase was also observed in these tissue
samples (Meyer et al. 2009). This unusual localization of separase shows a correla-
tion with tumour status, although the mechanism underlying the correlation between
separase levels and tumour progression remains to be elucidated (Meyer et al. 2009).
Increased separase activity with aberrant centrosome numbers has been observed in
bone marrow samples of patients with myelodysplastic syndrome (MDS)
(Ruppenthal et al. 2018). IHC staining of breast tumours samples from patients
has demonstrated a strong correlation between abnormal separase expression and
impaired survival (Gurvits et al. 2017). These results suggest that an increase in
separase levels can drive tumour progression.

A mutation in the zebrafish separase gene results in embryos with abnormal
mitotic spindles, aneuploidy, polyploidy and multiple centrosomes (Shepard et al.
2007). Adult zebrafish heterozygous for separase treated with the carcinogen N-
methyl-N-nitro-N-nitrosoguanidine (MNNG) were observed to be more susceptible
to developing tumours (Shepard et al. 2007). This implies that separase could act as a
tumour suppressor. A knockout of separase leads to embryonic lethality in mice
(Kumada et al. 2006). Experiments in mouse models suggest that separase
haploinsufficiency can lead to tumorigenesis in a pS3 mutant background. MEFs
isolated from mice heterozygous for separase were found to exhibit a compromised
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response to damage induced DNA repair (Hellmuth et al. 2018). Mice with a
hypomorphic separase allele display an increased rate of tumorigenesis with a
decrease in survival in a p53 mutant background (Mukherjee et al. 2011). Normal
splenocytes isolated from these mice exhibited aneuploidy which might contribute to
genomic instability (Mukherjee et al. 2011). In contrast to the results described
above, conditional overexpression of separase in a mouse mammary epithelial cell
line leads to increased aneuploidy and tumorigenesis in a p53 mutant background
(Zhang et al. 2008). These data suggest that either an increase or a decrease in
separase levels might not be enough to initiate tumour formation, though it might
lead to aneuploidy followed by a second genetic event, which could drive tumori-
genesis. It might be interesting to observe the effect of separase knockout or
overexpression in tissue-specific, conditional mouse models.

18.3.3 Polo-Like Kinase 4

Polo-like kinase 4 (Plk4), a member of the polo family of kinases, is a master
regulator of centriole biogenesis (Swallow et al. 2005). Plk4 was initially identified
in mice, because of its sequence homology to polo in Drosophila (Fode et al. 1994).
Further experiments in NIH3T3 cells ascertained that Plk4 is associated with the
centrosome throughout the cell cycle (Hudson et al. 2001). Experiments in both
Drosophila and mammalian cell lines using siRNA demonstrated that decrease in
Plk4 levels leads to a loss of centrioles (Bettencourt-Dias et al. 2005; Habedanck
et al. 2005). Overexpression of Plk4 increases centriole numbers, with multiple
pro-centrioles forming from a single mother centriole (Habedanck et al. 2005;
Kleylein-Sohn et al. 2007). These results indicate the importance of Plk4 levels in
controlling centrosome numbers. Recent experiments in Drosophila have demon-
strated that Plk4 also plays a role in controlling centriolar length (Aydogan et al.
2018). Plk4 overexpression can also induce de novo centriole and MTOC formation
in Drosophila embryos and Xenopus egg extracts, respectively (Eckerdt et al. 2011;
Rodrigues-Martins et al. 2007). This occurs due to the ability of Plk4 condensates to
recruit STIL, a-, B-tubulin and y-tubulin, leading to the formation of acentriolar
MTOCs (Gouveia et al. 2018).

Plk4 levels are elevated in several cancers, such as breast, acute lymphoblastic
leukaemia, prostate, pediatric medulloblastomas and embryonal brain tumours
(Korzeniewski et al. 2012; Li et al. 2016, 2018; Pezuk et al. 2017). An increase in
PIk4 levels has also been observed in human lung cancer and gastric cancer cell lines
(Shinmura et al. 2014). Inhibition of Plk4 expression in neuroblastoma cell lines has
been shown to suppress invasion and migration (Tian et al. 2018). Further, inhibition
of Plk4 using CFI-400945 induces aneuploidy in lung cancer cell lines (Kawakami
et al. 2018). In contrast to the results described above, Plk4 levels are decreased in
colorectal cancer cell lines and hepatocellular cancers suggesting that a decrease in
Plk4 levels might contribute to tumour progression (Kuriyama et al. 2009; Liu et al.
2012; Rosario et al. 2010). Mutations in Plk4, including loss of function mutations,
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cause microcephaly and growth failure with impaired centriole biogenesis (Martin
et al. 2014). These data suggest that changes in Plk4 expression lead to defects in
centrosome biogenesis leading to neoplastic progression.

As overexpression of Plk4 leads to an increase in centrosome number, it has been
the focus of multiple experiments to help understand the role of centrosome amplifi-
cation in tumour formation and progression. Basto et al. demonstrated for the first time
that centrosome amplification could drive tumorigenesis (Basto et al. 2008). Using an
assay wherein brain tissue from fruit flies overexpressing Sak (the Drosophila homo-
logue of Plk4) was transplanted into the abdomen of WT hosts, they demonstrated that
a significant percentage of the hosts developed tumours with multiple centrosomes and
a number of the tumours formed metastatic colonies (Basto et al. 2008). Using the
same transplantation assay, Castellanos et al. screened for the ability of mutants of
different centrosomal proteins to affect tumour formation, in Drosophila (Castellanos
et al. 2008). They were able to demonstrate that 2% of the WT hosts with wing discs
from flies overexpressing Sak transplanted into their abdomen could develop tumours
(Castellanos et al. 2008). They were unable to assess the degree of CIN due to the
small size of the tumours.

Mice with a homozygous deletion of Plk4 displayed embryonic lethality at E7.5
(Hudson et al. 2001). Plk4+/— MEFs had increased centrosomal amplification,
multipolar spindle formation and aneuploidy when compared with WT cells
(Ko et al. 2005). Nestin-Cre-driven conditional overexpression of Plk4 in the
developing mouse brain led to centrosome amplification, aneuploidy and micro-
cephaly; however, no tumours were observed in the brains of these mice (Marthiens
et al. 2013). MEFs isolated from mice conditionally overexpressing Plk4, where a
lox stop cassette for Plk4 expression was driven by a chicken p-actin promoter, were
found to harbour multiple, functional centrosomes which contribute to mitotic errors
such as lagging chromosomes and multipolar mitosis (Vitre et al. 2015). Skin
fibroblasts derived from mice overexpressing Plk4 had multiple centrosomes, a
reduced proliferation rate and poor long-term survival (Vitre et al. 2015). Even
when mice overexpressing Plk4 were crossed with p53—/— mice, an increase in the
rate of tumour development was not observed, suggesting that Plk4 overexpression
in p53—/— mice did not accelerate tumour progression (Vitre et al. 2015). Similar
results were obtained in a skin carcinogenesis model, in which mice overexpressing
Plk4 were treated with 7,12-dimethylbenz(a)anthracene (DMBA), followed by
application of the tumour promoter 12-O-tetradecanoyl-phorbol-13-acetate (TPA).
There was no significant difference in tumour burden between the control and treated
mice (Vitre et al. 2015). However, mice carrying a similar Plk4 overexpression
allele, where expression was epidermis specific, showed differentiation and barrier
defects in the epidermis leading to death in a number of mice at postnatal day one
(P1) (Sercin et al. 2016). Mice overexpressing Plk4 that survived past P1 showed a
decrease in Plk4 levels suggesting a strong selection pressure against Plk4
overexpression. When these mice were crossed with p53 null mice, the barrier
defects were abrogated; however, cells overexpressing Plk4 were not detected
post-P1 as in the wild-type mice. Surprisingly, the transient overexpression of
Plk4 in the p53—/— mice led to the development of spontaneous skin tumours in
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these mice with complete penetrance (Sercin et al. 2016). Thus, using essentially the
same overexpression model for Plk4 leads to different outcomes for tumorigenesis in
the same tissue. One possible difference is that in the first report (Vitre et al. 2015),
PIk4 expression is not turned off in the tissues, whereas in the second report (Sercin
et al. 2016), Plk4 overexpression is transient and is selected against in mice after P1.
This suggests that constant centrosome amplification might lead to cell death due to
the presence of multipolar mitoses, while a transient increase in Plk4 levels might
allow for the selection of cells that tolerate the initial aneuploidy and then the loss of
Plk4 leads to the stable inheritance of the aneuploid genome. This might also depend
on the strain of mice used in these experiments, as the first set of experiments were
done in C57/B16 mice while the second set were performed in a mixed background
as the three transgenes were all in different strains. In another set of experiments, a
doxycycline-inducible allele of Plk4 was introduced into the Rosa26 locus (Coelho
et al. 2015). When mice homozygous for the inducible Plk4 allele were crossed with
p53 null mice, hyperproliferation and defects in developmental programmes were
observed in tissues such as the pancreas and the epidermis, as compared to mice
which were p53 null alone (Coelho et al. 2015). The hyperproliferation could be a
precursor to tumour development. The results described herein suggest that the
experimental protocols used to generate mice with overexpression of Plk4 and the
strain of mice in which these experiments are performed could lead to differences in
tumour initiation and development.

In contrast to the results described above, overexpression of Plk4 initiates tumor-
igenesis, in a mouse intestinal neoplasia model (Levine et al. 2017). These mice
harbour an APC™" mutation, which causes them to develop multiple adenomas
throughout the intestinal tract (Moser et al. 1990). These mice displayed an increase
in tumour initiation, with the tumours showing an increase in centrosome number,
suggesting that centrosome amplification led to an increase in tumour initiation.
MEFs isolated from mice overexpressing Plk4, in combination with an APC™"
allele, displayed increased centrosome numbers. In the absence of p53, these cells
could proliferate in spite of harbouring multiple centrosomes, even after 12 days of
doxycycline treatment. After long-term treatment with doxycycline (8 months), they
were able to observe severe aneuploidy in splenocytes isolated from mice
overexpressing Plk4, due to increased centrosome amplification. In addition to an
increase in the intestinal tumour burden, these mice also developed spontaneous
lymphomas, squamous cell carcinomas and sarcomas starting at 36 weeks of age.
When assayed for centrosome number, it was observed that these tumours exhibited
centrosome amplification. It was also observed that these tumours harboured varied
levels of p53 target genes, indicating that the p53 pathway might be at least partially
compromised in these tissues (Levine et al. 2017).

Driving genomic instability is not the only way centrosome amplification via Plk4
can drive tumorigenesis. Transient overexpression of Plk4 in a three-dimensional
organoid breast cancer model leads to centrosome amplification that promotes
invasion (Godinho et al. 2014). This was not due to an increase in aneuploidy, but
rather the increase in invasion was due to increased Racl activation which contrib-
utes to greater microtubule nucleation (Godinho et al. 2014). Plk4 has also been
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demonstrated to phosphorylate Arp2 in the Arp2/3 complex in tumour cell lines,
leading to activation of the complex and an increase in migration (Kazazian et al.
2017). Phosphorylation of Plk4 at S305 leads to an increase in migration and cell
spreading and increased co-localization with RhoA at cell protrusions, while a
decrease in Plk4 expression in MEFs or tumour cells leads to a decrease in migration
and invasion, respectively (Rosario et al. 2015). These data suggest that Plk4
expression might lead to tumour progression by regulating cell migration and
invasion, in addition to its ability to stimulate centrosome duplication and thus
genomic instability.

18.3.4 Aurora A kinase

The Aurora family of kinases consists of three members, A, B and C (Nigg 2001).
Aurora A localizes to the centrosome during G2 and the spindle during mitosis
(Kimura et al. 1997). Its functions include centrosome maturation, centrosome
separation, organization of spindle assembly, chromatin protein modification, chro-
matid separation and cytokinesis (Fu et al. 2007). Aurora A also localizes to the
mitochondria in several cancer cell lines, where it affects mitochondrial dynamics
and energy production (Bertolin et al. 2018). Aurora A is recruited to the centrosome
by Cep192, which results in its autophosphorylation and activation (Joukov et al.
2014). Aurora A has been demonstrated to contribute to the centrosomal accumula-
tion of y-tubulin (Hannak et al. 2001). Its centrosomal substrates include y-tubulin,
Centrinl and D-TACC (Giet et al. 2002; Sardon et al. 2010). Aurora A regulates
microtubule growth by organizing the acentriolar spindle in mammalian oocytes
during meiosis I (Bury et al. 2017).

Experiments in HeLa cells have shown that increased Aurora A levels can induce
centrosome amplification by inhibiting cytokinesis, leading to the formation of
tetraploid cells (Meraldi et al. 2002). This effect is augmented in the absence of
p53, with 80% of p53—/— MEFs overexpressing Aurora A harbouring extra centro-
somes (Meraldi et al. 2002). Knockdown of Aurora A in HeLa cells gives rise to
cells with misaligned chromosomes, defective spindle organization, lagging chro-
mosomes, defects in centriole separation and delay in mitotic entry (Hirota et al.
2003; Marumoto et al. 2003). Aurora A also plays a role in the cell cycle; knock-
down of Aurora A in Hela leads to arrest of the cells in G2-M and eventually,
apoptosis (Du and Hannon 2004).

Aurora A is overexpressed in several cancers, including breast (where it was first
identified), ovarian, human gliomas, colon, pancreatic and lung (Kollareddy et al.
2008). The expression of Aurora A results in an inhibition of apoptosis in lung
cancer cell lines treated with the EGFR inhibitor, thus ensuring their survival (Shah
et al. 2019). Further, a loss of Aurora A in gastrointestinal cell lines with activated
KRAS leads to increased cell death due to an increase in the levels of proteins
required for apoptosis (Wang-Bishop et al. 2018). Aurora A might also affect
epithelial to mesenchymal transition, as demonstrated in OSCC cell lines (Dawei
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et al. 2018). Silencing of Aurora A leads to an increase in the expression of
E-cadherin and a decrease in the levels of vimentin in OSCC cells accompanied
by an increase in the levels of reactive oxygen species (ROS) (Dawei et al. 2018).

MEFs from Aurora A null mice display monopolar spindles, with a single
y-tubulin focus (Cowley et al. 2009). A knockdown of Aurora A in OSCC cell
lines led to a decrease in tumour volume in xenograft assays in nude mice. The
decrease in tumour volume was accompanied by pronounced apoptosis in tumour
tissues (Dawei et al. 2018). However, Aurora A overexpression in primary MEFs is
not enough to induce transformation (Anand et al. 2003). Overexpression of Aurora
A in a rat mammary carcinogenesis model, where the mice are treated with
methylnitrosourea, results in centrosome amplification, but tumours developed at a
point much after centrosome amplification was first observed (Goepfert et al. 2002).
In contrast to some of the results described above, conditional overexpression of
Aurora A in the mammary gland led to increased apoptosis which was reversed upon
depletion of p53 (Zhang et al. 2004a). These results indicate that dysregulation of
Aurora A levels alone is insufficient to drive transformation. Given the many defects
associated with dysregulation of Aurora A kinase, several attempts have been made
to target it in cancers. These inhibitors are being used extensively to gain a better
understanding of Aurora A biology.

18.3.5 Nek2A

Nek2 kinase is the human homologue of the Aspergillus nidulans protein NIMA
(never in mitosis). Its expression varies through the cell cycle, with its levels being
the highest during the G2 and M phases (Fry et al. 1998b; Schultz et al. 1994). Itis a
serine/threonine kinase that phosphorylates inter-centrosomal linker proteins such as
CNAP-1 and rootletin (Bahe et al. 2005; Fry et al. 1998a, b). Phosphorylation of
these proteins leads to the dissolution of the inter-centrosomal linker and thus,
centrosomal separation. The centrosomes can now migrate to the two ends of the
cell, form a spindle and participate in cell division (Bahe et al. 2005; Fry et al. 1998a,
b). Overexpression of Nek?2 leads to premature centrosome splitting and a loss of
focused microtubules, as demonstrated in U-20S cells (Fry et al. 1998b). However,
these cells are able to enter mitosis despite the presence of unfocused microtubules
(Fry et al. 1998b). Nek2 overexpression in MDA-MB 231 and MCF-7 leads to
centrosome amplification. However, CIN occurs only upon a concurrent depletion of
its interacting partner, TRF1 (Lee and Gollahon 2013).

Several reports suggest an increase in Nek2 levels in different cancers. These
include tumours of the breast, B-cell lymphoma, multiple myeloma, bladder cancer
and glioblastoma (Fang and Zhang 2016). This change in expression levels is
associated with a poor prognosis, drug resistance and tumour progression (Hayward
et al. 2004; Lee and Gollahon 2013; Zhou et al. 2013). However, it is not known
exactly what leads to the change in Nek2 levels in these multiple cancer types. Nek2
protein levels decrease when CDK4 expression is inhibited using RNA interference
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(Pitner et al. 2013). Knockdown of Nek2 in a Her2+ breast cancer model reduced
centrosome amplification (Pitner et al. 2013). There is no direct evidence that
demonstrates that the centrosome amplification observed upon Nek2 overexpression
alone actually contributes to tumorigenesis. Given the large number of cancers that
harbour high levels of Nek2, and the poor prognosis associated with it, several
attempts have been made to develop Nek?2 as a potential therapeutic target in cancer.
These drugs include ATP-binding site blockers, siRNA-mediated approaches and
drugs that affect the binding of Nek?2 to its substrates (Hayward et al. 2010; Suzuki
et al. 2010). Nek?2 inhibition, in combination with chemotherapeutic drugs, might
provide a better treatment approach to target cancer (Meng et al. 2014; Suzuki et al.
2010).

18.4 Conclusion

Centrosome amplification is a major feature of most cancer cells. Recent evidence in
different model systems has finally established it to be one of the causes and a
potential initiator of tumorigenesis. However, centrosome amplification doesn’t
always lead to tumour formation and might inhibit or promote tumorigenesis
depending on the cell/tissue of origin or the presence of other genetic changes that
might contribute to tumour progression. A distinct possibility for why centrosome
amplification doesn’t always lead to tumorigenesis might be the requirement for the
activation or inhibition of pathways that promote or prevent centrosome clustering.
While most research has focused on the effects of numerical centrosomal abnormal-
ities on tumour progression, it will be interesting to study the contribution of
structural centrosomal defects to neoplastic progression.
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More than 80% of malignant tumors show centrosome amplification and clustering. Centrosome
amplification results from aberrations in the centrosome duplication cycle, which is strictly coordinated
with DNA-replication-cycle. However, the relationship between cell-cycle regulators and centrosome
duplicating factors is not well understood. This report demonstrates that 14-3-3~ localizes to the
centrosome and 14-3-3~ loss leads to centrosome amplification. Loss of 14-3-3~ results in the
phosphorylation of NPM1 at Thr-199, causing early centriole disjunction and centrosome hyper-
duplication. The centrosome amplification led to aneuploidy and increased tumor formation in mice.
Importantly, an increase in passage of the 14-3-3~-knockdown cells led to an increase in the number
of cells containing clustered centrosomes leading to the generation of pseudo-bipolar spindles. The

. increase in pseudo-bipolar spindles was reversed and an increase in the number of multi-polar spindles

. was observed upon expression of a constitutively active 14-3-3-binding-defective-mutant of cdc25C
(S216A) in the 14-3-3~ knockdown cells. The increase in multi-polar spindle formation was associated
with decreased cell viability and a decrease in tumor growth. Our findings uncover the molecular basis
of regulation of centrosome duplication by 14-3-3~ and inhibition of tumor growth by premature
activation of the mitotic program and the disruption of centrosome clustering.

The centrosome is the major microtubule nucleating and organizing center in mammalian cells, consisting of two
cylindrical centrioles, surrounded by multi-layered toroid of pericentriolar matrix (PCM)*2. Resting cells contain
one centrosome which duplicates strictly once in a cell cycle, synchronized with DNA replication cycle, giving rise
to two daughter centrosomes before the onset of mitosis [reviewed in®]. Deregulation of the centrosome duplica-
tion cycle leads to centrosome amplification, which is commonly observed in multiple human tumors [reviewed
in*]. Normal cells with supernumerary centrosomes generally die, due to the formation of multipolar spindles
leading to severe aneuploidy and prolonged checkpoint arrest and mitotic catastrophe. In contrast, tumor cells
with multiple centrosomes are able to cluster centrosomes at opposite poles thus generating pseudo-bipolar spin-
dles. Generation of pseudo-bipolar spindles prevents mitotic catastrophe and promotes limited aneuploidy result-
ing in an increase in cell survival and also resulting in the generation of invasive tumors®~”’.

Two centrioles remain closely connected with each other through a proteinaceous linker, during G18.
Biogenesis of the nascent daughter centriole (procentriole) begins with the relaxation of the inter-centriolar
tether, resulting in separation of the mother centrioles, termed as centriole disjunction®!°. Centriole disjunction is
regulated by orchestrated phosphorylation of various linker proteins including NPM1, 3-catenin, Nek2, C-Nap1
(CEP250), rootletin, Cep68, causing their displacement from the linker''~*¢. After steric relaxation, procentriole
biogenesis proceeds with step-wise assembly of the central “cart-wheel”’’~°. Procentrioles mature, through the
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S and G2 phase, from the proximal end of the mother centriole. If centriole disjunction is blocked, in spite of
continued nuclear duplication, centriole duplication remains stalled due to inhibition in cartwheel-templating
from mother centriole?.

Current studies indicate that, activation of the cdk1/cyclinB complex is involved in generation of altered cen-
trosome number. However, the centrosomal targets of cdkl and underlying mechanism of cdkl-mediated reg-
ulation of centrosome duplication are largely unknown?'-%°. The cdk1/cyclinB1 complex is activated by cdc25C,
whose activity is inhibited during interphase by complex formation with 14-3-3 proteins®”-?. Here, we report a
novel role of the 14-3-3-protein family®® in regulating centrosome number. We demonstrate that, 14-3-3~ and
14-3-3¢ localize to the centrosome and control centrosome duplication by preventing premature activation of
cdc25C, the cdkl/cyclinB1 complex and the centrosomal protein Nucleophosmin (NPM1)*. Loss of 14-3-3~
results in an increase in aneuploidy, cellular transformation and the formation of larger tumors in nude mice.
Surprisingly, the expression of a 14-3-3-binding-deficient mutant of cdc25C (S216A) in 14-3-3~-knockdown
cells, at high passage, led to an extensive increase in spindle multi-polarity, a decrease in centrosome clus-
tering, a decrease in cell survival and a reversal of tumor formation in nude mice. These results suggest that
14-3-3~-mediated premature activation of the mitotic program during interphase results in an induction in spin-
dle multi-polarity, a decrease in centrosome clustering and an inhibition of tumor formation.

Results

Loss of 14-3-3~ leads to centrosome amplification. Loss of 14-3-3~ (Fig. 1a,b) results in an override
of the S and G2 cell cycle check-points in HCT116 cells, leading to premature mitotic progression®.. In addition
to the loss of checkpoint control, an increase in mitotic index was also observed in 14-3-3~-knockdown cells
(Supplementary Fig. Sla,b), a phenotype often associated with centrosome amplification®**. To determine if loss
of 14-3-3lead to an increase in centrosome number, we determined centrosome number in cells that lack only
the 14-3-3~ isoform (Supplementary Fig. S1c and Fig. 1¢,d). An increase in number of cells containing supernu-
merary centrosomes in mitotic phase was observed in the 14-3-3~-knockdown cells as compared to the vector
controls, using antibodies specific to ~-Tubulin [pericentriolar marker**], Ninein [mother centriole marker®®]
and Cep-170 [mother centriole marker*] (Fig. 1c,d). In addition, cells were also transfected with GFP-Centrin
[centriole specific marker®’] to confirm that loss of 14-3-3~ led to an increase in centrosome number (Fig. 1c,d).
Similarly, loss of 14-3-3~ in HEK293 and U20S cells also led to increased centrosome amplification (Fig. le,f).
Expression of an shRNA-resistant 14-3-3~ construct resulted in a reversal of centrosome amplification in the
14-3-3~-knockdown cells (Supplementary Fig. S1d-f), suggesting that centrosome amplification was solely due
to loss of 14-3-3~.

To determine whether the centrosome foci observed in 14-3-3~-knockdown cells, are intact or fragmented
centrosomes, the 14-3-3~-knockdown and vector control cells were transfected with GFP-Centrin followed by
immuno-staining with antibodies to Pericentrin®. All the amplified centrosome foci stained for both the centro-
somal markers, thus ruling out the possibility that the structures we observe upon 14-3-3~-loss are centrosome
fragments (Supplementary Fig. S1g,h). To determine whether the additional centrosomes can anchor spindles,
14-3-3~-knockdown cells were transfected with mCherry-a-Tubulin and GFP-Centrin or stained with antibodies
to ~-Tubulin, followed by confocal microscopy. All the centrosomes present in 14-3-3~-knockdown cells act as
spindle generation centers (Fig. 1g—i). A minor increase in protein levels was observed for the centrosome protein
required for cartwheel formation, h-SAS6 and an increase in the activation of the centrosome associated kinase
Aurora A was observed upon loss of 14-3-3~ (Supplementary Fig. S5a,b).

To determine if the increase in centrosome number is observed in other cell cycle phases, centrosome number
was estimated in interphase cells. An increase in centrosome number during interphase was also observed in
14-3-3~-knockdown cells as compared to the vector control, using immunofluorescence with antibodies to Cep-
170 and Centrin (Figs 1j-1 and 2). To further confirm that we were observing intact centrioles, centrioles were
examined using transmission electron microscopy. 14-3-3~-knockdown cells showed the presence of more than
two centrioles during interphase in comparison to the vector-control cells (Fig. Im).

Centrosome over-duplication is the cause of centrosome amplification. Centrosome amplifica-
tion can occur in two ways — (i) by de novo synthesis without using an existing centriole as template or, (ii) due
to defects in template dependent centriole duplication process, which is termed as centriole over-duplication
or hyper-duplication®*. To determine the time-point in the cell cycle at which centrosome amplification takes
place, cells were synchronized in late G1 with mimosine, prior to the initiation of centrosome duplication,
released from the mimosine block and then followed over time. We have quantitated the number of cells with
>2 centrosomes in these figures so as to provide a comparison with the experiments shown in Fig. 1. We have
not determined the number of cells with only one centrosome, which would be the standard centrosome number
during G1 and early S phase. The quantitation shown in this figure does not take into account the number of cen-
trosome amplification events that have occurred in the previous cycle and therefore, the increase in centrosome
number upon loss of 14-3-3~ is not observed at early time points in the cell cycle. An alternative explanation is
that cells with multiple centrosomes demonstrate an increased sensitivity to mimosine. However, it was observed
that centrosome number increases during S-phase between 6-10 hours post release from mimosine and coincides
with an increase in the expression of cyclinB1 (Fig. 2a-d). Thus, centrosome amplification, caused by the loss of
14-3-3~ occurs due to centriole over-duplication during interphase.

14-3-3~-mediated centrosome over-duplication leads to increased aneuploidy and early tumor
formation. Cells with multiple spindle poles either die due to a failure to complete mitosis, or survive after
a multi-polar mitosis. On occasion, these cells cluster multiple centrosomes at two spindle poles leading to (i)
an increase in aneuploidy, (ii) a favorable microtubule organization and (iii) often tumor progression®. To test
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Figure 1. Loss of 14-3-3~ causes centrosome amplification in human cells. (a-b) The protein (a) and mRNA
(b) levels of the indicated gene products in 14-3-3~-knockdown and vector-control cells were determined as
described. Actin and GAPDH served as loading controls. (c-d) Centrosomes of 14-3-3~-knockdown and vector-
control cells were stained with antibodies specific to y-Tubulin, Ninein and Cep170, or the cells were transfected
with GFP-Centrin as indicated (c). Cells were co-stained with DAPI to visualize the nuclei and analyzed by
confocal microscopy. Representative images are shown (c). The percentage of mitotic cells with more than 2
centrosomes or more than four centrioles was determined in three independent experiments (d). (e-f) HEK293
or U20S cells were transfected with plasmids encoding EGFP-f (control) or EGFP-f and shRNA-14-3-3~. Cells
were stained with anti-Cep-170 antibodies, to determine centrosome number. (g-i) Multiple spindle poles
associated with supernumerary centrosomes were observed by transfecting the cells with mCherry-a-tubulin and
GFP-Centrin, or transfection of mCherry-a-tubulin followed by immuno-staining for ~-Tubulin (g). The number
of spindle poles was determined as indicated in the materials and methods (h-i). Note that all the centrosomes
anchor the mitotic spindle. (j-1) The indicated cells were stained with antibodies to Cep-170 or transfected

with GFP-Centrin followed by co-staining with DAPI and the number of centrosomes determined. The images
shown are merged with DIC image. (k) The number of cells with more than 1 centrosome (for Cep-170) and

(1) more than 2 centrioles (for Centrin) were determined in three independent experiments. (m) Osmium
tetroxide stained 14-3-3~-knockdown and vector-control cells were visualized at 25000x magnification under
scanning Electron Microscope. Centrioles are indicated by arrows. All the Western blots were run under the same
experimental conditions and the full length blots are in Supplementary Fig. 6. In all the experiments the mean
and standard error from at least three independent experiments were plotted, error bars denote standard error of
mean and p-values are obtained using Student’s t test (2 sample unequal variance) and the asterisk (*) represents a
p value <0.05. Original magnification 630X with 2X optical zoom. Scale bar indicate 10 jum, unless mentioned.
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Figure 2. Depletion of 14-3-3~ leads to centrosome over-duplication during S-phase. (a,b) 14-3-3~-
knockdown and vector-control cells were transfected with GFP-Centrin and synchronized with mimosine.
Another similar set of un-transfected cells were used for staining with anti-Cep-170 antibody. At various time
points post mimosine withdrawal (0 hours), cells were either processed for FACS analysis, or were stained with
anti-Cep-170 antibody to visualize centrioles and co-stained with DAPI for nuclei. The cells transfected with
GFP-Centrin were counter-stained with DAPI. The cell cycle histograms and associated representative confocal
images are shown (a). The percentage of cells with centrosome amplification was determined at each time

point in each experiment and the mean and standard error are plotted (b); Student’s t test (2 sample unequal
variance) was used to determine p-value; p < 0.05 (*). (c) Protein extracts were resolved on SDS-PAGE gels
followed by Western blotting for cyclinB1. Note that an increase in CyclinB1 level is coincident with an increase
in centrosome number. Western blots for actin served as a loading control. (d) Table showing the percentages
of cells in different cell cycle phases at each time point. All the Western blots were run under the same
experimental conditions and the full length blots are in Supplementary Fig. 6.

if centrosome over-duplication leads to increased aneuploidy, chromosome number was determined in the
14-3-3~-knockdown and vector-control cells by counting chromosomes in metaphase plates; HCT116 cells are
near diploid and have a normal chromosomal complement (ATCC). Loss of 14-3-3~-led to an increase in the
number of cells with more or less than 46 chromosomes as compared to the vector control (Fig. 3a,b). Moreover,
the extent of aneuploidy was increased with sub-culturing (“passage”) of the 14-3-3~-knockdown cells (Fig. 3c,d);
cells in passage-55 showing a greater increase in aneuploidy as compared to cell in passage-15. Aneuploidy leads
to chromosome instability and chromosome lagging during anaphase, which often results in cells containing
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Figure 3. Centrosome amplification, resulted by depletion of 14-3-3~, leads to higher aneuploidy and
increased tumor formation. (a-d) Chromosome counts from 14-3-3~-knockdown cells show an increase in
aneuploidy in comparison to the vector control cells. (a) Representative metaphase plates (visualized under
1000x magnification of upright fluorescence microscope) with different chromosome numbers from 14-3-3~
-knockdown and vector control cells are shown. (b,c) Chromosome numbers from one hundred 14-3-3~
-knockdown and vector control cells were counted at early (15) or late (55) passage. Aneuploidy increases with
loss of 14-3-3~ and rise in cellular passage. (d) Difference in overall aneuploidy (total number of cells with more
or less than 46 chromosomes) between knockdown and control line, at passage-15 and 55, is plotted.

(e) Micronuclei were observed by DAPI staining or transfection with GFP-Lamin-A. Scale bar is 10 um unless
mentioned. (f) The number of cells showing micronuclei formation was determined in the 14-3-3~-knockdown
and vector control cells. 100 cells were counted in three independent experiments and the mean and standard
error are plotted. (g,h) Early and late passage 14-3-3~-knockdown and vector control cells were plated in soft
agar and colonies counted formed after 2-3 weeks from 20 fields (at 10X magnification) and the mean and
standard deviation from three independent experiments is plotted. (i) 5 NOD-SCID mice were subcutaneously
injected with 10 cells of 14-3-3~-knockdown and control line, and tumor size determined every week as
described. (J) Tumor volume is plotted on the Y-axis and the time in weeks on the X-axis. The corresponding
mean tumor volumes in mm? are: Week 2 vec-Control 0, 14-3-3~ knockdown 58.8; Week 3 vec-Control 33.5,
14-3-3~ knockdown 492.5; Week 4 vec-Control 293, 14-3-3~ knockdown 3510; Week 5 vec-Control 1,519, 14-3-3~
knockdown 6,497. An asterisk (*) indicates a p value <0.05. p-values were determined using a Students t-test

(2 sample unequal variance).
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Figure 4. Cdc25C activity stimulates centrosome over-duplication in 14-3-3~-knockdown cells.

(a-c) HCT116 cells were transfected with CFP-Lamin-A (cyan), GFP-~-Tubulin (donor) and dsRed-14-3-3~
(acceptor) (a) or stained with antibodies to v-Tubulin (green) and 14-3-3~ (red) (b) and counter-stained with
DAPI (blue) followed by sensitized emission FRET analysis. The FRET images are shown in the third panel
from the left, while the fourth image from the left shows the merged image as indicated. The smaller panels
show a magnified image of the boxed region. (c) A comparison of FRET signal intensities obtained from
antibody based FRET was performed in 14-3-3~-knockdown and control line. The graph shows the mean and
standard deviation for percentage FRET efficiency from ten different cells. p values indicated were obtained
using a student’s t-test (2 sample unequal variance) and the asterisk indicates p < 0.05. (d) Co-localization of
cdc25C at centrosome is determined by transfecting HCT116 cells with EGFP-cdc25C (green) and staining with
anti Cep-170 (red) antibody. (e-g) 14-3-3~-knockdown cells were transfected with the vector control (EGFP),
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EGFP-cdc25C or EGFP-S216A and stained with antibodies to Cep-170 (red) (e). (f,g) Centrosome number

was determined and the mean and standard error from three different experiments is plotted (h) 14-3-3~
-knockdown and control cells were co-transfected with GFP-cdc25C and increasing concentration of EGFPf-sh-
cdc25C. Western blot is showing the reduction in GFP-cdc25C upon expression of sh-cdc25C. (i) Vector control
and 14-3-3~ knockdown cells were transfected with the vector control (EGFPf-pTU6) or EGFP-f-shcdc25C.
The transfected cells were stained with antibodies to Cep170 and centrosome number was determined in a 100
transfected cells (identified by GFP expression) in three independent experiments. In all cases p values were
obtained using a student’s t-test. Scale bars are 10 pum unless mentioned. All the Western blots were run under
the same experimental conditions and the full length blots are in Supplementary Fig. 6.

micronuclei that appear as extra-nuclear satellite around the nucleus**2. An increase in micronuclei formation
was observed in 14-3-3~-knockdown cells by staining with nuclear specific stain DAPI. Micronuclei also remain
surrounded by nuclear membrane, which was observed with antibody specific to nuclear membrane protein,
Lamin-A (Fig. 3e,f).

As increase in aneuploidy often leads to neoplastic transformation, soft agar assays were performed to deter-
mine if loss of 14-3-3~ could lead to an increase in cellular transformation. 14-3-3~-knockdown cells showed
significantly higher number of colonies with increased diameter in soft agarose assay, in comparison to the con-
trol line (Fig. 3g,h and Supplementary Fig. S1i). The number of colonies formed by the 14-3-3~-knockdown cells
showed a greater increase with an increase in passage as compared to the vector control cells. The 14-3-3~-knockdown
cells develop tumors at an early time point and form larger tumors in immune-deficient (NOD-SCID) mice, in com-
parison to the vector-control cells (Fig. 31,j). The tumors formed by 14-3-3~-knockdown cells showed an increased
centrosome number in comparison to the tumor tissue sections of vector-control (Supplementary Fig. S1j).

14-3-3~ localizes to the centrosome and interacts with centrosomal proteins. To determine
whether 14-3-3~1ocalizes to the centrosome and forms complex with centrosomal proteins, we performed sensi-
tized emission fluorescence resonance energy transfer (FRET) assays, as described in the materials and methods
section®®. FRET analysis using fluorescently tagged versions of 14-3-3~ and ~-Tubulin demonstrated that 14-3-3~
and ~-Tubulin are in close physical proximity at the centrosome (Fig. 4a). FRET analysis, using immuno-staining
with antibodies specific to 14-3-3~ and ~-Tubulin, showed a significantly reduced FRET signal from the
14-3-3~-knockdown cells as compared to the vector controls, suggesting that 14-3-3~ binds to ~-Tubulin and local-
izes to the centrosome (Fig. 4b,c). As 14-3-3~ often forms a dimer with 14-3-3¢*, we determined if 14-3-3¢ localized
to the centrosome using the PCM marker ~-Tubulin. Confocal microscopy demonstrated that 14-3-3¢ localized
to the centrosome, however, no FRET was observed between 14-3-3¢ and ~-Tubulin (Supplementary Fig. S2d).
Similarly, biochemical analyses using bacterially purified 14-3-3 proteins or co-immunoprecipitation assays
demonstrated that 14-3-3~ forms a complex with ~-Tubulin, whereas 14-3-3¢ showed very little to no inter-
action with ~-Tubulin (Supplementary Fig. S2e,f). Few other putative centrosomal interactors of 14-3-3~ such
as, GCP2%, KIF5B*, KLC2* were also identified in GST-pulldown coupled mass spectrometric (MALDI-TOF)
analysis (Supplementary Fig. S2g). As 14-3-3~ and 14-3-3¢ localize to the centrosome, we tested the effect of
combined loss of both the isoforms on centrosome amplification. Expression of both 14-3-3~ and 14-3-3¢ was
inhibited using vector driven RNAi and centrosome number was determined in mitotic cells. Loss of either
14-3-3¢ or 14-3-3~ led to a similar increase in centrosome number in HCT116 cells, in comparison to the vector
control (Supplementary Fig. S2a—c). However, inhibiting the expression of both 14-3-3~ and 14-3-3¢ resulted in
an additive effect in the increase in centrosome number. Therefore, these results suggest that 14-3-3¢ and 14-3-3~
localize to the centrosome and prevent centrosome re-duplication in HCT116 cells.

14-3-3~ prevents centrosome amplification by inhibiting cdc25C function. 14-3-3~and 14-3-3¢
form a complex with cdc25C and resulting in an inhibition of cdc25C function by preventing it from activat-
ing the substrate cdk1/cyclinB?*34°. Cdc25C localizes to centrosome®**! and activates the centrosomal cdk1/
cyclinB1 complex, resulting in activation of the mitotic cascade®>*. Therefore it is possible that increased cdc25C
activation, upon loss of 14-3-3~, could be responsible for centrosome amplification in the 14-3-3~ knockdown
cells. As previously reported by this laboratory®!, immuno-blotting with phospho-$216-cdc25C specific antibod-
ies demonstrate that cdc25C is constitutively active in the 14-3-3~ knockdown cells due to a decrease in the levels
of ¢dc25C phosphorylated on S216 when compared to the vector control (Supplementary Fig. S3a). GFP-tagged
cdc25C co-localizes with the centrosome during interphase as demonstrated by immuno-staining with antibod-
ies to Cepl170 (Fig. 4d). Over-expression of cdc25C or the 14-3-3-binding-defective mutant cdc25C-S216A in
14-3-3~-knockdown cells resulted in a greater increase in centrosome amplification than that observed with the
vector control cells (Fig. 4e,f and Supplementary Fig. S3b) and the increase was similar to that observed when
the expression of both 14-3-3~ and 14-3-3¢ were inhibited in these cells. Inhibition of cdc25C expression using
vector driven RNAi reduced the extent of centriole over duplication (Fig. 4g,h and Supplementary Fig. S3c).
These results suggest that an increase in cdc25C activity leads to centrosome over-duplication. As other cdc25
isoforms also form a complex with 14-3-3 proteins though not with 14-3-3~°*, the effect of over-expressing
cdc25A and cdc25B on centrosome number was determined in the vector control and 14-3-3~-knockdown cells.
Epitope tagged cdc25A, cdc25B and cdc25C were transfected into the vector control and 14-3-3~-knockdown
cells and centrosome number determined as described in materials and methods. Expression of the individual
cdc25 isoforms resulted in 10-20% increase in 14-3-3~-knockdown cells containing multiple centrosomes, in
comparison to the vector-control cells (Supplementary Fig. S3e). Similarly, a knockdown of cdc25A, B and C by
individual shRNA constructs reduced the percentage of multiple centrosome containing 14-3-3~-knockdown
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Figure 5. Increased NPM1 phosphorylation at T199 leads to centrosome duplication in
14-3-3~knockdown cells. (a) Protein extracts from vector control or 14-3-3~ knockdown cells were resolved
on SDS-PAGE followed by immuno-blotting with the indicated antibodies. Actin served as loading control.
(b,c) HCT116 cells were transfected with mCherry-a-tubulin and co-transfected with either the control
plasmid (pCDNA3) or plasmids encoding wild type cdkl (cdkl) or constitutively active cdkl (cdk1AF). Post-
transfection the cells were stained with antibodies to Cep170 (green) and DAPI (blue) (b). The percentage of
mitotic cells with >2 centrosomes was determined in three independent experiments (c). (d) Protein extracts
from the vector control and 14-3-3~ knockdown cells were resolved by SDS-PAGE, followed by Western
blotting with the indicated antibodies. Note that NPM1 is phosphorylated on T199 to a greater degree in the
14-3-3~ knockdown cells. Actin served as loading control. (e) The 14-3-3~ -knockdown and vector control cells
were transfected with either the vector control or FLAG-epitope tagged versions of WT NPM1 or the NPM1
mutants (T199A and T199D). Post transfections, protein extracts prepared from these cells were resolved by
SDS-PAGE followed by Western blotting with the indicated antibodies. Western blots for actin serves as loading
controls. (f,g) 14-3-3~-knockdown and vector-control cells, transfected with mCherry-a-tubulin and FLAG-
NPMI1 constructs, were stained with antibodies to Cep-170, co-stained with DAPI and followed by confocal
microscopy (f) to determine the percentage of cells containing >2 centrosomes. The mean and standard
deviation of three independent cells is plotted (g) p values were determined using a Student’s t-test

(2 sample unequal variance) with p < 0.05. Scale bars indicate 5um. All the Western blots were run under the
same experimental conditions and the full length blots are in Supplementary Fig. 6.
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cells (Supplementary Fig. S3f). These results suggest that all the cdc25 isoforms contribute to centrosome ampli-
fication in this cell type.

Premature activation of cdkl during interphase results in centrosome amplification. Cdc25C
activates cdk1/CyclinB1, by dephosphorylating Thr14 and Tyr15 residues of cdkl [reviewed in*®] and there-
fore we determined if the increase in centrosome amplification observed upon cdc25C activation was due to an
increase in cdkl1 activity. A reduction in Tyr-15 phosphorylation of cdk1 in 14-3-3~-knockdown cells indicated
that cdkl was active in 14-3-3~-knockdown cells (Fig. 5a). If cdk1 activation is responsible for the centrosome
over-duplication upon loss of 14-3-3~, over-expression of cdk1 or the constitutively active mutant, cdk1AF*,
should result in an increase in centrosome number. Over-expression of either cdkl or cdkl-AF resulted in
an increase in centrosome over-duplication in HCT116 cells, a phenotype similar to that observed upon the
over-expression of cdc25C (Fig. 5b,c and Supplementary Fig. S4a,b). The increase in centrosome duplication
by over-expression of cdkl-AF was comparable to that observed with cdc25C-S216A expression in 14-3-
3~-knockdown cells (Figs 4g and 5c¢). Inhibition of cdkl expression reduced centrosome amplification in 14-3-
3~-knockdown cells (Supplementary Fig. S4c,d). Similar results were obtained when we inhibited the expression
of cdk2, which has previously been shown to be essential for centrosome duplication!!. Depletion of both the cdks
resulted in an additive decrease in centrosome duplication. These results suggest that the presence of an active
cdkl complex is responsible for centrosome over-duplication and are consistent with our data that centrosome
over-duplication is co-incident with the expression of CyclinB1 in these cells (Fig. 2d).

Cdk1 phosphorylates the centriolar linker protein NPM1 leading to centrosome amplification.
Phosphorylation of the inter-centriolar linker protein Nucleophosmin (or NPM1, also known as B23, Numatrin
or NO38) at T199 residue causes its detachment from the centriolar linker, thus increasing the distance between
two centrioles and providing the spatial signal for procentriole biogenesis, templating from the mother centri-
0le!®*%%°_ In vitro kinase assays demonstrated that the T199 residue of NPM1 could be phosphorylated by cdk1/
cyclinB1 complex, while the phospho-deficient mutant, NPM1-T199A does not serve as an efficient substrate for
cdkl (Supplementary Fig. S4e,f). In addition, an increase in T199 phosphorylation of NPM1 was also observed
in the 14-3-3~-knockdown cells upon immuno-blotting with phospho-specific antibodies recognizing NPM1
phosphorylated on T199 (Fig. 5¢). To test the effect of cdk1-mediated T199-phosphorylation of NPM1 on cen-
trosome over-duplication, we expressed the phospho-mimetic (T199D) and phospho-deficient (T199A) mutants
of NPM1 in 14-3-3~-knockdown cells (Fig. 5d). The extent of centrosome amplification was significantly reduced
with the expression of NPM1-T199A, while the centrosome amplification was increased upon T199D expression
(Fig. 5e,f). To confirm that the increase in NPM1 phosphorylation occurs during S-phase, a cell cycle synchrony
experiment was performed as described earlier. Western blot analyses demonstrated that NPM1 phosphorylation
in the vector control cells first appears at 10 hours post release from mimosine when the majority of the cells are
in G2 phase, while in the 14-3-3~ knockdown cells NPM1 phosphorylation appears at the sixhour time point and
coincides with the increased expression of cyclin B1 (Supplementary Fig. S5¢). These results are consistent with
our observation that cdkl is prematurely active upon loss of 14-3-3~ (Fig. 5a), suggesting that cdkl might be the
major NPM1 kinase in cells lacking 14-3-3 ~. Therefore, premature activation of cdk1 in 14-3-3~-knockdown
cells causes hyper-phosphorylation of T199 residue of NPM1 and possibly other centrosomal proteins resulting
in centrosome amplification.

Premature cdc25C activation reduces centrosome clustering and inhibits tumor growth.
Normal cells cannot tolerate centrosome amplification and die eventually due to spindle asymmetry, mitotic
catastrophe, unfavorable aneuploidy or defects in interphase cytoskeletal organization®®!. In contrast, aggressive
tumor cells have evolved a mechanism to cluster multiple centrosomes and thus generating a pseudo-bipolar
spindle during mitosis to maintain a lower level of aneuploidy thus preventing mitotic catastrophe®-%.
Tumorigenic potential and aggressiveness of cultured cells generally increase with the increase in sub-culturing
or “passage”®>%. A gradual increase in centrosome clustering with progressive sub-culturing was observed in the
14-3-3~-knockdown cells as compared to the vector control (Fig. 6a—c). While an increase in multi-polar spindle
formation was also observed in 14-3-3~-knockdown cells, the increase in the number cells with clustered cen-
trosomes is greater in the 14-3-3~ knockdown cells. This suggests that loss of 14-3-3~ leads to the selection of a
population of cells that are capable of clustering their supernumerary centrosomes.

Inhibition of centrosome clustering has been shown to result in tumor cell death by generating multipolar
mitoses, or by leading to abnormalities in cell polarization, focal adhesion and migration®*¢’. As over-expression
of cdc25C in the 14-3-3~-knockdown cells led to an increase in centrosome number, we wished to determine if
the increase in centrosome number affected cell survival and tumor formation. MTT assays demonstrated that
expression of both WT ¢dc25C and the cdc25C-mutant (S216A) in the 14-3-3~-knockdown cells resulted in a
significant decrease in cell viability (Supplementary Fig. S3d). We tested if over-expression of cdc25C-S216A in
14-3-3~-knockdown cells could reverse centrosome clustering observed in the 14-3-3~ knockdown cells.
Expression of either cdc25C or cdc25C-S216A in 14-3-3~-knockdown cells at different passages led to a decrease
in centrosome clustering and increase in spindle-multipolarity (Fig. 6d,e). To determine if this decrease in centro-
some clustering and cell viability is associated with a decrease in neoplastic transformation, doxycycline inducible
constructs for cdc25C or cdc25C-S216A were expressed in the 14-3-3~-knockdown cells (Fig. 6f). Cells were
selected in puromycin and soft agar assays performed in the presence or absence of doxycycline. A significant
reduction in soft agar colony formation was observed in 14-3-3~-knockdown cells expressing cdc25C-S216A
(Fig. 6g). To find if over-expression of cdc25C-S216A in the 14-3-3~-knockdown cells could lead to a decrease
in tumor formation, 14-3-3~-knockdown cells were transfected with the inducible constructs of cdc25C-S216A
described above. 48 hours post transfection cells were enriched by puromycin selection and then injected
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Figure 6. Over-expression of cdc25C-S216A leads to an increase in multipolar mitoses and a decrease in
neoplastic progression. (a) 14-3-3~-knockdown and vector control cells at different passages (P) were fixed
and stained with antibodies to a-tubulin and Cep-170 and co-stained with DAPI. Arrows indicate centrosome
poles. (b,c) The percentage of cells with multi-polar spindles and pseudo bi-polar spindles was determined in
three independent experiments and the mean and standard error plotted. (d) 14-3-3~-knockdown cells were
transfected with EGFP, EGFP-cdc25C or EGFP-S216A constructs. Cells were fixed and stained with anti-«
-Tubulin antibody and co-stained with DAPI. Arrows indicate spindle poles. (e) The percentage of cells with
multi-polar spindles and pseudo bi-polar spindles was determined in three independent experiments and the
mean and standard deviation plotted. A significant increase in the number of cells with multi-polar spindles and
a corresponding decrease in the number of cells with pseudo-bipolar spindles was observed in cells expressing
the two cdc25C constructs at all passages. (f,g) 14-3-3~-knockdown cells were transfected with doxycycline
(Dox) inducible constructs expressing either GFP or EGFP-cdc25C or EGFP-cdc25C-S216A. Post transfection
the cells were selected in puromycin to select transfected cells. Transfected cells were grown in the presence or
absence of doxycycline and protein extracts were resolved on SDS-PAGE gels followed by Western blotting with
the indicated antibodies (f) or the cells were embedded in soft agar in the presence or absence of doxycycline
and colony formation determined in three independent experiments. The mean and standard deviation are
plotted (g). (h,i) 14-3-3~-knockdown cells were transfected with doxycycline (Dox) inducible constructs
expressing EGFP-cdc25C-S216A. Post selection, cells were injected subcutaneously in Nude mice. One set was
given doxycycline in the drinking water (+Dox) and the other set received no doxycycline (—Dox). Tumor
volume was measured and the mean and standard error are plotted from 4 x 2 sets of mice at different times
post injection. p values were obtained using Student’s t test (2 sample unequal variance). p values <0.05 are
indicated by asterisk. All the Western blots were run under the same experimental conditions and the full length
blots are in Supplementary Fig. 6.
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Figure 7. Model for centrosome duplication and reduced tumor formation upon activation of cdc25C.
(a) 14-3-3~ sequesters cdc25C in cytoplasm during S phase and thus cdkl remains inactive due to the
inhibitory phosphorylation at Thr-14 and Tyr-15. As a consequence, NPM1 is not phosphorylated at T199 and
remains associated with inter-centriolar linker. (b) Loss of 14-3-3~ causes activation of cdc25C resulting in
dephosphorylation and activation of cdk1. Active cdkl phosphorylates T199 of NPM1. T199 phosphorylation
of NPM1 results in its dissociation from centriolar linker. Dissociation of NPM1 from centriolar linker leads
to centriole separation (disjunction) and thus provides steric permission for procentriole nucleation and
maturation. (c) Expression of active-cdc25C (cdc25C-S216A), in 14-3-3~-knockdown cells prematurely
activates cdkl, which leads to centrosome hyper-duplication through increased phosphorylation of residue
T199 in NPM1. (d) Centrosomes cluster with the increase in passage in the 14-3-3~ knockdown cells leading
to increased transformation. A decrease in centrosome clustering is observed upon premature activation of
cdc25C, resulting in a decrease in tumor growth.

subcutaneously into nude mice. The mice were segregated into two groups and one group was given doxycy-
cline in the drinking water to induce S216A expression. Mice given doxycycline in the drinking water developed
smaller tumors than mice that were not given doxycycline, suggesting that cdc25C-S216A expression leads to
a decrease in tumor formation (Fig. 6h,i). Therefore we conclude that, depletion of 14-3-3~ and the premature
hyper-activation of cdc25C, causes hyper-activation in cdkl and hyper-phosphorylation of NPM1 at T199 res-
idue and other centrosome associated proteins (Fig. 7a) during interphase leading to (i) reversal of centrosome
clustering, (ii) generation of extensive spindle multipolarity, (iii) cell death in culture and (iv) inhibition of tum-
origenesis in mice (Fig. 7b).
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Discussion

We report for the first time that, loss of 14-3-3~ causes centrosome over-duplication, centrosome clustering and
tumor formation in mice. Although 14-3-3 proteins have been isolated from centrosomal fractions®, the molec-
ular basis and isoform specific role of 14-3-3 in centrosome duplication remained unknown. In this study, we
have demonstrated that 14-3-3¢ and 14-3-3~ localize to the centrosome and form complexes with centrosomal
proteins. Our results demonstrate a mechanism by which 14-3-3~ restricts centrosome duplication to once per
cell cycle, by inhibiting cdc25C function, thus preventing premature activation of cdkl during interphase and
resulting in a decrease in phosphorylation of T199 residue of the centriolar linker protein NPM1. Identification
of the molecular basis of 14-3-3~-mediated centrosome duplication helped to design a way to reduce centrosome
clustering, leading subsequently to a decrease in tumor formation in nude mice by over-expression of constitu-
tively active (14-3-3-binding-deficient) cdc25C in 14-3-3~-knockdown cells. This also suggests that complete
disruption of the cdc25C-14-3-3 complex during interphase might be a way to inhibit tumor growth and selective
tumor cell killing.

In S. pombe, cdc25 activates the cdc2 (cdkl-ortholog)/cyclinB complex, which phosphorylates a spindle pole
body protein Cutl2 (Stfl). Gain of function mutation in Cutl2 is sufficient to drive mitosis in the absence of
cdc25C, and loss of Cut12 results in the failure in microtubule nucleation, failure to associate Spindle Pole Bodies
to the nuclear membrane and failure in mitotic entry leading to mitotic arrest. The defects observed upon Cut12
deletion could be rescued by enhancing cdc25C or cdkl function suggesting that cdc25C and cdkl have a role
to play in centrosome duplication**¢>7%. However, experiments in other cell systems have suggested that loss of
cdk1 leads to an increase in centrosome number due to the induction of multiple rounds of S-phase’72. One
of these studies” reported that, while inhibition of cdkl in rodent cells causes centrosome amplification due to
endo-reduplication, the same phenotype was not observed in human cell lines including HCT116 and U-20S,
similar to the results reported here. The differences observed between experiments performed in Drosophila or
rodent cell lines in culture and in human cell lines might be due to species specific differences in centrosome
duplication. Altogether, these observations support the fact that increased cdkl-activation can lead to centrosome
amplification in human cells. Cdk1 overexpression leads to genomic instability, centrosome separation®»**7* and
centrosome amplification’. Nam and van Deursen recently showed that cyclin B overexpression in the mouse
leads to accelerated centrosome separation, chromosome mis-segregation and tumor formation through a Plk1—
Nek2—C-NAP1/rootletin mediated pathway®®”>. Therefore, it is evident that increased activation of the cyclin B/
cdkl complex leads to centrosome amplification, aneuploidy and tumor formation. Further, activation of cdk1
leads to the activation of Plk1 by the Aurora-A and Bora kinases’®. PIk1 activation is responsible for Cep-152/
Cep-192 mediated activation of Plk-4, which drives centriolar cartwheel formation through 9-fold assembly of
Sas-6 dimers’’~”°. Thus, a positive feedback loop of cdk1 is required for the commitment of M phase progression®
and initiation of centriole biogenesis.

Although NPM1 is phosphorylated by the G1/S checkpoint regulator cdk2'S, it was not clear if NPM1 could
also serve as a cdkl substrate for centriole disjunction during S-phase'>*’. In this study, we have demonstrated
that T199 residue of NPML1 is a target of cdkl, and early phosphorylation of NPM1 by cdk1 leads to a premature
increase in centrosome number. Further, our results suggest that in HCT116 cells cdkl is the major NPM1 kinase
and that the increase in NPM1 phosphorylation upon loss of 14-3-3~ is due to a premature increase in cdk1 activ-
ity. Our data does not exclude the possibility that cdkl phosphorylates other centrosomal proteins, in addition to
NPM], and that these substrates might also contribute to the increase in centrosome number observed upon loss
of 14-3-3~ (Fig. 7a). Interestingly, loss of either cdk1 or cdk2 in the 14-3-3~ knockdown cells leads to a decrease
in centrosome number, suggesting that cdk1 is not phosphorylating the same set of substrates as cdk2. Therefore,
when cdkl is prematurely activated during S-phase in the 14-3-3~-knockdown cells, it stimulates centrosome
over-duplication and this requires cdk2 activity suggesting that the activity of both proteins is required for cen-
trosome amplification.

Our work also demonstrates that the mitotic phosphatase cdc25C is required for the increase in centrosome
number observed upon loss of 14-3-3~. However, over-expression of all the cdc25 isoforms in HCT116 cells
results in an increase in centrosome number and a knockdown of the individual isoforms reduces centrosome
number (Supplementary Fig. S3e,f). While both cdc25A and c¢dc25B have been reported to bind to 14-3-3 pro-
teins, neither forms a complex with 14-3-3~ and have been shown to bind other 14-3-3 isoforms®*>>. It is possible
that all of the cdc25 isoforms can regulate the increase in centrosome duplication, indeed it has been reported that
all of them are required for the complete activation of cdk1/cyclinB®! and that multiple isoforms need to be inac-
tivated to generate a cell cycle arrest®. These are also consistent with our results that over-expression of cdk1 or
an active form of cdk1 could lead to an increase in centrosome duplication, as the increased activity of the cdc25
family members would remove the inhibitory phosphates from the over-expressed cdkl. However, the increase
in centrosome number upon loss of 14-3-3~ is dependent on the expression of cyclin B, as suggested by the data
in Fig. 2, suggesting that the effects we observe are dependent on cdkl1.

Our work also demonstrates that in addition to regulating cdc25C function, 14-3-3~ also binds to other cen-
trosomal or centrosome associate proteins that regulate centrosome function. It is also possible that the interac-
tion of 14-3-3~ with centrosomal proteins prevents their phosphorylation by cdks, thus preventing centrosome
amplification (Fig. 7a). These results suggest the probable existence of other mechanisms by which 14-3-3~ reg-
ulates centrosome duplication and biogenesis by regulating PLK4/Sas-6 mediated centriole cartwheel forma-
tion%*#, or regulating the assembly of pericentriolar matrix®>%¢, or the formation of ~-Tubulin-ring complex to
regulate microtubule nucleation®. Further work is required to clarify the mechanisms by which 14-3-3 proteins
regulate centrosome biogenesis, as 14-3-3 proteins are broad-spectrum phospho-Ser/Thr-binding adaptor pro-
teins that act as signal integration nodes for multiple biochemical pathways®.

Multipolar cell divisions are rare and multipolar spindles are often unstable short-lived intermediates. Tumor
cells have evolved mechanisms to induce centrosome clustering leading to the formation of a pseudo-bipolar
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spindle during mitosis. Pseudo-bipolar mitoses result in the formation merotelic chromosome attachments
leading to a favorable aneuploidy and acquisition of the neoplastic phenotype®!. However, a hypothesis that is
being currently promulgated in the literature suggests that promoting excessive genetic instability could be a
potential target for anti-tumor therapeutics®¥’, as tumor cells are programmed to be genetically unstable due to
the inactivation of checkpoint pathways [reviewed in®-%°]. Thus, exploiting the addiction to genetic instability
could result in increased cell death even in tumors that are normally resistant to several cytotoxic agents used
in cancer therapy. Our work demonstrates that rather than inhibiting cdkl activity, a novel way of inhibiting
tumor growth might be the premature activation of cdkl in interphase cells. This is in contrast to the paradigm
generally accepted in the literature where several studies have attempted to use inhibitors of the cell-cycle kinases
to inhibit tumor growth, an approach that has not achieved significant success. While our observation is based
on data generated in a xenograft mouse model that lacks an intact immune system, similar experiments could
not be performed in mouse genetic models as mouse cdc25C lacks the 14-3-3 binding site and does not form a
complex with 14-3-3 proteins (our unpublished data). However, given the data suggesting that over-expression
of B cyclins in the mouse results in tumor progression®® and the number of papers suggesting that cyclin B is
over-expressed in human tumors as compared to normal tissue’'~%, we believe that our data suggesting that the
premature activation of cdkl is a potent way of killing tumor cells, certainly has broad significance for the field of
tumor therapeutics (Fig. 7b).

Opverall, this study provides a conceptual framework to understand the role of 14-3-3 proteins in centrosome
duplication by regulating the activity of cdc25C, cdkl and NPM1. Our work also indicates the future possibility
of development of therapeutic methods to reduce tumor growth by targeting the disruption of 14-3-3-cdc25C
complex in the interphase cells, without affecting normal cells. The novel molecular basis of 14-3-3-mediated cen-
trosome duplication and harnessing this concept to inhibit centrosome-clustering and subsequent tumor reduc-
tion opens the door towards understanding the regulation of centrosome biogenesis by myriad roles of 14-3-3
proteins, and creating novel avenues for preventing tumor growth by centrosome de-clustering.

Materials and Methods

Ethics Statement. Maintenance of the animal facility is as per the national guidelines provided by the
Committee for the Purpose of Control and Supervision of the Experiments on Animals (CPCSEA), Ministry
of Environment and Forest, Government of India. All the experiments in this manuscript have been carried out
according to the approved guidelines. The animals were housed in a controlled environment with the tempera-
ture and relative humidity being maintained at 23 4= 2°C and 40-70% respectively and a day night cycle of 12hrs
each (7:00 to 19:00 light; 19:00 to 7:00 dark). The animals were received an autoclaved balanced diet prepared
in-house as per the standard formula and sterile water ad libitum. Mice were housed in the Individually Ventilated
Cage (IVC) system (M/S Citizen, India) provided with autoclaved corn cob bedding material (Natgrit 406) pro-
cured from Natural Organics, Satara, MS, India. Protocols for the experiments were approved by the Institutional
Animal Ethics Committee (IAEC) of the Advanced Centre for Treatment Research and Education in Cancer
(ACTREC). The animal study proposal number is 11/2008 dated August 19, 2008.

Cell culture and transfections. HCT116, U-20S and HEK293 cells and the HCT116 derived vector con-
trol and 14-3-3~-knockdown cells were cultured as described®'. Cells were transfected with lipofectamine-LTX
(Invitrogen) according to the manufacturer’s instructions. HCT116 cells transfected with the pTRIPZ constructs
expressing either WT c¢dc25C or S216A were maintained in media containing 1 pug/ml of puromycin. Expression
of cdc25C was induced by adding doxycycline to the medium at a concentration of 2 ug/ml. To perform the rescue
experiments GFP14-3-3~-R (shRNA resistant 14-3-3~ cDNA) was transfected into 14-3-3~-knockdown cells and
subsequently the cells expressing GFP construct were sorted using flow cytometry as described®”. Centrosome
number was determined as described below.

Estimation of centrosome and spindle pole number, and determination of centrosome clus-
tering and multi-polarity. To enrich cells in mitosis, the 14-3-3~-knockdown and vector control cells were
synchronized using 400 LM mimosine for 20 hours as described®, released and fixed with 4% para-formaldehyde
after 12-14hours, to allow them to enter mitosis. To determine the percentage of cells containing more than two
centrosomes or spindle poles, centrosomes or spindle poles of 100 mitotic cells were counted from three inde-
pendent experiments. As over-expression of cdc25C or cdc25C-S216A in 14-3-3~-knockdown cell causes death
in culture gradually after 48 hours of expression, centrosome counts were performed immediately after 48 hours
of transfection. The spindle poles from 100(x3) mitotic cells were counted in 3 independent experiments to deter-
mine the number of cells with pseudo-bipolar, multi-polar or truly bipolar spindles.

Immunofluorescence, FRET analysis and confocal microscopy. To determine the localization of
proteins, different cell types were grown on glass cover slips. Cells were transfected with combinations of fluores-
cence proteins or labeled with fluorophore-conjugated antibodies. Cells were fixed with 4% para-formaldehyde
and permiabilized with 0.3% tritonX-100. 0.05% DAPI was used to stain nuclei. Argon, Helium/Neon and diode
lasers were used to capture images on a Carl Zeiss LSM 510 Meta confocal microscope. Images were captured
under the oil immersion objectives of LSM510 meta (Carl Zeiss) confocal microscope, at 630X or 1000X mag-
nification with 2X to 4X digital zoom. All the images were captured after background nullification with second-
ary antibodies. Images were processed using the LSM510 software. FRET measurements were performed using
the sensitized emission method in fixed cells using samples: Donor only (GFP or Alexa-Fluor-488), Acceptor
only (dsRed or Alexa-Fluor-546) and FRET sample. Following images were acquired for FRET corrections and
efficiency calculations: (1) Acceptor Only using Acceptor filter set. (2) Acceptor Only using FRET filter set.
(3) Donor Only using Donor filter set. (4) Donor Only using FRET filter set. (5) FRET Specimen Only using FRET
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Oligonucleotide Sequence

cdkla CCGGATGGGGATTCAGAAATTGATCAGTTCTCGATCAATTTCTGAATCCCCATTTTTTTC
cdklb TCGAGAAAAAAATGGGGATTCAGAAATTGATCGAGAACTGATCAATTTCTGAATCCCCAT
cdk2a CCGGAGCTGTGGACATCTGGAGCCTAGTTCTCAGGCTCCAGATGTCCACAGCTTTTTTTC
cdk2b TCGAGAAAAAAAGCTGTGGACATCTGGAGCCTGAGAACTAGGCTCCAGATGTCCACAGCT
14-3-303 Fwd GGTATCTTTCTGAAGTGGC

14-3-33 Rev GCTACAGGCCTTTTC

14-3-3nFwd GAGCCACTGTCGAATG

14-3-3~ Rev CGCTGCAATTCTTGATC

14-3-30 Fwd GCAGCCTTCATGAAAG

14-3-30 Rev CCCTTCATCTTCAGGTAG

14-3-3C Fwd GTTCTTGATCCCCAATGC

14-3-3C Rev CTCTGGGGAGTTCAGAATC

GAPDH Fwd TGCATCCTGCACCACCAACT

GAPDH Rev CGCCTGCTTCACCACCTTC

Cdc25C-1a (shRNA) CCGGTGAAGAGAATAATCATCGTGTTTTCAAGAGAAACACGATGATTATTCTCTTCTTTTTC
Cdc25C-1b (shRNA) TCGAGAAAAAGAAGAGAATAATCATCGTGTTTCTCTTGAAAACACGATGATTATTCTCTTCA
Cdc25B-1a (shRNA) CCGGTAATCCTCCCTGTCGTCTGAATTTCAAGAGAATTCAGACGACAGGGAGGATTTTTTTC
Cdc25B-1b (shRNA) TCGAGAAAAAAATCCTCCCTGTCGTCTGAATTCTCTTGAAATTCAGACGACAGGGAGGATTA
Cdc25A-1a (shRNA) CCGGTAGCAACCACTGGAGGTGAAGTTCAAGAGACTTCACCTCCAGTGGTTGCTTTTTTC
Cdc25A-1b (shRNA) TCGAGAAAAAAGCAACCACTGGAGGTGAAGTCTCTTGAACTTCACCTCCAGTGGTTGCTA

Table 1. Sequences of oligonucleotide primers. Sequences of oligonucleotide primers used for designing
shRNA constructs and performing RT-PCR assays.

filter set. All the images were captured at X630 magnification in 12-bit format using Zeiss LSM 510 Meta confocal
laser scanning microscope. The images were acquired using following lasers: Donor excitation using 488 nm
Argon laser line while acceptor excitation using 543 nm Helium Neon laser line. Images acquired were further
processed using LSM 510 image examiner software. The nomenclature and equations for FRET calculations are
as previously described*® and the FRET protocol was obtained from the Centre for Optical Instrumentation
laboratory, Wellcome Trust Centre, University of Edinburg®. FRET Corrections: (i) Acceptor in FRET channel
(Co-efficient A) = Average intensity of Acceptor only using FRET set/Average intensity of Acceptor only using
acceptor set. (ii) Donor in FRET channel (Co-efficient B) = Average intensity of Donor only using FRET filter
set/Average intensity of Donor only using Donor filter set. (iii) Average FRET efficiency = FRET Specimen —
(A *= FRET Specimen using Acceptor filter set) — (B * FRET Specimen using Donor filter set) * 100.

Electron microscopy. To study centrosome amplification and organization in higher magnification
14-3-3~-knockdown and vector-control cells were visualized under transmission electron microscope.
Synchronized cells in S-phase were fixed with 3% glutaraldehyde, washed with 0.1 M of sodium cacodylate and
post fixed with 1% osmium tetra oxide (Tedpella). Cultures were dehydrated and processed. Grids were con-
trasted with alcoholic uranyl acetate for 1 minute and lead citrate for half a minute. The grids were observed under
a Carl Zeiss LIBRA120 EFTEM transmission electron microscope, at an accelerating voltage of 120KV and at
25000X magnification. Images were captured using a Slow Scan CCD camera (TRS, Germany).

Preparation of metaphase plates. Cells were arrested in mitosis by growing them in Colcemid (0.1 jig/ml)
for 2 hours and were incubated in a hypotonic solution (0.075M KCI) for 15-25 minutes at 37 °C. Metaphase
spreads were generated by dropping the cells from a height on frosted glass slides and chromosomes were stained
with Giemsa and imaged under 100X objective of the Axiolmager Z1 upright microscope (Carl Zeiss).

Soft Agar Assays. Soft agar assays for the 14-3-3~-knockdown and vector-control cells were performed as
previously described'®. To determine whether cdc25C over-expression led to a decrease in transformation, the
14-3-3~-knockdown cells were transfected with doxycycline inducible constructs for EGFP, EGFP-cdc25C and
EGFP-S216A. Transfected cells were selected in 0.5 pug/ml puromycin. 72 hours post selection, the cells were har-
vested by trypsinization and 10,000 cells plated in soft agar containing puromycin at a concentration of 0.5 pig/ml
in the presence or absence of 2 ug/ml doxycycline in triplicate. The remaining cells were cultured in regular media
containing puromycin at a concentration of 0.5 ug/ml in the presence or absence of 2 ug/ml doxycycline. The cells
were harvested and protein extracts were prepared as described?” and resolved on SDS-PAGE gels for Western
blot analysis with antibodies to GFP.

Tumour formation in immunocompromised mice. For the present study, we used NOD.CB17-
Prkdc/NCrCrl (NOD-SCID mice) or BALB/c Nude mice (CAnN.Cg-FoxnInu/Crl). The foundation stock of
the immuno-compromised mice was procured from Charles River Laboratories, Willington, USA. All animal
studies were approved by the Institutional Animal Ethics committee (IAEC) constituted under the guidelines
of the CPCSEA, Government of India. 10° HCT116 derived 14-3-3~-knockdown and vector-control cells were
re-suspended in DMEM medium without serum and injected subcutaneously in the dorsal flank of 6-8 weeks
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old NOD-SCID mice (obtained from ACTREC animal house facility). Five mice were injected for each clone.
Tumor formation was monitored at intervals of 2-3 days and tumor size was measured by Vernier calipers. Tumor
volume (mm?®) was calculated by the formula % LV? where L is the largest dimension and V its perpendicular
dimension, as previously reported!®. For the tumor reversal experiment, nude mice were injected with 10° cells
and tumor volumes measure as mentioned above. One set of mice were given 2 mg/ml dox + 5% sucrose in drink-
ing water (protected from light). The water was changed every 3 days.

Plasmids and constructs. The shRNA constructs targeting 14-3-3¢ and 14-3-3~ and the shRNA resistant
14-3-3~ cDNA were described previously’1%. Published shRNA sequences for cdc25C!%2, cdc25B1%, cdc25A1%4,
cdk1' and cdk2'% (Table 1) were cloned in pTU6IIA!® digested with Agel and Xhol (New England Biolabs).
The 5" and 3’ oligonucleotides were annealed and phosphorylated at both the ends using T4 polynucleotide kinase
(Fermentas). Oligos were designed in such a way that Agel and Xhol restriction sites remained at the two termini.
The annealed oligos were cloned into the pTU6 vector digested with Agel and XhoI The shRNA cassettes was
excised with EcoRI and Xhol and cloned into pEGFP-f (Clontech). The GFP-centrin construct'?”’, the cdkl expres-
sion constructs'® and the CFP-lamin construct'® have been described previously. DsRed-14-3-3~ was generated
by removing stop-codon from 14-3-3~ cDNA by PCR and cloned between Nhel and BamH]1 of the pDsRedN1
vector (Clontech). Cdc25C and ¢dc25C-S216A mutant were cloned into pPEGFPN1 (Clontech) and subsequently
sub-cloned as EGFP fusions into pTRIPZ (Open Biosystems). WT NPM1 was cloned into the HindIII/Xbal sites
of the pFLAG-CMV?2 vector and the T199A and T199D mutants were generated by site-directed mutagenesis
(Stratagene). Reverse transcriptase coupled polymerase chain reactions (RT-PCR) for the different 14-3-3 genes
or GAPDH as a loading control were performed as described!®.

Antibodies. Primary antibodies for 14-3-3~y (CG31; Abcam ab76525; dilution 1:2500), 14-3-3¢ (T16;
Santacruz sc1020; dilution 1:1000), 14-3-3c (CS112 tissue culture supernatant 1:50), 3-actin (Sigma A5316;
dilution 1:5000), GFP (Clontech 632375; dilution 1:15,000), NPM1 (Invitrogen 325200; dilution 1:5000),
phospho-T199 NPM1 (Abcam ab81551; dilution 1:2000), Aurora A (Invitrogen 458900, dilution 1:1000), p-T288
Aurora A (Cell signaling technology 3079, dilution 1:1000) and h-Sas6 (*'° dilution 1:3000) were used for Western
blot experiments. The secondary goat anti-mouse HRP (Pierce) and goat anti-rabbit HRP (Pierce) antibodies
were used at a dilution of 1:2500 for Western blot analysis. Primary antibodies for Cep-170 (Invitrogen 41-3200;
dilution 1:50), ~-Tubulin (Sigma T3559; dilution 1:200), a-tubulin (Abcam ab7291; dilution 1:500), centrinl
(Abcam ab11257; dilution 1:50), Ninein (Abcam ab4447; dilution 1:50), 14-3-3~ (CG31; Abcam ab76525; dilution
1:200) antibodies were used for immunofluorescence. Secondary antibodies (conjugated with Alexafluor-568,
Alexafluor-546, Alexafluor-455 from Molecular probes, Invitrogen; dilution 1:100) were used for immunofluo-
rescence studies.

Cell cycle analysis. To determine the time point of centrosome duplication, 14-3-3~-knockdown and
vector-control cells were arrested at G1/S boundary and released at different intervals afterwards. Cells were
synchronized at G1/S phase by 400 pMM mimosine for 20 hours®. Cells were washed twice with PBS and then
fed with complete medium. Cells were harvested by trypsinization at 0, 2, 4, 6, 8 and 10 hours post release, fixed
with 100% ethanol and stained with propidium iodide (Sigma) and the cell cycle profiles were acquired on a
FACS Calibur (BD Biosciences) and analyzed using MODFIT software®. Protein extracts prepared from another
aliquot of cells were used to determine the levels of CyclinB1, 14-3-3~ and actin by Western blot analysis. At each
time point, cells were stained with antibodies to centrosome proteins and centrosome number determined as
described above.

MALDI-TOF/TOF mass spectrometry. Lysates 14-3-3~-knockdown and vector-control cells were used in
GST-pulldown using GST-14-3-3~ (pGEX-3X, GE) as bait. Pulldown fractions were resolved in 6-12% gradient
SDS-PAGE and gels were visualized by colloidal coomassie stain (PAGE blue, Fermentas). Bands of differential
intensities were excised and treated with 30 mM potassium ferricyanide and 100 mM sodium thiosulfate solution.
The gel pieces were reduced with 10 mM DTT. Rehydrated and reduced gel pieces were trypsinized in 20 pg/ml
Trypsin (proteomics grade, Sigma, 5266) in 25 mM ammonium bicarbonate at 37 °C overnight. Extraction of the
in-gel digested peptides was performed with 5% v/v trifluoro acetic acid in 50% v/v acetonitrile. 1 pl of recovered
peptides and 1 pl of peptide matrix solution (20 mg/ml HCCA in 0.1% v/v TFA in 50% v/v acetonitrile) were
spotted onto sample target plate. External calibration was prepared by mixing peptide standard mixture and
peptide matrix solution similarly. Mass spectra were acquired by MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics, Ultraflex II) on reflector ion positive mode. MASCOT database search engine (version 2.2.03) was
used for comparing peptide masses with those in NCBInr protein database (database version: NCBInr_20080812.
fasta) in Homo sapiens. Searches were carried out with trypsin digestion, one missed cleavage, fixed carbami-
domethylation of cysteine residues and optional oxidation of methionine with 100-ppm mass tolerance for
mono-isotopic peptide masses.

In vitro kinase assays. The cdkl/cyclinBl enzyme was purchased from ProQinase. 1 pg of bacterially
expressed recombinant WT NPM1-his, or T199A-NPM1-hisg was incubated along with about 4 ng of cdk1/
cyclinB1 enzyme in a 20 pl reaction mixture containing 50 mM Tris-HCI, 100 mM NaCl, 0.1 mM EGTA, 10 mM
MgCl,, 0.2% 3-mercaptoethanol, and [y-*P] ATP. The reaction mixture was resolved on a 12% SDS-PAGE and
autoradiography was performed.

MTT assays. To determine the viability of vector control and 14-3-3~-knockdown cells expressing cdc25C
or cdc25C-S216A, the colorimetric MTT metabolic activity assay was performed. The control and knockdown
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cells were transfected with doxycycline inducible (and Puromycin resistant) EGFP, EGFP-cdc25C WT and
EGFP-cdc25C-S216A constructs. 24 hours post transfection, cells were washed with PBS and fed with fresh
media containing selection antibiotic (DMEM + Puromycin). 60 hours post selection, 2000 cells of each
lines were seeded in 96-well microtiter plate. After the cells had adhered (~24 hours), media was changed to
DMEM + Puromycin + Doxycycline, in order to induce the expression of cdc25C. The day of addition of dox-
ycycline was considered as day 0 and the MTT assay was performed across 6 days. For the MTT assay, 20 pL
of 5ug/mL MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)] reagent was added to each
well. 4hours post addition of MTT, 100 pL of 10% SDS in HCl was added to the wells and incubated overnight.
Absorbance of each well was measured at 540 nm/690 nm to assess viability. Percentage of cell viability is depicted
as relative to that of day 0.
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