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Introduction

1.1. Introduction To Cell Division Cycle

Organismal growth and reproduction stems from the basic, microscopic mode of cell division,
initially proposed as the “Cell Theory” by Theodore Schwann and Matthias Schleiden and later
posed by Rudolf Vircho was a maxim- Omnis cellula e cellula. Cell cycling is broadly
categorized into two phases- interphase and mitosis. While the interphase is sub-divided into
two Gap-phases (G1 and G2) and Synthesis phase (S), the mitotic phase (M) considers the
ultimate division into two identical daughter cell clones. Each of the phases is characterized by
unique molecular events whose macroscopic manifestation culminates into error-free cell

division.

Eukaryotic cell cycle clock represents an intricately orchestrated mean of sensing the external
environment, which may include mating factors (in yeasts), nutritional status, presence of
mitogens or inhibitory factors, and a subsequent “all-or-none” response to the stimuli. This
response is determined during the first two-thirds of the time period in G1-phase which dictates
whether a cell will proliferate or undergo quiescence. Suitable proliferative environments and
presence of growth factors generate signal transduction cascades emanating from the cell
surface toward the cell interior (N B Ruderman et al., 2008; Auger KR et al., 1989), activating
pre-existing transcription factors and chromatin re-modellers, which in turn transactivate
multiple genes, broadly divided into two classes- immediate early response (IER) or delayed
response (DR) genes, named according to the kinetics and chronology of their expression.
Mitogenic stimulation transactivate the IER genes (c-Myc, or c-Jun transcription factors)
within a few minutes (Bahrami S et al., 2016; Yang SH et al., 2013; Davie JR et al., 2010;
Carbone M et al., 2008; Mostocotto C et al., 2014). The IER proteins are then translated from
these early transcripts and act to relay the baton to the DR genes through successive
transactivation of these genes. The IER factors themselves witness a decline in the levels, as
the DR products peak, either through mRNA or protein degradation. The lower levels of the
IER transcripts and proteins are, however, being maintained as long as growth factors are
present in the surrounding. Some of the DR genes express transcription factors, while others
encode factors which play pivotal roles in sailing through the G1-phase, namely the mid- and
late-G1-phase cyclins and the cyclin dependent kinases (CDKSs). G1-phase also serves as an
important phase for cellular growth and accumulation of biomass through the activation of the
MTOR pathway (Scott PH et al., 1998). It is only when a cell has reached a certain size that it

proceeds irrevocably to the S-phase.
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S-phase entry is an outcome of the inputs assimilated from the cellular environment and defined
by uniform molecular events at the level of gene expression, protein-protein interactions and
protein degradation which occurs during the mid to late G1-phase. This gateway is coined
START in yeast (Leland H. Hartwell et al., 1970) and Restriction Point in mammalian cells
(Pardee AB et al., 1974; A Zetterberg et al., 1985; Pardee AB, 1989). If growth factors are
withdrawn before passage through the Restriction Point, transcription of G1-cyclins and CDKs
thwart. Since these factors are highly unstable, their concentrations fall precipitously and the
cell cannot enter the S-phase. The Restriction Point, therefore, serves as a “unidirectional
valve” in allowing a cell to replicate its hereditary material. Cyclin-CDK complexes represent
the core functional module of cell cycle regulation and an overview of the different cyclin-
CDKSs of the vertebrates is highlighted in Table 1.

Mid-G1-phase CDKs CDK4, CDKG6
Late-G1 and S-phase CDK CDK2
Mitotic CDKs CDK1
Mid-G1 cyclins D-type cyclins
Late-G1 and S-phase cyclin Cyclin E
S-phase and mitotic cyclin Cyclin A
Mitotic cyclins Cyclin A, cyclin B

Table 1: Tabulation of various cyclin-CDK complexes of metazoans involved in the

regulation of different cell cycle phases.

One of the important regulators of the transition through the Restriction Point depends on the
first tumor suppressor identified- the retinoblastoma protein (pRb), whose discovery and
characterization in itself laid a significant step forward for studies related to both cell cycle
regulation and understanding cancer biology (Friend SH et al., 1986; Lee WH et al., 1987;
Fung YK et al., 1987). Extensive analysis unravelled the mechanism that operates between pRb

and the E2F transcription factors in determining the S-phase entry (Figure 1.1).
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Mid G1 Late G1

pRb phosphorylation a

Inactive pRb-E2F complex Dissociation of activating E2Fs from hyperphosphorylated
pRb and assistingin S-phase entry

Autoactivation

f

S-phase
entry

Figure 1.1: Regulation of Rb and E2F activities in mid-late G1. Stimulation of GO cells with
mitogens induces the expression of CDK 4/6, cyclin-D and the E2F transcription factors, all
encoded by delayed response genes, although E2F1 is necessary for timely GO exit and entry
into G1 (Wang ZM et al., 1998). pRb forms a complex with the activating E2Fs on the
chromatin and inhibits transactivation of the target genes. Sustenance of mitogenic stimulation
till the late-G1-phase causes the initial surge of inactivating phosphorylation of pRb by cyclin
D-Cdk4/6 complexes (De Gregori J et al., 1995; Ewen ME et al., 1993 a & b; Kato J et al.,
1993; Lees JA et al., 1991). This causes a partial dissociation of E2Fs from pRb and leads to
further transcription enhancement of notable growth control genes like c-myc, B-myb, cdc2,
dihydrofolate reductase, thymidine kinase, its own gene (E2F1) (Nevins JR, 1992; La Thangue
NB, 1994) along with the late G1-phase cyclin, cyclin E (Ohtani K et al., 1995). Cyclin E- Cdk2
complex not only hyper phosphorylates pRb leading to complete dissociation from the E2F
protein but also phosphorylates E2F and stimulates transcription and cell-cycle progression
by the recruitment of the p300/CBP family of co-activators (Morris L et al., 2000), thus freeing
the E2Fs in activating the set of genes necessary for the irreversible S-phase entry (Bertoli C
et al., 2013).

High levels of E2F1 is necessary to activate transcription of the S-phase cyclin, cyclin A, as
cells approach G1-S transition (A Schulze et al.,[1995; Soucek T et al., 1997). The late G1- and
S-phase cyclin-CDK complexes (cyclin E/A-CDK2) are susceptible to regulations which
confers abrupt outcomes in terms of stability and kinase activity. The first layer of complexity
is endowed by three related CDK inhibitory proteins (CKIs) or kinase inhibitory proteins (KIP),
namely p27X"®, p21K!® and p57X'" which regulate the precise timing of S-phase entry. As the S-
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phase cyclin-CDK heterodimers accumulate in late G1, they are immediately inactivated by
binding to the CKIs, that are expressed early in G1. CKIls specifically target B-type cyclin
(cyclin A)-CDK complexes and hence do not affect either D-type early G1-phase cyclins or
late G1-cyclin (cyclin E). S-phase entry is characterized by degradation of the CKI, majorly
through SCFKP2 E3- ubiquitin ligase pathway (Bornstein G et al., 2003; Tsvetkov LM et al.,
1999; Kamura T et al., 2003), or PCNA dependent CRL4Cdt2 ubiquitin ligase complex (Kim
Y et al., 2008; Abbas T; 2008) (Figure 1.2).

DNA
—- —_— m —p replication
phosphorylation O 0

by G1 cyclin-CDK DDD 0
complexes
Polyubiquitination and

degradation of CKI

Figure 1.2: Control of the precise timing for S-phase entry. CDK inhibitory proteins (CKls-
p21, p27 and p57) form a stable association with B-type cyclin-CDK complexes throughout
G1-phase, making them inactive. Once the cell reaches late G1, the CKls are polyubiquitinated
and degraded through the proteasome dependent degradation pathway, thus freeing the S-

phase cyclin-CDK complexes and help ensue DNA replication.

The second layer of regulation is conferred by phosphorylation and dephosphorylation
mechanisms (Figure 1.3). Both these regulations act to permit abrupt activation of a large
number of protein complexes for rapid transition to the S-phase, as opposed to a gradual build-

up of kinase activity that would occur if phase specific transcription were to emanate.
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Wee1
CDK2/CAK Cdc25
_p —
T14 T14 T14

160 0\(15 T160 Y15 T160 Y15 T160

@ 0
'”6“ Inactive Inactive Inactive Active
complex complex complex complex

Figure 1.3: Regulation of kinase activity of cyclin-CDK2 complex. Wee-1 or Wee-1 like
kinases phosphorylate Y15 [and T14 (to a lesser extent)] of mammalian CDK2 and inactivates
the cyclin-CDK2 heterodimeric complex (Gu Y et al., 1992; Chow JP et al., 2003). CDK
activating kinase (CAK) acts on this inactive complex and phosphorylates an activating
threonine residue-T160. CDK2 is also suggested to autophosphorylate T160 and cause
autoactivation (Abbas T et al., 2007). This activating phosphorylation is however insufficient
to drive active cyclin-CDK2 complex formation as the inhibitory Y15 phosphorylation blocks
the access of substrates. Cdc25 phosphatases, which are activated late in G1, removes the
inhibitory phosphate from CDK2 and assist in the activation of the cyclin E-CDK2 activity
(Sebastian B et al., 1993; Ida Blomberg et al., 1993; Gabrielli BG et al., 1992; Chow JP et al.,
2003).

DNA replication ensues upon the activation of late G1- and S-phase cyclin-CDK complexes,
through a phosphorylation of the pre-replication complexes at the replication origins. Evidence
suggests that cyclin E-CDK2 cooperates with Cdc6 and initiates the assembly of the pre-
replicative complexes onto the replication origins and makes the G1 cell nuclei competent and
receptive to replication initiation. Cyclin A displaces cyclin E in the S-phase and forms the
cyclin A-CDK2 complex which serves two different functions. Firstly, it activates DNA
synthesis from pre-assembled replication complexes and secondly, it inhibits re-assembly of
new complexes thus preventing re-initiation of DNA synthesis (Coverley D et al., 2002;
Machida YJ et al., 2005; Bell SP et al., 2002). Replication re-initiation in metazoans is inhibited
by another protein called geminin which acts by preventing the loading of MCM proteins onto
chromatin without interfering with ORC and Cdc6p association (McGarry TJ et al., 1998).
Geminin is expressed in late G1-phase, accumulates to high levels as S-phase proceeds until
M-phase when it undergoes anaphase promoting complex/cyclosome (APC/C)-mediated
degradation [the core component of the ubiquitin-dependent proteolytic machinery], dependent

on its N-terminal destruction box.
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The maestro of mitosis, CDK1, forms a heterodimeric complex with G2- and S-phase cyclins
and is regulated by Weel and Myt kinases, CAK and Cdc25 phosphatase, in a manner similar
to CDK2 (detailed above). The cyclin A/B-CDK1 complexes are also termed as
mitosis/maturation promoting factor (MPF) owing to their quintessential roles in the mitotic
phase. Activated Cdkl-cyclin complexes phosphorylate nuclear lamins necessary for nuclear
envelop disassembly, kinesin-related motors and other microtubule-binding proteins required
for centrosome maturation and separation, condensins for spindle assembly and chromosome
condensation and Golgi matrix components for Golgi fragmentation (Andersen SS et al., 1991;
Lowe M et al., 1998; Kimura K et al., 1998; Nigg EA et al., 1995). Furthermore, cyclin-CDK1
complexes contribute to regulate the APC/C, that controls the timely degradation of critical
mitotic regulators, in particular inhibitors of anaphase onset (securins) and cyclins (Kramer ER
et al., 2000). Degradation of M-phase cyclin inactivates CDKZ1, thus setting the stage for
mitotic exit and cytokinesis. CDK1 inactivation also allows the reformation of pre-initiation
complexes at origins of replication, thereby licensing cellular chromatin for the next round of
replication (Noton E et al., 2000).

1.2. Regulation Of Mitosis By Aurora And Other Major Mitotic Kinases

Although CDK1 activity earmarks mitosis, the mitotic phase is not exempted from the
involvement of other kinases which are pivotal for mitotic entry and exit and the perturbation
of which affects mitosis at different stages. This coordinated regulation is brought about by
Aurora kinase (Aurk)s, Polo-like kinase (PIk)s, Never In Mitosis in Aspergillus nidulans
(NIMA) kinase, NIMA related kinase (Nek)s, Haspin kinase and vaccinia-related kinase 1
(VRK1). These kinases have profound impact on mitosis, which can be sub-divided into the

following stages and has been discussed in detail below.

1.2.1. Early Mitotic Events

1.2.1.1. Centrosome Maturation And Separation

Centrosomes in animal cells are major microtubule organizing centre (MTOC) for cytoskeleton
maintenance during interphase and mitotic spindle assembly with the onset of mitosis. It
comprises of a pair of centrioles surrounded by an amorphous pericentriolar material (PCM);
each of the centrioles are conserved organelles comprising of nine microtubule triplets that are
organized in a symmetric ‘cartwheel’ (Kitagawa D et al., 2011). The centrosome duplicates

only once per cell cycle in order to avoid an uncontrolled centriole number, thereby ensuring
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mitotic spindle fidelity. Centrosome duplication is coordinated with cell cycle progression,
occurring at the S-phase entry where the nucleation starts as small pro-centrioles and depends
on the activity of CyclinA-Cdk2 and the presence of E2F transcription factors (Meraldi P et
al., 1999). The duplicated centrosomes remain closely associated throughout the S-phase and
into the G2 phase, and functions as a single MTOC, until after G2 when they separate and
recruit y-tubulin ring complexes (y-TuRC) which serve as a seed for nucleation of

microtubules.

Aurora A play pivotal roles in centrosome maturation and microtubule assembly. Centrosomal
recruitment of Aurora A is dependent on “Golgi- mitotic checkpoint” in which, an improper
Golgi fragmentation in the G2-phase inhibits Aurora A activation (Persico A et al., 2010).
Phosphorylation of Aurora A at a crucial tyrosine residue (Y148) by Src kinase on the Golgi
lead to enhanced recruitment of Aurora A onto the centrosomes and activates it in a
phosphorylation dependent manner (Barretta ML et al., 2016). At the centrosome, Aurora A
interacts with and phosphorylates the y-TuRC adaptor protein NEDD1. Phosphorylation is not
necessary for centrosomal microtubule (MT) nucleation but is critical for MT nucleation in the
vicinity of the chromosomes in mitotic cells (Pinyol R et al., 2013). Aurora A also
phosphorylates Nuclear distribution protein nudE-like 1 (NDELZ1) in late G2/prophase, which
is required to recruit NDEL1 to the centrosome. NDEL1 is required for organization of the
cellular microtubule array and microtubule anchoring at the centrosome. It interacts with
TACC3 and targets it to the centrosomes (Kinoshita K et al., 2007). Centrosomal targeting of
TACCS3 is also suggested to be dependent on phosphorylation by Aurora A (Kinoshita K et al.,
2005). TACC3 can only bind MTs when complexed with the MT-stabilising protein-
TOG/XMAP215 (TOG), and opposes the MT-destabilising activity of MCAK/XKCM1
(MCAK). Aurora kinase A mediated phosphorylation of TACC3 promotes the binding
ofTACC3/TOG to MT minus-ends, where they protect MTs from MCAK-induced
destabilisation. TACC3/TOG determine the number and hence, the strength of microtubules
associated with the centrosomes. Aurora A kinase activity dependent events therefore

determines the extent of assembly of the microtubules during mitotic entry.

At the onset of mitosis, the PCM undergoes dramatic increase in size, a phenomenon termed
as centrosomal maturation, and requires the activity of Polo-like kinase (PIk). PCM expansion
occurs by the recruitment of proteins like the y-TURCs and centrosomin (Cnn). PIk1is critical
for centrosome maturation as its inhibition results in a monopolar spindle with reduced

microtubule-organizing activity. (Lane HA et al., 1996; Lénart P et al., 2007; Qian YW et al.,
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1998). Pericentriolar material 1(PCM1) recruits Plkl to the PCM in a dynein-dynactin
complex-dependent manner. The interaction between PCM1 and Plk1 is phosphorylation
dependent, and CDK1 functions as the priming kinase for PCM1 to facilitate the interaction
(Wang G et al., 2013). Aurora A phosphorylates PIk1 in the activation loop at the critical T210
residue (Macirek L et al., 2008), an event which also requires the coactivating protein Bora
(Seki A et al., 2008). Phosphorylation of T210 of Plk1 by Aurora A occurs upon release of an
inhibitory intramolecular interaction between the N-terminal catalytic domain of PIk1 and the
C-terminal “polo-box” domain (PBD). The latter is a phospho-serine/threonine recognition
domain which binds to phospho-Bora T252 generated by the cyclin B-CDK1 and impairs the
interaction with the N-terminal catalytic domain, thus stimulating Plk1 activation. Plk1
activation is thus triggered by a priming kinase like CDK1 (Petronczki M et al., 2008). Recent
evidence, however, emphasize that cyclin A-CDK1 complex, and not the cyclin B-CDK1
heterodimer, phosphorylates Bora at S110 which is sufficient for mitotic entry (Vigneron S et

al., 2018) (Figure 1.4).
_cyclina >
|

Inactive PIk1 Active PIK1

Figure 1.4: Schematic representation for the activation of PIk1l. Activation of PIk1 is

stringently regulated by two phosphorylation events. Intramolecular interaction between the
N-terminal kinase domain and the C-terminal the phospho-ser/thr recognition domain of Plk1
restricts its activation. Cdkl phosphorylates Bora which then binds to CTD. This interaction

frees the NTD which is now been phosphorylated at Thr-210 by Aurora A for activation.

Plk functions at multiple levels during centrosomal maturation. Firstly, it regulates the Asp

(“Abnormal Spindle”) protein which binds to the y-TURC as a clamp and holds them onto the
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mitotic centrosomes. Secondly, increase in PCM size is mediated by Plk dependent
phosphorylation of Cnn protein scaffold specifically at the centrosome which promotes the
assembly of a Cnn scaffold around the centrioles at a definite pace, with Cnn molecules
recruited continuously around the centrioles as the scaffold spreads slowly outward. It is further
supported by phospho-deficient or mimetic mutations of Cnn protein that block scaffold
assembly or help multimerize and rapidly form cytoplasmic scaffolds that organize
microtubules independently of centrosomes (Conduit PT et al., 2014). Finally, PIkl
phosphorylate pericentrin and help recruit various PCM proteins like y-tubulin, GCP-WD (y-
complex protein with WD repeats), CEP192, Aurora A, and PLK1at the centrosomes during
mitosis (Lee K et al., 2011). Once Aurora A is recruited to the centrosomes, it phosphorylates
and activates Cdc25B which in turn dephosphorylates CDK1, thus assisting in mitotic entry
(Cazales M et al., 2005). Aurora A activity at the centrosomes is also maintained by PIk1
mediated phosphorylation and inhibition of PP6 phosphatase (Kettenbach AN et al., 2018).

Certain complex phosphorylation-dephosphorylation events controlled by Nek kinases are also
important for centrosome maturation. Nek kinases are comprised of at least seven members
(Nek1-Nek7) (Kandli M et al., 2000). The orthogonal orientation between a mother and a
daughter centriole, established at the time of centriole duplication, inhibits re-duplication of
the mother centriole. Loss of orthogonal orientation (disengagement) between two centrioles
during anaphase is considered a licensing event for the next round of centriole duplication.
Nek2 phosphorylates the centrosomal protein C-Naplearly in G2/M transition and aids in
loosening and dissociation of the duplicated tethered centrosomal complex (Fry AM et al.,
1998). Disengagement also requires the activity of Polo-like kinase 1 (Plk1) wherein it triggers

re-duplication of the separated centrioles for the next round of mitosis (Shukla A et al., 2015).

Centrosomal aberrations (CA) have been observed in multiple cancer types. CA in the form of
supernumerary centrosomes was proposed by Theodor Boveri over a century ago, to be a cause
of malignancy (Boveri T et al., 2008). Recent evidences prove that centrosomal amplifications
are sufficient to cause aneuploidy and drive high grade cancer in ectopic Plk4 overexpressing
cell line and mouse models (Denu RA et al., 2016; Levine MS et al., 2017). These results
highlight the significance of regulation of centrosomal duplication and maturation by various
mitotic kinases and the probable pathophysiological events that may arise owing to

dysregulation.
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1.2.1.2. Nuclear Envelope Breakdown

Nuclear envelope breakdown is a characteristic of open mitosis that occur in metazoans and
occurs shortly after centrosome separation. Mitotic onset lead to hyperphosphorylation of the
karyoskeletal structure known as the nuclear lamina, by the cyclin B-CDK1 complex (Nigg EA
et al., 1995). Lamina disassembly reduces nuclear envelope stability but is not in itself
sufficient to cause nuclear envelope breakdown, the mechanism of which is poorly understood.

1.2.1.3. Chromosome Condensation

Condensation of the chromosomes is triggered by robust phosphorylation of both histone and
non-histone proteins. Phosphorylation of histone H3at the onset of mitosis and at multiple sites
is long known (Gurley LR et al., 1975). Subsequent efforts unveiled the involvement of H3S10
(Wei Y et al., 1999) and H3S28 phosphorylation (Goto H et al., 1999) in mitotic chromosome
condensation. While H3S10 phosphodeficient mutation led to defective chromosome
condensation and segregation errors in Tetrahymena (Wei Y et al., 1999), no such defect was
evident in yeast (Hsu JY et al., 2000). This apparent contradiction with H3S10 phosphorylation
can be resolved by considering the high extent of functional redundancy of the mitotic
kinases.H3S10 phosphorylation is mediated by multiple kinases including Ipll in yeast (Hsu
JY et al., 2000) or NIMA kinase in Aspergilus, during mitosis (De Souza CP et al., 2000). Ipl1
is also capable of phosphorylating H2B (Hsu JY et al., 2000). Loss of H3S10 phosphorylation
owing to mutation might re-direct Ipll to other sites on H2B to bring about chromosome
condensation. The fact that S14 and S32 of H2B, which fall within the consensus
phosphorylation motif of Ipl1, are not conserved in Tetrahymena further boosts the possibility
of functional redundancy in yeasts, but not in Tetrahymena (Cheung P et al., 2000).
Furthermore, the employment of different mitotic kinases like Ipll and NIMA in invoking
mitotic chromosome condensation and segregation in different organisms emphasize the

underlying necessity of the process at the dispense of the kinases.

In mammalian cells, Aurora B is strategically targeted to the centromeres with the help of
Survivin/BIR1 (Speliotes EK et al., 2000), which in turn is recruited by Haspin kinase
dependent phosphorylation of H3T3 (Wang F et al., 2010). Aurora B faithfully phosphorylates
H3S10 and aids in initiation of chromosome condensation (Crosio C et al., 2002). Another
kinase, VRK1, localizes to the chromatin and phosphorylates H3T3 and H3S10 in a cell cycle

phase dependent manner. Overexpression of VRK1 was also observed to dramatically
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condense the cell nuclei (Kang TH et al., 2007). The mechanism by which H3S10
phosphorylation brings about chromosome condensation is fascinating. It is observed that the
N-terminus H4 tail contacts the negatively charged acidic-patch formed at the interface of the
H2A-H2B dimer of the neighbouring nucleosome and is crucial for higher-order chromatin
structures. Acetylation of H4K16, however, counteracts and disrupts this condensation process
(Shogren-Knaak M et al., 2006; Robinson PJ et al., 2008; Gordon F et al., 2005). H3S10
phosphorylation mediates the recruitment of HST2, a SIR2 homolog in yeast, which

deacetylates H4K16 and initiates chromosome condensation (Wilkins BJ et al., 2014).

Prominent among other trans-acting factors involved in chromosome condensation are
topoisomerase 11 and a multiprotein complex known as condensin, both of which are regulated
by phosphorylation. Evidence suggests that cyclin B-CDK1phosphorylate the five membered
condensin complex and regulates its DNA supercoiling activity in Xenopus extracts (Kimura
Ketal., 2005) and its cell-cycle-regulated nuclear accumulation in yeast (Sutani T et al., 1999).

1.2.2. Late Mitotic Events

1.2.2.1. Kinetochore-Microtubule Attachment And Chromosomal Dynamics

Spindle assembly and directed chromosomal movements during mitosis represent an outcome

of a combination of multiple factors as detailed below.

1.2.2.1.1. A balance between microtubule stabilizing and destabilizing

proteins

Microtubule dynamics are extensively regulated by microtubule-stabilizing and destabilizing
proteins, most of which are controlled by phosphorylation. Prominent among these proteins is
stathmin, whose microtubule-destabilizing activity is turned off during mitosis by sequential
phosphorylation involving cyclin B-CDK1 complex (Larsson N et al., 1997). Throughout
mitosis, microtubule—kinetochore interactions are highly dynamic and maintained by the

countering actions of MCAK complex and TACC/TOG complex as detailed previously.

INCENP, Borealin and Survivin aid in the recruitment of Aurora B to the centromere and
together, form the chromosome passenger complex (CPC) (Adams RR et al., 2000). As the cell
cycle progresses to metaphase, the amount of CPC localized to the chromosome arms decreases

and it is mainly detected at the inner centromere, an event which is dependent on the C-terminus
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of borealin. When sister chromatids separate in anaphase, the CPC dissociates from
centromeres and re-localizes to the spindle midzone and is dependent on the N-terminus of
borealin (Beardmore VA et al., 2004; Jeyaprakash AA et al., 2007). The CPC acts as one of
the most upstream regulators of centromere/kinetochore function. In metaphase, the CPC
recruit numerous proteins which function at different strata of the kinetochore: outer
kinetochore proteins, including those involved in spindle assembly checkpoint (SAC)
signalling (Ditchfield C et al., 2003; Lens SM et al., 2003); proteins responsible for
microtubule—kinetochore interactions (Pouwels J et al., 2007; Ohi R et al., 2004; Emanuele MJ
et al., 2008; Andrews PD et al., 2004; Goto H et al., 2006 Lan W et al., 2004) and certain inner
kinetochore proteins (Huang H et al., 2007; Kawashima SA et al., 2007). Consequently, a
compromise in the functioning of the CPC results in improperly attached chromosomes to the
kinetochore owing to a failure to detach. Several lines of evidence indicate that Aurora B kinase
activity is necessary to destabilize improper microtubule attachments. Microtubules attach to
the outer kinetochore through the Ndc80/Hecl complex. Aurora B phosphorylates Ndc80 in
the absence of tension, and reduces its affinity for microtubules (Cheeseman IM et al., 2006;
DelLuca JG et al., 2006). Furthermore, Daml, a protein that allows kinetochores to track
depolymerizing plus ends of microtubules in budding yeast, is negatively regulated by Ipll
(Aurora B)-mediated phosphorylation (Gestaut DR et al., 2008).

1.2.2.1.2. The action of microtubule-dependent motors proteins

Spindle assembly and function throughout mitosis depend on several distinct Kinesin-related
motor proteins (KRPs) and cytoplasmic dynein (Rieder CL et al., 1998). Aurora B aids in the
proper localization of dynein to the kinetochores during prometaphase and astral microtubules
during metaphase in a kinase activity dependent manner as a kinase dead, dominant negative
mutant of Aurora B showed abnormally reduced dynein levels at the proper places.
Furthermore, the centromeric localization of CENP-E, a kinesin-like motor, was also found to
be disrupted in the kinase dead mutant of Aurora B (Murata-Hori M et al., 2002). These results
exemplify the role of Aurora B in spatio-temporal regulation of motor proteins necessary for

the dynamicity of the chromosomes during metaphase to anaphase transition.
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1.2.2.1.3. Dynamicity of MT polymers

Dynamic instability is particularly important at the anaphase stage, when the catastrophe rate
(the frequency of transitions between rapid growth and shrinkage of microtubules to assist
chromosome separation into two daughter nuclei) is markedly increased. This transition can be
triggered in vitro by several kinases, including cyclin A-CDK1 and mitogen-activated kinase
(MAP kinase) (Andersen SS et al., 1999).

1.2.2.2. Onset Of Anaphase And Mitotic Exit

Chromosome biorientation is intricately dependent on Aurora B activity as it inhibits premature
exit of the SAC (Krenn V et al., 2015; Gurden MD et al., 2016). Proper bipolar attachment of
all the chromosomes to the microtubules signals the initiation of the next mitotic stage,
anaphase, which is characterized by the simultaneous separation of all sister chromatids
resulting from a loss of sister-chromatid cohesion. In vertebrates, different mechanisms destroy
cohesion at chromosome arms and centromeres. The bulk of cohesin is removed from
chromosome arms during prophase to permit the extensive chromosome condensation typical
of vertebrate mitosis. Importantly, this first surge of cohesin removal does not depend on
APC/C and instead requires phosphorylation of cohesin, possibly by CDK1 (Sumara | et al.,
2000; Losada A et al., 2000). Residual cohesin remaining at vertebrate centromeres is then
removed at the metaphase-anaphase transition. This second step is dependent on APC/C, and

presumably follows the securin—separase pathway (Waizenegger IC et al., 2000).

APC/C not only primes anaphase onset inhibitors for degradation, but also the M-phase cyclin-
CDK1 complex, Plks (Shirayama M et al., 1998; Charles JF et al., 1998; Fang G et al., 1998),
NIMA kinases (Ye XS et al., 1998; Pfleger CM et al., 2000) and Aurora kinases (Honda K et
al., 2000). Two different forms of APC/C are activated sequentially through the association of
two distinct proteins, namely Cdc20 and Cdhl which modulate the temporal regulation of
mitotic exit in a vertebrate cell as APC/CC9° js active at the metaphase—anaphase transition,
while APC/C®9" js turned on later in mitosis and remains active throughout the subsequent G1
phase (Morgan DO et al., 1999). These events, collectively, guide the exit of cells from mitosis

and into the interphase for a whole new, but repetitive, set of molecular events.
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1.3. Extra-Mitotic Roles Of Aurora Kinases

Recent evidences emphasize the influence of Aurora kinases in a wide range of non-mitotic yet
physiologically important cellular functions. The intricate involvement of the Aurora kinases
fosters a necessity for the detailed examination of functions of Aurora kinases outside the

mitotic window. Each of the roles are briefly described below.

1.3.1. Maintenance of Golgi structure

The Golgi apparatus plays roles in secretary pathway, cell polarity, and directional cell
migration. The dependence on a Golgi-mitotic checkpoint for Aurora A activation (described
above) during mitotic entry accentuates the relationship between the two. Aurora A, in turn,
aids in maintenance of Golgi cisternae structure as Aurora downregulation or inhibition leads
to Golgi dispersal during the interphase, while no effect was observed for Golgi vesiculation
during mitosis. Conversely, overexpression of Aurora A leads to tightly packed Golgi
apparatus (Kimura M et al., 2018). The molecular pathway for such an outcome during the

interphase, however, is presently unclear.

1.3.2. Telomere structure and function maintenance

As with proper chromosome separation, Aurora kinases guard against telomeric fusions to
prevent aneuploid cells. It is observed that Arkl (fission yeast Aurora kinase) promotes
telomere dispersion and disjunction during mitosis. Arkl controls telomere dispersion in
metaphase by promoting the dissociation of Swi6/HP1 and cohesin Rad21from telomeres. It
also phosphorylates the condensin subunit, Cnd2, and promotes telomere disjunction and
chromosome arm separation (Reyes C et al., 2015). In mouse embryonic stem cells (MESCs),
Aurora B is found to activate telomerase function in two different ways. Firstly, Aurora B
mediated H3S10 phoshorylation during the S phase at centromeric and (sub)telomeric loci
promotes the expression of non-coding minor satellite RNA (cenRNA). Inhibition of Aurora B
leads to the silencing of cenRNA and establishment of a repressive heterochromatin state
through H3K9me3 and HP1 accumulation, which results in gradual shortening of the
telomeres. Furthermore, Aurora B interacts with both telomerase and cenRNA and activates
telomerase in trans (Mallm JP et al., 2015). Secondly, Aurora B localizes to the telomeres in
mMESCs and phosphorylates Telomeric repeat binding factor 1 (TRF1, a component of the six
membered telomeric shelterin complex, negatively regulates telomere elongation by

telomerase and promotes efficient DNA replication at telomeres) at S404 residue.
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Overexpression of phosphorylation mutants of TRF1 was observed to form fragile telomeres
in vivo, thus demonstrating Aurora B to be an important regulator of telomere structural
integrity (Chan FL et al., 2017). TRF1 in turn regulates Aurora B as TRF1depletion abolishes
the recruitment of Aurora B to the centromere and leads to a wide range of mitotic defects and
aneuploidy (Ohishi T et al., 2014).

1.3.3. PI3BK-AKT-mTOR pathway modulation
Mechanistic target of rapamycin (mTOR)- complex 1 and 2 (mTORC1/2) represent a

fundamental nodal point of convergence of signalling cascades emanating from extracellular
stimuli, like growth factors (insulin and epidermal growth factor), oxygen tension, availability
of amino acids, or negative regulators which guide the growth of cells through protein, lipid
and nucleotide bio-synthesis and by inhibiting autophagy (Saxton RA et al., 2017). mTORC1
functions as a downstream effector for many frequently mutated oncogenic pathways,
including the PI3K/Akt pathway as well as the Ras/Raf/Mek/Erk (MAPK) pathway, which
results in mTORCL1 hyperactivation in many human cancers. Rapamycin analogues targeting
mTOR, or PI3K pathway inhibitors are actively being pursued for usage as anti-cancer agents,
however, with reduced efficacy owing to mutations. A recent observation corroborates the
involvement of Aurora A as one of the genes which is overexpressed in breast cancers with
acquired PI3K inhibitor-resistance (Donnella HJ et al., 2018). Furthermore, Aurora A activity
was found to be necessary for Akt activation as small molecule inhibitor mediated inhibition
of Aurora A also reduces the activated, phosphorylated form of Akt necessary for proliferation
(Xu DR et al., 2011; Yao JE et al., 2009. Independently, a loss-of-function RNAI screen
elucidated Aurora B to be one of the genes whose expression causes resistance to rapamycin
activity (Ou O et al., 2014). It was also observed that the mTOR-AKT pathway plays essential
role in Aurora mediated cellular transformation (Taga M et al., 2009). Finally, Aurora A
induces epithelial to mesenchymal transition (EMT) by hijacking the use of PI3K-AKT
pathway, converging onto the promoter of the EMT regulator Twist (Liu X et al., 2016). These
results collectively highlight the intricate regulation of a proliferation oriented PI3K-AKT-
mTOR pathway by the mitotic Aurora kinases and the modes by which this pathway, in turn,

regulate Aurora.
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1.3.4. Metabolic reprogramming in cancer

Cancer cells undergo metabolic reprogramming which involves enhancement in the generation
of lipids and proteins necessary for increased proliferation besides altered energy needs, which
requires higher mitochondrial respiration. Aurora A is shown to possess a cryptic
mitochondrion targeting sequence in its N-terminus and undergoes direct interaction with TOM
(translocase of outer membrane) 20 and TOM 70 proteins of the TOM complex that plays a
role in mitochondrial import. Mitochondrial localization of AurkA is necessary as its
knockdown or inhibition leads to perturbed mitochondrial fission before mitotic entry. (Grant
R et al., 2018). Independently, Aurora A co-localizes with the mitochondrial processing
peptidase PMPCB and is imported to mitochondria during the interphase, where it induces
mitochondrial fragmentation. Overexpression of Aurora A (dysregulated Aurora A levels in
cancer cells) enhances mitochondrial fusion and ATP production, a necessity to be met for a
cancer cell’s growth and proliferation, and therefore, contributes to metabolic reprogramming

by altering mitochondrial interconnectivity (Bertolin G et al., 2018).

1.3.5. T-cell activation

Activation of a T-cell depends on the ability of the T-cell receptor (TCR) to recognize specific
antigen peptides presented by the major histocompatibility complex protein (MHCp) on the
antigen-presenting cell (APC) (Chakraborty AK et al., 2014). Engagement of TCR to MHCp
promotes the formation of an immune synapse (IS) where, the TCR and its associated
molecules localize to a central area of the T cell-APC contact. The formation of the IS also
triggers changes in the cytoskeleton organization, including the translocation of the MTOC to
the IS (Vicente-Manzanares M et al., 2004; Dustin ML, 2014. Owing to its role in controlling
MT dynamics, Aurora A play a crucial role in the activation of T-cells during IS formation.
Aurora A is activated upon TCR stimulation and controls the dynamics of MT at the IS. The
absence of Aurora A activity causes delocalized clustering and decreased phosphorylation and
hence active levels of the tyrosine kinase, Lck, at the IS and impairs the activation of early
signalling molecules downstream of the TCR and finally the expression of various signalling
molecules and interleukins. These findings implicate Aurora A in the propagation of the TCR

activation dependent signalling [Blas-Rus N et al., 2016).
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1.3.6. Functions in ciliary resorption

The mammalian cilium acts as a sensor of environmental cues. Defects in cilia-associated
signalling proteins cause a varied range of developmental disorders and pathological
conditions. Aurora A is shown to be directly involved in controlling cilia disassembly. It is
observed that the pro-metastatic scaffolding protein HEF1/CasL/NEDD?9 interacts with Aurora
A at the basal body of cilia and activates it, which leads to the phosphorylation of tubulin
deacetylase, HDACS6 and ciliary disassembly (Pugacheva EN at al., 2007).The authors propose
an intriguing possibility that utilization of an Aurora A-HEF1-HDACS6 switch at the basal body
of quiescent cells and the centrosome of G2/M cells may serve as part of cilia-or centrosome-
dependent checkpoint mechanism coordinating responsiveness to extracellular cues at different
points in cell cycle. Furthermore, elevated levels of HEF1 or Aurora A in tumours may
destabilize cilia, thus severing cellular response to external cues and impacting environmental

cue-independent pathways.

1.3.7. Cellular quiescence

Reversible cellular quiescence is characterized by a reduction in cell size and transcriptional
activity with a retention in the ability to respond to cues suitable for proliferation. It is observed
that Aurora B is essential in regulating transcriptionally active genes in quiescent lymphocytes.
In association with the polycomb group of protein Ring1B, Aurora B binds to a varied range
of active promoters in resting B and T lymphocytes. Conditional knockout of either of the
proteins decreased cell viability through a gross reduction in RNA polymerase Il recruitment
and gene transcription (Frangini A et al., 2013). The results implicate the dependence of the

choice between proliferation and quiescence on epigenetic regulation by Aurora B.

1.3.8. Regulation of Transcription Factors

Aurora kinases exhibit phosphorylation dependent and independent activities against a wide
range of transcription factors (TFs) which form a significant aspect of their extra-mitotic role.
Interestingly, the broader theme of the modulation of the TFs by Aurora kinases strongly

suggest a role in malignancy.
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1.3.9. Regulation of oncogenic signalling

Aurora kinases modulate multiple oncogenic pathways, directly or indirectly, through the
regulation of master transcription factors like NFKB, N-Myc, c-Myc, c-Fos and androgen
receptor, each of which are briefly discussed below:

1.3.9.1. NFKB signalling activation
It was identified that Aurora A activates NFKB by phosphorylating IKBa and inducing its

degradation. IKBa binds and sequesters NFKB in the cytoplasm and inhibits its transactivation
function. Aurora A mediated phosphorylation, therefore, releases NFKB which can now
translocate into the nucleus and activate its target pro-inflammatory genes, contributing to the
oncogenic effect of Aurora-A in human tumours (Briassouli P et al., 2007).

1.3.9.2. c-Fos complex formation

c-Fos heterodimerizes with c-Jun and forms the mature AP1 complex that engage promoter
and enhancer elements to control transcription of various genes (Lee W et al., 1987; Turner R
et al.,, 1989). Aurora A carries out mitosis specific phosphorylation of c-Fos and, via an
incompletely understood process, induces higher order complex formation by c-Fos, the
implication(s) of which is unclear (Yu CT et al., 2008). However, the result is particularly
interesting as it invites the possibility of association of c-Fos with co-activator or co-repressor

complexes in gene transcription regulation.

1.3.9.3. N-Myc stability and function

MYC oncoproteins are involved in the genesis and maintenance of the majority of human
tumours but are considered undruggable. The effects of Aurora kinases on Myc addicted
cancers are immense. Aurora A is shown to interact with N-Myc and inhibit its interaction with
the ubiquitin ligase, SCF™Y thus prohibiting its turnover. This kinase-independent event
causes an accumulation of mono-ubiquitylated N-Myc which is capable of transactivating its
downstream targets necessary for the maintenance of cellular transformation (Otto T et al.,
2009). Subsequent efforts have translated to the development of allosteric inhibitors which
binds and causes structural alterations in Aurora A, thus inhibiting its interaction with N-Myc
and dampening the transcriptional response (Gustafson WC et al., 2014; Richards MW et al.,
2016; Brockmann M et al., 2016). Furthermore, Aurora A is also responsible for N-Myc
dependent RNA pol Il pause release through inhibition of N-Myc binding to TFIIIC, RAD21
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and TOP2A (Buchel G et al., 2017) and therefore, controls N-MYC function during the S-
phase of the cell cycle.

1.3.9.4. c-Myc oncogenic activity

Aurora kinases are also believed to contribute heavily to c-Myc driven cancers. Nuclear
accumulation of Aurora A upregulates c-myc transcription by either binding a highly conserved
nuclear hypersensitive region (NHE) region in the Myc promoter (Lu L et al., 2015) or through
a direct interaction with hnRNP protein which recruits it onto the myc promoter (Zheng F et
al., 2016) .Intriguingly, Aurora A and c-Myc interact in hepatocellular carcinoma (HCC) cells
and the disruption of this interaction, using small molecule inhibitors, represent a promising
therapy in p53 mutated HCC patients (Dauch D et al., 2016). High c-Myc expressing cells
become dependent on Aurora kinases and in turn, upregulate them to maintain oncogenicity
(den Hollander J et al., 2010). These cells can be selective triggered to undergo apoptosis by
pan Aurora A/B kinase inhibitors, but can be bypassed by expressing inhibitor-resistant Aurora
B mutant. This result highlights that Aurora B inhibition may serve as a therapeutic
vulnerability for high Myc expressing tumours. Independently, other evidences also indicate
that Aurora B inhibition acts in a synthetic lethal manner, inducing lethal autophagy mediated
cell death for high c-Myc expressing cells (Yang D et al., 2010). Collectively, these results
implicate the intricate relationship these two oncogenes elicit in the genesis and maintenance

of malignancy.

1.3.9.5. Androgen receptor activation

Androgens represent a group of naturally occurring or synthetic steroid hormones which
include testosterone and dihydro-testosterone as the active components possessing
physiological effects in humans. Androgens exhibit their activity by binding to androgen
receptor (AR). Although they play vital roles in regulating the development and maintenance
of male characteristics in vertebrates, androgens are also necessary for the initiation and
progression of prostate cancer in humans (Heinlein CA et al., 2004). Androgen ablation therapy
or the use of anti-androgens have been a promising therapeutic option in prostate cancer.
However, many of these tumours proceed to mutate and become refractory to androgens or
anti-androgens, which cause androgen-independent growth of the malignant prostrate tissues.
Aurora A contributes to androgen-independent cell growth and proliferation of androgen-

refractory prostate cancer cells through phosphorylation of androgen receptor (AR) and

20



Introduction

inducing its transactivation properties toward its downstream target genes (Shu SK et al.,
2016).

1.3.10. Regulation of tumour suppressor pathways
Aurora kinases exhibit equally fascinating activities against a multitude of tumour suppressors,
which contribute to the oncogenic functions of these kinases, and has been briefly highlighted

below.

1.3.10.1. Wnt signal transduction pathway

B-catenin forms an integral component of adherens junctions and is also a pivotal member of
the Wnt signalling pathway. Dysregulation of B-catenin, especially in terms of mutations and
overexpression, disrupt the function of adherens junctions. Elevated expression of p-catenin
has also been suggested to be a crucial transforming event in the genesis of a number of

malignancies (Morin PJ et al., 1997).

Glycogen synthase kinase (GSK)-3p is a cytoplasmic protein that exists in a complex with
adenomatous polyposis coli (APC) tumor suppressor protein, and axin to form the p-catenin
destruction complex. In the absence of Wnt signalling, GSK3f phosphorylates B-catenin and
induces its degradation by the proteasomal pathway, thus restricting its cytoplasmic
accumulation. However, Wnt signalling activation relays a cascade of events that induce
GSK3p phosphorylation at ser-9 residue and destabilize the destruction complex, leading to -
catenin accumulation in the cytosol (Giles RH et al., 2003). B-catenin then translocate to the
nucleus and associates with TCF/LEF family of transcription factors which in turn causes an
activation of a large set of genes that are relevant for carcinogenesis and metastasis (Crawford
HC et al., 1999; Shtutman M et al., 1999; He TC et al., 1998). Aurora A was found to mediate
ser-9 phosphorylation of GSK3f which inhibit its function. This also led to the concomitant
accumulation of B-catenin which undergoes nuclear translocation and activation of the genes

in a B-catenin/TCF complex dependent manner (Dar AA et al., 2009).

1.3.10.2. p53 family inhibition

The tumour suppressor p53 is the guardian of the genome as it detects multiple aspects of
genomic instability and affects cellular survivability. In relation to the Aurora kinases, p53

regulate Aurora A in a negative manner. It promotes not only transcriptional repression of
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Aurora A but also induces its degradation through the upregulation of the FbxW?7 ubiquitin
ligase, thus keeping Aurora A levels in check (Wu CC et al., 2012). Aurora kinases, in turn,
phosphorylate and oppose p53 dependent functions by two ways. Firstly, Aurora A mediated
p53 phosphorylation at Ser315 enhances its interaction with the E3 ubiquitin ligase, Mdm2,
and subsequently its degradation. Aurora B also mediate similar outcome by phosphorylating
Serl83, Thr211l, and Ser215 in the DNA binding domain of p53. Secondly, p53
phosphorylation by both Aurora A and B lead to its inhibition of the DNA binding activity and
transcription activation. Aurora A achieves this by phosphorylating Ser215 whereas Aurora B
phosphorylates Ser269, Thr284 and Thr211 to elicit the same response (Katayama H et al.,
2004; Gully CP et al., 2012). These effects compromise the tumour suppressive role of p53 and
tunes the cell for over-riding the G1/S checkpoint towards a pro-survival pathway to

malignancy.

Aurora A is also shown to phosphorylate another member of the p53 family-p73, at Ser235,
which not only abrogates its transactivation function and causes cytoplasmic sequestration, but
also facilitates inactivation of the spindle assembly checkpoint (SAC) and accelerated mitotic
exit (Katayama H et al., 2012). These results conclusively emphasize the impact of Aurora

kinases on major transcription factors in the induction of oncogenic outcomes (Figure 1.5).
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Aurora
kinases

Figure 1.5: Schematic representation of regulation of transcription factors and their
functions by Aurora kinases. Aurora kinases exert their oncogenic effects through the
phosphorylation of various transcription factors, or regulators of these transcription factors,
only exception being N-Myc which is stabilized in a phosphorylation-independent poly-
ubiquitinated form, through interaction with Aurora A, and which is competent for regulation
of its downstream target genes. Solid lines represent the events occurring at the designated
compartment; dashed lines represent an uncertain event which may occur either in the nucleus

or the cytosol. Furthermore, Aurora kinases may themselves act in either of the compartments.

1.4. Regulation Of Aurora Kinases By Extracellular Signalling

The activation of Aurora kinases in normal and pathophysiology is affected by two major
signalling pathways, namely calcium dependent- and mitogen activated protein kinase
(MAPK)-signalling cascades. Calcium signalling is reported to have a prominent and rapid
impact on Aurora A activation at the centrosome (Plotnikova OV et al., 2010), and is mediated
by direct Ca?*-dependent calmodulin (CaM) protein binding to multiple regions on Aurora A,
clustered both at the N- and C-termini. Ca2+-CaM not only mediates Aurora A activation in
mitosis, by increased interaction with its partner protein, NEDD?9, but also assists in Aurora A
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dependent ciliary disassembly in interphase cells (Plotnikova OV et al., 2012). Aurora A,
however, carries out negative feedback inhibition of Ca2+ signalling by phosphorylating a
Ca2+-permeable nonselective cation channel and limiting the amplitude of Ca2+ release from
the endoplasmic reticulum (ER), thereby terminating the signalling cascade (Plotnikova OV et
al., 2011). Independently, it has been observed that Ca2+ deprivation inhibits Xenopus oocyte
maturation by disrupting spindle elongation in meiosis | and preventing polar body emission
by a mechanism independent of the MAPK signalling cascade (Sun L et al., 2008).
Mechanistically, Ca2+ deprivation attenuates Aurora A protein accumulation possibly because
of an inhibition of AURKA mRNA polyadenylation and thereby, the spindle elongation.

Aurora A and B kinases are affected by MAPK signalling in determining metastatic outcomes.
Surprisingly, both the kinases are upregulated by the transcription factor, FOXM1, downstream
of the MAPK signalling and serve as therapeutically vulnerable targets in metastatic melanoma
harbouring BRAFV600E mutations (Bonet C et al., 2012; Puig-Butille JA et al., 2017).
Relation between the MPK cascade and Aurora kinases is further fostered by the involvement
of a protein inhibitor of the MAPK signalling cascade and a suppressor of cancer metastasis,
Raf kinase inhibitory protein (RKIP), which is shown to modulate Aurora B at the kinetochores

and hence, dictate outcomes of cellular cycling (Eves EM et al., 2006).
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1.5. Regulation Of Aurora Kinases By Post Translational Modifications

Beyond the spatial regulation endowed by different binding proteins, Aurora kinases are
subject to temporal control, for their activation and inactivation, via a plethora of post
translational modification (PTM)s (Figure 1.6) which dictate its activity or sub-cellular

localization. Each of these modifications are briefly described below.

SUMOylation PARylation

Aurora
Kinases

Ubiquitination Acetylation

Figure 1.6: Schematic representation of the post translational modifications of Aurora
kinases. Aurora kinases are reported to undergo at least five different PTMs which modulate

their activation-deactivation cycle, localization or substrate specificity.

1.5.1. Phosphorylation

Aurora kinases are modulated by phosphorylation which affect their activity either positively
or negatively, depending on the site being modified. It was first shown that okadaic acid
treatment, which inhibits proteins phosphatases PP2A and PP1 (depending on the concentration
used), enhances phosphorylation of a conserved Thr288 residue within the activation loop and
a concomitant increase in Aurora A activity in cells. Furthermore, Thr288 falls within the
consensus phosphorylation motif of cAMP-dependent protein kinase, protein kinase A (PKA),
making it a likely candidate for the phosphorylation event (Walter AO et al., 2000). Thr288 is
targeted by multiple other kinases, prominent amongst them being Mitogen and Stress-
Activated Protein Kinase (MSK1) (Eyers PA et al., 2003) and PAK1. PAK1 is activated by
p21, and exist in GIT-PIX-PAK complex. GIT is part of the pericentriolar matrix in
centrosomes that recruits PIX, which in turn recruits PAK and induces its autophosphorylation
and activation. PAK1 autophosphorylation catalyses gross structural alterations of its N-
terminal region that otherwise masks its catalytic domain. Activated PAK1 associates and

phosphorylates Aurora A at Thr288 and Ser342 in Xenopus, a phenomenon which is also
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dependent on phosphorylation mediated disengagement of PAK1 from the GIT-PIX-PAK
complex (Zhao ZS et al., 2005; Cotteret S et al., 2005; Ohashi S et al., 2006). In human cancer
cells, Aurora A is also auto-phosphorylated at Ser51, which aids in the stabilization of the
kinase by suppression of its proteasomal degradation (Kitajima S et al., 2007). The
phosphorylated and active form of Aurora kinases is further maintained upon interaction with
its coactivator proteins like inner centromeric protein (INCENP) as for Aurora B and Bora,
Targeting Protein for Xenopus kinesin-like protein 2 (TPX2) or Positive Coactivator Protein 4
(PC4) for Aurora A (Eyers PA et al., 2003; Yasui Y et al., 2004; Dhanasekaran K et al. 2016;
Dodson CA et al., 2012).

Phosphorylation, however, can also repress Aurora kinases. It was found that in Xenopus
oocytes, Aurora A is phosphorylated by GSK-3B at Ser290/291 residue in the absence of
progesterone and insulin signalling, which induces Aurora A mediated autophosphorylation at
Ser349. This auto-phosphorylation event causes dramatic reduction in the kinase activity of
Aurora A and repress substrate phosphorylation and oocyte maturation (Sarkissian M et al.,
2004).

1.5.2. Poly(ADP-ribosyl)ation

Poly(ADP-ribosyl)ation [PARylation] of nuclear proteins is a widespread post translational
modification that regulates a number of biological processes including chromatin
reorganization, DNA damage response (DDR), transcriptional regulation, apoptosis, and
mitosis (Wei H et al., 2016). Majorly, PARylation is induced by DNA strand-breaks that
contributes to the survival of injured proliferating cells (D'Amours D et al., 1999). This
modification is brought about by Poly(ADP-ribose) polymerases (PARPs) that constitute a
large family of 18 proteins, encoded by different genes and displaying a conserved catalytic
domain. PARP-1 and PARP-2 enzymes display stimulation of catalytic activities upon DNA
strand-breaks and functions in repairing an interruption of the sugar phosphate backbone.
PARP-1 efficiently detects the presence of a break by its N-terminal zinc-finger domain which
is then translated into post translational modifications of histones H1 and H2B leading to
chromatin structure relaxation and therefore to increased DNA accessibility for repair enzymes
to act. Auto-PARylation of PARP-1 upon DNA damage triggers the recruitment of XRCCl,
which coordinates and stimulates the repair process, to the DNA damage sites in less than 15

seconds in living cells (Okano S et al., 2003). These properties positively influence the overall
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kinetics of a DNA damage signalling pathway leading rapidly to the resolution of DNA breaks.
More recently, poly ADP-ribose (PAR) chains have been shown to function by acting as
molecular seeds and creating phase separation (liquid droplet formation) and assembly of
certain intrinsically disordered proteins DDR proteins with low-complexity domain (LCD) to
facilitate dynamic, membrane-free compartments at DNA damage sites (Altmeyer M et al.,
2015).

Aurora A and B kinases are shown to undergo ADP ribosylation in cells under certain
physiological conditions. Aurora B is shown to undergo PARylation by PARP-1 upon H202
mediated DNA damage. Since Aurora B activity is necessary for mitotic progression and exit,
PARylation of the kinase act to contain its kinase activity and ensure cell cycle arrest until the
DNA damage is repaired (Monaco L et al., 2005). Aurora A, however, is reported to undergo
the less dominant modification- mono ADP ribosylation (MARylation) by PARP10 (Zhao Y
et al., 2018). MARylation of Aurora A inhibit its kinase activity. Loss of PARP10 leads to
enhanced invasive and migratory capabilities of cells and downregulation of PARP10 has been
observed in intrahepatic metastatic hepatocellular carcinoma (HCC). ADP ribosylation,

therefore, oppose Aurora A and B kinase activities and exhibit tumor suppressive roles.

1.5.3. SUMOylation
Aurora A and B kinases possess conserved SUMOylation motif, y-K-X-E (y is a hydrophobic

residue and X is any residue). SUMOylation of these kinases are shown to modulate proper
localization during mitosis. Aurora A interacts with the SUMO conjugating enzyme UBC9 and
is observed to co-localize with SUMOL1 in the mitotic cells (Pérez de Castro | et al., 2011).
SUMO deficient mutant exhibit faster kinetics at the poles with the enhanced dynamicity
arising neither owing to increased degradation nor altered kinase activity, with the mechanism
being presently unclear. In fact, the kinase activity was unperturbed for the K249R mutant.
Phenotypically, loss of SUMOylation leads to shorter and weaker spindles and causes greater
extent of H-Ras mediated co-transformation, possibly owing to the enhanced genomic

instability as compared to the wild type (WT) kinase.
Aurora B, on the other hand, is SUMOylated by UBC9 through SUMO-1, 2, and 3 and at K207
residue (K202 for human) (Ban R et al., 2011; Fernandez-Miranda G et al., 2010). Expression

of the SUMOylation defective mutant of Aurora B (K207R) results in abnormal chromosome
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segregation and cytokinesis failure possibly through mis-localization of the kinase during
mitosis. Furthermore, K207R mutant is incapable of rescuing the mitotic defects that arises in
Aurora B-knockout mouse embryonic fibroblasts (MEFs), while the WT kinase can. Similar to
Aurora A, the SUMOylation-null mutant of Aurora B does not exhibit an altered kinase
activity. However, the K207R mutant expression is accompanied by decreased phosphorylation
of the Aurora-B substrate CENP-A and increased loading of the chromosome passenger
complex (CPC) on chromosome arms, indicating that SUMOylation dictates Aurora B

localization and fine tunes the CPC function during pro-metaphase to metaphase transition.

1.5.4. Acetylation

Acetylation has emerged as a dominant post translational modification with more than 1700
cellular proteins being acetylated at more than 3600 sites, thus unravelling the “lysine
acetylome” across different cell types assessed through high-throughput, quantitative mass
spectrometric studies (Choudhary C et al., 2009). Interestingly, proteins involved in a varied
array of cellular functions ranging from DNA replication and repair, to nuclear hormone
signalling, to vesicular trafficking, amongst many others, were found to be acetylated.
Phosphorylation-dephosphorylation events are well established to have major impact on the
process of mitosis. However, it was interesting to note that acetylation may also play a profound
role as many cell cycle regulatory proteins are also acetylated, thus indicating to a fine tuning

of the inherent mitotic regulation.

It is understood that histone deacetylase (HDAC) inhibitors alter the assembly of the
kinetochores through decreased pericentromeric targeting of Aurora B and hence disrupting
the cascade of the phosphorylation events necessary for mitotic spindle attachment to the
kinetochore (Robbins AR et al.,, 2005). Furthermore, HDAC3 assists in histone H3
deacetylation during mitosis and provides a hypoacetylated H3-tail that serves as a preferred
substrate for phosphorylation by Aurora B at H3S10 which in turn, is necessary for normal
mitotic progression (Li Y et al., 2006). A recent report also suggests that HDAC3 deacetylates
Aurora B in cells and affect its kinase activity (Fadri-Moskwik M et al., 2012). The regulation
is further complicated by the association of Aurora B with class Ila histone deacetylases
(HDACs 4/5/7/9) and determining their nuclear localization through a phosphorylation

dependent event (Guise AJ et al., 2012). These evidences conclusively highlight the importance
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of the intricate involvement of Aurora B with the HDACs in determining error-free mitotic

progression.

The involvement of Tip60 as the Aurora B lysine acetyltrasferase is intriguing (Mo F et al.,
2016). It was reported that Tip60 mediated acetylation of K215 of Aurora B maintains the
activated form of Aurora B through the inhibition of PP2A mediated dephosphorylation.
However, as the study is restricted to HeLa cells, a closer examination of the mass spectrometry
results brings forth the possibility of HeLa cell specific phosphorylation of an adjacent serine
residue (S222) which might assist in K215 acetylation. Moreover, Tip60 is a haploinsufficient
tumor suppressor while Aurora B is an oncogene. It may be conjectured that the two proteins
might play opposing functions. It is, therefore, necessary to study the relationship of Tip60 and
Aurora B in a broader context involving multiple cell lines of different lineages. Finally, the
involvement of other lysine acetyltransferases in acetylating Aurora B cannot be ruled out and
needs further attention.

Acetylation dependent regulation of Aurora A, on the other hand, is poorly studied. A recent
report shows that Aurora A is acetylated by ARID1 and acetylation is required in maintaining
its kinase activity and cell proliferation and migration (Vo TTL et al., 2017). It is necessary to

study Aurora A acetylation both in terms of its mitotic regulation and oncogenic function.

1.5.5. Ubiquitination

Ubiquitin-mediated destruction of Aurora kinases irreversibly inactivates Aurora kKinases and
is a pre-requisite for the ordered transition from mitosis to interphase. Both Aurora A and B
kinases undergo targeted proteolysis after anaphase onset by the anaphase-promoting
complex/cyclosome (APC/C) ubiquitin ligase. Temporal control of Aurora degradation follows
differential kinetics for Aurora A and B. Aurora A degradation follow a rapid one step Kinetics,
while that for Aurora B happens comparatively slowly and over a broader time period. This
ensures that Aurora B remains active till cytokinesis long after Aurora A activity, which is
necessary for the early mitotic events, has largely been eliminated (Catherine Lindon et al.,
2016). Recent evidence suggests that de-ubiquitinase, USP35, modulate the precise timing of
Aurora B degradation by opposing the APC/C complex in a temporal fashion (Park J et al.,
2016). Maintenance of high Aurora levels are also suitable for maintenance of transformed

cells as was observed for the oncogenic gammaherpesvirus, Epstein-Barr virus (EBV),
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infection. Epstein-Barr nuclear antigen 3C (EBNA3C) is a latent EBV antigen which inhibits
Aurora B ubiquitination and hence help in maintaining high Aurora B levels in the cells,
necessary for enhanced proliferation (Jha HC et al., 2013). Aurora A, similarly, is targeted by
the tumour suppressor E3 ubiquitin ligase, von Hippel-Lindau (VHL) protein, which mono-
ubiquitinates it for degradation and is necessary for the maintenance of the primary cilium
(Hasanov E et al., 2017).

1.6. Impact Of DNA Damage And Repair On Aurora Kinases

DNA is susceptible to constant damage either from endogenous metabolic by-products
(reactive oxygen species or reactive nitrogen species), or exogenous xenobiotic agents. DNA
lesions can reach as high as 70,000 events per cell per day (Lindahl T et al., 2000). Although
the majority of these lesions are single strand DNA (ssDNA) breaks, arising from oxidative
damage or base hydrolysis, the conversion of these sSDNA break events to a minor fraction of
double strand DNA (dsDNA) breaks can be potentially dangerous. Improper or faulty repair of
DNA lesions can give rise to mutations. Germline defect in DNA repair pathway genes or
inactivation of the signalling events for repair serve as toxic cocktail for accumulation of
further mutations and instability of the genome. Genomic instability is, thus, a consequence of
unrepaired DNA lesions arising out of defective DNA repair pathway genes to indel or point
mutations or to instability of replication forks, leading to fork collapse and subsequent
restricted or complex genomic translocations followed by amplifications (complicons) (Coene
ED et al., 1997; Padilla-Nash HM et al., 2001; Zhu C et al., 2002).

Another aspect of genomic instability manifests itself through DNA ploidy alteration which
arises due to multiple centrosomes or improper spindle kinetochore attachment and failure of
spindle assembly checkpoint. Unequal chromosome segregation is a potent source of
chromosomal gain or loss that may affect cellular transformation. Aurora kinases have
profound impact in inducing ploidy alteration owing to their involvement in centrosomal and
centromeric events. High Aurora A levels cause centrosome anomaly wherein the centrosomes
undergo more than one round of duplication per cell division cycle. Presence of multiple
centrosomes lead to errors in attachment to microtubules, causing mis-segregation of
chromosomes and serve as a major source of aneuploidy in cells (Goepfert TM et al., 2002;
Meraldi P et al., 2002; Lentini L et al., 2007). Aurora B on the other hand play pivotal role in

kinetochore-microtubule attachment and formation of cytokinetic cleavage furrow. Elevated
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Aurora B levels give rise to improper spindle assembly checkpoint (SAC) and faulty
cytokinesis (Krenn V et al., 2015; Gurden MD et al., 2016; Shandilya J et al., 2016), in turn
giving rise to aneuploid and multinucleated cell population which also cause centrosome
amplification, concomitantly. Absence of a viable p53 dependent checkpoint exacerbates the
effect of Aurora A and B overexpression on supernumerary centrosome formation and
polyploidization (Meraldi P et al., 2002; Giet R et al., 2005). Surprisingly, the requirement of
Aurora A is also highlighted in SAC, which functions through Haspin-Aurora B feedback axis
(YuFetal., 2017).

Recent discoveries underscore chromothripsis to be a potential driver of genome instability
(Stephens PJ et al., 2011). It is characterized by extensive yet clustered oscillatory pattern of
genomic rearrangements restricted to one or a few chromosomes, arising out of DNA double
strand breaks and driven by replication-independent mechanism(s) (Zhang CZ et al., 2013). It
challenges the “gradual evolution” theory of mutation in cancer and brings forth the
phenomenon of generation of multiple mutations “all-at-once” within a single round of cell
division. Although the broader mechanism driving chromothripsis remains unclear, it is
however understood that micronuclei-based DNA damage arising in the S- and G2-phase may
be a possible source of initiation of complex rearrangements (Zhang CZ et al., 2013). Under
normal conditions, Aurora B suppress micronuclei formation by either phosphorylating
multiple proteins like 53BP1, necessary for resolving merotelic attachments (Wang H et al.,
2017) or Misl8a, necessary for suppressing chromosome misalignment, and chromosomal
bridges (Lee M et al., 2017). Aurora B activity also contributes to highly localized delays in
nuclear envelop formation around acentric chromosomes that allow the acentrics to merge with
the late-telophase nucleus (Karg T et al. 2015). This function is achieved through the H3S10
phosphorylation of acentric chromosomes and exclusion of HP1a that would otherwise induce
heterochromatin formation and association of the acentrics with nuclear lamina (Warecki B et
al., 2018). However, under abnormal conditions with elevated Aurora B levels, cells exhibit
increased micronuclei formation (Gonzalez-Loyola A et al., 2015) possibly through the
disruption of the above-mentioned pathways. It can thus be conjectured that Aurora
overexpression in cancer cells may be a driving event that may positively contribute to
chromothripsis. Furthermore, it would be interesting to study if Aurora B induce DNA damage
in cells or more specifically, bestow DNA damage to micronuclei (as occurs in chromothripsis)

or influence the choice of pathway for DNA damage repair upon overexpression.
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The major pathways of repair of damaged DNA include the homologous recombination (HR)
and the non-homologous end joining (NHEJ) pathways, amongst others. HR dependent repair
necessitates the presence of a homologous template and is, thus, usually dependent on the S-
phase and occurs through sister chromatid recombination (SCR) in somatic cells. HR/SCR is
an accurate mode of repair and maintains genomic integrity. NHEJ pathway, on the other hand,
does not require a corresponding template, while directly joining the broken ends and is thus
more error-prone as it leads to generation of mutations at the broken end. It consists of at least
two sub-pathways- a “classical” NHEJ (C-NHEJ) pathway which is dependent on the Ku
heterodimer and an ‘‘alternative’> NHEJ (A-NHEJ) pathway, which usually generates
microhomology-mediated signatures at repair junctions. Cancer cells may preferentially utilize
the NHEJ pathway to repair the damage and subsequently introduce mutations that can be
eventually selected to provide growth advantages. Overexpression of the NHEJ pathway
proteins also confer radio- and chemotherapeutic resistances to the cancer cells (Sirzén F et al.,
1999; Shintani S et al., 2003; Zhang M et al., 2010). This addiction has been exploited to
selectively target proteins like ligase 1V, either singly or in combination with chemotherapeutic

agents to kill tumours (Srivastava M et al., 2012).

Aurora A has been extensively studied in terms of DNA damage repair regulation (Katayama
Hetal, 2012; Wang Y et al., 2014) and it was shown that an inverse relationship exists between
Aurora A/B and BRCA1/2 (Wang Y et al., 2014). Moreover, upon overexpression, Aurora A
inhibits the HR pathway of DNA repair (Sourisseau T et al., 2010). Intriguingly, Aurora A
inhibition de-repress the NHEJ pathway (Do TV et al., 2017), which implies that it inhibits the
NHEJ pathway under normal scenario. These results indicate that Aurora A inhibits both HR
and NHEJ, and must be inactivated for proper functioning of DDR to maintain stability of the
genome. In line with these results, it is shown that the kinase activity of Aurora A is indeed
inhibited upon DNA damage and repair induction (Krystyniak A et al., 2006). The role of
Aurora B, however, is less studied. Although induction of DNA damage influences Aurora B
activity (Monaco L et al., 2005; Fell VL et al., 2016), the role Aurora B might play in

influencing DDR pathway choice needs further studies.
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1.7. Role Of Aurora Kinases In Cellular Differentiation

Aurora kinases are increasingly being studied in physiological contexts of tissue
differentiation. As most of the differentiation processes of metazoans represent an end point
phenotype characterized by withdrawal from the cell cycle, the involvement of Aurora kinases

in such processes further accentuate their role in extra-mitotic events.

1.7.1. Neuronal processes

1.7.1.1. Neuronal plasticity

The pioneering work on Aurora A in neurons showed that stimulation of N-methyl-D-aspartate
(NMDA) receptors activate the kinase which phosphorylates CPEB, an RNA-binding protein,
to steer polyadenylation-induced translation of aCaMKII (Huang YS et al., 2002). aCaMKII
kinase is implicated in long term potentiation (LTP) events through regulation of signalling
cascades that control synaptic strengths during neurotransmission. These results established the
first link between the role of Aurora A in neuronal plasticity.

1.7.1.2. Axonal outgrowth

A potential role of Aurora B in neuronal regeneration is suggested (Jian Ming Jeremy Ng et
al., 2012). This result is particularly intriguing as Aurora B is expressed robustly in mitotic
cells. Upon delving into the molecular mechanism, it was observed that Aurora B was localized
in the neurons in zebrafish spinal motor neurons and its activity is necessary for axonal

outgrowth and regeneration following laser-mediated axotomy (Gwee SSL et al., 2018).

1.7.1.3. Neuronal polarity

RNA interference studies emphasize that Aurora A is required for neuronal polarity.
Downregulation of Aurora A in hippocampal neurons disrupted axon formation and resulted
in the growth of multiple neurites that were of undefined identity. Directionality of the neurons
is achieved through interaction of Aurora A with Par3 and subsequent phosphorylation as was

studied through the various phosphorylation mutants of Par3 (Khazaei MR et al., 2009).

1.7.1.4. Neuronal migration

Aurora A directed cytoskeletal processes in the neurons are necessary for neurite extension
(Mori D. et al.,2009; Takitoh T et al., 2012). Atypical protein kinase C (aPKC) was shown to

phosphorylate Aurora A at T287 and augment its interaction with its co-activator, TPX2.
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Activated Aurora A phosphorylates Ndell and recruits it to the centrosome to spur neurite
extension. Furthermore, disruption of aPKC-Aurka-Ndellpathway specifically affected
microtubule emanation from the MTOC but not the overall growth speed. Together, these
findings earmark Aurora A as avital player in microtubule modulation necessary for neurite

extension.

1.7.2. Skeletal muscle differentiation

Skeletal muscle differentiation represents an interesting physiologic model to study cellular
cycling as differentiation induces a G1l-phase block of the otherwise cycling myoblasts.
Interestingly, Aurora B is found necessary for the maintenance of the differentiated state of
skeletal muscles as Aurora B specific inhibitor treatment leads to the de-differentiation of
myoblasts to an undifferentiated phenotype (Amabile G et al., 2009). Independently, a recent
observation highlights the involvement of Aurora A in the process of differentiation as well
(Karthigeyan D et al., 2018). Careful experimental designing details out the molecular pathway
Aurora A prefers, to determine the timing of myoblast differentiation. Phosphorylation and
inhibition of the repressive E2F family member, E2F4, by Aurora A was found to be necessary

to facilitate differentiation.

1.8. Aim And Scope Of The Present Study

Aurora kinase (Aurk)s represent a group of serine/threonine kinases which are crucial
regulators of mitosis. Mammals contain three paralogs of Aurora, namely Aurk A, B and C.
AurkA and B are expressed ubiquitously in the somatic tissues while the expression of AurkC
is restricted to the germ cells. The polar Aurora, AurkA, is necessary for centrosomal
duplication and maturation. AurkB and C (the equatorial Aurks) are the members of the
chromosome passenger complex and are documented well in chromosome congression, spindle
bi-orientation and cytokinesis. Given the importance of these kinases, various research groups
have identified novel Aurk substrates that directly play roles in the mitotic phase. With an aim
to understand the reach of Aurk substrates beyond the mitotic window, an earlier effort from
our laboratory led to the identification of five novel AurkA substrates (E2F4, POU6F1, PXR,
MAX, and RAD23A), three of which (POU6F1, MAX, and RAD23A) are also being shared
by AurkB. These set of proteins represent transcription factors (E2F4, POUGF1, MAX),
proteins involved in xenobiotic sensing (PXR) or proteins involved in DNA repair (RAD23A).
We observed that AurkA mediated phosphorylation of E2F4 led to an inhibition of the DNA
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binding activity of the repressive E2F4 protein and an alteration of its subcellular localization.
These events directly control skeletal muscle differentiation, as an inhibition of AurkA or
overexpression of the phospho-deficient E2F4 mutant, exhibited retardation of C2C12
myoblast differentiation through perturbation of a network of genes directly involved in the
differentiation process. POUGF1 (also called mPOU) is also observed to be expressed in adult
skeletal muscles. However, its function in the process of myogenesis is unclear. It is, therefore,
necessary to study mPOU phosphorylation in the context of skeletal muscle differentiation to
firstly understand the mPOU biology and secondly to elucidate the broader impact of AurkA
in the differentiation process, encompassing E2F4 and mPOU.

Myc Associated factor-X (MAX) was one of the novel substrates identified in our screening.
Max belongs to the basic-helix-loop-helix leucine zipper family of transcription factors and is
an obligate heterodimeric partner of the critical oncogene and master transcription factor c-
Myc. It functions in a non-redundant manner as its deletion in mice cannot be compensated by
other members of its family and leads to early embryonic lethality. Max is shown to undergo
phosphorylation by casein kinase 11 (CKII) in the N-terminus. It also possesses CKII consensus
phosphorylation sites in its C-terminus. However, direct evidence for CKII mediated
phosphorylation is lacking. Phospho-mimetic mutant of the C-terminal serine residues of Max
exhibit greater extent of canonical E-box dependent DNA binding of the c-Myc/Max
heterodimer complex while inhibiting the occupancy of the E-box sequence by Max/Max
homodimer, as studied by in vitro gel shift assay. It can be conjectured that C-terminus
phosphorylated Max may cause an activating effect on c-Myc/Max dependent gene
transcription. However, the broader physiological impact of Max phosphorylation in the
context of c-Myc/Max dependent gene transcription modulation and carcinogenesis is unclear.
It is, therefore, imperative to study the consequences of phosphorylation of Max by Aurks in

determining transcriptional outcomes.

The regulation of Aurk gene’s transcription and stability of the protein are well orchestrated in
a cell cycle dependent manner and tightly controlled. But this regulation is seemingly lost in
cancer cells. Dysregulated expression of Aurks, stemming from genomic amplification,
increased gene transcription or overexpression of its allosteric activators, is capable of initiating
and sustaining malignant phenotypes and all the three Auks have been reported to be
overexpressed in both solid and haematological malignancies, with the elevated expression in
patients being correlated with poor prognosis and overall survival. AurkA is known to inhibit

tumor suppressor pathways while assisting in proliferative and inflammatory signalling in a
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phosphorylation dependent or independent manner. The role of AurkB, however, is less clear.
Although AurkB is reported to inhibit tumor suppressors like pS3 and GSK3p, the broader
functions of this kinase toward oncogenicity need further attention. Moreover, whether the

oncogenic activity of AurkB is capable of affecting genomic stability, awaits elucidation.

Aurks are known to undergo a multitude of post-translational modifications (PTMs)which
influence their localization in cells or affect the kinase activity. Acetylation is a recent event
which has gained significance in Aurora biology. AurkA is shown to be acetylated by ARID1,
which maintains its kinase activity and assists in AurkA dependent metastatic properties.
Recent evidences also indicate an intricate regulation of AurkB through reversible acetylation-
deacetylation pathways. Although histone deacetylase 3 (HDAC3) was reported to be the
specific deacetylase for AurkB, the lysine acetyltransferase (KAT)responsible for mediating
acetylation was not unveiled. It is, therefore, important to study the KAT(s) that might regulate
Aurks A and B, as this will not only broaden our understanding of the Aurora kinase biology

but may also define the prospects to contain its oncogenicity.
1.9. Thesis Objectives and Objective-Specific Relevance

Considering the above stated background knowledge, we laid down the objectives of the

present thesis as follows:

1.9.1. Implications of Aurora kinase mediated phosphorylation of Myc
associated factor-X on c-Myc/Max (in)dependent gene expression in breast

cancer

Using specific Aurk inhibitors we identified that AurkB, but not AurkA, is the major kinase
for Max in cells as was analysed by mass spectrometry of Max purified from cells. We
generated phosphorylation deficient mutants of the in vivo identified Max sites and found that
S132, S133 and S135 residues are the major sites for the phosphorylation by AurkB in vitro.
Notably, these residues lie proximal to the nuclear localization signal of Max. We asked if
mutation may affect the subcellular localization of the Max proteins. Max is a nuclear protein
and nuclear localization was observed for both the mutants and the wild type (WT) proteins.
However, the phospho-deficient mutant exhibited two-fold higher extent of cytoplasmic
distribution as compared to the WT or the phospho-mimetic mutant. This result indicates that

a phosphorylation driven event is responsible for greater nuclear accumulation of Max and

36



Introduction

hence may affect its transcription factor activity. Additionally, an earlier report which showed
that the C-terminal phospho-deficient mutant of Max led to a greater extent of DNA binding
of the Max/Max homodimer and a concomitant inhibition of DNA binding of the c-Myc/Max
heterodimer, we conclude that AurkB mediated Max phosphorylation retains it better within
the nucleus and aids in greater recruitment of c-Myc to its canonical target gene promoters.

c-Myc is a critical oncogene which affects the initiation and progression of multiple cancer
types, including breast cancer. Breast cancer is extremely heterogeneous with five different
subtypes (luminal A, luminal B, HER2 amplified, basal-like/ triple negative (TN) and normal-
like), categorised on the basis of classical immunohistochemistry-based detection of three
proteins- estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth
factor receptor 2 (HER2). Each of the subtypes can be sub-divided further depending on gene
expression patterns. It has been shown by earlier reports that the c-Myc dependent signalling
is activated and is necessary for the TN tumours. Interestingly, upon analysis of a TCGA breast
cancer data-set, we observed that AurkB is elevated in all the breast cancer subtypes but luminal
A, with the TN tumours exhibiting significantly higher AurkB expression as compared to the
other subtypes. In order to understand if AurkB mediated Max phosphorylation truly affects c-
Myc/Max dependent target gene expression, we resorted to SiRNA mediated knockdown of
Aurora B ina TNBC cell line, MDA-MB-231 and observed that direct c-Myc/MAX dependent
genes were partially affected. The major response was seen for the differentiation related genes
and tumor suppressors. An enhanced response was observed for AurkB inhibition by small
molecule inhibitors in MDA-MB-231, possibly due to the higher extent of inhibition of the

overall AurkB activity and hence, Max phosphorylation.

Our data primarily suggests the effect of AurkB in modulation of direct c-Myc/Max target
genes. Furthermore, AurkB perturbation generates a Max-independent c-Myc activity switch
to a tumour suppressive mode, as the de-repression of the differentiation related genes was
observed to be enhanced upon AurkB knockdown. These results highlight the effects AurkB
endow on cellular differentiation and transformation, possibly through the modulation of Max

phosphorylation.
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1.9.2. Acetylation dependent regulation of AurkB and a probable role of the
dysregulated kinase in dictating the outcome of DNA damage repair

pathway choice

As we observed that AurkB is overexpressed in breast cancer patient samples and affect the
transcription of the downstream target genes of the oncogene c-Myc, we asked if AurkB can
modulate another important aspect of carcinogenesis- genome stability. Cell based assays
showed that high AurkB levels correlated positively with a DNA damage marker, YH2AX
(phosphorylated H2AX) levels. In order to understand the probable mechanism of YH2AX
accumulation in cells by AurkB, we hypothesised the possibility of two independent events.
Firstly, being a kinase, AurkB may directly phosphorylate H2AX in cells. Secondly, AurkB
may directly affect some other factor(s) which are directly involved in regulating YH2AX in
cells, thus bringing about an indirect regulation. While the possibility of the former event
cannot be ruled out, we observed that high AurkB levels inhibited Tip60 gene transcription
which possibly blocks the Tip60 mediated yH2AX dynamics at the chromatin, thus leading to

its accumulation even under basal conditions.

The acetyltransferase Tip60 acts as a transcriptional co-activator for many transcription factors
like c-Myc, p53, E2F1, NFKB and STATS3. Its role in DNA damage response is well studied.
Recent evidence also suggests its direct involvement in guiding homologous recombination
(HR) dependent repair while negatively regulating the non-homologous end joining (NHEJ)
pathway. HR mediated repair is an accurate mode of maintaining genomic stability by
inhibiting the accumulation of mutations. NHEJ, on the other hand, follows a faster repair
kinetics and cancer cells rely on it owing to its error-prone nature. Tip60 is downregulated in
different cancer types, mostly through transcriptional inhibition and reduced Tip60 levels may
shift the balance of DNA damage repair more toward the NHEJ pathway leading to enhanced
genomic instability. Concordantly, we found that AurkB overexpression inhibit homologous
recombination (HR)-dependent repair while assisting non-homologous end joining (NHEJ) in
cells, a phenomenon which is in complete agreement to that observed for Tip60

downregulation.

We also aimed to unveil if Tip60 regulates AurkB in a feedback fashion. We observed that
Tip60 impinges AurkB protein destabilization and inhibition of kinase activity through
acetylation of two conserved lysine residues within the kinase domain of AurkB. Our results

conclusively highlight the significance of a dual negative feedback loop operating between an
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oncogenic kinase-AurkB and a tumor suppressor lysine acetyltransferase-Tip60, frailty of
which may assist in genomic instability and cancer.

1.9.3. Reciprocal regulation of skeletal muscle differentiation by Aurora A
kinase and POU6F1

Experiments carried out in our laboratory identified Ser-197 to be the major AurkA mediated
phosphorylation site for mPOU in vitro. We extended this observation and detected S197 to
indeed exist as a phosphorylated residue in cells. Ser-197 resides in the DNA binding domain
of mPOU and makes critical contacts with the sugar-phosphate backbone of DNA.
Consistently, we observed that AurkA phosphorylation of mPOU inhibited its canonical DNA
binding, which can be explained through the electrostatic repulsion of negatively charged
phosphate groups on the sugar-phosphate backbone of DNA and the phosphorylated Ser-197
residue. We also found that AurkA and mPOU exhibit an inverse relationship toward skeletal
muscle differentiation. AurkA inhibition retarded differentiation while the same effect was
observed for mPOU overexpression. These results indicate that AurkA mediated
phosphorylation may serve as an important link toward mPOU mediated differentiation

inhibition.
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2.1. General Methods

2.1.1. Agarose Gel Electrophoresis

Electrophoresis was performed for detection, analysis and purification of DNA/RNA by using 0.8-
1% agarose (Sigma) gel in 1X TBE (0.09 M Tris borate and 0.002 M EDTA) electrolyte. Samples
were mixed with 6X loading buffer to make final concentration as 1X (for 1X- 0.25%
Bromophenol Blue, 0.25% Xylene cyanol in 40% Sucrose), loaded on the gel, electrophoresed at
150V in 1X TBE and stained in ethidium bromide solution (10ug/100 ml water) for 20 min. The
stained nucleic acids were then visualized in the long wavelength UV lamp (Biorad), after
destaining them with distilled water.

2.1.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Purified Proteins and lysates were resolved according to their molecular weights in an SDS-PAGE.
The resolving gels were made with either, 12 or 15% of acrylamide based on the resolution
required in 0.375 M Tris-Cl (pH8.8), 0.1% SDS, 0.1% APS and 8% TEMED. The stacking gel
composed of 5% acrylamide 0.375 M Tris-Cl (pH6.8), 0.1% SDS, 0.1% APS and 8% TEMED
was layered on top of the resolving gel. Protein samples were prepared with 5X SDS sample buffer
(for 1X- 50 mM Tris-HCI pH 6.8, 100 mM DTT, 0.1% Bromophenol blue, 10% Glycerol), and
electrophoresed in Tris-glycine- electrophoresis buffer (25 mM Tris, 250 mM Glycine pH8.3,
0.1% SDS) after heating at 90°C for 5mins. To visualize the protein gel was stained with
Coomassie Brilliant Blue (CBB) (45% MeOH, 10% glacial CH3COOH, 0.25% CBB), followed
by destaining in Destaining solution (30% MeOH, 10% glacial CH3COOH).

2.1.3. Western Blot analysis

The purified proteins or whole cell lysates were resolved by SDS-PAGE (denaturing PAGE) and
equilibrated for 5mins in transfer buffer (25mM tris, 192mM glycine, 0.038% SDS and 20%
MeOH) along with the methanol activated P\VDF membrane (Millipore). Using a semidry western
transfer apparatus (Biorad) the resolved proteins were transferred on to the PVDF membrane at 25
V, for 20-40 mins depending upon the molecular weight of the protein. After blocking the PVDF
blots with either 5% skimmed milk solution or 2% BSA in PBS overnight at 4°C or at room

temperature for 1 hr the blots were probed with primary antibody diluted in 2.5% milk solution or
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3% BSA according to the dilutions standardized for each protein in cell lysates, for a period of 8-
12 hrs at 4°C depending on the affinity of the antibody. Further, after subjecting to washing with
1X PBS or PBST (PBS with 0.1% Tween 20), appropriate HRP conjugated secondary antibody
solution was added and incubated for 1hr at room temperature, after which the blots were washed
once again as mentioned earlier. The signal from expected protein of interest was developed using
the Biorad Clarity chemiluminescence kit, as per the manufacturer’s protocol. The blots were
exposed in TMS (Kodak X-Ray films), for different time points and developed using GBX-

Developer-Fixer Kit (Premiere Kodak reagents).
2.1.4. Silver staining

Protein samples resolved in an SDS-PAGE was fixed in a fixative solution of 40% Methanol and
10% Acetic acid for at least 2 hours with frequent changes. The gel was then thoroughly washed
with 50% ethanol. The gel was then incubated in 0.02% sodium thiosulphate solution to sensitize
the gel. After rinsing the gel in water, it is then incubated with 0.1% AgNOs (silver nitrate) solution
for 20mins. After washing the gel thoroughly with double distilled water, the gel was then
developed in a developing solution (0.04% formalin, 2% sodium carbonate). To stop the
developing reaction, destaining solution made of 1% acetic acid is used. The gel is stored in a 1%

acetic acid solution.

2.2. Cloning

2.2.1. Sub-cloning

For sub-cloning into bacterial and mammalian expression vectors, specific primers were used to
amplify the various ORFs from the validated E. coli expression clones. Amplicons were purified
by agarose gel extraction procedure and then the extracted DNA (2ug) was digested with the
appropriate restriction enzymes (NEB) in their recommended compatible buffers. Similarly, the
vector (2ug) was also digested under same conditions as the amplicons. The digested products
were gel purified by agarose gel electrophoresis. Subsequently 1:3 or 1:5 molar ratio of vector to
insert and maintaining 100-200ng total digested vector DNA was ligated at room temperature for
10-12 hrs using T4 DNA ligase (NEB). After ligation the total reaction mixture was transformed

into E. coli (DH5a) and plated onto LB-agar containing the prescribed amount of the suitable
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antibiotic based on the selection marker gene present in the cloned vector. Individual colonies were
amplified in LB broth and plasmid was isolated. Prior to expression these clones were verified by
restriction digestion (Figure 2.2.1) to release the inserts of expected length and further corroborated
by sequencing these clones individually.

The list of different primers used for various sub-cloning has been enlisted in Table 2.2.2.1.

Sl Sub- Forward primer Reverse primer
No. | cloned
(57-3") (57-3")
construct

1 Hiss Max- | GGAATTCCATATGATGAGCGA | CCGCTCGAGGTGGTTTTTCC
NTD TAACGATGAC TTCG

2 Hiss Max- | GGAATTCCATATGCACCAGCA | CCGCTCGAGGCTGGCCTCCA
CTD AGATATTGAC TCCG

3 Flag-Max | ATAAGAATGCGGCCGCATGAG | CGCGGATCCTTAGCTGGCCT
CGATAACGATGAC CCATCC

Table 2.2.2.1: List of the primer sequences used for sub-cloning.
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Figure 2.2.1: Clone confirmation of Max domains (NTD and CTD) and Flag-Max. A. Vector map
of pET21b used for cloning of N- and C-terminal domains Max bacterial expression constructs.
B. Confirmation of the respective clones of NTD and CTD by double digestion with the respective
restriction endonucleases. The cloned insert has been represented by the black arrow. C. Vector
map of p3XFlag-CMV10 used for cloning of Flag- Max mammalian expression construct. D.
Confirmation of the respective clone of Flag-Max by double digestion of the clones with the

respective restriction endonucleases. The cloned insert has been represented by the black arrow.
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2.2.2. Site directed mutagenesis

To create various point mutants, primers were designed spanning the nucleotide coding for the
desired residue to be mutated using the QuikChange Primer Design tool (Agilent), as per
manufacturer’s instructions. Briefly, the chosen expression plasmid containing the ORF was taken
as template (50ng) and amplified using Pfu polymerase supplied with QuickChange Il XL site
directed mutagenesis kit (Agilent). The PCR product was incubated with Dpn1 for 2hrs at 37°C to
digest the methylated template DNA and the digested product was then transformed into E. coli
(XL10 Gold). Screening of the desired mutation was confirmed by sequencing (Figure 2.2.2).

The list of the different primers used for the present study has been enlisted in Table 2.2.2.2.

Sl Mutant Forward Primer Reverse Primer

No. | generated
(5-3) (5-3)

1 POUGF1 GGCTTTAGCTTCTGGGCATC | CTAGACATCACACCCAAGGAT
S197D CTTGGGTGTGATGTCTAG GCCCAGAAGCTAAAGCC

2 AURKB ACACGTTTCCAAACCTGCCT | GCGTCCTCTGGGCAGAGGCA
K85R- CTGCCCAGAGGACGC GGTTTGGAAACGTGT
K87R

3 AURKB | GGGCGTCCTCTGGGCCAGG | TACACGTTTCCAAACTGGCCC
K85Q- GCCAGTTTGGAAACGTGTA TGGCCCAGAGGACGCCC
K87Q

4 AURKB CCTTCTCTATCTGGGACCTG | GCTCAAGGTCCTCTTCAGGTC
K110R AAGAGGACCTTGAGC CCAGATAGAGAAGG

5 AURKB CTCTGTGAATCACCTTCCTC | AATGTACTGCCATGGGAGGA
K194R CCATGGCAGTACATT AGGTGATTCACAGAG

6 MAX S33A | CCCGCAAACTGTGAAAGGC | GGGACCACATCAAAGACGCC
GTCTTTGATGTGGTCCC TTTCACAGTTTGCGGG
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7 MAX S40A | CACAGTTTGCGGGACGCAGT | GGAGTGATGGGACTGCGTCCC
CCCATCACTCC GCAAACTGTG
8 MAX S50A | GGGCCCGGGCTGCCTTCTCT | TCCAAGGAGAGAAGGCAGCC
CCTTGGA CGGGCCC
9 MAX T59A | CATATACTGGATATATTCTG | CCCAAATCCTAGACAAAGCC
CGGCTTTGTCTAGGATTTGG | GCAGAATATATCCAGTATATG
G
10 | MAX S98A | CAGTTGGGCACTTGCCCTCG | TGGAGAAGGCGAGGGCAAGT
CCTTCTCCA GCCCAACTG
11 | MAX S99A | GCAGTTGGGCAGCTGACCTC | CACTGGAGAAGGCGAGGTCA
GCCTTCTCCAGTG GCTGCCCAACTGC

12 MAX GGCTGTTGTCTGAGGCGGGG | CAGACCAACTACCCCGCCTCA
S108A TAGTTGGTCTG GACAACAGCC

13 MAX GAGGCTGTTGTCTGCGGAGG | CCAACTACCCCTCCGCAGACA
S109A GGTAGTTGG ACAGCCTC

14 MAX CTCTTCAGGCTCAGCCTCCG | GGGGCTCGGACTCCGCCGCG
S132A- CGGCGGAGTCCGAGCCCC GAGGCTGAGCCTGAAGAG
S133A-
S135A

15 MAX GCTTTGGGGCTCTTCAGGCT | CTTCGATGGGGGCTCGGACTC
S132D- CATCCTCATCGTCGGAGTCC | CGACGATGAGGATGAGCCTG
S133D- GAGCCCCCATCGAAG AAGAGCCCCAAAGC
S135D

Table 2.2.2.2: List of primer sequences used for site-directed mutagenesis.
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Figure 2.2.2: Chromatogram highlighting the different point mutants generated for- A. Max
S132A-S133A-S135A; B. Max S132D-S133D-S135D; C. Aurora kinase B K85R-K87R; D. Aurora
kinase B K85Q-K87Q. The mutated residues are circled.
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2.3. Cell culture

2.3.1. Mammalian Cell culture

All mammalian cell lines (Figure 2.3.1), mentioned in the subsequent chapters, were procured
from ATCC collection and grown as per the recommendations provided by ATCC guidelines.
Briefly, the adherent cells were rinsed once with Dulbecco’s phosphate buffered saline (Himedia)
and then trypsinized with the prescribed amount of trypsin (Himedia) until the cells detach from
the monolayer. Harvested cells were then resuspended in fresh media containing foetal bovine
serum (FBS) and then dispensed into the cell culture dishes. These cell lines were grown at 37°C
with 5% CO2 till appropriate confluency is reached. Cells were then treated with various small

molecule modulators mentioned in the appropriate text according to the nature of experiment done
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before harvesting them for further analysis. The culture conditions for each of the cell lines is

mentioned in Table 2.3.1.

Serial No. Cell line Media and growth factor requirements

1 HEK?293 DMEM (High glucose) + 10% FBS

2 MDA-MB-231 DMEM (High glucose) + 10% FBS

3 MDA-MB-453 DMEM (High glucose) + 10% FBS

4 MCF7 DMEM (High glucose) + 10% FBS

5 BT-549 RPMI-1640 + 10%FBS + 0.023 IU/ml insulin
6 T47D DMEM (High glucose) + 10% FBS

7 MCF10A MEBM + 100 ng/ml cholera toxin

8 HCC70 RPMI-1640 + 10%FBS

9 C2C12 DMEM (High glucose) + 20% FBS

Table 2.3.1: Base media and supplement requirements for various cell lines.
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Figure 2.3.1: Morphological features of the mammalian cells, grown in a monolayer- A.
MCF10A; B. MCF7; C. MDA-MB-231; D. MDA-MB-453; E. T47D; F. BT549; G. HCC70; H.
C2C12; 1. HEK293. Scale bar represents 100um.

2.3.2. Insect Cell Culture

The insect ovarian cell line Sf21 from Spodoptera frugiperda (Figure 2.3.2) was procured from
Invitrogen. The frozen stock vial was thawed on 37°C water bath and was diluted ten times with
pre-warmed Grace’s insect medium (Gibco) supplemented with 0.1% Pluronic acid solution
(Invitrogen # F-68), 0.1% yeastolate (Invitrogen), 10pug/ml gentamycin (Invitrogen), 10%FBS and
antibiotic (penicillin, streptomycin and amphotericin B) mixture. The cells were seeded in a T25

flask and allowed to adhere to the flask for 45minutes, following which the media was changed to
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completely remove the DMSO from the cryo-preservation media. The cell further allowed to grow
at 27°C BOD incubator till 70-80% confluence. The spent media was then discarded and 5ml of
fresh Grace’s complete media, with all the supplements, was added to the flask. The adhered cells
were scraped and sub-cultured at 1:3 ratio. The cells were counted using a haemocytometer

(Neubauer’s Chamber) and seeded in appropriate numbers for infection, as required.

For cryopreservation, the cells were harvested after scraping, pelleted down upon centrifuging at
1000 rpm for 3mins, resuspended in freezing mixture (40% Grace’s medium, 50% FBS and 10%
DMSO) and transferred to cryo-vials (Corning), which were finally frozen slowly inside a cryo-
cooler containing isopropanol, at -80°C for 24hrs, following which the vials were transferred to
liquid nitrogen cylinders.

Figure 2.3.2: Morphological features of Sf21 cells, grown in a monolayer. Scale bar represents
100pm.

2.3.3. Culture and differentiation of C2C12 myoblasts

C2C12 myoblasts (Figure 2.3.1.H) were maintained in DMEM containing 20% FBS.
Differentiation was induced by removing the maintenance media, rinsing the cells with warm
1XPBS and addition of DMEM containing 2% horse serum. Differentiation of the myoblasts can
be witnessed by the appearance of myofiber with branched morphology which are the outcome of

myoblast fusion, as the period of differentiation progresses.
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Complete media Differentiation media

Figure 2.3.3: Morphological features of C2C12 myoblasts upon the onset of differentiation. Day0
represent the undifferentiated cells while Dayl, 2 or 3 represent the myoblasts which have initiated
the differentiation program for 24, 48 or 72hrs post induction with 2% horse serum. Filled

arrowheads indicate the myofibers emanating from myoblast fusion. Scale bar represents 100um.

2.3.3. Mammalian cell Transfection

2.3.3.1. Transfection of plasmid DNA

Plasmid vectors, competent for expression of various Flag- or hemagglutinin (HA)-tagged proteins
in mammalian cells, were transfected by using either lipofectamine 2000 Plus (Invitrogen) or Gene
Juice Transfection Reagent (Merck-Millipore). Briefly, the cells were seeded in culture dishes as
per the manufacturer’s recommendations and allowed to grow till 50-60% confluence.
Recommended amount of DNA and the prescribed volume of Lipofectamine 2000/ Gene Juice
Transfection Reagent was added to individual microfuge tubes and incubated at room temperature
in appropriate volume of the media without serum and antibiotic. After the end of the initial
mixture, DNA and Lipofectamine containing media were mixed and allowed to form complexes
at room temperature for 5-10mins, following which the mixture was added over the monolayer
and mixed uniformly by gentle shaking of the culture dishes. 4-6hrs post transfection, the
transfected media was discarded and fresh complete media was supplemented to the cells. Cells
were harvested at appropriate times post transfection and analysed for various assays by means of
western blot analysis or indirect immunofluorescence. Standard amount of DNA for the
corresponding cell culture dishes are mentioned in Table 2.3.2 and the transfection reagents used

for the different cell lines are detailed in Table 2.3.3.
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Diameter of the Culture Dish Amount of DNA transfected

35mm dish/ 6-well plate 2ug
60mm dish 4ug
100mm dish 10pg

Table 2.3.2: Standard DNA amounts transfected for different culture dishes.

The following conditions were maintained for transfection of different cell lines:

Cell Line DNA: Transfection Reagent (pg: pl)
HEK293 1:2 (DNA: Lipofectamine)
MCF7 1:2 (DNA: Lipofectamine)
MDA-MB-231 1:1.5 (DNA: Lipofectamine)
HelLa 1:3 (DNA: Gene Juice)

Table 2.3.3: Standard DNA: transfection reagents used for different cell lines.
2.3.3.2. Transfection of SIRNA

MDA-MB-231 cells were transfected with either control siRNA (Silencer™ Negative Control No.
1 siRNA; Invitrogen # AM4611) or a mixture pool of four siRNAs targeting Aurora kinase B (ON-
TARGET plus SMART pool; Dharmacon #003326-00-0005). Briefly, MDA-MB-231 cells were
seeded in a 6-well plate format as per the manufacturer’s recommendations and allowed to grow
till 30% confluence. 100pmol of either the control siRNA or the siRNA pool targeting Aurora
kinase B were added to individual microfuge tubes and incubated at room temperature in 250ul of
DMEM without serum and antibiotic. 5ul of Lipofectamine RNAIMAX Reagent was incubated at
room temperature in 250ul of DMEM without serum and antibiotic. After the end of the initial

mixture of 5mins, siRNAs and transfection reagent containing media were mixed and allowed to

53



Materials and Methods

form complexes at room temperature for 20mins, following which the 500ul mixture was added
over the monolayer and mixed uniformly by gentle shaking of the culture dishes. 1.5-2ml of
DMEM containing 10%FBS was also added to each well. 6hrs post transfection, the transfected
media was discarded and fresh complete media was supplemented to the cells. Cells were
harvested after 48hrs post transfection and analysed for various assays.

2.3.4. Generation of stable cell lines

2.3.4.1. Stable knockdown of Tip60

Four different Tip60 specific ShRNA constructs cloned into pGIPZ vector (Figure 2.3.3A), were
purchased from Dharmacon. Potency of each of these ShRNAs was first checked by western blot
analysis of the whole cell lysate of HEK293 cells co-transfected with HA-Tip60 and individual
shRNAs for 48hrs (Figure 2.3.3B).

For generating stable Tip60 knockdown and non-silencing control cell lines, 10ug of pGIPZ-shNS
and pGIPZ-sh2 vectors were transfected into HEK293T cells along with appropriate amount of
viral gene containing plasmids psPAX2 (5ug), pRSV-Rev (1.5ug) and pCMV-VSV-G (3.5ug) to
package the mammalian clone into the viral particles. 48 hours post transfection, the viral particles
in the culture supernatant are collected and used to infect HEK293 cells for 6hrs with 50ug/ml of
DEAE-dextran. The infected cells were sorted using FACS Aria 1l on the basis of GFP expression
(Figure 2.3.3C) and characterized on the basis of downregulation of HA-Tip60 expression,
transiently transfected in these cells using 2N3T-Tip60 mammalian expression vector (Figure
2.3.3D).
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Figure 2.3.3: Generation of Tip60 stable knockdown cell line in HEK293 cells. A. Vector map
of pGIPZ vector obtained from Dharmacon. B. Screening for the most potent shRNA against Tip60
(sh2, sh3, sh4, and sh5) against non-silencing (shNS) control. C. pGIPZ-shTip60 (sh2) and shNS
vectors were used to generate the corresponding lentiviral particles, which were used to infect
HEK?293 cells. GFP expressing HEK293 cells were sorted on the basis of GFP expression. Scale
bar represents 100um. D. Western blot representation for the characterization of Tip60 stable

knockdown HEK293 cells. 2ug of pCMV 2N3T-Tip60 was transiently transfected into either shNS
or shTip60-HEK293 cells for 48hrs and probed for the indicated proteins.
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2.3.4.1. Stable knockdown of Aurora kinase B

Six different Aurora kinase B specific ShRNA constructs (doxycycline inducible) cloned into
pTRIPZ vector (Figure 2.3.4A), were purchased from Dharmacon. Transient transfection of each
of these shRNAs into HEK293 cells and treatment with 2ug/ml of doxycycline could not lead to
the downregulation of Aurora kinase B at the protein level (Figure 2.3.4B). In order to study the
potency, each of these ShRNAs and the control pTRIPZ empty vector, were separately transfected
into HelLa cells and treated with 0.5ug/ml of puromycin until selected for visible colony clusters.
The cells were trypsinized and expanded for RFP* sorting, post induction with 2ug/ml of
doxycycline using FACS Aria I11. The sorted cells were further expanded and studied for the best
shRNA at two different time points (29hrs and 49hrs), post doxycycline treatment by western
blotting analysis (Figure 2.3.4C).

For generating stable Aurora kinase B knockdown and empty vector control cell lines in MDA-
MB-231 breast cancer cells, 10ug of pTRIPZ-EV and 1-F10 vectors were transfected into
HEK?293T cells along with appropriate amount of viral gene containing plasmids psPAX2 (5ug),
pRSV-Rev (1.5ug) and pCMV-VSV-G (3.5ug) to package the mammalian clone into the viral
particles. 48 hours post transfection, the viral particles in the culture supernatant are collected and
used to infect MDA-MB-231 cells for 6hrs with 50ug/ml of DEAE-dextran. The infected cells
were sorted using FACS Aria 11 on the basis of RFP expression (Figure 2.3.3C) and characterized

on the basis of downregulation of endogenous Aurora kinase B expression (Figure 2.3.4D).
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Figure 2.3.4: Generation of Aurora kinase B stable knockdown cell line. A. Vector map of
pTRIPZ vector obtained from Dharmacon. B. Screening for the most potent sShRNA against Aurora
kinase B (1-G01, 1-F06, 1-F07, 1-F08, 1-F09, and 1-F10) in HEK293 cells upon transient
transfection using Lipofectamine 2000 plus. 24hrs post transfection, the cells were treated with
2ug/ml of doxycycline for 48hrs. EV represents pTRIPZ empty vector control cells. C.

Representative western blot for the screening of the potency of different shRNAs stably expressing
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in HeLa cell upon treatment with 2pg/ml of doxycycline for either 29hrs or 49hrs. D.
Representative microscopic image of stable pTRIPZ EV and 1-F10 MDA-MB-231 cells,
transduced with lentiviral particles and sorted on the basis of RFP expression. Scale bar
represents 200um. Corresponding western blot representation for the characterization of Aurora
kinase B knockdown upon treatment with 2ug/ml of doxycycline for 48hrs.

2.3.5. Indirect Immunocytochemistry

Mammalian cells were cultured on 0.1% gelatin coated coverslips in sterilized culture dishes and
transfected with the various mammalian expression constructs (as mentioned in the following
sections) and allowed to grow further till the point of collection as per the experimental
requirements. At the end point, cells on the coverslips were rinsed with 1X PBS and fixed in 2-4%
paraformaldehyde for 15 minutes. Subsequently the monolayer was washed thrice with 1X PBS
and permeabilized with 0.1% Triton X-100 for 5 minutes. Once permeabilised, cells were blocked
with 5% FBS at 37°C for 30 mins, after which the cells were incubated with the primary antibody
for 1hr under constant mixing conditions on a gel rocker. The cells were then washed thrice with
1X PBS and appropriate Alexa Fluor conjugated secondary antibodies were added in 1% FBS
solution in 1:500-1:1000 dilution and incubated for 30 min in dark. The cells were then washed
thrice with 1X PBS and stained with Hoechst dye (4pg/ml in 1X PBS) for 20 minutes to visualize
the DNA. The coverslips were then mounted over grease free glass slides using 70% glycerol.

Confocal microscopic images of immuno-stained cells were captured using Zeiss LSM Meta 510.

2.3.6. Cell Synchronization for mass spectrometry mediated identification of

Aurora kinase B acetylation sites

2.3.6.1. GO/G1 block: pCDH-Flag Aurora B kinase overexpressing cells or the corresponding
pCDH-empty vector control cells, maintained in DMEM containing 10% FBS, were synchronised
at the GO/G1 boundary by serum deprivation for 72hrs at a confluence of 60-70% (Figure 2.3.4A).

2.3.6.2. G1/S block: Double thymidine block was carried out for synchronization of cells at the
G1/S boundary. Briefly, 30-40% confluent pCDH-Flag Aurora B kinase overexpressing cells or
the corresponding pCDH-empty vector control cells were treated with 2mM Thymidine for 18 hrs

(first block). The cells were then released from the block by washing twice with warm 1X PBS
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and then by addition of DMEM containing 10% FBS. 9hrs post release in complete media, 2mM
thymidine was again added to the cells and harvested 17hrs later (Figure 2.3.4B).

2.3.6.3. G2/M block: Mitotic block was performed by addition of 2mM thymidine for 24 hrs,
followed by washing twice with 1X PBS and releasing in DMEM containing 10%FBS for 3hrs.
100ng/ml of nocodazole was finally added for 12 hrs to block the cells in prometaphase following
which they were harvested (Figure 2.3.4C).

Cells were harvested at the end of each synchronization cycles; cell pellets were washed once with
1X PBS and lysed by adding 1ml of chilled lysis buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl;
5 mM EDTA; 1% tritonX-100; 1X-Complete protease inhibitor). Cells were incubated at 4°C for
1hr with constant mixing. Lysate was clarified by centrifuging at 13,000 rpm at 4°C for 10 mins
and incubated with 30ul of anti-Flag M2 agarose beads (pre-washed and equilibrated in lysis
buffer; Sigma # F2426) for 3hrs at 4°C with uniform mixing.

The beads were collected by centrifugation for 3mins at 2,000 rpm at 4°C and the supernatants
were removed by aspiration. The pellets were washed once with 1 ml of cold lysis buffer, twice
with tris buffered saline (TBS; 50 mM tris-HCI, pH 7.4; 150 mM NaCl) and eluted in 30pul of
500ng/ul of 3X-FLAG peptide (Sigma#F4799) in TBS buffer. The immunoprecipitated samples
were then divided into two fractions; one of the fractions was resolved in a 12% SDS-PAGE and
immunoblot analysis was done for verifying the pulldown protein and their interacting partners,
while the other fraction was similarly resolved in a 12% SDS-PAGE, but stained with CBB for

processing for mass spectrometric analysis of in vivo acetylation sites (Figure 2.3.4D).
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Figure 2.3.4: Synchronization of stably overexpressing Flag-AurkB HEK293 cells. Cellular
morphology upon GO/G1 block (A), G1/S block (B) or G2/M synchronization (C). D.
Immunoprecipitation of Flag-Aurora B kinase from asynchronous or synchronised (as indicated)
Flag-Aurora B kinase stable cells were carried out with anti-Flag M2 agarose beads. 40% of the
immunoprecipitated fraction was loaded on a 12% SDS PAGE for coomassie staining, while 30%
of the fraction was loaded on the other side of the protein marker for carrying out western blotting
with anti-Flag antibody. The coomassie gel was overlaid over the western blot autoradiogram and
the desired band, as has been marked by the arrow, was excised, collected in a microfuge tube and
dried in absolute ethanol for 10 minutes. Ethanol was aspirated and the tubes, containing the gel

pieces, were dried in a speed vacuum rotor at 60°C until the samples were dried.

2.4. Protein purification

2.4.1. Purification of recombinant proteins from baculovirus-infected Sf21 cells

Aurora A and Aurora B enzymes were expressed as C-terminal Hise-tagged proteins and purified
using Ni-NTA (Novagen) affinity purification from the respective, recombinant baculovirus
infected Sf21 cells. Briefly, Sf21 cells were cultured in five 150mm dishes till 100% confluent
after which fresh complete TC100 media (Himedia) with 10% FBS was added and then scrapped

to detach the monolayer following which the cells were counted and 9 million cells transferred to
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fresh culture dishes, just before infection. The cells were kept in suspension during infection, and
200 pl of the viral particles containing culture supernatant were added drop wise over the surface
of the culture dishes at room temperature. Following infection, they were further incubated at 27°C.
The infected cells are checked for the viral expression based on the change in morphology [cubical,
spindle, or capsule shaped etc]. 70hrs post infection (prior to rupture and release of the viral
particles into the culture supernatant cells were harvested by scrapping and pelleting at 1000 rpm
for 10 min. Cell pellet was washed once with 1X PBS and then lysed in cold lysis buffer
(homogenization buffer) containing 10mM tris-HCI pH 7.5, 10% Glycerol, 0.1% NP0, 2mM f
Mercaptoethanol, 0.2mM PMSF, 500mM NaCl, 15mM Imidazole and 1X protease inhibitory
cocktail (Sigma) using a Dounce homogenizer (5 strokes- 4 times with 3 min interval). After lysis,
the lysate was centrifuged at 16,000rpm for 30 min and the supernatant was collected and 200ul
of Ni-NTA beads, pre-washed and equilibrated with the homogenization buffer, were added and
allowed to bind for 3hrs at 4°C on an end-to-end rotor. The beads were washed 7-8 times in wash
buffer containing 10mM tris-HCI pH 7.5, 10% Glycerol, 0.2%NP40, 2mM B-Mercaptoethanol,
2mM PMSF, 300mM NaCl and 15mM Imidazole for poly-His tag proteins. After binding, the
proteins were eluted using elution buffer containing 10mM tris-HCI, pH-7.5, 10% Glycerol, 0.1%
NPO, 2mM B- Mercaptoethanol, 0.2mM PMSF, 200mM NaCl, 250mM Imidazole and 1X protease
inhibitory cocktail. The protein was checked in 12% SDS-PAGE (Figure 2.4.1) and then stored at

- 80°C after snap freezing them in small aliquots.
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Figure 2.4.1: Purification of Aurora A and B kinases from Sf21 cells. Representative purification

profiles of Hise-Aurora A and Hiss-Aurora B resolved on a 12% SDS-PAGE and stained with CBB.
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2.4.2. Hise-tag fusion protein purification

2.4.2.1. Purification of recombinant Hise-tag fusion proteins from soluble

fraction of E. coli lysate

PET21b expression vector harbouring the clone of choice is transformed into E. coli (DE3). Single
colony was inoculated into 100ml of LB containing appropriate antibiotic and grown overnight in
37°C shaker incubator. These cultures were further scaled to 11 and grown till ODgoonm reaches 0.5
after which they were induced to express the protein of interest with 0.5mM IPTG for the next 3
hours. Subsequently, cells were harvested and then resuspended in cold homogenization buffer
(10mM tris-HCI pH-7.5, 10% Glycerol, 0.1% NP40, 2mM B-Mercaptoethanol, 0.2mM PMSF,
500mM NaCl, 15mM Imidazole and 1X protease inhibitory cocktail). Cell suspension was
sonicated to lyse and then centrifuged at 16,000 rpm for 30mins at 4°C. The supernatant was bound
to Ni-NTA agarose (Novagen) beads for 3hrs at 4°C in an end-to-end shaker. The beads were
subsequently washed 7-8 times in wash buffer (10mM tris-HCI pH-7.5, 10% Glycerol, 0.2% NP40,
2mM B-Mercaptoethanol, 2mM PMSF, 300mM NaCl, 15mM Imidazole) and eluted with the
elution buffer (10mM tris-HCI pH-7.5, 10% Glycerol, 0.1% NP0, 2mM B-Mercaptoethanol,
0.2mM PMSF, 200 mM NacCl, 250mM Imidazole and 1X protease inhibitory cocktail). The purity
and yield were checked in a 12% SDS PAGE followed by CBB staining.
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Figure 2.4.2: Purification profiles of full length Hiss-Max (A), Hiss-Max NTD S33A (left panel)
and Hiss-Max NTD S40A (right panel) (B), Hiss-Max NTD S33A/S40A double point mutant (C),
Hiss-Max NTD S33A/S40A/S50A/S59A [referred to as NTD-S4A (tetra S/T site point mutant)] (D),
Hiss-Max CTD WT and mutants mentioned [CTD-S3A (S132A-S133A-S135A) CTD-S4A (S98A-
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S99A-S108A-S109A) and CTD-S7A (S98A-S99A-S108A-S109A- S132A-S133A-S135A)] (E), Hiss-
Aurora kinase B WT and mutants mentioned (F) and Hiss-mPOU WT and mutants mentioned (G)
resolved on a 12% SDS PAGE and visualized by CBB staining. Filled arrowhead represent the

desired protein band.

2.4.2.1. Purification of recombinant Hiss-Myc fusion proteins from inclusion

bodies of E. coli

PRSET-Hiss-Myc expression vector (Figure 2.4.3A) was transformed into E. coli (Rosetta pLys-
S) competent cells. A single colony was grown in LB broth containing 100 pg/ml ampicillin at 30
°C and protein expression was induced with 0.5 mM IPTG at 0.3-0.4 ODsoo nm. Induction was
performed for 3hr at 30°C. Bacteria were collected and washed with cold washing buffer (10 mM
Tris—HCI, pH 7.9, at 4°C, 100 mM NacCl, and 1 mM EDTA), and cell pellet was resuspended in
15ml cold lysis buffer (20mM Hepes, pH 7.9, 500mM NaCl, 10% v/v glycerol, 0.1% v/v NP-40,
10mM B-mercaptoethanol and 1mM PMSF) and sonicated on ice. Centrifugation was carried out
at 12,500rpm at 4°C for 15mins (SS34 Sorval rotor); the pellet was used to purify insoluble His6-
Myec. The pellet was resuspended with 10ml of E-buffer (50mM Hepes, pH 7.9, 5% v/v glycerol,
0.05% wi/v of sodium deoxycholate, 0.5mM B-mercaptoethanol, 0.1% NP-40 and 1mM PMSF)
and homogenized with a Dounce homogenizer. The inclusion bodies were then recovered by
centrifugation at 14,000rpm for 15mins at 4C. The supernatant was discarded and to the pellet 1ml
of DMSO was added. After 1hr, the pellet was solubilized in 10ml of S-buffer (10mM Hepes, pH
7.9, 6M guanidine-hydrochloride, and 5mM of B-mercaptoethanol) on a shaker at room
temperature for 3 hrs. The denatured His6-Myc protein in S-buffer was adjusted to 5mM imidazole
and bound with 75ul of Talon resin (Clontech) on a rotor for 2-4 hrs at room temperature. The
resin was then washed thrice with 5ml each of S-buffer containing 5mM imidazole, thrice with
1ml BC500 containing 7M urea and 5mM imidazole, once with 1ml of BC100 containing 7M urea
and 15mM imidazole and once with 1ml of BC100 containing 7M urea and 30mM imidazole.
Recombinant His6-Myc was eluted from the resin with BC100 containing 300mM imidazole and
7M urea. The purity and yield were checked in a 12% SDS PAGE followed by CBB staining
(Figure 2.4.3B).
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Figure 2.4.3: Purification profile of full length Hiss-Myc (A) expressed and purified from E. coli
(Rosetta pLys-S) strain using full length Hise-Myc open reading frame cloned in pRSET vector,

whose vector map is outlined (B).

2.4.3. Flag-tag fusion protein purification

2.4.3.1. For mass spectrometric analysis

Flag-mPOU, or Flag-Max plasmid constructs, transiently transfected into HelLa cells or Flag-
Aurora kinase B (stably integrated pCDH-Aurora kinase B) overexpressing HEK293 cells
synchronized at various phases of the cell cycle, were harvested at various time intervals post
transfection or treatment, washed once with 1X PBS and lysed by adding 300 ul of lysis solution
[50mM tris-HCI pH7.4, 150mM NaCl, 1ImM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, 1X-Complete protease inhibitor (Merck#4693159001), 1X-PhosStop (Merck
#04906837001)] and sonicated for 15 sec, twice in a Bioruptor. The lysis mix was centrifuged at
15000 rpm for 10 mins at 4°C and the lysate was incubated with 10ul of anti-Flag M2 Magnetic
Beads (pre-washed and equilibrated in lysis buffer; Merck #M8823) for 1.5 hrs at 4°C with uniform
mixing. The beads were washed one with the lysis buffer containing the inhibitors (1X-Complete
protease inhibitor, and 1X-PhosStop) and thrice with lysis buffer without the inhibitors. Elution of
the fusion proteins were carried out twice using 10ul of 500ng/ul of 3X flag peptide and pooled

into a microfuge tube. The immunoprecipitated samples were then resolved in a 5-20% SDS-
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PAGE and stained with Coomassie brilliant blue (CBB) for visualization and band excision for

mass spectrometric analysis.
2.4.3.2. For studying the interactions with other protein partners

To study the association of Flag-Aurora B with either HA-Tip60 or HA-His-Myc in cells, the
individual HA fusion constructs were transiently over-expressed into pCDH-Flag Aurora kinase
B or pCDH-empty vector overexpressing HEK293 cells for 48 hrs, harvested and washed once
with 1X PBS and lysed by adding 1ml of chilled lysis buffer (50 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 5 mM EDTA; 1% triton X-100; 1X-Complete protease inhibitor). Cells were incubated at
4°C for 1hr with constant mixing. Lysate was clarified by centrifuging at 13,000 rpm at 4°C for 10
mins and incubated with 30ul of anti-Flag M2 agarose beads (pre-washed and equilibrated in lysis
buffer; Sigma # F2426) for 3hrs at 4°C with uniform mixing.

The beads were collected by centrifugation for 3mins at 2,000 rpm at 4°C and the supernatants
were removed by aspiration. The pellets were washed once with 1 ml of cold lysis buffer, twice
with tris buffered saline (TBS; 50 mM tris-HCI, pH 7.4; 150 mM NaCl) and eluted in 30pul of
500ng/ul of 3X-FLAG peptide (Sigma#F4799) in TBS buffer. The immunoprecipitated samples
were then resolved in a 12% SDS-PAGE and immunoblot analysis was done for verifying the

pulldown protein and their interacting partners.

2.5. In vitro Assays

2.5.1. Kinase assay

Various recombinant proteins (as mentioned in the Results section) were expressed in E. coli and
incubated with either Hiss-tagged Aurora kinase A (40 ng) or Aurora kinase B (40 ng), expressed
in Sf21 cells, using suitable baculoviral constructs, in a 30 pl reaction mixture containing 50 mM
tris-HCI, 100 mM NaCl, 0.1 mM EGTA, 10 mM MgCl,, 0.2% B-mercaptoethanol and [yP32] ATP
(Specific Activity 3.5 Ci/mmol). The reaction mixture was incubated at 30°C for 15 min. The
reaction was inhibited over ice for 5mins, constituent proteins were denatured by the addition of
gel loading dye containing SDS, heated at 90°C for 5mins and resolved using 12% denaturing

PAGE, followed by autoradiography using X-ray films.

66



Materials and Methods

2.5.2. In vitro mass phosphorylation of mPOU

For mass phosphorylation, 1pug each of mPOU WT or S197A mutant was incubated with either
AurkA or AurkB (40ng) at 30°C for 30 min in presence of 2X kinase buffer and 10 mM ATP. This
was followed by three replenishments with the same amount of enzyme and ATP at every half
hour interval. The final incubation was prolonged for 2hrs after last replenishment. As control,
mock phosphorylation reactions were carried out with the same components except without the
enzyme under similar conditions. The reaction mix were separated on a 12% SDS PAGE,

transferred onto a PVDF membrane and incubated with anti-phospho Ser-197 antibody.
2.5.3. Histone Acetyltransferase (HAT) gel assay

HAT gel assay was performed using lysine acetyltransferases- Tip60, PCAF or p300 and either
AurkA or AurkB, as substrates, in a 30ul final reaction volume. Briefly, the reaction mixture was
incubated at 30°C for 30 min consisting of 50mM tris-HCI, pH 8.0, 10% (v/v) glycerol, 1mM
dithiothreitol (DTT), 1mM phenyl methyl sulfonyl fluoride (PMSF), 0.1mM EDTA, pH 8.0,
10mM sodium butyrate, and 1pl of 3.3 Ci/mmol H3-acetyl Coenzyme A (acetyl-CoA). To visualize
the radiolabelled acetylated protein, the reaction products were resolved by 12% SDS-PAGE; gel
was stained by CBB to ascertain the presence of protein and was later dehydrated in DMSO for
lhr. The gel was then incubated in scintillation fluid (22.5% w/v PPO solution in DMSO) for
30mins and then rehydrated in water for 2hrs. The gel was dried using a gel drier and exposed to
an X-ray film for 10-12 days. The film was later developed to get intensity profiles for each of the

reaction.

For various assays carried out for western blot analysis or mass spectrometry mediated acetylation
site identification, 0.04mM non-radioactive acetyl-CoA was used instead of H3-acetyl Coenzyme
A, either for 30mins or 2.5 hrs (mass acetylation; replenishment of enzyme and acCoA every 30

mins, thrice) (Figure 2.5).
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Figure 2.5: Silver stained gel representation of mass acetylated Aurora kinase B, resolved on a
12% SDS PAGE; arrow indicates the protein band for Aurora B kinase.

2.6. Generation of polyclonal antisera
2.6.1. Against K85-K87 acetylated peptide of Aurora kinase B in rabbit

Acetylation specific antibody against K85 and K87 di-acetylation sites was generated in rabbit.
Briefly, two rabbits, each of New Zealand White strain, were injected (beneath the skin and into
the muscles) with 500ug of Aurora kinase B oligopeptide, di-acetylated at K85 and K87 residues
(oligopeptide sequence: LGKacGKacFGNVYLA), as antigen in the form of an emulsion with
Freund’s complete adjuvant. 21 days post primary immunization, the rabbits were boosted four
more times with 250ug of the oligopeptide, at an interval of 14 days, in the form of an emulsion
with equal volume of Freund’s incomplete adjuvant. 10 days post fourth booster, the crude antisera
against was collected and purified by affinity purification against the antigen. Subsequently the

specificity was verified by western blot analysis (Figure 2.6).
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Figure 2.6: Characterization of anti-K85/K87 di-acetylation antibody. Western blot
representation of anti-K85/K87 di-acetylation antibody against Aurora kinase B. 1ug each of WT
or various point mutants of Aurora kinase B were subjected to in vitro mass acetylation using
Tip60 and 0.04mM acetyl-CoA. The acetylated proteins were resolved on a 12% SDS PAGE and
transferred on a PVDF membrane for western blot analysis. Coomassie staining represents the

amount of the different Aurora kinase B proteins used for the assay.
2.6.2. Against phosphorylated oligopeptide of Ser-197 POU6F1 in rabbit

Phosphorylation specific antibody against Ser-197 site of mPOU was generated in rabbit. Briefly,
two rabbits, each of New Zealand White strain, were injected (beneath the skin and into the
muscles) with 500ug of mPOU oligopeptide, phosphorylated at Ser-197 residue (oligopeptide
sequence: KLDITPKSphAQKLKPVC), as antigen in the form of an emulsion with Freund’s
complete adjuvant. 21 days post primary immunization, the rabbits were boosted four more times
with 250ug of the oligopeptide, at an interval of 14 days, in the form of an emulsion with equal
volume of Freund’s incomplete adjuvant. 10 days post fourth booster, the crude antisera against
was collected and purified by affinity purification against the antigen. Subsequently the specificity

was verified by western blot analysis.
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2.7. Mass spectrometry
2.7.1. Preparation of protein samples

2.7.1.1. In vitro acetylation of Aurora kinase B by Tip60

Hise-Aurora kinase B purified from E. coli (DE3) was subjected to in vitro mass acetylation with
Hise-Tip60 purified from Sf21 cells using suitable baculoviral constructs. The acetylated protein
was resolved on a 12% SDS PAGE, stained with CBB for visualization and processed for the
determination of the sites of acetylation by mass spectrometry.

2.7.1.2. Immuno-purification of Flag-Max from HeLa cells

10ug of Flag-Max mammalian expression vector was transfected into 10X10° HeLa cells seeded
on a 100mm culture dish. 36hrs post transfection, the cells were harvested, and Flag-Max purified
(as mentioned in 2.4.3.1.). The purified protein was resolved on a 5-20% SDS PAGE, stained with
CBB for visualization and processed for the determination of the sites of acetylation by mass

spectrometry.

2.7.1.3. Immuno-purification of Flag-Max from HelLa cells upon Aurora kinase

inhibitor treatment

10ug of Flag-Max mammalian expression vector was transfected into 10X10° HelLa cells seeded
on a 100mm culture dish. 12hrs post transfection, the cells were treated with 500nM Aurora A
inhibitor (MLN8237), Aurora B inhibitor (AZD1152-HQPA) or DMSO (as a control) and 24 hr
post treatment with the inhibitors, the cells were harvested, and Flag-Max proteins purified (as
mentioned in 2.4.3.1.). The purified proteins were resolved on a 5-20% SDS PAGE, stained with
CBB for visualization and processed for the determination of the sites of acetylation by mass

spectrometry.

2.7.1.4. Immuno-purification of Flag-mPOU from HelLa cells
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10pg of Flag-mPOU mammalian expression vector was transfected into 10X10° HeLa cells seeded
on a 100mm culture dish. 36hrs post transfection, the cells were harvested, and Flag-mPOU
purified (as mentioned in 2.4.3.1.). The purified protein was resolved on a 5-20% SDS PAGE,
stained with CBB for visualization and processed for the determination of the sites of acetylation

by mass spectrometry.
2.7.2. Processing of the purified protein bands for LC-MS/MS analysis

CBB stained protein bands were excised from the reducing PAGE gel using a sharp operating
blade and chopped several times into fine pieces to make the gel block sizes of roughly 1mm? in
dimension. The resulting gel blocks were pooled into a microfuge tube and destained with 100-
300ul of 30% acetonitrile (ACN) solution with proper mixing. The 30% ACN solution was
occasionally replaced until CBB was completely removed and the gel pieces gain an amorphous
whitish tinge and become transparent. Gradual dehydration was carried out firstly, by the addition
of 100-300 pl of 50% acetonitrile (ACN) solution and finally using 100-300ul of 100% acetonitrile
(ACN) solution with proper mixing each time for 5mins. The gel pieces were finally rendered
completely dry by centrifuging at 13000rpm for 10 mins in a speed-vac connected to a vacuum
pump. The dehydrated gel pieces were soaked in 50-100ul of reducing reagent [1LOmM
dithiothreitol (Thermo Scientific #20291) in 25mM ammonium bicarbonate (ABC) solution] and
incubated in dark at 56°C for 30 mins. The reduction solution was then aspirated and replaced by
50-100pul of alkylation solution [55mM iodoacetate (Thermo Scientific #90034) in 25mM ABC
solution] and incubated at 25°C for 45mins with proper mixing, in dark. The gel blocks were then
washed with 300-500ul of RNase/DNase-free MilliQ water, twice. Gradual dehydration was
carried out with 100-300 pl of 30%, 50% and finally 100% ACN solution, each for 5min interval.
The gel blocks dried in a speed-vac and chilled on ice. 10ul of 1ng/ul of chilled trypsin solution
(in 50mM ABC) was added dropwise onto the gel blocks and kept on ice for 1hr for the gel pieces
to be completely reconstituted with trypsin solution and swell up. 10-20ul of the solution was
further added in case of improper reconstitution. Higher concentrations or volume for soaking of
the gel blocks with the trypsin solution was, however, avoided. The mixture was incubated at 37°C
for 10-12hrs.

100ul of 75% ACN was added to the gel blocks and sonicated for 15mins and the eluent was
transferred to a microfuge tube. 100ul of 75% ACN/ 1% formic acid (FA) mix was added to the
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gel blocks and sonicated for 15mins. The eluent was pooled into the previous microfuge tube and
the volume of the total mix was reduced by centrifuging in the speed-vac connected to a vacuum
pump. Addition of 100ul of 75% ACN/ 1% formic acid mix was repeated once more and the
eluents were pooled and the final volume reduced in the speed-vac to approximately 20pl, using
0.1% FA.

The mass spectra for each of the post translational modifications for different proteins are

represented below:
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Representative mass spectra for K168 acetylation for Aurora kinase B by Tip60 in vitro.
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Representative mass spectra for K202 acetylation for Aurora kinase B by Tip60 in vitro.
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Representative mass spectra for K211 acetylation for Aurora kinase B by Tip60 in vitro.
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Representative mass spectra for S240 phosphorylation of mPOU in vivo.
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Representative mass spectra for S242 phosphorylation of mPOU in vivo.
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2.8. Real time quantitative RT-PCR

Control or variously treated cells were harvested and lysed using TRIzol™ (Invitrogen™ Reagent
#15596018) and total RNA isolated by phenol: chloroform extraction followed by precipitation
using isopropanol. The extracted RNA was reconstituted in diethyl pyrocarbonate (DEPC) treated
water, resolved on a 1.2% agarose gel to check for the integrity of the RNA (Figure 2.8), and
subsequently used as template for complimentary DNA (cDNA) synthesis.

DNA
Ladder

bl <— 28S rRNA

bl «— 18S rRNA

Figure 2.8: Lanes 1 and 2 represent the profile of 1ug of total RNA extracted from cells, loaded
in duplicate (technical duplicates), resolved on a 1.2% agarose gel and visualized by EtBr

staining.

The cDNA strand was prepared using oligo-dT2s (Sigma #04387), M-MLV Reverse Transcriptase
(Sigma #M1302) and RNaseOUT™ Recombinant Ribonuclease Inhibitor (Invitrogen™ Reagent
#10777019) as per manufacturer’s recommendations. This cDNA was used for real time PCR (RT-
PCR) analysis using SYBR-Premix Ex Taq™ II (Tli RNaseH Plus) (Takara # RR820A) with
10pmol of specific primers (mentioned below) and different dilutions of the respective cDNAs.
RT-PCR reactions were carried out in Step One Plus™ Real-Time PCR (Applied Biosystems)
machine and amplification protocols were followed as indicated in the manufacturer’s protocol.
PCR conditions were standardized for each set of primers used. Fold expression change was
calculated using AACt method using actin gene primers as internal control. Specificity and

sensitivity of the primers was ascertained by melt curve analysis.
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Serial Gene Forward Primer Reverse Primer
No. Name
1 OoDC1 CTGAGGTGGTTAAAAGCTC | TCTGCACCAACTGTATTTCA
TCCC GTC
2 GATA3 CAATGCCTGTGGGCTCTAC | TAAACGAGCTGTTCTTGGGG
T
3 B-Actin AGATGTGGATCAGCAAGCA | TCCTCGGCCACATTGTGAAC
GGAGT TTTG
4 AURKB AGAAGGAGAACTCCTACCC | AGTGCCGCGTTAAGATGTC
CT
5 h-TERT TGTCAAGGTGGATGTGACG | GAGGAGCTCTGCTCGATGA
G C
6 NOP56 TCCACTCCACCTTCATTGGC | CCTCTGCCTGAACCATTGCT
7 YWHAZ AGGAGCCCGTAGGTCATCT | TGTGACTGATCGACAATCCC
T TTT
8 GATAG GCCAACTGTCACACCACAA | TTGCTATTACCAGAGCAAGT
C CT
9 RARB TGGAGTTGGGTGGACTTTT | AAAAGCCCTTACATCCCTCA
CT CA
10 MAX ATAATGCACTGGAACGAAA | TGGCTTTGTCTAGGATTTGG
ACG G
11 c-MYC GTGCTCCATGAGGAGACAC | CCTCTTTTCCACAGAAACAA
CATC
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12 HPRT1 TGCAGACTTTGCTTTCCTTG | CCAACACTTCGTGGGGTCCT
GTCAGG TTTCA

Table 2: Sequences for different qRT-PCR primers used for the genes mentioned.

2.9. Electrophoretic mobility shift assay

2.9.1. End-labelling of oligonucleotide

40pmol of single stranded oligonucleotide was labelled at the free 5°-OH group with 20 units of
T4 polynucleotide kinase (NEB # M0201) in a 50 pl reaction volume containing 1X polynucleotide
kinase buffer and 30uCi y*?P ATP at 37°C for 30min. At the end of the reaction 150l of water
was added and then subjected to phenol: chloroform extraction. The extracted aqueous layer
containing the labelled oligonucleotide was precipitated along with 10ug of tRNA by using ethanol
and sodium acetate and then dried and dissolved in annealing buffer containing 10mM tris-HCI,
and 20mM NacCl at pH 8. The sequence of the Brn5 promoter oligo nucleotides used for the assay

are as follows:
5’-GATCTGCTCCTGCATGCCTAATAGG-3’

3’-CTAGACGAGGACGTACGGATTATCC-5’
2.9.2. Visualization of DNA-protein complexes

The end-labelled paired oligo was used as a probe to visualize the formation of DNA-Protein
complex with the protein under investigation. To create the double stranded probe, the
radiolabelled single strand was first purified by phenol: chloroform extraction and then allowed to
anneal with the complementary unlabelled oligonucleotide in annealing buffer containing 10mM
tris-HCI and 20mM NaCl at pH-8, by allowing the renaturation between the complementary
strands to occur by first heating the mix to 95-100°C and then allowing the temperature to gradually
drop to room temperature over a long duration. The double stranded oligo is then purified by 4.5%
of native-PAGE (using 4.5% Acrylamide, 0.5X TBE (0.045 M tris borate and 0.001 M EDTA),
0.1% APS and 8% TEMED) and extracted in 1X tris-EDTA (TE) buffer (10mM Tris-HCI, pH 8
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and 1mM EDTA) at 37°C. This was further purified by gel filtration using C40 packed syringe
column. The probe was finally eluted in TE buffer and diluted to 5000cpm/pl and allowed to form
complex with the DNA binding protein of interest in appropriate binding buffer for 20-30 min at
recommended temperature (25-30°C). The resultant complex was resolved on a native-PAGE as
mentioned earlier and then subjected to autoradiography to visualize the complex and its mobility
shift.

2.10. Sister chromatid recombination (SCR)/ Homologous recombination (HR)

assay

SCR18-U20S cells (Puget N et al., 2005), which are chromosomally modified to express GFP
upon I-Scel endonuclease expression (Figure 2.10), were transfected with either Flag-AurkB
mammalian expression construct or FANCJ shRNA plasmid or control pcDNA3f vector. 24hrs
post transfection, 2X10° cells were further transfected with 24pg of I-Scel expression plasmid.
After 24hrs, GFP* cells were scored by FACS analysis using BD biosciences Verse flow
cytometer. In each experiment, the percentage of GFP* cells (either I1-Scel induced or uninduced)
was measured, and I-Scel-transfected values were corrected for transfection efficiency. The
spontaneous GFP* frequency was subtracted from this value to obtain the I-Scel-induced GFP*
frequency. The total GFP* population provides a quantitative measurement of the overall SCR/HR

in the assay system.
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Figure 2.10: Reporter substrate for the SCR assay [Adapted from Nath S et al., 2017].
2.11. Non-homologous end joining assay

Alteration of NHEJ upon Aurora kinase B overexpression was studied by using an extra-
chromosomal reporter assay system that permits the generation of defined DSBs and determination
of accurate determination of the choice of NHEJ pathway for repair (classical or alternate- NHEJ).
The reporter, pEGFP-Pem1-Ad2, consists of an engineered GFP gene which is interrupted by a
2.4 kb intron derived from the rat Pem1 gene (Figure 2.11A). An adenovirus (Ad2) exon has been
introduced into the middle of this intron and it is flanked on both sides by Hindlll and I-Scel

restriction enzyme recognition sequences.
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Figure 2.11: Structure of the NHEJ reporter construct. [Adapted from Fattah F et al., 2010].

GFP expression is hindered from the unmodified plasmid due to the interference from the Ad2
exon (Figure 2.11B). Digestion of the plasmid either with Hindlll or I-Scel generates a linear
plasmid lacking the adenoviral exon with either compatible 5’-overhanging cohesive ends or
incompatible ends, respectively (Figure 2.11C). The Hindlll sites are arranged in such a manner
that cohesive 4-bp overlapping ends are generated. 1-Scel sites, on the other hand, are arranged in
an inverted orientation which necessitates the requirement of pre-processing before the ends can
be rejoined. Undigested or partially digested plasmids generate a product that is unable to express
GFP due to the retention of the Ad2 exon.

7ug of pPEGFP-Pem1-Ad2 was linearized with either Hindl11 or 1-Scel and transfected into 10X10°
U20S cells. As a transfection control, cells are always co-transfected with a pCherry expression
plasmid. Analysis of cherry-GFP double positive population was carried out 48hrs post

transfection using BD biosciences Verse flow cytometer.
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2.12. Subtype classification of breast cancer patient samples

RSEM RNA-seq data was obtained from TCGA Breast cancer invasive carcinoma dataset (Figure
2.12). Intrinsic gene centroids signature (PAMS50) (Parker JS et al., 2009) was used to classify each
of the available patient sample RNA sequencing data into five established intrinsic breast cancer
molecular subtypes (normal-like, basal, luminal A, luminal B, and Her2 amplification) using
“genefu” package (Gendoo DMA et al., 2015) with log2(TPM + 1) data matrix. The expression
levels of Aurora kinase A and Aurora kinase B were then plotted as box-whisker plots.

A

<=30 30 40 50 60 70 80 90 >80 NA

Age of Diagnosis

40%

Disease free survival C Overall survival
B 100% - 100%

90% 90%

80% 80% |

70% = 70%

60% - - 60% '
£ 2 ‘\
3 50%- > 3 s0%
H —— H -y,
= =3
©w 12

8

R
3
+
+

30%

g
R
£ %y ¢ 3
+
-
1

20%

8
R

10% 10%

0% 0%
T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250 300
Months Survival Months Survival

Figure 2.12: General information about the TCGA breast cancer invasive carcinoma dataset has
been depicted for the distribution of age of diagnosis of the patients (A), disease free survival (B)

and overall survival (C).
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CHAPTER 3: RESULTS

Chapter outline

3.1. Implication of Aurora kinase mediated phosphorylation of Myc associated

factor-X on c-Myc/Max (in)dependent gene expression in breast cancer

3.2. Acetylation dependent regulation of AurkB and a probable role of the
dysregulated kinase in dictating the outcome of DNA damage repair pathway

choice

3.3. Reciprocal regulation of skeletal muscle differentiation by AurkA and
POUG6F1
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3.1. Implication of Aurora kinase mediated phosphorylation of Myc associated

factor-X on c-Myc/Max (in)dependent gene expression in breast cancer

General Introduction

v-Myc (viral form of cellular Myc) was initially discovered from the MC29 strain of avian tumour
virus which expressed a v-gag-myc fusion gene, which either caused solid tumours of
promyelocytic character or transformed myeloid cells to cause diffuse growths (myelocytoma). It
was this unique pathology that conferred MYC its name (myelocytomatosis) (X. lvanov et al.,
1964; Z. Mladenov et al., 1967). The cellular form of the myc gene (c-myc) was discovered much
later (B. Vennstrom et al., 1982) and together with src, fostered the theory of cellular basis of viral

oncogenes and revolutionised cancer biology ever since.

Myc is a well-established oncogene and derives its formidable oncogenic stature through its
influence on a wide range of biological functions, which places it at the juncture of cell growth
and proliferation, metabolism, and genome stability (Figure 3.1). Unsurprisingly, dysregulation of
the MYC network (also known as the MAX-MLX network) is responsible for causing major

cancer associated deaths worldwide for both solid and haematological malignancies.
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Figure 3.1: Pictorial depiction representing various molecular, cellular and pathological

activities associated with Myc [Adapted from (Meyer N et al., 2008)].

Mammals express three different Myc proteins, namely c-Myc (cellular), N-Myc (neuronal) and
L-Myc (lung) which arises from three different genes and differ both in potency of transformation
and expression pattern in tissues. Each of these proteins contain four distinct domains called the
Myc-boxes which are associated with functions like transactivation and apoptosis. They also
contain a basic helix-loop helix leucine zipper (bHLH-LZ) domain which aids in its DNA binding

and dimerization (Figure 3.2).
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Figure 3.2: Schematic representation of different c-Myc domains and the corresponding amino
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acid numbers (MB, MYC Box; BR, Basic region; HLH, Helix-loop-helix; LZ- Leucine Zipper).

Although the domains are sufficient for transactivation, Myc lacks a prominent DNA binding by
itself under physiological conditions and requires another protein, Myc Associated factor-X (Max)
(Blackwood, E.M. et al., 1991). Max, therefore, is essential for Myc dependent gene transcription
and the c-Myc/Max heterodimeric complex is believed to regulate the transcription of around 15-
22% of the protein coding genes and can, therefore, be called a general transcription regulator (Li
Z.etal., 2003; Perna D et al., 2012).

Like Myc, Max also belongs to the bHLH-LZ family (Figure 3.3). It performs a non-redundant
function in development as Max knockout causes early embryonic lethality in mouse and cannot
be compensated by other bHLH-LZ family proteins (Shen-Li H et al., 2000). Max, however,
displays a biphasic nature of regulation depending on the cellular concentration of c-Myc
(Prendergast GC et al., 1992).
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Figure 3.3: Schematic representation of different Max domains and the corresponding amino acid

numbers (BR, Basic region; HLH, Helix-loop-helix; ZIP, Leucine Zipper).

Aurora A and B kinases (AurkA and AurkB) are critical oncogenes and like c-Myc, are reported
to be dysregulated in both solid and haematological cancers. In silico screening in our laboratory
led to the identification of Max as a substrate of Aurora kinase A (Karthigeyan D, and Kundu TK;

unpublished). The following section elaborates the various biochemical, microscopic and mass
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spectrometric approach that were undertaken to address a possible connection of Aurk dependent
Max phosphorylation in determining the transcriptional outcome of c-Myc/Max dependent target
genes in cells. We firmly believe that these findings are intriguing and will create substantial
interest in the field of Myc and Aurk biology to delve deeper in the quest to contain Myc dependent

cancers.
3.1.1. Aurora A and B kinases phosphorylate Max in vitro

Full length recombinant Hiss-Max purified from E. coli was subjected to in vitro kinase assay with
AurkA and B, purified from Sf21 insect cells using suitable baculoviral constructs. We observed

that Max is phosphorylated by both the kinases in vitro (Figure 3.4).
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Figure 3.4: AurkA and AurkB phosphorylate Max. In vitro kinase assay of 1jug of recombinant
Hiss-Max (lanes 1-3) and 500ng of histone H3 (lane 4; positive control) was performed using Hiss-
AurkA (left panel) and Hiss-AurkB (right panel) purified from Sf21 cells. The coomassie staining
for each of the lanes is shown below the autoradiogram profiles for comparing the loading levels

across each lane.
3.1.2. Determination and validation of in vitro phosphorylation sites of Max

In an attempt to identify the Aurora kinase mediated phosphorylation sites of Max, we carried out
in vitro mass phosphorylation of Hiss-Max with AurkB. The phosphorylated protein (ph-Max) was

separated on a denaturing-polyacrylamide gel (SDS-PAGE), stained with Coomassie brilliant blue
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(Figure 3.5A), and analysed by electrospray ionization-based mass spectrometry (ESI-MS/MS).
We observed that the phosphorylation sites were spread over the entire length of Max protein, but

mostly cluttered on the first helix region in the N-terminus (Figure 3.5B).
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Figure 3.5: Mass spectrometric analysis of in vitro Max phosphorylation sites. A. Coomassie
stained 12% SDS-PAGE gel profile for 1ug Hiss-Max protein phosphorylated in vitro by AurkB
purified from Sf21 cells and which was excised for ESI-MS/MS analysis. B. Schematic
representation of the in vitro phosphorylation sites of Max by AurkB as obtained from ESI-MS/MS

analysis.

A closer examination of the Max protein sequence revealed the presence of two serine residues,
Ser-33 and Ser-40, that oblige the consensus phosphorylation motif of Ipll (yeast Aurk): K/R-X-
T/S-1/L/V. We argued that validation of these residues as the true phosphorylation sites, by in vitro
kinase assays using yP3ATP, may be hindered in a full-length Max context owing to
phosphorylation signals emanating from the C-terminal serine residues (Ser-98, Ser-109, Ser-142).
We, therefore, generated a truncated N-terminal domain of Max consisting of 1-70 amino acid
(henceforth called NTD), and carried out the mutation of Ser-33 or Ser-40 in the NTD to alanine,

either singly or in combination (Figure 3.6A). The mutant protein was purified from E. coli and
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used to carry out in vitro kinase assay with the human, baculo-purified Aurks. However, we could
not observe any reduction in the extent of phosphorylation by either AurkA (Figure 3.6B; left
panel) or AurkB (Figure 3.6B; right panel). On the contrary, we observed an increase in the extent
of phosphorylation upon mutation, with AurkB (Figure 3.6B; right panel). We subsequently
mutated the other Ser/Thr residues that were obtained in the mass spectrometry analysis, Ser-50
and Thr-59, to alanine on the NTD-Ser-33A and Ser-40A backbone construct to generate a tetra-
site mutated NTD (Ser-33A/Ser-40A/Ser-50/Thr-59), named as NTD-S4A. Unfortunately, even
the NTD-S4A did not yield an abrogation of phosphorylation (Figure 3.6C).
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Figure 3.6: In vitro kinase assay of NTD mutants. A. Schematic representation of the NTD of
Max and the target residues, obtained from in vitro mass spectrometry of the full length Hiss-Max
protein, for mutation. B. In vitro kinase assay of 500ng recombinant Hiss- NTD wild type (lane 4;
positive control) and indicated point mutants (lanes 1-3) purified from E. coli, was performed
using Hiss-AurkA (left panel) and Hiss-AurkB (right panel) purified from Sf21 cells. The coomassie

staining for each of the lanes is shown below the autoradiogram profiles for comparing the loading
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levels across each lane. C. In vitro kinase assay of 1ug Hiss- NTD wild type (lanes 1-3) and NTD-
Ser-33A/Ser-40A/Ser-50/Thr-59 (S4A) (lanes 4-6) was performed using increasing concentrations
of Hisg-AurkA (left panel) and Hise-AurkB (right panel) purified from Sf21 cells. The coomassie
staining for each of the lanes is shown below the autoradiogram profiles for comparing the loading

levels across each lane.

We also carried out mutations of the serine residues that were enriched toward the C-terminal
region of the protein. Since, multiple phosphorylation sites exit at the N-terminal half of the full-
length protein (as discussed earlier), we argued that phosphorylation of these residues may mask
any alteration that might occur owing to mutation of the C-terminal residues, in the full-length
Max context. We, therefore, generated a C-terminal truncated Max fragment, encompassing 72-
151 amino acids (Figure 3.7A) and carried out the mutations of Ser-98, and Ser-109 to alanine,
either singly or in combination. However, similar, to the NTD mutants of Max, the CTD mutations

did not yield any abrogation of phosphorylation (Figure 3.7B).
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Figure 3.7: In vitro kinase assay of CTD mutants. A. Schematic representation of the CTD of
Max and the target residues for mutation that were obtained from in vitro mass spectrometry of
the full length Hiss-Max protein. B. In vitro kinase assay of Hiss- CTD wild type (lane 4; positive
control) and indicated point mutants (lanes 1-3) was performed using baculo-purified Hiss-AurkB.
The coomassie staining for each of the lanes is shown below the autoradiogram profiles for

comparing the loading levels across each lane.

3.1.3. Max harbours phosphorylated sites toward its C-terminus in cells
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In order to uncover the true phosphorylated residues of Max in cells, we overexpressed full length
Flag-Max fusion plasmid constructs in HeLa cells, and purified the Flag-Max protein using affinity
purification (M2 agarose purification). The purified protein was separated on a denaturing-
polyacrylamide gel, stained with Coomassie brilliant blue (Figure 3.8A), and analysed by liquid
chromatography-based tandem mass spectrometry (LC-MS/MS). Although we could achieve 84%
coverage for the Max protein in mass spectrometry (probably due to improper tryptic digestion or
ionization defects), but surprisingly, unlike in vitro phosphorylated Max, we observed that the
phosphorylation sites in HeLa cells were clustered toward the C-terminus of Max (Figure 3.8B).
Intriguingly, inhibition of AurkA and B with specific inhibitors, MLN8237 and AZD1152
respectively, yielded differential and drastic results for Max phosphorylation in cell. While AurkA
inhibition did not lead to any alteration in phosphorylation, inhibition of AurkB led to a complete

inhibition of all the in vivo phosphorylated sites of Max.
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Figure 3.8: Mass spectrometric analysis of Flag-Max phosphorylation sites in HelLa. A.
Coomassie stained 5-20% gradient SDS-PAGE profile of Flag-Max fusion protein, transiently
overexpressed in HelLa cells for 36 hrs and purified using M2 agarose-based affinity purification.

B. Coverage of the amino acid residues in the LC-MS/MS based analysis of Flag-Max has been
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indicated in red. C. Schematic representation of the in vivo phosphorylation sites of Max obtained
by LC-MS/MS analysis.

3.1.4. Mutation of a cluster of serine residues on the C-terminus of Max affects

AurkB mediated phosphorylation

The drastic effect of AurkB inhibition on Max phosphorylation in cells led us to investigate the
propensity of these residues as true AurkB phosphorylation sites. We made use of the truncated
CTD of Max to carry out the mutations that were obtained from the cellular studies (Figure 3.9A).
Simultaneous mutation of three closely spaced residues, S132, S133, and S135 to alanine (S3A)
led to a substantial reduction in the extent of phosphorylation of CTD by AurkB (Figure 3.9B).
We further validated this result as has been shown in (Figure 3.9C). It was, however, surprising
not to find any alteration in phosphorylation of CTD-S7A, in which seven serine residues were
mutated to alanine [S98A-S99A-S108A-S109A-S132A-S133A-135A (S7A)]. Although we have
not studied the possibility of conformational changes of the secondary structures of CTD upon
introduction of the point mutations, the likelihood of the same for the higher number of point
mutations, as in S7A, cannot be ruled out. An altered conformation may, in turn bring about

secondary or tertiary, non- physiological phosphorylation events.
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Figure 3.9: In vitro validation of Aurora ki

Max. A. Schematic representation of the CT

nase B mediated phosphorylation of in vivo sites of

D of Max and the target residues for mutation. B. In

vitro kinase assay performed with 1ug of CTD-WT (lane-9) and different mutant CTD proteins

highlighted in each of the lanes (lanes 1-8),
histone H3 served as the positive control (la
is shown below the autoradiogram profiles
[S3A represents S132A-S133A-135A point

using Hiss-AurkB purified from Sf21 cells. 500ng of
ne 12). The coomassie staining for each of the lanes
for comparing the loading levels across each lane.
mutant; S4A represents S98A-S99A-S108A-S109A

point mutant and S7A represents S98A-S99A-S108A-S109A-S132A-S133A-135A point mutant]. C.
In vitro kinase assay performed with 1ug of CTD-WT (lanes 1-4) and CTD-S3A protein (lanes 5),
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using Hise-AurkB purified from Sf21 cells. 500ng of histone H3 served as the positive control (lane
6). The coomassie staining for each of the lanes is shown below the autoradiogram profiles for
comparing the loading levels across each lane.

Furthermore, we carried out in vitro kinase assay for the wild type or the S3A mutant in the full-
length Max context, but did not find a dramatic reduction of phosphorylation for the S3A mutant.
As was discussed above, this result might be explained by the probable “masking” by
phosphorylated sites in the N-terminus of Max in the in vitro assays (Figure 3.10).
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Figure 3.10: In vitro kinase assay was performed for 1ug of Hiss- Max WT (lanes 1-4) and Hiss-
Max S3A point mutant (lane 5) using Hiss-AurkB purified from Sf21 cells. The coomassie staining
for each of the lanes is shown below the autoradiogram profiles for comparing the loading levels

across each lane.

3.1.5. Study of subcellular localization alteration of Max WT and “CTD-

derived” point mutant(s)

Proximity of S132, S133, and S135 to the nuclear localization signal of Max was intriguing. We
wondered about the possibility of an effect on the nuclear localization of Max upon perturbation
of these residues. We exploited the Flag tagged WT, S3A (phospho-deficient) as well as S3D
(phospho-mimetic) mutants of full-length Max, to study the distribution of each of the Max protein
constructs. Notably, all the three proteins exhibit nuclear localization. However, a closer
examination revealed that the S3A mutant was approximately two-fold more likely to be present

in the cytosol as well, when compared to either the WT or the S3D mutant (Figure 3.11A), and
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which has been quantified (Figure 3.11B). Broadly, this result highlights that phosphorylation of
S132, S133, and S135 might serve to restrict Max protein more in the nucleus, where it can serve

its transcriptional activities in conjunction with Myc.
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Figure 3.11: Subcellular localization of Max WT and mutants. A. Indirect immunofluorescence

of Flag-Max fusion constructs of WT, S3A or S3D mutants were transiently transfected into
HEK293 cells and indirect immunofluorescence carried out against Flag tag (red) using Alexa
568 conjugated secondary antibody and the nucleus was stained with Hoechst (blue). Scale bar
represent 10um. B. Quantification of the localization events. 150 cells were counted for each of

the constructs and plotted as bar plots.
3.1.6. Aurora kinases exhibit subtype specific alteration in breast cancer

Breast cancer is an extremely heterogeneous disease with at least four different subtypes
distinguished on the basis of classical immunohistochemistry. Further classifications have been
done based on subtype-specific gene expression signatures and heterogeneity is also reflected by
the subtype specific treatment regimens. A comprehensive study of Aurk dysregulation in breast

cancer and molecular events associated with it is lacking. We analysed a TCGA (The Cancer
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Genome Atlas) breast cancer patient cohort and in accordance with the established views, observed
that both AurkA and AurkB to be significantly upregulated in the tumours as compared to the
normal samples (Figure 3.12A). We further categorized the tumours into different subtypes of
breast cancer and found that both the kinases exhibited upregulated expression in all the subtypes
except Luminal A, which are usually slower growing tumours and pose less challenging prognosis.
A comparison amongst the subtypes led to the observation that the basal-like/triple negative (TN)
tumours express significantly higher levels of both these kinases as compared to either Her-2

amplified or Luminal B subtypes (Figure 3.12B).
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Figure 3.12: AurkA and AurkB exhibit subtype specific expression bias in breast cancer. A.
Distribution of AURKA and AURKB transcript expression in the TCGA breast cancer cohort has
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been represented as box-whisker plot, with the sample numbers mentioned below each of the
sample types. Unpaired two-tailed Student’s t-test has been carried out for statistical analysis of
normal vs tumour expression pattern for AURKA (p= 1.515e-10 at Cl = 99%) or AURKB (p=
1.236e-10 at Cl = 99%). B. mRNA expression patterns for AURKA or AURKB has been
represented as box-whisker plot; sample numbers have been mentioned below each of the
subtypes. Unpaired two tailed Student’s t-test has been carried out for the statistical analysis of
expression differences between normal vs luminal B (p= 1.484e-14); normal vs luminal A (p=
0.1313); normal vs HER2 amplified (p=5.918e-16); normal vs basal-like (p<2.2e-16); basal-like
vs luminal A (p<2.2e-16); basal-like vs luminal B (p=3.206e-06); basal-like vs HER amplified
(p=0.01702) at CI=99% for either AURKA (left panel) or between normal vs luminal B (p=
2.211e-13); normal vs luminal A (p= 0.4769); normal vs HER2 amplified (p=5.624e-14); normal
vs basal-like (p<2.2e-16); basal-like vs luminal A (p<2.2e-16); basal-like vs luminal B (p<2.2e-
16); basal-like vs HER amplified (p<2.2e-16) at C1=99% for AURKB (right panel).

3.1.7. Impact of AurkB knockdown or inhibition on c-Myc/Max dependent

target gene expression

Mass spectrometry data revealed that AurkB specific inhibition abrogated Max phosphorylation
in cells, while biochemical and cell biology assays hinted that this phosphorylation possibly
determine its nuclear localization and hence, its extent of interaction with Myc. Furthermore, we
observed that AurkB was specifically enriched in the TN tumour patient samples. Interestingly,
earlier reports show that the Myc pathway is activated in the basal-like/TN tumours and induce
specific gene expression patterns that lead to poor physiologic and prognostic outcomes for the
TNBC patients, as compared to the other subtypes. It was, therefore, pertinent to ask if AurkB
perturbation affect transcription of c-Myc/Max dependent target genes in the basal-like/triple
negative breast cancer (TNBC) context. Concordantly, we chose a TNBC cell line, MDA-MB-
231, to study the effect of AurkB perturbation on the c-Myc dependent genes and to this end, we
considered two types of gene sets for our study. The first gene pool belonged to the c-Myc/Max
targets which are regulated either directly through promoter occupancy [NOP56 (ribosome
assembly protein), h-TERT (telomere maintenance), and ODC1 (ornithine catabolism)], or
indirectly [YWHAZ] through Myc dependent inhibition of a targeting miRNA (Su R et al., 2016).
c-Myc/Max bind to the promoters of NOP56 (Schlosser I et al. 2003), and ODC1 (Bello-Fernandez

107



Results

C et al., 1993; Wagner A et al., 1993) in an E-box dependent manner and upregulate their gene
transcription. The effect on h-TERT expression is more complex, as c-Myc exhibits repression of
h-TERT in a chromatinized environment while activating it when the gene is naked (Zhao Y et al.,
2014).

The second set of gene targets we chose was more intuitive. An earlier study identified an
interesting synergy between retinoic acid receptor-a. (RARa) and c-Myc which comes into play
upon PAK2 (a stress activated kinase) mediated phosphorylation of the C-terminal basic helix-
loop-helix domain of c-Myc and subsequent dissociation from Max (Uribesalgo | et al., 2011).
Dissociated Myc interacts with RARa and occupies the retinoic acid response elements (RAREs)
and transcriptionally activate a set of pro-differentiation genes like RAR-# (RARB), GATA6 and
the HOX gene clusters. This causes a switch from an oncogenic to a tumour suppressive role for
Myec. Since our results emphasized the impact of AurkB mediated Max phosphorylation on its
nuclear localization, we hypothesized that a perturbation of the phosphorylation event, either due
to AurkB knockdown or inhibition, may lead to the accumulation of a free pool of monomeric c-
Myc, which may now bind to multiple other factors, one of them being RARa and affect the
differentiation-related target genes in a RARE-dependent manner. Finally, we chose another
differentiation-related gene, GATA3, for our study apart from GATA6 and RARB. GATA3 holds
prime importance in TNBC biology as it is massively downregulated in almost all the TNBC
patient samples which might contribute to the poorly-differentiated phenotype observed for the
TN tumour histology. HPRT1 (Hypoxanthine-Guanine Phosphoribosyltransferase) served as the

negative control in our study as the regulation of this gene is not affected by Myc.
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We downregulated AurkB in MDA-MB-231 using a pool of four different SiRNAs (Figure 3.13
inset for western blot validation of the knockdown) and observed that the downregulation of
AurkB affected transcription from both the gene sets mentioned above (Figure 3.13). While the
direct target genes like NOP56 and ODC1, which are otherwise upregulated by c-Myc/Max
complexes, exhibited downregulation, h-TERT followed the reverse pattern. YWHAZ, which is
indirectly upregulated by c-Myc/Max, was found to be downregulated as well. Interestingly, the
pro-differentiation genes, GATA6, RARB and GATAS3, exhibited de-repression upon AurkB
downregulation. This result fortifies our hypothesis of a possible reduction in Max phosphorylation
upon AurkB knockdown leading to its dissociation from c-Myc, which first affects the direct c-
Myc/max targets and secondly, frees Myc to interact with RARa and get recruited to the RAREs.
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Figure 3.13: AurkB downregulation affects c-Myc/Max target gene expression. Real time gRT-
PCR analysis of the genes, represented on the x-axis, upon AurkB knockdown for 48 hrs in MDA-
MB-231 cells. Actin served as the internal control. Western blot depiction of AurkB knockdown is

represented in the inset. qRT-PCR data represent the mean +SD from three independent
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experiments with three technical replicates for each experiment. Paired two tailed Student’s t-test
was carried out for calculating the statistical significance of the perturbation of the indicated
genes upon AurkB knockdown. *p< 0.05, **p<0.01, ***p<0.001, ns- not significant.

We also treated MDA-MB-231 cells with a specific small molecule inhibitor of AurkB (Figure 3
.14A) and studied a subset of c-Myc/Max dependent genes. In accordance with the knockdown
results, we observed that AurkB inhibition also led to similar effects on the target gene’s expression
(Figure 3.14B). We, however, could not observe a consistent effect of AurkB inhibition on the
differentiation related genes within the time frame of the experimental conditions.
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Figure 3.14: AurkB inhibition affects c-Myc/Max target gene expression. A. Western blot
representation of the indicated proteins on AurkB inhibition with 25nM or 50nM of an AurkB
specific small molecule inhibitor, AZD-1152 HQPA, in MDA-MB-231 cells for 24 hrs. DMSO
treated MDA-MB-231 cells served as the corresponding control and actin served as the internal
control. B. Real time gRT-PCR analysis of the genes represented on the x-axis, upon AurkB
inhibition for 24 hrs, in MDA-MB-231 cells. The data represent the mean £SD from two
independent experiments with two technical replicates for each experiment. Analysis of statistical
significance was carried out using paired two tailed Student’s t-test. *p< 0.05, **p<0.01,

***n<0.001, ns- not significant.
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3.2. Acetylation dependent regulation of AurkB and a probable role of the
dysregulated kinase in dictating the outcome of DNA damage repair pathway

choice

General Introduction

Over a decade, various research groups have linked the involvement of acetylation dependent
regulatory pathways in the fine tuning of mitotic progression. The necessity of histone deacetylases
(HDACS) in proper kinetochore assembly is well studied and intriguingly, it is shown that the
HDAC inhibitors decrease the extent of pericentromeric targeting of Aurora B (Robbins AR et al.,
2005), thus disrupting spindle attachment to the kinetochore. AurkB is also shown to physically
interact with a host of HDACs, like HDAC 3, 4, 5,7 and 9, thus determining their nuclear
localization during mitosis (Guise AJ et al., 2012). Moreover, HDAC 3 deacetylates AurkB at
prophase to metaphase transition and drives proper chromosome congression and amphitelic
attachments (Fadri-Moskwik M et al., 2012). This result signify that AurkB is acetylated in cell.
However, the lysine acetyltransferase (KAT) responsible for the same had not been studied by

these groups.

The following section describes the screening of various KATs of different families and the effect
acetylation mediated alteration of kinase activity and protein stability of AurkB. Furthermore, we
explored a possible connection between AurkB dysregulation and induction of DNA damage

response.
3.2.1. Biochemical screening for the putative KAT(s) of AurkB

We chose three KATs- p300, PCAF and Tip60, belonging to three different families of lysine
acetyltransferases, and used recombinant Hise-AurkB, purified from E. coli for an in vitro lysine
acetyltransferase (HAT) assay. It was intriguing to find that p300 and Tip60 were capable of
acetylating AurkB in vitro, while PCAF could not (Figure 3.15).
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Figure 3.15: Tip60 and p300 acetylate AurkB. In vitro lysine acetyltransferase (KAT) assay of
500ng of recombinant Hiss-AurkB purified from E. coli by using Hiss-p300, Flag-PCAF and Hise-
Tip60 purified from Sf21 cells using suitable baculoviral constructs. The coomassie staining for
each of the lanes is shown below the autoradiogram profiles for comparing the loading levels

across each lane.
3.2.2. AurkB is a substrate of Tip60

Tip60 is known to oppose oncogenic pathways. Factual downregulation of Tip60 expression in
cancers and its direct involvement in DNA damage repair signalling led us to study the possibility
of a Tip60 dependent regulation of AurkB. We found that Tip60 acetylated AurkB in vitro in a
dose dependent manner (Figure 3.16). In order to identify the acetylation sites, we performed in
vitro mass acetylation of recombinant Hiss-AurkB using Tip60 purified from insect ovarian cells,
Sf21, by suitable baculoviral constructs. The acetylated protein was subjected to electrospray
ionisation-based mass spectrometry (ESI-MS/MS) and nine probable acetylated lysine residues
were identified- K4, K31, K56, K85, K87, K115, K168, K195, and K202 [cf- Section 2.7.2.].
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Figure 3.16: Tip60 acetylates AurkB. In vitro KAT assay representation of the acetylation of
500ng of recombinant Hiss-AurkB purified from E. coli by increasing concentrations of Hiss-Tip60
purified from Sf21 cells. The coomassie staining for each of the lanes is shown below the

autoradiogram profiles for comparing the loading levels across each lane.
3.2.3. Tip60 acetylate AurkB at two highly conserved lysine residues

We observed that AurkB possesses a G-K-G-K motif, which is similar to G-K-X-G-K motif found
in the well-studied Tip60 substrates- H4 and Twist (Figure 3.17A). Furthermore, similar to H4 and
Twist, the probable Tip60 acetylation motif on AurkB is flanked by glycine rich amino acids.
Noting the high extent of conservation of the lysine residues within the motif- K85 and K87(Figure
3.17B), we mutated these lysine residues, either singly or in combination, to arginine and the
purified recombinant proteins were subjected to in vitro lysine acetyltransferase assay. While the
K85R-K87R mutant led to a complete abrogation of Tip60 mediated acetylation, the single point
mutants were only mildly affected (Figure 3.17C). The K85R-K87R mutant did not show any
acetylation even for higher Tip60 concentrations (Figure 3.17D) emphasizing the importance of

acetylation of both the lysine residues by Tip60.
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Figure 3.17: Tip60 acetylates AurkB at K85 and K87. A. Local alignment of oligopeptide

sequence displaying the similarities of putative Tip60 mediated acetylation motif on AurkB, histone

H4 and Twist. B. Local alignment exhibiting the extent of conservation of K85 and K87 residues

of AurkB in different organisms- CEREV, Saccharomyces cerevisiae; DROME, Drosophila

melanogaster; POMBE, Schizosaccharomyces pombe; CELEG- Caenorhabditis elegans;

XENOPUS, Xenopus laevis; HUMAN, Homo sapiens; Bovine, Bos Taurus; Mouse, Mus musculus;
RAT, Rattus rattus. C. 500ng each of Hiss- AurkB WT or the indicated mutant Hiss- AurkB proteins
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were used to carry out an in vitro KAT assay using Hise-Tip60 purified from Sf21 cells. D. 500ng
each of Hise- AurkB WT or Hise- AurkB K85R-K87R double point mutant proteins were used to
carry out an in vitro KAT assay using increasing concentrations of Hiss-Tip60 purified from Sf21
cells. The coomassie staining for each of the lanes is shown below the autoradiogram profiles for

comparing the loading levels across each lane.
3.2.4. Tip60 and p300 may not possess overlapping acetylation sites on AurkB

The screening of different KATs had highlighted that p300, apart from Tip60, is also capable of
acetylating AurkB in vitro. We subsequently studied the K85 and K87 residues of AurkB in the
context of p300 mediated acetylation and observed that p300 is capable of acetylating either of the
individual point mutants-K85R and K87R (Figure 3.18A), as well as the K85R-K87R double
mutant (Figure 3.18B). This result emphasizes either the exclusivity of K85 and K87 residues
toward Tip60 mediated acetylation or portrays the possibility of numerous p300 mediated
acetylation sites on AurkB, and mutation of two (K85 and K87) amongst many, is incapable of
altering the overall acetylation status of the AurkB protein. The present thesis has focussed on
Tip60 mediated events and does not elucidate the role of p300 dependent AurkB acetylation and

functions which, therefore, needs future efforts.
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Figure 3.18: Validation of p300 mediated acetylation of AurkB for Tip60 targeted lysine
residues. 500ng each of recombinant Hiss-AurkB WT or the Hise-AurkB mutant proteins (single
point mutants-K85R and K87R, as in panel A) or the double point mutant (Hiss- AurkB K85R/
K87R, as in panel B) were used to carry out an in vitro KAT assay using Hiss-Tip60 purified from
Sf21 cells. The coomassie staining for each of the lanes is shown below the autoradiogram profiles

for comparing the loading levels across each lane.
3.2.5. Tip60 interacts with and acetylates AurkB in cells

In order to verify that acetylation of AurkB by Tip60 is not restricted to in vitro assays and indeed
occur in cells, we resorted to ectopic Tip60 overexpression in HEK293 cells. We observed that the
WT, but not the dominant negative HAT inactive mutant of Tip60 (AHAT; Q377E/G380E), led to
an enhancement of acetylation of AurkB at K85 and K87 residues, as studied using a K85-K87
acetylation specific antibody (Figure 3.19A). We questioned whether this acetylation is an event
that is manifested by direct interaction between the two proteins. Reciprocal co-
immunoprecipitation for ectopically overexpressed HA-Tip60 in HEK293 cells stably expressing
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Flag-AurkB confirmed their physical interaction (Figure 3.19B, panel-1). Furthermore, we
observed that the WT and AHAT mutant exhibit similar extent of interaction with AurkB (Figure
3.19B, panel-11), thus arguing the increased K85-K87 acetylation of AurkB in favour of the KAT
activity of Tip60. These results convincingly demonstrate that Tip60 interacts with AurkB in cells
and acetylate it at K85 and K87 residues.
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Figure 3.19: Tip60 interacts with and acetylates AurkB in cells. A. Western blot representation
of enhancement of AurkB di-acetylation at K85 and K87 residues by ectopic overexpression of HA
tagged WT-Tip60, but not HAT inactive Tip60 mutant (4HAT), for 48 hrs in HEK293 cells stably
expressing Flag-AurkB fusion protein. B. Panel-1. Reciprocal co-immunoprecipitation showing
the interaction between HA-Tip60 (transiently overexpressed for 48hrs) and Flag-AurkB in
HEK293 cells stably expressing Flag-AurkB protein. Panel-11. Western blot representation to
show similar extent of interaction for ectopically expressed HA tagged WT Tip60 or HA tagged

HAT inactive Tip60 mutant with Flag-AurkB in HEK293 cells stably expressing Flag-AurkB
protein.
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3.2.6. Tip60 regulate protein levels of AurkB in cells

During the course of our study of the dual acetylation of AurkB at K85 and K87, we wanted to
enrich the acetylation of these residues using broad and non-selective HDAC inhibitors like
trichostatin A (TSA). TSA inhibits class | HDACs (HDAC1, 3, 4, 6, and 10) and has been shown
to induce G2/M arrest, in a transcription independent manner, by targeting HDAC3 (Yun Li et al.,
2006). Moreover, HDAC3 was also shown to be the one responsible for AurkB deacetylation
(Fadri-Moskwik M et al., 2012).

Strikingly, treatment of HEK293 cells stably expressing Flag-AurkB with TSA led to a marked
reduction of the Flag-AurkB pool (Figure 3.20A). We wondered about the likelihood of acetylation
of AurkB as a trigger for its downregulation. To this end, we overexpressed HA-Tip60 in HEK293
cells and found that the endogenous AurkB levels exhibited a marked reduction, which could be
rescued by simultaneous Tip60 knockdown (Figure 3.20B, panel-I). Similar rescue was also
observed when Flag-AurkB was transiently overexpressed in stable Tip60 knockdown cells
(Figure 3.20A, panel-I1). We could faithfully reproduce these results in two other breast cancer
cell lines, MDA-MB-231 and MCF7 (Figure 3.20C, panel-l and II, respectively]. We also
generated point mutants corresponding to acetylation defective (K85R-K87R) or mimetic (K85Q-
K87Q) conditions, on Flag-AurkB mammalian expression vector, and observed that the later
exhibited reduced stability under cycloheximide chase assay conditions (Figure 3.20D). These
observations collectively confirm that Tip60 mediated acetylation of AurkB at K85 and K87

residues result into its destabilization in cells.

We next asked if AurkB downregulation upon ectopic Tip60 overexpression, agrees with a
physiologically relevant scenario. An earlier observation had demonstrated stabilization of Tip60
protein in cells upon UV exposure, owing to an inhibition of its degradation by MDM2. In
agreement with this study, we observed that UV irradiation caused enhancement in Tip60 levels

in cells and AurkB was concomitantly downregulated under such conditions (Figure 3.20E).
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Figure 3.20: Tip60 regulates AurkB levels in cells. A. Western blot representation of the indicated
proteins upon treatment of stably overexpressing Flag-AurkB HEK293 cells with 10uM TSA or
the corresponding DMSO control. IP represent the immunoprecipitated fraction from 1mg of
whole cell lysate; input represent the whole cell lysate fraction. B. Western blot analysis showing
that Tip60 overexpression reduces, while simultaneous Tip60 knockdown rescues, AurkB levels in
HEK293 cells (panel-1) [shNS represent non-silencing shRNA control]. (Panel-11) Transient
overexpression of Flag-AurkB in stable shNS and shTip60 cell lines showing the higher levels of

Flag-AurkB in the Tip60 knockdown cell line as compared to the control shNS cells. C. Western
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blot representation for overexpression of Tip60 in MDA-MB-231 cells (panel-1) or MCF7 cells
(panel-11) and study of the proteins with the indicated antibodies. D. Cycloheximide chase assay
for WT, acetylation defective (K85R-K87R) or acetylation mimetic (K85Q-K87Q) mutants of
AurkB. E. Western blot representation of HEK293 cells exposed to 15mJ/cm? UV-C (254 nm) and

harvested at the indicated time points after irradiation for the indicated proteins.
3.2.7. Tip60 mediated acetylation inhibit the kinase activity of AurkB

K85 and K87 residues lie within the kinase domain of AurkB. This propelled us to study if the
kinase activity is affected upon acetylation by Tip60. Recombinant Hise-AurkB was acetylated in
vitro with Tip60 and the acetylated kinase was used in an in vitro kinase assay with histone H3 as
a substrate. We found that acetylation of AurkB lowered its kinase activity, when compared to the
mock acetylated control (Figure 3.21A). We extended our study in assessing the point mutants of
AurkB and observed that the acetylation mimetic K85Q-K87Q mutant exhibited reduced kinase
activity as compared to either the WT or the acetylation defective K85R-K87R mutant (Figure
3.21B). The acetylation defective mutant, however, showed higher kinase activity, even as
compared to the WT Kkinase, the cause of which is presently unclear. These results confirm that

Tip60 dependent acetylation inhibit the kinase activity of AurkB.
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Figure 3.21: Tip60 mediated acetylation inhibits AurkB activity. A. 500ng of Hiss-AurkB was
either acetylated with Tip60 or mock acetylated (control) in vitro. One-tenth of the acetylation
reaction was used to carry out in vitro kinase assay with 500 ng of recombinant H3. The coomassie
staining for each of the lanes is shown below the autoradiogram profiles for comparing the loading
levels across each lane. B. In vitro kinase assay was carried out using 100ng each of WT,
acetylation defective mutant (K85R-K87R), or acetylation mimetic mutant (K85Q-K87Q) of AurkB
using histone H3 as a substrate. Lesser extent of kinase activity was observed for the K85Q-K87Q

mutant as compared to either the WT or the K85R-K87R mutant.

3.2.8. Tip60 and AurkB follow inverse pattern of expression in breast cancer

cells and modulate DNA damage response

Tip60 was observed to undergo downregulation in colorectal cancer patients (Mattera L et al.,
2009; Sakuraba K et al., 2009). Furthermore, meticulous observation unveiled Tip60 to be a
haploinsufficient tumour suppressor across multiple solid and haematological cancers (Gorrini C
et al., 2007). The loss of heterozygosity (LOH) was linked to SNP-LOH of the Tip60 gene where
the LOH for the first allele is usually not followed by epigenetic silencing of the second. However,
the LOH causes cell autonomous loss of Myc induced DNA damage response (DDR), which in

general, is a tumour suppressive mechanism.
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We exploited breast cancer cell lines for our study and observed that Tip60 is downregulated in all
these lines at the transcript level, irrespective of the subtype, when compared to the epithelial, non-
malignant breast cell line, MCF10A (Figure 3.22A). Concordant to our earlier observation which
suggested an acetylation-dependent regulation of AurkB levels by Tip60, we observed AurkB to
be elevated in all the cell lines with reduced Tip60 levels (Figure 3.22B).

We next posed the question whether such high levels of AurkB can inflict DDR. Interestingly, we
found that the YH2AX (phosphorylated H2AX; marker of DNA damage) levels correlated
positively with AurkB in most of the breast cancer cell lines (Figure 3.22B). This result indicated
that AurkB may be a part of an intricate network in controlling the basal DNA damage repair
response. In order to understand the specificity of the relation between AurkB and YH2AX, we
knocked down AurkB in one of the high AurkB expressing cell lines, MDA-MB-231, using either
a doxycycline inducible shRNA against AurkB (Figure 3.22C, panel-1) or using a pool of four
different sSiRNAs targeting AurkB (Figure 3.22C, panel-11) and found that the endogenous YH2AX
levels decreased dramatically. Conversely, overexpressing AurkB in HEK293 cells enhanced the
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basal YH2AX levels (Figure 3.22C, panel-111). These results indicate that AurkB regulates YH2AX

levels in a cell-type and lineage independent manner.
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Figure 3.22: High AurkB levels elicit DDR in breast cancer cells. A. Depiction of Tip60

transcript levels in different breast cancer cell lines as analysed by real time qRT-PCR. B.

Representative western blot image of AurkB and yH2AX levels in different breast cancer cell lines.
C. Western blot representation of AurkB knockdown in MDA-MB-231 {using either a shRNA

(panel-1) or a pool of four different siRNAs (panel-11)} and overexpression in HEK293 (panel-
1) exhibiting reduced or enhanced basal yH2AX, respectively.
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3.2.9. AurkB regulates YH2AX levels by influencing Tip60 gene transcription

As YH2AX act as a signal for DNA damage, its removal is necessary to determine the completion
of damage repair processes. It is known that Tip60 is not only necessary for early events in the
initiation of DDR but its involvement is also necessary for the removal of YH2AX from the
chromatin in an acetylation dependent manner (Ikura T et al., 2007; Ikura M et al., 2015). The later
event necessitates the participation of Tip60 even for the basal levels of DNA damage, as
knockdown of Tip60 leads to the accumulation of endogenous YH2AX levels.

Regulation of the endogenous pool of YH2AX by AurkB prompted us to study the likelihood of
AurkB in negatively affecting Tip60 levels in cells. Intriguingly, we observed that AurkB
knockdown in MDA-MB-231 cells, de-repressed Tip60 gene transcription (Figure 3.23). This
observation highlights the probable axis of yYH2AX accumulation in high AurkB expressing cells
through inhibition of Tip60 gene transcription and also indicate that AurkB may represent one of

the essential factors that inhibit Tip60 gene transcription under elevated conditions, as in cancer.
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Figure 3.23: AurkB inhibit Tip60 gene transcription. Real time gRT-PCR analysis of Tip60 gene
transcription upon AurkB knockdown for 48 hrs in MDA-MB-231 cells. The data represents the
mean + SD from three independent experiments with three technical replicates for each
experiment. Analysis of statistical significance was carried out using paired two tailed Student’s
t-test. **p<0.01, ***p<0.001.
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3.2.10. AurkB influences the choice of DNA damage repair

In order to understand the DDR foisted upon a cell by elevated AurkB levels and to study the
relevance of such an event in pathobiology, we studied if AurkB affects any of the DNA damage
repair pathways. Homologous recombination (HR) and non-homologous end joining (NHEJ)
represent two of the major pathway choices for repairing damaged DNA, amongst others. HR is
dependent on a homologous template and is an accurate, yet slower mode of repair which maintains
the stability of the genome. NHEJ, on the other hand, exhibit faster repair kinetics but is highly
error prone. The later mode induces mutations and translocations. A balance between these two

pathways determines genomic stability.

We employed SCR18-U20S cells to study the efficiency of sister chromatid recombination (SCR)/
HR in a cellular context (Puget N et al., 2005). These cells are genetically modified in a manner,
such that GFP is expressed only upon a template dependent recombination event. The percentage
of GFP positive cells, therefore, is a direct representation of the extent of SCR or HR process. We
observed that AurkB overexpression led to a four-fold reduction in the overall HR mediated repair
process (Figure 3.24A). Additionally, we asked if an inhibition in HR directed repair is associated
with a concomitant increase of the error-prone NHEJ pathway. We made use of a suitable NHEJ
reporter assay (Fattah F et al., 2010) and observed that the NHEJ pathway is indeed preferred upon
AurkB upregulation (Figure 3.24B). A closer examination indicated that the “alternate” or “back-
up” NHEJ (alt-NHEJ or bNHEJ) or microhomology mediated end joining (MMEJ) pathway
(assessed by I-Scel digestion) exhibited a modest yet significant increase (p=0.009) as compared
to the “canonical” or “classical” pathway of repair (mediated by HindIII digestion) upon AurkB

overexpressio n.
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Figure 3.24: AurkB induces a compromised HR mediated repair and prefers the NHEJ

pathway. A. AurkB overexpression in SCR18-U20S cells lead to a significant downregulation of
the overall HR mediated repair while enhancing the NHEJ pathway as in B. Representative flow
cytometry profiles have been shown in panel-1 and the corresponding quantifications are

represented in panel-11 for each of HR and NHEJ assays.
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The alt-NHEJ pathway has been reported to be suppressed in growth arrested and serum starved
cells (Singh SK et al., 2011; Windhofer F et al., 2007). Interestingly, AurkB expression is a
representation of cellular proliferation as determined by high mitotic index. Our results, therefore,
draw an interesting correlation between AurkB overexpression and de-repression of the alt-NHEJ
pathway. Recent reports also suggest that the NuA4/Tip60 complex mediate a molecular
discriminatory effect in preferring HR mediated repair over NHEJ (Tang J et al., 2013; Jacquet K
et al., 2016). Our observations on the modulation of the overall repair pathway choice upon AurkB
elevation were the exact opposite as that mediated by Tip60. This further settles our contention
that AurkB mediated downregulation of Tip60 might be a guiding factor in the determination of
repair pathway choice, which is being tilted more toward the error-prone NHEJ.

127



Results

3.3. Reciprocal regulation of skeletal muscle differentiation by AurkA and
POUGF1

General Introduction

Skeletal myogenesis is a fascinating outcome of the orchestration by different myogenic regulatory
factor (MRF)s and the proteins involved in maintenance of the myogenic precursor cell (MPCs)
population (satellite cells) (Figure 3.25). MRFs (Myf5, MyoD, MRF4 and myogenin) are the
master regulators for the commitment of MPCs towards terminal differentiation of myoblasts.
Myf5 and MyoD were earlier considered to be the commitment-related MRFs, while myogenin
and MRF4 were considered to be the late or differentiation MRFs (Rudnicki MA et al., 1993;
Rawls A et al., 1995; Braun T et al., 1995; Patapoutian A et al., 1995; Zhang W et al., 1995).
However, later studies showed the involvement of MyoD in terminal differentiation, hinting it to
a late MRF (Rawls A et al., 1998). Furthermore, MRF4 was shown to be necessary in the
commitment of MPCs, suggesting that it may also play a role as an early MRF (Kassar-Duchossoy
L et al., 2004). Myf5 is the earliest to be expressed chronologically and is regulated by a complex
set of enhancers spanning 140kb of Myf5 regulatory region (Ott MO et al., 1991; Carvajal JJ et
al., 2001).

The mouse models of MRF null mutations have served important roles in delineating the function
of these MRFs in vivo. MyoD”" mice are viable with normal physiology and morphology of
skeletal muscles, with a compensatory upregulation in the expression of Myf5 (Rudnicki MA et
al., 1992). The skeletal muscles of Myf57- mice also appear morphologically normal and the levels
of MyoD, myogenin or MRF4 do not change compared to the wild type. The Myf5 knockout mice,
however, die perinataly due to the loss of distal parts of the ribs and inability to breathe. The only
abnormality of skeletal muscle development in Myf57- mice is a delayed appearance of myotomal
cells until MyoD is expressed (Braun T et al., 1992). The absence of muscle deficiency in the
MyoD”-or Myf57-mice indicate a functional redundancy. Mice deficient in both MyoD and Myf5
(MyoD” Myf57) lack skeletal muscle completely (Rudnicki MA et al., 1993). As myoblasts do
not form in the MyoD/Myf5 double knockout, these two genes are considered as the early or
commitment MRFs. Myogenin null mice also display a severe deficiency in skeletal muscle.

However, they are able to form myoblasts but fail to fuse into myotubes. The myogenin null mice
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die perinatally and only a few myofibers are observed at birth (Hasty P et al., 1993; Venuti JM et
al., 1995; Nabeshima Y et al., 1993). The lack of myofibers places myogenin in the later stages of
differentiation and hierarchically downstream of MyoD and Myf5 (Rawls A et al., 1995).

Satellite cell Cycling Myocytes Myofibers
myoblasts
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(Myf5) MyoD
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Current Opinion in Cell Biology

Figure 3.25: Schematic representation of adult myogenesis. Quiescent muscle precursor cells
become activated by external stimuli from the micro-environment or upon injury. The cycling
skeletal myoblasts express the paired-box transcriptions factors Pax7 and Pax3, as well as the
myogenic regulatory factors Myf5 and MyoD. Once committed to differentiation, myoblasts stop
cycling and lose expression of Pax7, Pax3, and Myf5. Differentiating myogenin*'¢ myocytes align
and fuse to form multinucleated myofibers. MRF4 is further required for hypertrophy of the new
fibers [Adapted from (Le Grand F et al., 2007)].

129



Results

The POU (Pit I, Oct |, and Oct 2, Unc 86) domain is a bipartite DNA-binding domain, consisting
of two highly conserved regions (POU-specific domain and POU homeodomain) tethered by a
variable linker. The POU domain contain containing proteins are sub-divided into six broad classes
and the members are heavily involved in various developmental processes (Lakich MM et
al.,1998; Ryan AK et al.,1997). POU6F1, variously known as mPOU, Brn-5, or TCFpI, is a
transcription factor which is distantly related to other POU proteins that binds preferentially to a
variant of the octamer motif (5-ATGATAAT-3'). POU family members are involved in multiple
processes ranging from cell fate decision of embryonic stem cells to cellular housekeeping. These
family members possess two DNA-binding subdomains which have a bipartite arrangement of
POU-specific (POU(S)) and POU-homeobox (POU(H)) subdomains separated by a linker region.
The POU specific domain spans between 139 and 213 residues while the homeobox resides
between 234 and 293 (Figure 3.26).
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Figure 3.26: Schematic representation of various domains of mPOU. The DNA binding domain

— 139

[ GIn/Pro-rich

of mPOU is a bipartite domain consisting of a POU specific and a homeobox domain linked by a
flexible linker, while the N-terminal half is rich in GIn and Pro residues. The corresponding amino

acid numbers are represented for each of the domains.

The POU-family proteins play a vital role in controlling cell-fate determination and the timing of
cellular events in a number of tissues (Wu R et al., 2001). Several members of the POU family
have been identified as being transcription factors involved in various aspects of transcriptional
regulation (Rosenfeld MG, 1991; Ruvkun G et al., 1991). The octamer element can be described
as a bipartite site, with POU(S) contacting the ATGC sequence and POU(H) contacting the AAAT
sequence (Laughon A et al., 1991; Verrijzer CP et al., 1992). mPOU is expressed exclusively in
the developing embryonic brain neocortex, whereas its expression is restricted to brain, heart,
skeletal muscle and lung in the adult stages. Recent observation that the expression of TCFB1 in
both B and T cells and their ability to bind octamer and octamer-related motifs suggest that TCF1

has additional roles in lymphoid cell functionality. Expression of POUGFL1 in the epithelial ovarian
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carcinoma derived cell lines have shown the importance of mPOU in the proliferation of clear cell

adenocarcinoma of the ovary.

Based on the in-silico screening and subsequent biochemical studies carried out in our laboratory,
mPOU was identified to be a putative substrate of AurkA and Ser-197 was found to be the probable
site of phosphorylation (Karthigeyan D et al., 2018). Although mPOU is reported to be expressed
in a tissue specific manner in the adult stages of mice, the functional role of this transcription factor
in tissue homeostasis remains unclear. The present study seeks to address the role of mPOU on
one of mPOU expressing tissues systems- skeletal muscles, taking into consideration the well-
established C2C12 myoblasts as a model system for the study. The following section, therefore,
describes the functional outcome of AurkA and mPOU manipulations in skeletal muscle

differentiation.
3.3.1. mPOU is phosphorylated at Ser-197 in cells

In order to study the existence of Ser-197 as a phospho-site in cells, we immunoprecipitated Flag-
mPOU from HeLa cells (Figure 3.27) and carried out LC-MS/MS mediated analysis.

Molecular
marker (kDa)
Flag-mPOU

EV

S &
bz

s | <-Flag-mPOU

w
N
!

7

15
10

Vi ¢y

1 2

Figure 3.27: Purification of Flag fusion mPOU protein from HeLa cells. Flag tagged mPOU
fusion construct was transiently overexpressed in HeLa cells and purified using M2 agarose-based

affinity purification. The purified fraction was separated on a 5-20% gradient SDS-PAGE and
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stained with coomassie brilliant blue. The profile of Flag tagged mPOU fusion protein has been
represented.

Although we could achieve only 50% coverage of the entire protein in the mass spectrometry
mediated peptide fragmentation (Figure 3.28A; highlighted in red), we could still find several
phosphorylated sites of mPOU in cells, namely, Ser-74, Thr-75, Ser-78, Thr-194, Thr-239, Ser-
240, and Thr-242. Interestingly, we could also detect Ser-197 (Figure 3.28A; highlighted in blue)
as a phosphorylated site in cells, the mass spectra of which is represented in Figure 3.28B.
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Figure 3.28: Mass spectrometric analysis of Flag-mPOU phosphorylation sites in HelLa cells.
A. Coverage of the amino acid residues in the LC-MS/MS bases analysis of Flag-mPOU has been

indicated in red. Ser-197 residue has been highlighted in blue. B. Mass spectra for phosphorylated
Ser-197.
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3.3.2. POUGF1 is phosphorylated by Aurora A kinase in vitro at Ser-197

We generated an anti-phosphorylated mPOU antibody specific for Ser-197 phosphorylation using
phospho-oligo peptides (cf- Section 2.6.2.) and observed that the antibody could recognise the
recombinant phosphorylated mPOU-WT protein but not the mPOU point mutant where Ser-197
is mutated to Ala (Figure 3.29). This result signifies the specificity of the antibody as well as
highlights that Ser-197 is indeed phosphorylated by AurkA.
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Figure 3.29: Hiss-mPOU WT or S197A point mutant were subjected to in vitro kinas assay using
5mM ATP and the corresponding wester blot representation for phospho-Ser197 antibody is
shown. Direct blue staining represent that similar WT and mutant protein amounts were used for

the reaction.

3.3.3. Phosphorylation of mPOU at Ser-197 dramatically inhibits its cognate
DNA binding

mPOU is a transcription factor that binds a bipartite octamer motif. We studied the effect of mPOU
phosphorylation at Ser-197, on its DNA binding property. Interestingly, Ser-197 is one of the
critical residues which directly contact the sugar-phosphate backbone of the consensus DNA
element. This led us to hypothesise that phosphorylation of this residue might cause a partial
disruption of the interaction between mPOU and its cognate DNA site. In order to validate this,
we carried out gel-shift assays for recombinant Hise-WT, S197A (phospho-deficient) and S197D
(phospho-mimetic)-mPOU proteins using a Brn-5 promoter oligonucleotide with the following

sequence:
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5’-GATCTGCTCCTGCATGCCTAATAGG-3’
3’-CTAGACGAGGACGTACGGATTATCC-5’

In agreement with our hypothesis, we observed that the phospho-mimetic (S197D) mutant exhibit
a drastic and complete loss of the cognate DNA binding even at the highest protein concentrations
(Figure 3.30). This result highlights the importance of Ser-197 and the possible role that AurkA
mediated phosphorylation may play toward consensus DNA binding by mPOU in a physiological

context.
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Figure 3.30: Autoradiogram profile of a native PAGE performed using increasing amounts
(100ng, 125ng and 150ng) of Hiss-mPOU WT, S197A or S197D proteins purified from E. coli. The
poly-histidine tagged proteins were allowed to form complexes with radiolabelled Brn5
oligonucleotide specific to POU6F1 for 30mins at 30°C. Each of the reactions were loaded on a
4% native PAGE and subjected to electrophoresis in 0.5X tris-borate EDTA (TBE) buffer for 2hrs
at 150V at 4°C so as to ensure the integrity of the complexes. The gel was then dried and exposed

against an X-ray film for 6hrs so as to visualize the complexes formed.
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3.3.4. Catalytic activity of AurkA is necessary for skeletal muscle differentiation

The function of AurkA during the transition from proliferation to differentiation of myoblasts is
unknown. To study the necessity of AurkA catalytic activity and to distinguish between the roles
of AurkA and AurkB in skeletal muscle differentiation, we treated C2C12 myoblasts with AurkA-
or AurkB-specific inhibitors, MLN8237 or ZM447439, respectively and observed a significant
decline in the expression of myogenin and myosin heavy chain levels upon MLN8237 treatment,
but not for ZM447439 treatment (Figure 3.31A, compare lanes 2 vs 3 vs 4). Myf5 was found to
undergo downregulation with the onset of differentiation (Figure 3.31A, lane 1 vs. 2), as reported
earlier. AurkA inhibitor treatment led to a modest rescue of Myf5 levels, highlighting that the
inhibitor treated myoblasts are retarded toward differentiation. These results indicate the critical
role of the kinase activity during the onset of skeletal muscle differentiation. Furthermore, we
observed a dramatic decline in the mitotic marker-H3S10 phosphorylation upon induction of
differentiation, as the cells undergo G1 phase block upon differentiation induction (Figure 3.31B,
lane 1 vs. 2), which further reduced upon inhibitor treatment (Figure 3.31B, lane 2 vs. 3 and 4).
These results indicate that the myoblasts are exiting mitosis upon differentiation. Alternatively, as
Aurora kinase phosphorylates histone H3 at Ser-10, a reduction in the level of the kinase upon

differentiation concomitantly reduces H3 phosphorylation.
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Figure 3.31: Catalytic activity of AurkA is necessary for differentiation. Representative western
blot exhibiting the altered expressions of the differentiation specific markers’ levels (A) or H3S10
phosphorylation (B) on Dayl of C2C12 differentiation, using the indicated antibodies in the
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presence of MLN8237 and ZM44732 that inhibits AurkA and B, respectively. C2C12 myoblasts,
maintained in proliferative media (DMEM,20%FBS), were treated with the corresponding
inhibitors or DMSO for 2hrs prior to shifting them to differentiation media (DMEM,2% Horse
serum). The cells were further treated with the compounds for a period of 24hrs (D1) before

harvesting and lysing for analysis.
3.3.5. mPOU expression opposes skeletal muscle differentiation

We sought to understand the necessity of mPOU protein in the context of muscle differentiation.
In this regard, C2C12 myoblasts were transfected with Flag tagged mPOU WT construct and the
cells were induced to differentiate for 48hrs in the differentiation media. We observed a reduction
in the levels of myosin heavy chain (MHC) (Figure 3.32A; right panel), a differentiation specific
protein marker. Concordantly, the opposite effect was observed when C2C12 myoblasts were
transfected with mPOU specific SIRNA. We witnessed that the levels of MHC were increased
manifold for the mPOU-siRNA treated cell population as compared to the control cells upon
differentiation induction (Figure 3.32B; right panel). These results signify that mPOU may play a

role which is opposite to that played by AurkA in the process of skeletal muscle differentiation.
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Figure 3.32: mPOU inhibits skeletal muscle differentiation. A; left panel. Representative bright
field images of two different fields of C2C12 myoblasts overexpressing either the empty vector
construct (Flag-EV) or WT-mPOU (Flag-mPOU WT) construct, captured at 10X magnification
48hrs post onset of differentiation. B; left panel. Representative bright field images of two different
fields of C2C12 myoblasts transfected with either the control siRNA (si-Control) or mPOU specific
SiRNA (si-mPOU), captured at 10X magnification 48hrs post onset of differentiation. The
corresponding western blots for the indicated proteins extracted from mPOU overexpressed or

downregulated cells, have been shown on the right panels for A and B respectively. Scale bar
represents 100um.
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CHAPTER 4: SUMMARY

Aurora kinases are well-studied mitotic kinases whose transcriptional roles are poorly studied. In
an earlier attempt to uncover the non-mitotic functions of Aurora kinases through substrate
phosphorylation, a screen for identification of novel protein targets was carried out in our
laboratory (Karthigeyan D et al., 2018). The experimental strategy encompassed randomly
designed oligo-peptides harbouring Ipll (yeast Aurora kinase) consensus phosphorylation motif
flanked by different combinations of amino acid sequences. Five novel proteins factors, including
Max was identified as the probable targets of Aurora kinase A (Karthigeyan D, and Kundu TK;
unpublished). We observe that Max exhibits promiscuity as a substrate for both Aurora A and B
kinases in its full-length protein context, as determined by in vitro assays. However, using specific
small molecule inhibitors that display robust specificity against Aurora A or B Kkinases
respectively, we identify Aurora kinase B as the likely kinase phosphorylating Max in vivo at
multiple C-terminal serine residues. Interestingly, these serine clusters lie in close proximity to the
nuclear localization signal of Max, which prompted us to study a probable effect on Max
localization upon perturbation of these putative phosphorylation sites. Using phosphorylation-
deficient or mimetic mutants, we observe that phosphorylation endows Max with a greater
efficiency of nuclear localization. This result highlights the probability of an effect on Myc/Max
target genes through phosphorylation dependent alteration of Max sub-cellular distribution.
Concordantly, Aurora kinase B knockdown or inhibition in triple negative breast cancer (TNBC)
cell line, MDA-MB-231, causes a significant alteration of gene expression of the Myc/Max direct
target genes. We also observe an upregulation in the expression of genes like RARB and GATAG6
upon Aurora kinase B knockdown, which might be an indirect evidence of RARa/Myc hetero-

oligomer formation owing to a potential compromise in Myc and Max dimerization in the nucleus.

Apart from studying the modulation of the transcriptional outcomes of Myc through Max
phosphorylation, we also address one of the potential modes of dysregulation of Aurora kinase B,
through protein stabilization, in cancer. We find that Tip60 acetylate Aurora kinase B at two
closely spaced lysine residues and not only inhibits its kinase activity but also its protein stability.
Aurora kinase B, on the other hand, impinges upon Tip60 gene repression and therefore, dictates

the choice of DNA damage repair. Elevated expression of Aurora kinase B inhibits HR and
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facilitates NHEJ. We also observe that Aurora kinase B is capable of inflicting DNA Damage
Response (DDR), as is evident by the alteration of basal levels of YH2AX with that of Aurora

kinase B levels.

Finally, we study a potential aspect of regulation of a non-oncogenic, yet physiologically important
function of Aurora kinase A in the regulation of skeletal muscle differentiation. We find that the
catalytic activity of Aurora kinase A, but not Aurora kinase B, is necessary for maintaining the
differentiated state of skeletal muscles. Using small molecule chemical inhibitors, we demonstrate
that Aurora kinase A inhibition leads to a complete block in the differentiation process.
Furthermore, overexpression of one of the novel Aurora kinase A substrates, mPOU, retards
C2C12 myoblast differentiation. These results emphasize the possible operation of a negative
feedback loop between Aurora kinase A and mPOU in the differentiation of skeletal muscle

differentiation.
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CHAPTER 5: DISCUSSION AND FUTURE PERSPECTIVES

Chapter Outline

5.1. Discussion

5.1.1. Ramifications of Aurora kinase B expression on Myc/Max target genes in

cancer manifestation

5.1.2. Tip60-Aurora kinase B negative feedback loop in determining

carcinogenesis

5.1.3. Aurora A-mPOU axis of action in the regulation of skeletal muscle

differentiation
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5.1. Discussion

Aurora kinase B is the catalytic component of the chromosomal passenger complex (CPC) and
ensures proper chromosome alignment and segregation. It also assists in cleavage furrow
formation and cytokinesis and hence, a reduction in its kinase activity by either small molecule
chemical inhibitors or RNA interference gives rise to chromosome segregation defects and
aneuploidy. Aurora kinase B overexpression in cultured cells and mouse model is reported to be
tumorigenic by inhibiting p53 and p21 activity (Gully CP et al., 2012; Gonzalez-Loyola A et., 2015)
or by modulation of Myc dependent tumours (den Hollander J et al., 2010; Yang D et al., 2010).
Furthermore, the paralogue, Aurora kinase A, has been reported to participate in varying signalling
events which culminate into tumorigenesis and cancer progression (Katayama H et al., 2004;
Briassouli P et al., 2007; Otto T et al., 2009; Lu L et al., 2015; Zheng F et al., 2016).

The present study contributes to the expansion of our knowledge about Aurora kinase biology
from two distinct dimensions. We not only highlight the novel oncogenic roles of Aurora kinase
B in cancer manifestation but also emphasize the importance of the kinase activity of Aurora A in
the regulation of a basic physiological process of skeletal muscle differentiation. We could further
segregate the effects of dysregulated Aurora kinase B in carcinogenesis into two definite sub-
actionable modes, firstly through the modulation of transcriptional output of the enigmatic Myc
oncogene through Max phosphorylation and secondly, by pitching the balance of DNA damage
repair in favour of an error-prone DNA damage repair pathway on the other, thus generating a

toxic cocktail for conferring malignancy to an otherwise normal cell.

5.2. Ramifications of Aurora kinase B expression on Myc/Max target genes in

cancer manifestation

We identified Myc Associated factor-X (MAX) as a probable substrate of Aurora kinase A in a
screen, directed to the identification of novel nuclear or nucleolar proteins whose involvement lie
within the realms of transcription and DNA repair (Karthigeyan D, and Kundu TK; unpublished).
Max belongs to the bHLH-LZ superfamily of proteins and plays non-redundant roles in

development (Shen-Li H et al., 2000). It is an obligatory dimerization partner of Myc (Blackwood
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E.M. et al., 1991) and is necessary for E-box dependent transcription and oncogenesis. Max,
however, displays a biphasic nature of regulation depending on the cellular concentration of Myc
(Prendergast GC et al., 1992). It usually forms a homodimer or may heterodimerize with other
bHLH-LZ family proteins like Mad, Mxd, MIx and Mnt (usually called the Max network proteins).
Myc, being an immediate early response gene, exhibit growth factor dependent expression.
Accumulation of high Myc levels in cells sequester Max away from the other bHLH-LZ family
proteins and forms the c-Myc/Max heterodimer, which in turn affect the downstream target genes.
Furthermore, post translational modifications like phosphorylation is noted to affect Max activity
and subsequently affects Myc/Max dependent functions. Casein kinase Il (CKII) is reported to
phosphorylate Max at its N-terminal Ser-2 and Ser-11 residues which inhibit its homodimer
formation (Berberich SJ et al., 1992; Prendergast GC et al., 1992). Although it is postulated that
CKII might also phosphorylate multiple C-terminal serine residues of Max that obey the CKII
consensus phosphorylation motif (Ser/Thr residues present within a microenvironment rich in
acidic amino acids like Asp or Glu), the results do not conclusively reveal the involvement of this
kinase. Interestingly, mutation of these C-terminal serine residues to the corresponding phospho-
deficient mutant (S131A-S133A-S135A) hampers the DNA binding of the Myc/Max heterodimer
while assisting the same for the Max homodimer (Prendergast GC et al., 1992). Moreover, recent
reports indicate that Max mutations in hereditary pheochromocytoma and paraganglioma lead to
the generation of the truncated or mutated protein with altered functions (Comino-Méndez I et al.,
2011; Burnichon N et al., 2012). Intriguingly, Ser-133 is found to be mutated in a fraction of these
patients and postulated to affect Max homodimerization and hence the repressive functions, with

the disease as an outcome.

Using specific small molecule inhibitors, we found that Aurora kinase B, and not Aurora kinase
A, is the dominant kinase phosphorylating Max in cells. We also ascertained that the C-terminal
stretch of serine residues represent the likely target of phosphorylation which enforces nuclear
distribution of Max twice more likely, when compared to the unphosphorylated counterpart, in
cells. We conjecture that the nuclear enrichment of Max may serve as one of the limiting factors
in its dimerization with Myc in the nucleus and in determining Myc/Max dependent transactivation
of the enhancer-box (E-box; the consensus DNA element for Myc/Max heterodimer) containing
target gene promoters. A reduction of Max C-terminal phosphorylation may, therefore, cause

reduced Myc/Max dependent transcription.
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With an aim to study the effects of Aurora kinase B phosphorylation of Max on the modulation of
Myc/Max target genes, we focussed on a cancer model which displays dependence on the Myc
oncogene. Breast cancer is one such archetypical examples which displays Myc pathway
activation, albeit with a certain specificity. It has been shown that the gene expression signature (a
subset of genes whose differential expression constitutes a hierarchical cluster and can be used as
a reference to define a subtype-specific gene expression pattern) of the basal-like or the TNBC
subtype is reminiscent of the core set of genes which are being modulated by Myc upon activation
by growth factors (Chandriani S et al., 2009; Horiuchi D et al., 2012). Furthermore, Myc shows
preferential overexpression in TNBC cells, which partially explains Myc-addiction observed for
the TN tumours (Brasé-Maristany F et al., 2016; Horiuchi D et al., 2016).

We sought to study a probable synthetic lethality that may exist between the Myc network and
Aurora kinase B knockdown/inhibition, which may not only address the effects of Aurora kinase
B perturbation on the Myc/Max targets but also possibly unveil Aurora kinase B as a therapeutic
vulnerability for Myc dependent cancers. Upon analysis of a TCGA cohort of breast cancer patient
samples, we observed that Aurora A and B kinases exhibit significant upregulation at the transcript
level in the tumours as compared to the normal samples. Intriguingly, we also unveil a significant
preponderance for upregulation of both Aurora A and B kinases in the basal-like/triple negative
(TN) tumours over the other subtypes and normal samples. We considered TNBC as a model
system and employed MDA-MB-231 TNBC cells for studying the effects on Myc/Max dependent
gene expression patterns. In agreement with the hypothesis of higher nuclear retention of Max by
Aurora kinase B phosphorylation, we indeed observed that either downregulation or inhibition of
Aurora kinase B affected the Myc/Max activated or repressed gene sets. Interestingly, we also
observed a concomitant enhancement in the transcription of certain differentiation related genes
like GATA3, GATA6 and RARB in triple negative breast cancer cells upon Aurora kinase B

knockdown.

An earlier attempt to study the Max independent functions of Myc led to the identification of an
interesting synergy between retinoic acid receptor-a (RARa) and c-Myc which seemed to be
dependent on the PAK2 kinase (a stress activated kinase). PAK2 phosphorylates the C-terminal
basic helix-loop-helix domain of c-Myc which causes its dissociation from Max (Uribesalgo | et

al.,, 2011). The phospho-mimetic mutant of c-Myc (PAK2 phosphorylated residues), when
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overexpressed, was observed to interact with RARa and transcriptionally activate the pro-
differentiation genes like RAR-S (RARB), GATAG6 and the HOX gene clusters from retinoic acid
response elements (RARES) that are present on the promoter of these genes. This causes a switch
from an oncogenic to a tumour suppressive role for c-Myc. As our gene expression results display
an upregulation of the RARa target genes upon Aurora kinase B downregulation, we propose that
this may occur owing to the accumulation of a free pool of monomeric c-Myc, which may now
bind to RARa and affect the differentiation-related target genes in a RARE-dependent manner.
This result emphasizes a possible reduction of Myc and Max dimerization when Aurora kinase B
is targeted in cells.

TN tumours display poorly differentiated morphology and a majority of these tumours exhibit
massive downregulation of GATA3. GATA3 is a marker for the breast luminal cells (Kouros-Mehr
H et al., 2006) and an enforced GATA3 expression in TNBC cells lead to a change in gene
expression signature from basal-like to the luminal-like pattern (Chu IM et al., 2012). Furthermore,
GATA3 expression is tumour suppressive in nature and causes a reduction in migration and
invasive properties of the TNBCs in mice (Yan W et al., 2010; Dydensborg AB et al., 2009; Chu
IM et al., 2012). Our observation of GATA3 de-repression in Aurora kinase B knockdown cells
reflects a promising strategy to overcome the poor differentiation observed for TN tumours and
possibly rescue the chemo- and radiotherapeutic resistances observed for these tumours. Based on
our preliminary observations and speculations, we propose a model for the action of AurkB
mediated regulation of Myc/Max dependent gene transcription and the probable effects that might

emanate upon AurkB perturbation (Figure 5.2.1).
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Figure 5.2.1: Proposed model highlighting the intricate regulatory mechanism for Myc/Max
dependent and independent transcription by Aurora kinase B [1- E-box engagement of Myc/Max
heterodimeric complexes with co-activators like p300 or Tip60; 2- Homodimeric Max, generated
upon AurkB perturbation displaces Myc and occupies the E-boxes; 3- “Free” Myc interacts with
factors like RARa and is recruited to differentiation related genes; 4- Reduction in Max
phosphorylation levels upon AurkB knockdown or inhibition expels it out of the nucleus, thus

reducing the probability of Myc/Max heterodimerization].

Our results on perturbation of Aurora kinase B and the subsequent effects on Myc/Max dependent
gene expression is enthralling in the light of the fact that Myc is undruggable. Various efforts have
been undertaken till date to identify the synthetic lethality associated with Myc. We believe that
Aurora kinase B may represent one of such therapeutic vulnerabilities which can be targeted using

highly potent and specific small molecule inhibitors (like the orally bio-available AZD1152-
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HQPA) to contain the oncogenicity of Myc dependent cancers. As the initial observation of Myc
regulating RARB expression in conjunction with RARo was made in HL60 (promyelocytic
leukaemia) cells (Uribesalgo 1 et al., 2011), we speculate that Aurora kinase B perturbation for
Myc dependent cancers will prove to generate feasible therapeutic options and likely to be effective
across solid and haematological malignancies. However, as it is understood that Myc, not being a
pioneer transcription factor (Soufi A et al., 2015), binds to genomic locations possessing active
chromatin marks (Guccione E et al., 2006; Zeller KIl et al., 2006), and which is further facilitated
through Myc-dependent recruitment of co-activators like p300, PCAF and Tip60 (Faiola F et al.,
2005; Frank SR et al., 2003; Liu X et al., 2003), we argue that the set of genes directly modulated
by Myc/Max complexes would differ depending on the cell type, as the active chromatin state
varies for different cell lineages. Moreover, as the mechanism of Aurora kinase B mediated Max
phosphorylation seems to be a more general event which might be prevalent in probably all cells,
it is also necessary to study whether the viability of normal cells get affected upon Aurora kinase
B perturbation.

Our observations bring forth new avenues of studying Myc biology. We speculate that it will be
important to study two aspects which might vary on the cell type under consideration. Firstly, the
study of the Myc interactome upon Aurora B perturbation will reveal the protein partners that are
necessary to bring about tumour suppressive functions by Myc, as carried out by RARa. Secondly,
subsequent ChlP-sequencing of Myc under the same conditions may reveal the actual genomic
targets that Myc engages in a Max independent manner, in association with other proteins or
transcription factors, to bring about its tumour suppressive roles. These studies will, in retrospect,
represent the cohort of genes that are being modulated by Aurora kinase B overexpression, through
constant Max phosphorylation, to bring about Myc/Max dependent oncogenesis as opposed to
tumour suppression. Although RARB re-expression, which is otherwise repressed in TNBCs, is
being targeted as a pro-differentiation therapy (Merino VF et al., 2016; Bansal N at al., 2016), and
our result of RARB de-repression upon Aurora kinase B knockdown is intriguing, we still believe
that the reach of Max independent functions of Myc may be beyond the retinoic acid pathway and
can be answered by the Myc interactome and genome wide redistribution of Myc upon Aurora

kinase B perturbation.
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Finally, it is important and necessary to study two more aspects which may guide a future
investigation in the regulation of Myc/Max biology through Aurora kinases. Firstly, we have
observed that Myc in itself undergoes phosphorylation by both Aurora A and B kinases in vitro
(Figure 5.2.2A) and associates with Aurora kinase B in cells (Figure 5.2.2B). It would be
interesting and important to unveil the Aurora mediated phosphorylation residues on Myc which
will help us in understanding the supreme role of Aurora kinases in regulating the oncogenic

functions of Myc, in its entirety.
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Figure 5.2.2: Aurora kinase B phosphorylates c-Myc. A. In vitro kinase assay of 1jug each of
recombinant Hiss-Max (lane 2) and recombinant Hiss-Myc (lane 4) or 500ng of histone H3 (lane
5; positive control) was performed using Flag-AurkB purified from HEK291 cells stably
overexpressing Flag-AurkB and yP®? ATP. The coomassie staining for each of the lanes is shown
below the autoradiogram profiles for comparing the loading levels across each lane. B. Western
blot representation of co-immunoprecipitation showing the interaction between HA-His-Myc
(transiently overexpressed for 48hrs) and Flag-AurkB in HEK293 cells stably expressing Flag-
AurkB protein.

Secondly, while studying the localization of Max phosphorylation mutants in cells, we observed
that the cells harbouring the phospho-deficient mutant of Max were visibly bigger in size, possibly

indicative of a G2-M arrest. Myc, in association with Max, is well known to be necessary for the
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transactivation of genes that aid in G2/M progression. This result is introspective as it highlights
the possibility of reduced Myc and Max association and hence reduced expression of the cell cycle
progression genes. This prospect, however, needs to be quantified through DNA content analysis

using flow cytometry, post transfection with either the WT or the phosphorylation mutants of Max.

5.3. Tip60-Aurora kinase B negative feedback loop in determining

carcinogenesis

Post translational modification (PTM)s endow proteins with a plethora of alterative functional
options and has emerged as an important regulatory strategy in higher eukaryotes. Aurora kinases
are no exception and harbours numerous PTMs that dictate their spatial localization and kinase
activity. Acetylation is one of the PTMs which has transpired in the fine tuning of dynamic mitotic
processes (Robbins AR et al., 2005) and has bee shown to be necessary in the condensation of
mitotic chromosomes by Aurora kinase B (Li Y et al., 2006). Recent observations also highlight
intricate involvement of various HDACs with Aurora B at different stages of mitosis in

determining error-free mitotic progression (Fadri-Moskwik M et al., 2012; Guise Al et al., 2012).

The acetyltransferase Tip60 act as a transcriptional co-activator for many transcription factors like
c-Myc ((Frank SR et al., 2003), p53 (Tang Y et al., 2006; Sykes SM et al., 2006), E2F1 (Taubert
S et al., 2004; Van Den Broeck A et al., 2012), and NFKB (Briassouli P et al., 2007; Kim JW et
al., 2012). It also plays interesting repressive actions toward STAT3 (Xiao H et al., 2003). More
importantly, the role of Tip60 in DNA damage response is widely correlated (Squatrito M et al.,
2006; Ikura T et al., 2000; Sun Y et al., 2010; Ikura T et al., 2007; Ikura M et al., 2015; Sun Y et
al., 2005; Hu R et al., 2013) and recent evidences also highlight its involvement in facilitating the
accurate repair of DNA damage while inhibiting the error-prone repair pathways (Tang J et al.,
2013; Jacquet K et al., 2016; Clarke TL et al., 2017). Tip60 is further observed to be downregulated
in different cancer types (Gorrini C et al., 2007; Mattera L et al., 2009), with reduced Tip60 levels
consequently heightening mutation accumulation and genomic rearrangements (Bassi C et al.,

2016), possibly due to the enhanced functioning of the error-prone pathways.
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DNA is susceptible to incessant damage by endogenous and exogenous sources which pose serious
threat to the stability of the genetic code. DNA lesions can reach as high as 70,000 events per cell
per day (Lindahl T et al., 2000), majority of which are single strand DNA (ssDNA) breaks, arising
from oxidative damage or base hydrolysis. The conversion of these sSSDNA break events to a minor
fraction of double strand DNA (dsDNA) breaks can be potentially lethal. Cells have evolved
multiple pathways to repair these DNA lesions to maintain the stability of the genome. The major
pathways of repair of damaged DNA include the homologous recombination (HR) and the non-
homologous end joining (NHEJ) pathways, amongst others. HR dependent repair necessitates the
presence of a homologous template and is, thus, usually dependent on the S-phase of the cell cycle
and occurs through sister chromatid recombination (SCR) in somatic cells. HR/SCR is an infallible
mode of repair and maintains genomic integrity. NHEJ pathway, on the other hand, does not
require a corresponding template, and directly joins the broken ends with minimal or no homology.
It follows a comparatively rapid kinetics and is more error-prone as it leads to generation of
mutations and translocations at the broken end. NHEJ consists of at least two sub-pathways-
“classical” NHEJ (C-NHEJ) pathway which is dependent on the Ku heterodimer and *‘alternative’’
NHEJ (A-NHEJ) pathway, which usually generates microhomology sequence-mediated end
ligation. Cancer cells may preferentially utilize the NHEJ pathway to repair the damage and
subsequently introduce mutations that can be eventually selected to provide growth advantages.
Overexpression of the NHEJ pathway proteins also confer radio- and chemotherapeutic resistances
to the cancer cells (Sirzén F et al., 1999; Shintani S et al., 2003; Zhang M et al., 2010). This
addiction has been exploited to selectively target proteins like ligase 1V, either singly or in
combination with chemotherapeutic agents to Kill tumours (Srivastava M et al., 2012). Germline
defects in DNA repair pathway genes or inactivation of the signalling events for repair or
enhancement of the error-prone NHEJ pathway signalling, therefore, generates a toxic milieu for
accumulation of further mutations or translocation events, concomitantly causing instability of the

genome.

Another aspect of genomic instability manifests itself through DNA ploidy alteration which arises
due to multiple centrosomes or improper spindle kinetochore attachment and failure of spindle
assembly checkpoint. Unequal chromosome segregation is a potent source of chromosomal gain
or loss that may affect cellular transformation. Aurora kinases have profound impact in inducing

ploidy alteration owing to their involvement in centrosomal and centromeric events. High Aurora

150



Discussion and Future Perspectives

kinase A levels cause centrosome anomaly wherein the centrosomes undergo more than one round
of duplication per cell division cycle. Presence of multiple centrosomes lead to errors in attachment
to microtubules, causing mis-segregation of chromosomes and serve as a major source of
aneuploidy in cells (Goepfert TM et al., 2002; Meraldi P et al., 2002; Lentini L et al., 2007). Aurora
kinase B, on the other hand, play pivotal role in kinetochore-microtubule attachment and formation
of cytokinetic cleavage furrow. Elevated Aurora B levels give rise to improper spindle assembly
checkpoint (SAC) and faulty cytokinesis (Krenn V et al., 2015; Gurden MD et al., 2016; Shandilya
J et al., 2016), thus giving rise to aneuploid and multinucleated cell population which also cause
centrosome amplification, concomitantly. Absence of a viable p53 dependent checkpoint
exacerbates the effect of Aurora A and B kinase overexpression on supernumerary centrosome
formation and polyploidization (Meraldi P et al., 2002; Giet R et al., 2005). Surprisingly, the
requirement of Aurora A is also highlighted in SAC, which functions through Haspin-Aurora B
feedback axis (Yu F et al., 2017).

Aurora kinase A has been extensively studied in the context of DNA damage repair regulation
(Katayama H et al., 2012; Wang Y et al., 2014), Furthermore, the existence of an inverse
relationship between Aurora A and B kinases and BRCAL/2 activity has been worked out well
(Wang Y et al., 2014). Moreover, the catalytic activity of Aurora kinase A has been shown to
inhibit both the HR and the NHEJ pathways (Sourisseau T et al., 2010; Do TV et al., 2017), placing
it at pivotal juncture in the regulation of DNA damage repair events. These results indicate Aurora
A to be an inhibitory kinase which must be inactivated for proper functioning of DDR to maintain
stability of the genome. In line with these results, it is observed that the kinase activity of Aurora
A is inhibited upon DNA damage and repair induction (Krystyniak A et al., 2006). Although
induction of DNA damage inhibits Aurora kinase B activity by multiple modes (Monaco L et al.,
2005; Fell VL et al., 2016), understanding of the molecular events related to Aurora kinase B

expression in influencing DDR pathway choice, however, is less clear.

We found a previously unanticipated link between Aurora kinase B and modulation of DNA
damage repair pathway. We were intrigued to find that Aurora kinase B modulates the basal levels
of yYH2AX, a marker for DNA damage response (DDR). DDR is an anti-cancer barrier that is
usually observed in pre-cancerous lesions (Bartkova J et al., 2005; Gorgoulis VG et al., 2005).

This observation paves way for coining of Aurora kinase B as a potential oncogene, as an elevation
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in the levels of various oncogenes like Myc, cyclin E and E2F1 inflict DDR (oncogene-induced
DDR) (Bartkova J et al., 2005; Gorrini C et al., 2007; Mattera L et al., 2009). Aurora kinase B was
also found to exhibit elevated expression in all the breast cancer cells we studied, as compared to
a normal-like epithelial cell line, MCF10A. Surprisingly, the levels of the haploinsufficient tumour
suppressor acetyltransferase Tip60, was found to be reduced in all the cells with elevated Aurora
B and Tip60 gene expression was validated to be de-repressed upon Aurora kinase B knockdown.
As the recent evidences bring forth the molecular discrimination that Tip60 carries out through H4
acetylation in promoting HR mediated repair and inhibiting NHEJ, our observation of Aurora
kinase B repressing Tip60 posed the probability of Aurora B elevation in expression in influencing
the choice of DNA damage repair pathway through Tip60 repression. We indeed observed that
ectopic Aurora kinase B expression inhibited HR and facilitated NHEJ dependent repair.

Additionally, we observed that Tip60 exhibits its tumour suppressive effects by acetylation of
Aurora kinase B at two highly conserved lysine residues within its kinase domain. Tip60 mediated
di-acetylation leads not only to the inhibition of kinase activity of Aurora B but also enforces a
reduction in its protein levels. Collectively, our observations underscore an intricate functional

interplay between AurkB and Tip60, frailty of which may be an initial event in carcinogenesis.

We conjecture that under normal physiology, Tip60 mediated acetylation may serve to contain
Aurora kinase B oncogenicity; elevation of AurkB levels in cancer through transcriptional
dysregulation or genomic amplification impairs Tip60 gene transcription, which subsequently
stabilize AurkB protein and pitches the balance in favour of faulty DNA damage repair and

genomic instability (Figure 5.3.1).
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Faulty DNA damage
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attenuation of DDR signalling

Figure 5.3.1: Proposed model for functional interaction of AurkB - Tip60 network in

carcinogenesis.

One of the important highlights that our study provides is about the suppression of HR mediated
DNA damage repair upon AurkB overexpression. Earlier observations have emphasized that HR
defective tumours are synthetic lethal for PARP1 inhibition. However, it is usually observed that
the tumours develop PARP inhibitor resistance owing to multiple reasons; one such reason being
the reversal of BRCA1 or BRCA2 mutations, which causes HR inactivation, to the WT allele. This
causes restoration of HR and loss of PARP1 inhibitor sensitivity. We postulate that the AurkB
overexpressing cells might be susceptible to PARP1 inhibitor mediated cell death, thus
emphasizing an underlying possibility of killing AurkB overexpressing tumours with PARP1

inhibitors.

Although our assays for Aurora kinase B overexpression in cells inflicting DDR signifies the
importance of Aurora kinase B as an oncogene, it is necessary to examine whether Aurora kinase
B can drive DDR in cells upon Tip60 knockdown or not. This study will clarify the haplo-

insufficient nature of the Tip60 tumour suppressor in the context of AurkB mediated oncogenesis.

As Aurora kinase B does not possess a DNA binding domain, the mechanistic understanding of
Tip60 repression by elevated Aurora kinase B levels is presently unclear and requires future

investigation. It is feasible that Aurora B engages transcriptional repressors onto the Tip60
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promoter or phosphorylate oncogenic transcription factors which in turn may repress Tip60
through the recruitment of co-repressors.

5.4. Aurora A-mPOU axis of action in the regulation of skeletal muscle

differentiation

Skeletal muscle differentiation represents a well-balanced act of cycling myoblasts and cell cycle
phase specific block to promote the initiation of differentiation. Induction of differentiation either
through stimuli from the microenvironment or adjacent fibres or muscle injury enforces a G1 arrest
of the otherwise cycling myoblasts, which now migrate (to the site of injury) and fuse with adjacent
myoblasts to give rise to cylindrical muscle fibres (Figure 5.4.1).

Satellite Basal
Myofiber cell lamina  Myonucleus

@
[+] o O

Injury l Proliferation

o ©0g

': 0% o
s P
oo

(&)

o O

Migration, adhesion
and fusion

e

l Fusion and growth

o o o

Figure 5.4.1: Muscle regeneration in adult mouse muscle. Injury induced segmental necrosis of

the myofibers activate the satellite cells which begin to proliferate and form myoblasts. The
myoblasts differentiate and then migrate, adhere and fuse with one another to form multiple

myotubes. Myoblasts/myotubes fuse with the already existing, uninjured myofibers to repair the
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injured myofiber. Regenerated myofibers are easily identified by the presence of centrally located
nuclei. A representative mouse muscle section, stained with Haematoxylin and Eosin, is depicted
in the cross-section for the corresponding schematic representation to illustrate the morphological
features of the tissue [Adapted from (Abmayr SM et al., 2012)].

Interestingly, Aurora B was reported to be necessary for the maintenance of the differentiated state
of skeletal muscles as Aurora kinase B specific inhibitor treatment led to the de-differentiation of
myoblasts to an undifferentiated phenotype (G Amabile et al., 2009). Independently, we uncovered
a hitherto unappreciated role of Aurora kinase A in the process of skeletal muscle differentiation
through a phosphorylation dependent regulation of the repressive E2F member, E2F4. We found
that Aurora kinase A is necessary for the switch of proliferating myoblasts to differentiating
myotubes by phosphorylating E2F4 and inhibiting its DNA binding. The phospho-deficient mutant
of E2F4 was also found to corroborate the inhibitory actions on the expression of differentiation

specific genes (Karthigeyan D et al., 2018).

We extended our investigations in the present thesis and observed the involvement of the catalytic
activity of Aurora kinase A in assisting the process of differentiation as the use of Aurora A-, but
not Aurora B-specific inhibitor retarded or inhibited muscle differentiation. We conjecture that the
requirement of kinase activity of Aurora kinase A might be implied not only through E2F4but also
through mPOU, which was previously identified in a screening in our laboratory, thus expanding
the reach of Aurora A in the process of differentiation. Conversely, we also found that mPOU
negatively modulate differentiation, a process which opposes Aurora A action. We hypothesize
the action of a negative feedback circuit operative between Aurora A and mPOU that functions to
maintain the homeostasis of muscle precursor cells and the proliferating and differentiating

myoblasts.

It is necessary to study the mechanistic details through which mPOU may inhibit the differentiation
process, especially in the context of satellite cell niche maintenance. It is possible that mPOU is
an important regulator for the maintenance of these muscle precursors, depletion of which is
facilitating differentiation, as has previously been observed for PAX7 (Zammit PS et al., 2006;
Olguin HC et al., 2004). Furthermore, our observation on the DNA binding activity of mPOU upon
Aurora A mediated phosphorylation implies a probable DNA binding independent role of mPOU,

possibly through the interaction with other mediatory factors, for its actions. Interestingly, mPOU
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possess a well conserved binding motif (RVWEF) for protein phosphatase 1 (PP1) towards its C-
terminus. A three-dimensional reconstruction of the structure of mPOU shows that Ser-197
residue, which is the major site for Aurora kinase A phosphorylation, lies in close proximity to the
PP1 binding motif (Figure 5.4.2). This depiction increases the probability of an Aurora kinase A-
mPOU-PP1 axis in determining the fate, timely cell cycle exit and differentiation entry upon injury

or receipt of cues for differentiation.

Figure 5.4.2: A three-dimensional illustration of mPOU bound to its cognate DNA [generated
using Chimera software]. Ser-197 (S197) and the PP1 binding (RVWF) motif (highlighted in
white) lie within 20-25 A° distance to each other (highlighted in red).

Our observations imply a negative regulation of muscle differentiation by Aurora A inhibitors. Of
late, many of such inhibitors are being pursued for clinical trials of both solid and haematological
malignancies. Our findings highlight potentially important implications for the current approaches
aimed at Aurora kinase A inhibition. One needs to exert caution as these inhibitors may lead to

serious problems of differentiation of the skeletal muscles for the patients.

156



Discussion and Future Perspectives

Finally, we screened for the probable KATS that acetylate Aurora kinase A in vitro and found that
P/CAF to be one of them, apart from p300 (Figure 5.4.3). It would be interesting to study the
function of Aurora kinase A from the perspective of P/CAF. Interestingly, P/CAF acetyltransferase
has been observed to be a therapeutic vulnerability for alveolar rhabdomyosarcoma (a form of soft
tissue cancer of the muscles), majority of which is being driven by PAX3-FOXO1 fusion oncogene
(Bharathy N et al., 2016). This investigation may not only aid in the understanding of the
function(s) of P/CAF mediated Aurora A acetylation but may also unveil therapeutic opportunities
for the treatment of this paediatric disease.
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Figure 5.4.3: P/CAF and p300 acetylate AurkA. In vitro lysine acetyltransferase (KAT) assay of
500ng of recombinant Hiss-AurkA purified from E. coli by using Hiss-p300, Flag-PCAF and Hiss-
Tip60 purified from Sf21 cells using suitable baculoviral constructs. The coomassie staining for
each of the lanes is shown below the autoradiogram profiles for comparing the loading levels

across each lane.
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