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2. Abbreviations

BAP1
BARD1
BCL2
BRCAl
CDK
CCNE
DNA
EMT

E2F
ER
HER2
NLS

PR
PARP
Rb
TUBG

UCH

BRCAL associated protein 1 protein
BRCALl-associated RING domain protein 1
B-cell lymphoma 2

Breast cancer susceptibility protein

Cyclin — dependent kinase

Cyclin E gene

deoxyribonucleic acid

Epithelial to Mesenchymal Transition

E2 promoter binding factor protein
Estrogen receptor
Human epidermal growth factor receptor

Nuclear localisation signal

Progestron receptor

Poly ADP-ribose polymerase
Retinoblastoma tumor suppressor protein
y-tubulin protein

Ubiquitin C-terminal hydrolase
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3. Introduction

Precise cellular machinery is needed to duplidateetukaryotic cell. Cell division is composed
of two consecutive processes: the interphase, wimeblves DNA replication, and mitosis,
which accurately segregates the replicated chromesanto the daughter cells [1]. The cell
cycle process produces two cells with identicalegiencontent to that of the parent cell. The
smallest part of the overall cell cycle length @il ceproduction is mitosis. The cell spends most
of its time in interphase. Cell cycle progressismaitightly regulated process, which involves
multiple checkpoints that monitor extracellular \gtb signals, cell size and DNA integrity. A
common feature of human cancer is cell cycle ddatigm, which is recognised by the
unscheduled proliferation, genomic instability asfdtomosomal instability [2]. The molecular
analysis of human tumours has shown that variouspooents of the cell cycle regulatory
system are mutated, overexpressed or eliminatdduman cancers [3]. As the rate of mitosis
increases, the chances of further DNA damage iseggaand the growth of cells becomes
completely unregulated. Thus, the result is unadle cellular mitosis, which may lead to
cancer.Therefore, understanding the molecular mechanisirtheoderegulation of cell cycle
progression in cancer can provide important insighto how normal cells become tumorigenic

and how new cancer treatment strategas be designed.
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4. Thecdl cycle

A cell reproduces by performing a series of evemtsich results in the duplication of its
contents, leading to its division into two identidaughter cells. This cycle of duplication and
division is known as the cell cycle. The cell cyiddightly regulated and has evolved a complex
network of regulatory proteins [2-4]. In eukaryotiells, the cell cycle is divided into four
distinct phases: the Gap |, Synthesis, Gap |l anthdi$ phases. The first gap, which is also
named the growth phase (Gap 1), initiates at tleadrihe previous M phase and continues until
the beginning of DNA synthesis. A high rate of jiahetic activities in the cell is observed
during this phase, resulting in an increased supplyroteins and number of organelles, and the
cell grows in size [5-7] During the synthesis (8ape, which occurs between the Gap | and Gap
Il phases, the complete DNA is duplicated. The sdcgap (Gap Il) occurs between DNA

synthesis and mitosis to ensure that everythimgady to enter the M phase [7]

Typically, in a mammalian cell cycle, it takes ab&0-12 hours for DNA duplication or S phase
to occur, and during the M phase, the chromosoregegates and the final cell division takes
place. During the M phase, the nuclear componerdslize replicated chromosomes are divided

into two identical daughter cells by the last stemitosis, cytokinesis (Figure 1).
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Figure 1. The cedl cycle. GO (dark aqua) is a resting phase. Some cellsditiging, which might be a
temporary resting period or more permanent. Celisease in size in Gl (aqua) phase. Cellular cositen
like RNA and protein, except chromosomes, are dafgid. Chromosomes are replicated during S phase
(purple). In Gl (pink), the cell double-checks ttaplicated DNA for errors, and makes any needed
repairs. Finally, in M phase (olive), the cell digs into two daughter cells. Immunofluorescencegegsa

showing DNA (blue) and microtubules (green) thraugftthe cell cycle in human breast cell lines.

The cells monitor the internal and external enuvinent to ensure that conditions are suitable
before the cell commits to cell division. Extra gatpases are inserted into cell cycle. The Gap |
phase is inserted between the M and S phases. @pdi®hase is between the S phase and

mitosis. The length of the Gl phase can vary dejmgnoin the microenvironmental signals [5].
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Unfavourable extracellular conditions lead thesc@dl enter a specialised resting state, known as
GO, in which they can remain for a long time befagsuming proliferation. If the extracellular
conditions are favourable, cells in early Gl or @0gress through a commitment point near the
end of Gl, known as the restriction point [8, 9ftek passing this point, cells are committed to
divide [7]. DNA replication and cell cycle progrems can be halted by cellular stress, such as
DNA damage. [8, 9]. Disturbed checkpoints, resgltin uncontrolled cell proliferation, have

been linked to many forms of cancer [9-11].

4.1 Regulation of the cell cycle

Progression of the cell cycle is controlled by wally activated protein kinases, known as

cyclin-dependent kinases (CDKSs), which consist dkT Cdk2, Cdk4/Cdk6[2, 12-15].

The activity of these kinases differs through te# cycle, which leads to cyclical changes in the
phosphorylation of intracellular proteins thatimié or regulate the major events of the cell cycle
[1-3]. The activity of CDKs is controlled by otheroteins known as cyclins, which have no
protein kinase activity [16]. Cyclins undergo a leyof synthesis and degradation in each cell
cycle, which results in the cyclic assembly andvation of the cyclin-CDK complexes, and this
activation in turn triggers cell cycle events. Téare four classes of cyclins, defined by the stage
of the cell cycle in which they bind to the CDK$%[117]. The D-type cyclins form a complex
with Cdk4 or Cdk6, and complex activity is are regd during the Gl phagd8]. Before S
phase, just after the Gl checkpoint, the E-typdingdind to Cdk2, which is required for the

transition from the Gl phase to the S phase [3,18, The synthesis of A-type cyclins is
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promoted by proteins required for S-phase entry[23] the cell enters the S phagetype
cyclins replace the E-type cyclins as the partieCak2 [21-24]. The A-type cyclins exchange
partners from Cdk2 and form a complex with Cdkl1Sirphase [25]. The B-type cyclins are
known as mitotic cyclins, which bind to Cdk1, amé tactivity of cyclin B-Cdk1l triggers many
of the events during mitosis [26]. The cell cycimgression depends on the balance between
CDK activation and inactivation, which in turn, éggls on the expression level and availability

of the different cyclins [16] (Figure 1).

Tight regulation of cell cycle progression is @dti for the normal development of organisms and
the prevention of cancer. There are numerous fatorolved in the cell cycle regulation
processes. The retinoblastoma family of proteimyplan essential role in the regulation of the
cell cycle by controlling the activity of E2F [2723 The expression of factors involved in cell
cycle regulation is also regulated at the levatrahscription, post-translational modification and

protein stability. [27, 33].

4.2 Retinoblastoma

The product of the retinoblastoma tumour suppregeae (RB) is a key regulator of entry into
cell division. pRB acts as a signal transducer eching the cell cycle clock with the
transcriptional machinery, [34, 35] and allows tel to check the expression of genes that

mediate cell cycle progression from the Gl to theh&sg34, 36].
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The retinoblastoma family of proteins plays an esakrole in the regulation of the cell cycle by

controlling the activity of E2F [27, 37, 38].

pRB belongs to the pocket protein family, whichoalscludes p107 and p130, and they all bind
to the transcription factor family E2F through thieighly conserved carboxy-terminal domain,

i.e. the pocket domain [39-43]. The domain structur@RB consists of an N-terminal domain

(RbN), a central pocket domain, and a C-terminahaio (RbC), which is disordered except for
a short sequence that adopts a structure upon E2HY.

There are also several conserved consensus CDKlptiytation sites. The pocket domain of
pRB binds to the E2F transactivation domain (T ¢he RbC binds the E2F-DP marked box

domains. [44].

4.3 The E2 promoter binding factor family

In higher eukaryotes, the E2 promoter binding fa¢i®2F) proteins consist of a family of eight
members that function as transcription factors. ER& family was initially divided into two
groups of activators and repressors. Each E2F xart a variety of cellular effects, some of
which represent opposing actions. The activitypEcific E2Fs depends on the cellular context.
The main functional output E2Fs is the transcrimioactivation or repression of their target
genes associated with a variety of cellular praegssuch as inducing or inhibiting cell
proliferation, and enhancing or inhibiting apopsodihis complexity reflects the importance that
these transcription factors have on a cell’s fat&e47].

In most members of the E2F protein family, severablutionally conserved domains were

found, including a DNA binding domain, a dimerizati domain, which determines the
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interaction with the differentiation-regulated tsaniption factor proteins (DP), a transactivation
domain that is enriched in acidic amino acids, antumour suppressor protein—association
domain, which is embedded within the transactivatiomain [48, 49].

The E2F1 protein and another two members, E2FZE2#/®, have an additional cyclin-binding

domain. E2F1 binds preferentially to retinoblastopratein pRB in a cell cycle—dependent

manner. E2Fs can mediate both cell proliferatiosh gpoptosis [50-52].

5. Mitosisand the mitotic spindle

Mitosis is the process of dividing chromosomes myircell division in eukaryotic cells. An
intimate relationship between the cell cycle anel thromatin architecture has been observed in
mitotic cells [53, 54]. The usual method of cellidion is characterised by the compaction of the
chromatin into mitotic chromosomes, which is neededensure the fidelity of separating
identical genetic information into two daughterlgeduring mitosis [53, 55]. While mitosis is
happening, there is no cell growth and all of teutar energy is focused on cell division. The
final stages of cell cycle begin during mitosis, iethis conventionally divided into five

important stages, prophase, prometaphase, meta@amagdase and telophase [53, 55, 56].

During prophase, chromosome condensation initisdad, chromosomes become shorter and
fatter as the process progresses. The duplicatetbsemes separate to opposite ends of the cell.
The sister chromatid pairs become visible at ther Istages of prophase. During prometaphase,

the nuclear envelope breaks down, and the condestsednosomes spill into the cytoplasm.
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During metaphasethe spindle apparatus fully develops, and the coseld chromosomes align
at the metaphase plate. During anaphase, the dtgdichromosome pairs are pulled apart to the
opposite poles of the cell by mitotic spindle elatign. As the two genetically identical daughter
chromosomes reach the opposite poles of the edtiphase begins (Figure 2). The chromatin
decondenses and the nuclear envelope reforms wienmitotic spindle distributes the
duplicated chromosomes into two daughter ceéM#otic exit is then completed by mitotic

spindle disassembly. [57].

Errors in mitosis may lead to changes in the genmtaterial, which can potentially result in
genetic disorders [58, 59]. The successful comgetif mitosis requires correct functioning of
the mitotic spindle throughout mitosis [60, 61].€Timitotic spindle is composed of microtubules
that extend from the two opposing centrosomes (knasvthe microtubule-organising centres or
MTOC) [62, 63]. Diverse changes in the microtubule network havenbekntified and
characterised in a wide variety of cancers. Aliera in the chromosome number and structures
cause massive genetic instability, which is a hatkrof many cancel§4-66].

The molecular mechanism behind genome instabilitjudes the chromosome mis-segregation

during mitosis by the timely spindle assembly @adsembly is unknown[61].
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Figure 2. Mitosis in a human breast cell line. The progression of mitosis through the canonical
morphological stages is shown. Interphase — the DE\N#ill contained in the loosely coiled chromatin
Prophase — the chromatin with the replicated DNAvissble; Metaphase — the chromosomes arrange
themselves in the centre of the cells; Anaphaske-two chromatids are separated; Telophase — the
chromosomes move away from the centre of the loethunofluorescence images showing DNA (blue)

and mitotic spindle (green) throughout the mitasia human breast cell line.

5.1 Themicrotubuleregulatory protein y-tubulin

The main constituents of the spindle apparatusnduell division are microtubules, which are

filamentous polymers of the protein tubulin, in allkaryotic cells[67, 68]. The formation of a
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new microtubule from free tubulin dimers begins hwithe process of nucleation[69]
Microtubule nucleation requires another memberhaf tubulin family, y-tubulin, which is a
highly conserved protein in all eukaryotes [67,74)-y-Tubulin is one of the best-characterised
components of the microtubule-organising centrejclvhis involved in the initiation of
microtubule nucleation, centrosome duplication amtbtic spindle formation. [71, 75-80y-
Tubulin is found in two main complexes: thetubulin ring complex (TuRC), which is
involved in the promotion of nucleation of microtués, and the-tubulin small complex ¢
TuSC) [81-84]. The closer a cell is to the onseindbsis, the morg-tubulin accumulates at the

centrosome to support spindle formation [67, 85-88]

The precise duplication of the centrosome is alfiighgulated process during the cell cycle,
which is initiated by the assembly of daughter delds during the late GI/S phase [85, 89-92].
The activities of Cdk2—cyclin E and Cdk2—cyclintAe two kinase complexes that drive the cell

into the S phase, are important for controlling¢batrosome duplication [93-97].

y-tubulin is considered the most important prot@nthe regulation of centrosome number and
function. The centrosome is the major microtubuigaaizing center (MTOC) in most vertebrate
cells, and its function is important for establghifunctional bipolar mitotic spindle during

mitosis [77, 98, 99].

Centrosome-mediated spindle assembly provides awpgt to ensure high fidelity of

chromosome segregation, and thus, failure to plppentrol the centrosome number can cause
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the formation of an abnormal mitotic spindle, leadio chromosome abnormalities. Previous
studies have shown that ubiquitin interacts wHibulin, suggesting that this modification may
be involved in the maintenance of centrosome nurabdmprevent genome instability [77].

A wide range of centrosome abnormalities has beegquéntly found in early-stage lesions of
human tumours derived from breast and other tis@fs100]. Our recent data also indicate that
deubiquitination ofy-tubulin might be important for preventing abnormaitotic spindle
formation, and thus may direct and ensure the cbgegregation of chromosomes during the

cell cycle [101].

5.2 The chromosome and genome instability

The fundamental goal of mitosis is to accuratelpldate the genome and to produce two
genetically identical daughter cells. Daughter <@flust have the exact copies of their parent
cell's genome, and so any kind of failure to achidhis purpose, or an abnormally high
frequency of errors during this process, leads adous forms of genomic alteration in the
daughter cells, which is a major driving force omburigenesis. Genomic alterations may lead
to cell cycle retardation, imbalance between cetiwgh, death and cancer [102, 103]. An
increased rate of DNA alteration in tumour cellsde to chromosomal genomic instability[104].
Genomic instability may occur either from increasets of damage, from which normal repair
systems will not be able to restore genomic intggar defective repair systems being unable to
cope with normal rates of damage [103, 105-108fo@lmsomal instability.e. an increased rate
of chromosome mis-segragation in mitosis arisesnfra failure to maintain the correct

chromosomal complement[109, 110]. Chromosomal Inida can be caused by inappropriate
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chromosome segregation, including a weakened or-awtevated mitotic spindle assembly
checkpoint, sister chromatid cohesion defectsemeed kinetochorenicrotubule attachments or

the presence of extra centrosomes, bipolar spiaséembly and recombination[111, 112]. A
hallmark feature of nearly all solid tumours is @amstable genome and this instability occurs

early in tumour progression [105, 113].

6. The ubiquitination pathway

One of the most versatile post-translational modtfons is ubiquitination, which has roles in the
regulation of many essential cellular processes by targetingpttaéeins for assembly into
complexes, transport and degradation[114-117]. diiquitination pathway promotes covalent
attachment of highly conserved polypeptide ubiquiti protein substrates through the sequential
action of three enzymes named ubiqudttivating enzyme (E1), ubiquitin-conjugating emey
(E2) and ubiquitin-protein ligase (E3), whiphovides specificity. First, the E1 enzyraetivates
ubiquitin in an ATP-dependent manner afwims a high-energy thioester linkagégth the
carboxyl group of ubiquitin. The activated ubiguitis then transferred to the E2 enzyme.
Finally, ubiquitin is conjugated to tleamino group of an internal lysine residue in thbstrate
protein with the help of an E3 ligase enzyme [1ERBjgre 3). The protein ubiquitination can be
either a mono- or polyubiquitination, and the typleubiquitin modification determines the
function of the modified protein [114, 119-124]. igbitination can regulate protein stability,

cellular localisation, DNA repair and cell cycleogression [125-128].
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6.1 The deubiquitination pathway

Ubiquitination is a reversible post-translationalodiiication. The cleavage of covalently
attached mono- or polyubiquitin chains from thesdtdie protein, catalysed by deubiquitinating
enzymes (DUBS), is important to regulate the aboodar functional activity of target proteins
[129-133]. Deubiquitinasesare proteases that play fundamental roles in thquilm system
based on their ability to specifically deconjugatequitin from pro-proteins or target proteins
[134-138]. The deubiquitination process is alsmlagd in numerous cellular functions, such as
cell cycle regulation, proteasome- and lysosomesdéent protein degradation, gene expression,

DNA repair and kinase activation [134, 135, 139142

DUBs have multiple key roles in the regulation @llalar events. Firstly, activation of the

ubiquitin pro-proteins after translation may be uleged by the activity of DUBs. Secondly,

DUBs are essential for the recycling of the ubiquiholecules by cleaving them from the
substrates Thirdly, DUBs influence the stabilitypsbteins by rescuing them from degradation
before they are recognised by the degradation mawghi Finally, DUBs can also affect the
binding affinity of thesubstrate to its interactor protein by removingubgjuitin molecule from

its target and thereby regulate downstream prosg488, 134, 140].

The human genome encodes approximately 95 DUBghwiwve been divided into five major
classes: ubiquitin-specific proteases (USP), ubiguC-terminal hydrolases (UCH), ovarian

tumour proteases (OTU), Josephins, and the Jab1l/MBM34 metalloenzymes (JAMM, also
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known as MPN1) [143-145]. The large number of géamilies and individual members
suggests that they exhibit a significant degreesudfstrate specificity (Figure 3). Similar to
ubiquitination, deubiquitination is a highly regtdd process, and dysregulation of components
involved in the ubiqutin or deubiquitin pathway leaveen associated with many different human

diseases, including cancer [146-150].
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JAB1/MPN/Mov34
Metalloenzyme

h

Figure 3. The ubiquitination pathway. Ubiquitin (Ub; yellow) is activated for conjugatioy E1
(ubiquitin-activating enzyme; grey) then transfdrte E2 (ubiquitin-conjugating enzyme; blue). From
there, ubiquitin is transferred to a substrate Kddue). This process is catalysed by an E3 (ubigui
ligase; pink) enzyme. In some cases, substratesveea single ubiquitin, whereas in others, theeie
multiple ubiquitins linked together in different y& Ubiquitination is a reversible process.
Deconjugation of mono- or polyubiquitin is perforarigy the action of DUBs, which generate monomeric

ubiquitin from a specific substrate.
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6.2 The deubiquitination enzyme BRCA1-Associated Protein 1

BRCALl-Associated Protein 1 (BAP1) belongs to thequitin C-terminal hydrolase (UCH)
family of deubiquitinating enzymes (See Figure e UCH family consists of four members:
UCHL1, UCHL3, UCHL5 and BAP1[151, 152]. Although stoUCH enzymes are relatively
small, BAP1 is a large protein with a C-terminahdon that contains two nuclear localisation
signals, binding domains for BRCA1 and BARD1, amdNrterminal UCH catalytic domain
[153, 154]. BAP1 was initially discovered by theage two-hybrid technique as a protein that
binds to the breast cancer type 1 susceptibilibggdin (BRCA1) via the RING finger domain of
the latter. BAP1 is a tumour suppressor gene, arlieestudies have shown that the BAP1 gene
is deleted or mutated in various human cancer fyipekiding breast cancer, lung cancer, renal
cell carcinoma, metastatic uveal melanomas andgmetit pleural mesotheliomas [153, 155-
165]. The tumour suppressor property of BAP1 isetelent on its nuclear localisation and
deubiquitin activity [166]. BAP1 can suppress thevgh of non-small-cell lung carcinoma NCI-
H226 cells in culture and as solid tumours in atitynude mice [155]. We showed recently that
BAP1 deubiquitinatesy-tubulin, which was required to prevent abnormalotié spindle

formation and genome instability in breast canetis¢101].

Previous studies have shown that BAP1 plays kessrol several different cellular processes,
including regulation of transcription, regulatioh @ell cycle progression and the response to
DNA damage [166]. It has been reported that BARI&multiprotein complexes with several

chromatin-associated proteins, notably the hostfaetor 1 (HCF-1), and regulates transcription
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[151, 164, 167]. BAP1 can regulate cell cycle pesgion by influencing the expression of E2F1
target genes in uveal melanoma cells. Furthermbhas been found that BAP1 is involved in
the DNA damage response by mediating rapid poly(AibBse)-dependent recruitment of the
polycomb deubiquitylase complex PR-DUB to sites DINA damage [168, 169].

Phosphorylation of BAP1 at S592 is also an impantegulatory mechanism to dissociate BAP1

from chromatin and to regulate specific genes dubDNA replication and repair [170].
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7. Breast cancer

Breast cancer is one of the most common forms oterain women in the Western world,
accounting for approximately 30% of all cancer dages in Sweden (Socialstyrelsen, cancer
incidence in Sweden, 2011). The breast cancerencigl has increased over the last 20 years, but
this high incidence rate is being tempered by direan mortality (Socialstyrelsen, cancer
incidence in Sweden, 2011). This might be due &r#dtent advances in disease detection and
adjuvant therapeutic management [171]. Multipleddes; with different levels of significance,
have been linked to the risk of developing breastcer. These include both hereditary and non-
hereditary factors. Established risk factors inetuelarly menarche and late menopause; late age
at first childbirth; hormone-replacement therapfestyle and dietary choices; lack of physical
activity and high body mass index; high alcohol anffee consumption; smoking; and exposure
to ionizing radiation to the chest area at a yoagg [172-175]. The majority of breast cancers
are sporadic and non-familial. Germ-line mutati@hBRCA1 and BRCA2, associated with a
high risk of developing breast cancer, are onlyeded in 15-20% of cases in families with a

history of breast cancer [176-178].

Breast cancer is a heterogeneous disease witthalbgyee of diversity between tumours. The
traditional classification of breast cancer basedhigtology has been processed with a novel
molecular classification system based on the ggpeession patterns. Advances in technologies,
such as gene expression profiling of breast caissre, have provided new insights into the

heterogenic molecular composition of breast carared,have allowed us to identify molecular

29



subgroups with prognostic implications [179, 18@icroarray-based gene expression analysis
and unbiased hierarchical clustering have idewtifiee major molecular subtypes. A majority of
breast cancers are classified into two luminalygds (luminal A and luminal B) with high ER
expression. The luminal A and B tumours can betified by deregulation of genes involved in
the ER signalling pathway from other subtypes [188]. The luminal B tumours express a
higher level of the proliferation marker Ki67, shavereased proliferation and have a worse
prognosis compared to luminal A tumours [181, 1, 185]. The HER2 subgroup is enriched
with tumours with amplification of the ERBB2 genedadisplays a poor prognosis. The normal-
like subtype gene expression profile resembles abbmeast epithelial cells and displays an
intermediate prognosis [181, 182, 186]. The bakaldubtype is associated with poor prognosis
and lack of ER, PR and HER2 expression; these tusrare called triple negative. The claudin-
low subtype, which is mainly triple negative tumsushows decreased expression of adhesin
molecules, such as E-cadherin and claudin-3, -4analong with having similarities to stem

cells and epithelial-to-mesenchymal transition (EM€&ne signatures[187, 188].
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8. Neur oblastoma

Neuroblastoma (NB) ighe most frequent solidumour of early childhood arising in the
developing sympathetic nervous system, and resul@pproximatelyl5% of cancer-related
deaths in infant$189-191]. Neuroblastoma is the most common extra-craniad simour in
children and tumours can develop in any locatioenelsympathetigangliaare found, typically
in the adrenal gland or paraspinal ganglia, andetbee NB tumours may occur in the neck,
chest, abdomen or pelvis [189-193]. Neuroblastomaknown for its genotypically and
phenotypically heterogeneous nature with a remaekasriation in clinical behaviour, ranging
from localised tumours that caspontaneously regress to widespread metastasisshioats

relentless progression [189, 194]

Neuroblastoma is divided into different stages atiog to the International Neuroblastoma
Staging System (INSS), which can be used for prsgm@urposes and for treatment planning
[195]. Localised tumours are divided into stageB §nd lIll, and often display good outcome,
while patients over the age of 1 year with distant ineotent are categorised as stage IV and
have a worse outcome [195-198he last group is called IV-S, which includes paitsewith a
specific metastatic pattern of tumours to the skione marrow and liver; these patients,
diagnosed before the age of 1 year, are assoamatkdc favourable prognosis and spontaneous

regression [199, 200]The favourable biological features of most localisedinoblastomas
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(Stage | to 1ll) are observed in low-risk patiemtiso are successfully treated with surgery alone,
whereas in patients with intermediate-risk, surgerycombined with chemotherapy [195].
Patients harbouring extensive regional or metastdisease are treated with surgery and

chemotherapy together with radiotherapy [189, 290).
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9. Present investigation

9.1 Aims

= To examine the role of nuclegtubulin in controlling cell cycle progression

= To identify the function ofy-tubulin deubiquitination by BRCA1 Associated Pinté

(BAP1) in normal and cancer cells

= To characterize tumor suppressor function of BAPireast cancer and in

neuroblastoma

9.2 Results and discussion

9.2.1 Paper |

y-Tubulin is a member of the tubulin family, whick required for interphasef-tubulin
nucleation, spindle formation and centrosomal aapion. In this study, we investigated the
mechanism that allows the centrosome and microgufgdulating proteig-tubulin to moderate
E2F transcriptional activity. We found thatubulin contains a C-terminal signal that residts
its translocation to the nucleus during late Ggéddy S phase of the cell cycle. In the nuclgus,
tubulin interacts with the transcription factor H2&nd forms a complex during G1/S transition,

when E2F1 is transcriptionally active (Figure 4heTbinding ofy-tubulin to E2F1 reduces E2F
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transcriptional activity during S-phase entry. Rermore, we found that, in the absencey-of
tubulin, increased E2F activity elevates E2F-mediaxpression of RB, which leads to a delay
in S-phase entry. In summary, we propose thatel@h/S phase transition, when RB releases
E2Fs, the E2Rn-tubulin complex ensures a transient transcriptbigenes necessary for entry

into the S phase of the cell cycle (Figure 4).
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CyclinE CyclinE

CDK2 CDK2
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S-Phase
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>

Figure4. y-Tubulin protein levelsregulate E2F transcriptional activity. A) In the absence gftubulin
during G1/S-phase transition, the released E2F-@iptiplex transcribes RBB) In the presence of-
tubulin during G1/S transition, the released E2A-Bpmplex transcribes gene products necessary-for S

phase entry, such as cyclin E. As nuchet@ubulin levels increase, the E2Ftubulin complex forms and
inhibits the transcriptional activity of E2Fs.

CyclinE

I Cell cycle
progression
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9.2.2 Paper 11

y-Tubulin is a member of the tubulin family, whictaps key roles in microtubule nucleation and
cell cycle regulation. Microtubule nucleation remsi they-tubulin ring complex, and during the
M phase (mitosis), this complex accumulates at déetrosome to support mitotic spindle
formation. The ubiquitination of-tubulin by BRCA1/BARD1 was shown to be criticalrfo
regulating microtubule nucleation and centrosom@idation, and blocking this pathway causes
centrosome amplification. In this study, we ideatifBAP1 as a deubiquitination enzyme fer
tubulin. BAP1 was downregulated in metastatic adarmnoma breast cell lines compared to
non-cancerous human breast epithelial cells. Furtbee, we could show that low expression of
BAPL1 is associated with reduced overall survivabadast cancer patients. Reduced expression
of BAP1 in breast cancer cell lines was associatétd mitotic abnormalities. Importantly,
rescue experiments involving the expression ofllaldngth but non-catalytic mutant of BAP1
reduced ubiquitination of-tubulin and prevented mitotic defects. The resiritgn our study
uncovered a new mechanism for BAP1 in the deubigiion ofy-tubulin, which was required
to prevent the formation of abnormal mitotic spadhd genome instability in breast carcinoma

cells (Figure 5).
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Mitotic Phase

Figure 5. BAP1 expression rescues chromosome segregation defects associated with abnormal
spindles in breast carcinoma. The model shows a dynamic balancey#fibulin ubiquitination by the
BRCA1/BARD1 complex and deubiquitination by BAP1hieh is required to prevent the formation of

an abnormal mitotic spindle and genome instabhititgreast carcinoma.

36



9.2.3 Paper |11

Cancer in children is rare, and neuroblastoma ausofor less than 15% of all childhood
cancers, but it is the most common solid tumouchiidren younger than 1 year of age. In
children of all ages, it is the most common salichour that arises from the sympathetic nervous
system, and it is composed of undifferentiated pmatly differentiated neuroblasts arising from

the different stages of the sympathoadrenal linedfgeural crest origin.

In the present study, we found that BAP1 expressiomeuroblastoma has a prognostic
implication in non-NMYC amplified neuroblastoma. M@ is a transcription factor, and high
levels of NMYC promote proliferation of neuroblasta. High BAP1 expression was associated
with better overall survivain neuroblastoma patientSurthermore, we could show that rescue
experiments involving expression of BAP1 inhibiteell growth by arresting the cells in the S
phase of the cell cycle. In addition, synchronmatof the BAP1-expressing cells showed that
upon prolonged S-phase arrest, the majority ofctiks are in the GO phase. This suggests that
since BAP1-expressing cells are unable to pass thiease, they are further directed toward cell
death. Together, our findings may have importanglications for BAP1, which can play a key

role in the regulation of the cell cycle and calhth.
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Figure 6. BAP1 protein levels regulate cell cycle progression. The tumour suppressor function of
BAPL1 in neuroblastoma was mediated through arfesteccells in S phase and by promoting cell death.
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10. Conclusions

* The expression of E2F transcriptional target gemas negatively regulated
by y-tubulin,

» y-Tubulin levels and localisation determine optiroall cycle progression.

» Deubiquitination ofy-tubulin by BAP1 is an important factor for previegt
the formation of an abnormal mitotic spindle andaee instability.

* High expression levels of BAP1 are associated wathsignificantly
prolonged survival in breast cancer patients.

 BAP1 plays a key role in the regulation of S-phasegression and cell

death in neuroblastoma.

» High expression levels of BAP1 are associated ttiter overall survivah

neuroblastoma patients.
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11. Popular summary

The progression of the cell cycle is tightly coomtied; any kind of premature entry of a cell into
the next phase leads to a significant propensityatd genomic alterations. A major cause of
tumour formation is genomic instability, which cdoe minimised by high-fidelity DNA
replication in the S phase, proper chromosome gafom, and error-free repair of sporadic
DNA damage during cell cycle progression. Alteraidn these processes can cause cellular
senescence, apoptosis or tumour initiation. In thesis, we investigated the mechanism that

causes cell cycle dysregulation and genomic ingabi non-transformed and cancer cells.

In the first project, we investigated the role afcleary-tubulin in cell cycle progressiory-
Tubulin is a member of the tubulin family, whichagé key roles in microtubule nucleation and
cell cycle regulation. We observed translocation-tfbulin into the nucleus during the late G1
to early S phase of the cell cycle. Nuclgdubulin interacted with the transcription facta2f&L
and reduced its activation. In the absence-tufbulin, increased transcriptional activity of E2F
elevates E2F-mediated expression of Retinoblastamoiin, which is a key regulator of entry
into cell division. It leads to a delay in S-phasary. Our conclusion from this study is that a
transient transcription of genes necessary for &@lentry is regulated by the E2Rubulin

complex during the G1/S transition.

Chromosomal instability and aneuploidy are assediatith spindle defects in several types of
cancer, including breast carcinoma. Microtubuleleaton requires the-tubulin ring complex,
and during the M phase (mitosis), this complex audates at the centrosome to support mitotic
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spindle formation. The post-translational modificatof y-tubulin through ubiquitination is vital
for regulating microtubule nucleation and centrosoduplication. In our second study, we
identified BRCALl-associated protein-1 (BAP1) asealulquitination enzyme foy-tubulin. We
found a low expression level of BAP1, which is antur suppressor protein, in metastatic
adenocarcinoma breast cell lines compared to nooecaus human breast epithelial cells.
Mitotic abnormalitiesthat usually happen as a result of an error in delision were also
observed in breast cancer cell lines with low eggien of BAP1. Furthermore, we could show
that low expression of BAPL1 is associated with ceduoverall survival of breast cancer patients.
In summary, we found that BAP1 prevents mitoticabmalities by removing ubiquitin from-

tubulin, which is required to regulate mitotic s organisation.

In our third study, we aimed to identify the roleBAP1 in neuroblastoma, which is a childhood
cancer. Since we found reduced expression of BARfeuroblastoma cell lines, we decided to
determine the consequences of rescuing its expresBAP1 expression in neuroblastoma cell
lines arrested the cells in S phase and promoted cethdeaneuroblastoma cell lines. By

analysing neuroblastoma patient samples, it M@sd that high BAP1l expression was
associated with better overall survivdlhis finding suggests that BAP1 acts as a cellecyc
regulator, and this may be one of the mechanismmugin which BAP1 carries out its tumour

suppressor function.
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