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RUBE: You like falling, do ya?

BETTY: Well, it's not the fallin’, it's the jumpin’

RUBE: I'd feel a whole lot better about the jumpint weren't for the fallin’.
BETTY: Fallin’s easy, you just fall. Jumping invesdvstrength of will.

RUBE: Unless you’re on a plank.

BETTY: Then it isn’'t your choice. But if it is sithe best feeling in the world.
RUBE: And you don’t care where you land?

BETTY: Landing is a lot like fallin, you just land.

From “Dead like me”
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ABSTRACT

Polycomb group (PcG) proteins are a group of genawde silencers that are crucial for
many processes during the developmentDitasophilaPcG proteins are organised into
four different complexes: PRC1, PRC2, PhoRC andDRmB-. PRC2 consists of four core
proteins: Su(z)12, E(z), Esc and Nurf. E(z) is tmy known proteins with a known
function, it possess a methyltransferase actiigt specifically methylates lysine 27 on
histone 3 (H3K27). A novel PcG gene was identified2001 in screen for modifiers of
zeste-whitanteraction. This gene suppressasbte’srepression ofvhite and gave it the
nameSuppressor of zeste 12 (Su(z)IX)e Su(z)12gene is alternatively spliced into two
transcripts; a 4.1 kb mRNA calledu(z)12Aand a 3.7 kb mRNA calle8u(z)12BThese
transcripts are translated into two isoforms; ak@& Su(z)12A protein and 100 kDa
Su(z)12B protein. These isoforms show a sequencdlasity of 95% and the only
difference is the C-terminal end. During developmiirese two isoforms are present at
different levels. Interaction of the two isoformsttwthe other core components in PRC2
showed that only Su(z)12B interacts with Nurf. Atke two isoforms showed interaction
with each other with the exception of a single coppu(z)12A that couldn’t interact with
Su(z)12B. Overexpression of Su(z)12B vivo caused lethality and homeotic
transformations.

Aurora kinases belong to a conserved family ofr&gtinreonine kinases that are important
for many processes in mitotsis, such as spindledtion, chromosomal segregation and
cytokinesis. Aurora kinases are overexpressed inynmman cancers and inhibitors of
Aurora A and Aurora B has shown to inhibit growtidanduce apoptosis. There are three
Aurora kinases in vertebrates; Aurora A, Aurorari®l durora C and although they are
highly similar, they have different roles and laoat during mitosis. Aurora B is a
chromosomal passenger protein and forms the chrammaspassenger complex with
INCENP, Survivin and Borealin. Depletion of AuroBacauses severe effects in mitosis
and lead to large cells with several nuclei and/ploidy. TheDrosophilahomologueof
Aurora B is called Ipll-like-Aurora kinase (ial).h& c-Myc transcription factor, or its
relatives N-Myc and L-Myc, are also overexpressednany, if not all human cancers.
Drosophilahas only one Myc protein, dMyc, which is encodedtlhy diminutive (dm)
locus. InDrosophila dMyc is mostly associated with size and growth laion and
depletion ofdmresults in endoreplication and growth arrest inyed@velopment. Previous
work has shown that mammalian c-Myc induces Aurand Aurora B kinases. When
Myc-driven lymphomas are treated with Aurora B bitors, cells are accumulated in
G2/M phase and apoptosis is induced. Here we shatliese conserved proteins have a
potential connection inDrosophila as well since knockdown of ial causes severe
phenotypes and leads to larger cells. When ialnecked down or when dMyc is
overexpressed the flies become smaller. Interdgtingwever transgenic flies which
overexpress dMyc and knock down ial exhibit a dédfé pheontype - the flies become
bigger. This showing evidence that a relationshgiwvikeen Myc and Aurora B is

evolutionary conserved down to Drosophila.
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ABBREVIATIONS

ASX — Additional Sex Combs

CPC — Chromosomal Passenger Protein
Dm - diminutive

E(2)- Enhancer of zeste

ESC — Extra sex comb

ESCL — Extra Sex Combs- like

lal — ipll-auroradike

INCENP — Inner Centrosomal Protein
NURF — Nucleosomal remodelling factor
PC — Polycomb

PcG — Polycomb group

PCL — Polycomb-like

PH — Polyhomeotic

PHO — Pleiohomeotic

PHOL — Pleiohomeotic-like

PhoRC — Pleiohomeotic repressive complex
PRC1 — Polycomb repressive complex 1
PRC2 — Polycomb repressive complex 2
PR-DUB - Polycomb repressive deubiquitinase
PRE — Polycomb response elements

PSC — Posterior sex comb

SFMBT — Scm-related gene containing four maligratn tumour domains
SU(Z)12 — Suppressor of zeste 12

TRE- Trithorax response elements

TrxG — Trithorax group



BACKGROUND

DROSOPHILA AS A MODEL ORGANISM

HISTORY

The fruit fly Drosophilamelanogastehas been used in genetic studies for over a hdndre
years and the first researcher to bring the filyitirito the lab was William E. Castle at
Harvard University in 1901. Two years later Willidgdh Moenkhaus started to work with
Drosophilaat Indiana University Medical School and a cougfigears later the fly ended
up in Thomas Hunt Morgan’s lab. Morgan discoverbd first mutationwith (darker
pigmentation) in January 1910 and during 1910 abermof mutations arouse in Morgan’s
lab like beaded miniature, speck, olivand the famousvhite mutation This led to a
breakthrough in Drosophila research and openedpipertunity of studying inheritance
and genetics at a whole new level. Researcherg#unier had worked with diverse model
organisms now decided to focus more on the fryit fl

In the beginning of 1912 Morgan, Bridges and Stuate started to construct the first
genetic maps using back-crosses to measure théigdistance. The genetic maps were
established between 1919 and 1923, using datadpproximately ten million flies Since
then many ground-breaking discoveries have beerenradrosophila generating three
Nobel price awards (Kohler 1994).

WHY DROSOPHILA?

Drosophilais a useful tool in medical and biological resedmhmany reasons. The fly is
small, has a short generation time and gives n@fspring (Graf, Van Schaik and
Wu\rgler 1992) Drosophilahas few chromosomes (three pairs of autosomes raagair
sex chromosomes) and gene duplicates are r@&eogophila The polytene chromosomes,
that form giant chromosomes by endoreplicationhi@ salivary glands, are very useful
tools for gene localisation and immune staininghf#gner 1989).

Drosophila belongs the holometabolic insects, which meang thaindergoes total
metamorphosis (Graf et al. 1992). The life cyclesists of four stages, starting with the
embryonic stage that lasts for 24 hours after ¢ggg! The larval stage is divided into
three instars; L1, L2 and L3 and lasts for altot®6 hours at 25°C, and after that the fly
reaches the pupal stage. The only tissue that nsnfi@m the larva after pupal stage is the
imaginal discs that have developed into the bodyspaf the adult fly. The larval stage
lasts for 4-4.5 days and finally the fly hatchefheTdevelopmental time varies with
variation in temperature as a lower temperaturgthans the life cycle. The mean life span
of a fruit fly is approximately 45 days at 25°C en@ptimal conditions (Ashburner 1989).
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SinceDrosophilahas been used as a model organisnover a century many useful toc
has been developed. Balancer chromosomes areaipegserve recessive lethal mutati
in a heterozygous state by using multiple invedbtbmosomes to hinder recombinat
and thereby promote survival of only heterozus flies. The insertion of the unique
elements and the GAL4/UAS system provides oppdigsio study gene expression
ectopic overexpression, knockout and mutation okg(Graf et al. 199

EARLY DEVELOPMENT IN DROSOPHILA

The development iDrosophilais strictly regulated with a set of genes that yeanh

hierarchically defines each segment of the embiilee maternally contributed ge

products, such abicoid, establish the anterior/posterior pattering in tlaelyeembryo.
When the polarity is defird in the embryo the zygotic gap genes take overtlaese will

establish the initial segmented pattering. Mutabba gap gene likhunchbaclor Kriippel

causes loss of several of the segments leadingvieres phenotypes. The next set of ge
in the hierarchy is the paiule genes. The paitle genes define the 14 final segments

are expressed in every other segment,even-skippedThe anteriomposterior identity o
each segment is decided by the segment polaritysgeks an example, thngrailed gene
is expressed in the anterior part of every segrandtthereby defines the anterior par

the segment. The identity of every segment is eggdland maintained by homeotic get

so-called Hox genes The Hox genesare highly conserved betweelpecies and in
Drosophilathey are organized in two clusters; the Antennapedmplex and the Bithor:

complex. Mutations in homeotic genes can causeckestin segment identity leading

severe homeotic transformatic(Lawrence 1992, Ringrose and Paro 2.

Maternal contributed genes A

Gap genes

Pair-rule genes

Segment polarity genes

Figure 1. Some developmental genes in Drosophilaembryo.
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CHROMATIN

EPIGENETICS

During development maintenance of silencing of gegenes is crucial for correct gene
expression and cell identity. Every cell in the ypdths identical DNA but they face
different fates in the cell differentiation proce$$erefore, a system that can maintain the
cell identity, keep the same gene expression paftem mother cell to daughter cell, is
important. The mechanism that helps the cell tcsghe same gene expression pattern
from generation to generation is called epigenetiEpigenetics means heritable
modification of gene expression without changing tactual DNA sequence. Such
modifications can consist of methylation, acetgatior phosphorylation of histones that
leads to chromatin remodelling and thereby chanthegstate of a gene. Polycomb group
(PcG) genes and trithorax group (TrxG) genes angortant players of the epigenetic
system, where they work as silencers and activataaa antagonistic way (Breiling, Sessa
and Orlando 2007, Ng and Gurdon 2008).

CHROMATIN COMPOSITION

The chromatin consists of DNA wrapped around hissoand their associated proteins.
146 bp of the DNA is wrapped around every nucleasamit and each nucleosome
consists of two molecules each of the four coréohiss H2A, H2B, H3 and H4, and one
molecule of the linker histone H1. These histotegether with the DNA, form a structure
that resembles “beads-on-a-string” fibers. Chromegimodelling is crucial for regulation
of gene expression as the state of chromatin ceideléhe active or inactive state of genes
(Francis 2009).

Approximately 30% of theDrosophila chromatin consists of heterochromatin that is
specifically located at the centromeric regions ahdelomeres, both regions where the
DNA usually is transcriptionally inactive. Theseagi@ns have high amounts of repetitive
DNA and low gene density; however, there are gethas are essential for different
biological functions located in heterochromatin.s@l the heterochromatic genes are
usually bigger than euchromatic genes and congagel introns.

Euchromatin is located between the heterochromatmos on the chromosomes and
consists of more transcriptionally active genes &ad a higher gene density. Genes
become inactived when relocated into heterochranfedim euchromatin by a mechanism
called position effect variegation (PEV). This etfean be suppressed by mutations in
Suppressor of varigation (Su(var)) genes and emthdyy mutations in Enhancer of
variegation (E(var)) genes (Schulze and Wallrat®720 Euchromatic genes can also
become relocated into telomeres causing their ivettdn, this phenomena is called
telomeric position effect (TPE) (Doheny, Mottus dadgliatti 2008).

12



CHROMATIN REMODELLING

Chromatin remodeling decides whether or not a gene its active state and in order to
guide this mechanism there are different epigenetarks. These marks are usually
modifications of the histones and occur at thestaild cores of side chains of specific
residues (figure 2) (Mendenhall and Bernstein 2008)

In Drosophila ubiquitination of lysine 118 on H2A (H2AK119) is saxiated with
transcriptional inactivation while ubiquitinatiorf tysine 117 on H2B (H2BK117) is an
activation mark (Muller and Verrijzer 2009, Scheuann et al. 2010).

Methylation marks can be both activators and sdéesictrimethylation of lysine 27 on
histone 3 (H3K27) is a silencing mark in Drosophilamans and mice while methylation
of lysine 4 on histone 3 (H3K4) is an activationrkng@Schuettengruber et al. 2007).
Trimethylation of H1K26, H3K9 and H4K20 is also asimted with gene repression
(Kerppola 2009) and methylation of H3K36 and H3Kaf@ activation marks (Breiling et
al. 2007).

Acetylation of histones can occur on several lysioa all histones and the acetylation
process is regulated by histone acetylases (HAMd) hastones deacetylases (HDACS).
Acetylation is an activation mark often seen inrpoter regions while transcriptionally

inactive chromatin is hypoacetylated (Breiling &t 2007). Acetylation of lysine 14 of

histone 3 (H3K14Ac) is an activation mark that $s@ciated with transcriptionally active
chromatin (Sparmann and van Lohuizen 2006).

Phosphorylation of serine 10 of histone 3 (H3Serd@referably done by both Aurora A
and Aurora B. In addition Aurora B also phosphasgaSerine 28 on histone 3. This
phosphorylation is associated with chromosome cwsetteon; however irDrosophila
chromosome condensation appears to be normal elien W3Serl0 phosphorylation is
gone (Rea et al. 2000). The exact function of HB@grhosphorylation is unclear, but
when Aurora B phosphorylates H3Ser10, Heterochrionmiatotein 1 (HP1) dissociates
from heterochromatin (Fu et al. 2007).

All chromatic regions are not exclusively repressedactivated but can sometimes be
subject to both. For example some sites that ¢heH3K27me3 repression mark can also
show H3K4me3 that promotes gene activation. Thiéss are defined as bivalent domains
(Ku et al. 2008). The chromatin state can be vaaied the H3K27me3 mark is connected
with both repressed and balanced states. In tisis asbalanced state means that the gene
expression is balanced between activation andivaicin. However, in a fully active state
this methylation mark is gone and this lysine resits acetylated. Chromatin can also be
in a void state where neither activation nor regpires marks are seem (Schwartz et al.
2010).

13



DNA Nucleosome

Heterochromatin

H2AK118 ubiquitination H2BK117 ubiquitination
H1K26, H3K9, H3K27, H4K20 trimethylation H3K4, H3K36, H3K79 trimethylation
Deacetylation Acetylation

Euchromatin

¥ Histone modifications

Figure 2. Chromatin remodeling marks decides the active actime state of gene
Modified from Adcock et al. 20C.

POLYCOMB GROUP GENES

POLYCOMB GROUP GENES

The first Polycomb group (PcG) genPolycomb (Pc) was discovered iiDrosophila
melanogastem 1947 by Lewis. The name Polycomb refers to itdant phenotype whe!
additional sex combs are present on the secondhamblleg pairs of males. It was la
shown that this phenotype was caused by a losspoéssion of thHox geneSex combs
reduced causing a weak homeotic transformation and #asl lto the conclusion that P
genes act as silencerstabdx genes. The next PcG gene discoveextta sex cmbs (esc)
showed the same phenotype, and these additionaioselks became the trademark fc
new family of gene silencel(Grimaud, Negre and Cavalli 2006, Schulze and \&fdi
2007).

To dake 18 PcG genes has been identifielDrosophilaand they have been found to
involved in many biological processes, such as @glle control, J-inactivation, canceil
cell fate decision and stem cell differentiatiog tlaey are important genome wisilencers
(Ringrose and Paro 2004, Morey and Helin 2. The PcG proteins mediate th
repression by binding to trimethylated lysine 27 listone 3 (H3K27me3) which
strongly associated with PcG silenc(Simon and Kingston 2009).

14



TRITHORAX GROUP GENES

The trithorax group (TrxG) proteins were identifigd the beginning of the 1980s as
antagonists of PcG proteins. When TrxG genes argatedl homeotic transformations
caused by polycomb group mutants are suppressead. Wwhen the TrxG gengithorax
(trx) is mutated the expression of homeotic genes angceed(Tie et al. 2009). At least
four TrxG complexes have been identifieddrosophilaembryq a 2 MDa Brm complex,
with the Brahma (Brm) protein and two other compewf sizes 2 MDa and 500 kDa with
the TrxG proteins Ashl and Ash2, respectively. €hsralso a fourth complex of 1 MDa
that contains the Trx protein, the Creb bindingt@ro(Cbp) and the antiphosphatase Sbf 1
(Breiling et al. 2007, Ringrose and Paro 2007).

The Cbp protein mediates acetylation of H3K27 dratdby works as an antagonist of the
PcG mediated H3K27 methylation (Tie et al. 2009e TTrx protein and Ashl both
contains SET domains that specifically methylateng 4 on histone 3 (H3K4), this mark
is associated with active chromatin (Fedorova e2@08). Mutations irirx elevates the
levels of H3K27me3 presenting another evidencetlier antagonistic effect of TrxG
proteins (Siebold et al. 2010). The TrxG gdBahmashows sequence similarities to
SWI1/SNF2 in yeast. SWI1/SNF2 functions as ATPasdusits in a chromatin
remodelling complex that catalyses an active dbgtenelping transcription factors and
activators reach their target sites. The TrxG pnst®oira and Osa are also a part of this
complex that is showing SW1/SNF2-like propertielse TrxG protein Ashl interacts with
histone acetyltransferases (HATsS) that are assautiavith transcriptionally active
euchromatin (Breiling et al. 2007)

POLYCOMB GROUP PROTEIN COMPLEXES

There are four Polycomb group protein complexesDnosophila described to date;
Polycomb repressive complex 1 (PRC1), Polycomb esgve complex 2 (PRC2),
Pleiohomeotic repressive complex (PhoRC) and Patyceepressive deubiquitinase (PR-
DUB) (Schwartz and Pirrotta 2007, Sparmann andhaizen 2006, Scheuermann et al.
2010).

PRC1

The four core proteins of PRC1 Drosophilaare Polycomb (PC), polyhomeotic (Ph),
Posterior sex combs (Psc) and dRing. There arenab&u of other proteins that are
associated with PRC1 like Zeste, Sex comb on midi&gn) and Tbp (Tata-binding
protein)-associated factors like Tafs. Pc has @mbdomain that binds specifically to
H3K27 trimethylation (H3K27me3). Ph contains bothkzfinger domains and a sterile
alpha motif that mediates PcG binding (Morey antirH2010). dRing and Psc have RING
domains that function as E3 ubiquitin ligase thanorubiquitylate lysine 119 on histone

15



2A (H2AK119ub) (Oktaba et al. 2008). All four copeoteins are crucial for a functional

PRC1 complex, although dRing and Psc alone alsaddhe core of the dRAF complex
together with the histone lysine demethylase Kd®ehgartz and Pirrotta 2007, Simon
and Kingston 2009).

The same four core proteins are present in mamm&RC1, but in both human and
mouse the number of homologuos genes are muchrhighleough they all contain the

same conserved domain. Homologues of the membdtRGfL are found in zebrafish, sea
urchin, frog and even nematodes have a functiooaldiogue of PRC1 (Whitcomb et al.

2007).

PRC2

The core of PRC2 consists of four proteins; EnhamdeZeste (E(z)), extra sex comb
(Esc), Nuclesome remodelling factor (Nurf or p563l &uppressor of zeste 12 (SU(Z)12).
E(z) is the only protein with a known function, d@spossesses a SET domain that
specifically trimethylates H3K27. E(z itself shoal histone methyltransferase activity
and the other components in the complex are crimighis methylation (Nekrasov, Wild
and Muller 2005). Both Nurf and Esc contain a WDRKOrain which is a conserved
domain ending with Trypsine and Aspargine (WD) (®pann and van Lohuizen 2006).
Esc is crucial for H3K27me3 in the PRC2 complexyéeer loss of Esc does not result in
severe homeotic phenotypes, as it can be replacedclosely related protein called extra
sex comb-like (ESCL) (Muller and Verrijzer 2009).

Two PRC2 complexes have been identified in Drodaphiat both contain the four core
proteins; a 600 kDa complex and a 1 MDa compleg, |#ter also contains the histone
deacetylase RPD3 and polycomb-like (PCL). These wamplexes might be in
equilibrium during the embryonic stage althoughrthelationship is unclear. Rpd3 is also
associated with the PRC2 complex in mammals (Ta. &003).

There is a PRC2 complex in mammals that containsohamgues of E(z), Su(z)12 and Esc.
There are also PRC3 and PRC4 complexes that cootasoforms of the mammalian
homologue of Esc, Eed, and other proteins (Kerpg0I29). The mammalian homologue
of PRC2 that consists of Suz12, Ezh2 and Eed sHdwesthe Drosophilacomplex, strong
association with trimethylation of H3K27 (Kirmizet al. 2004). Members of PRC2 are not
only conserved among mammals, but also among felgrafish, nematodes and plants
(Whitcomb et al. 2007).

PHORC

The third Drosophila PcG complex consists of theighlometic protein (PHO) and its
homologue pleiohometic-like (Phol). These two pirtgeare the only known PcG proteins
that bind directly to DNA, but they are not onlystricted to PcG complexes, as they are

16



also found in the chromatin remodelling complex B0OThe mammalian homologues of
Pho are Ying Yang 1 (Yyl) and Ying Yang 2 (Yy2) ttHzave both activating and
repressing abilities. Pho has been shown to birglléncing regions but Phol prefers to
bind to active promoters (Schuettengruber et ab920There is a third member of this
complex called Scm-related gene containing fourignaht brain tumour domains
(Sfmbt). These MBT repeats bind specifically to maethylated and dimethylated H3K9
and H4K20 (Schwartz and Pirrotta 2007, Schuettdregrat al. 2007). When both Pho and
Phol are knocked down iBrosophilait results in lethality in the later developmental
stages, but there is no absence of PcG proteintlseopolytene chromosomes. This means
that there have to be other ways for PcG protenisirid to chromatin then via Pho and
Phol (Schuettengruber et al. 2007).

PR-DUB

A newly identified fourth complex has been found Dmosophila called Polycomb
repressive deubiquitinase (PR-DUB). This complexststs of Calypso and Additional sex
combs (Asx) and is identified as a PcG complext apecifically binds PcG target genes
showing overlapping binding pattern with both Pimal #h. In the complex Calypso and
Asx interact strongly and they specifically remamenoubiquitinations from H2A, but not
H2B. (Scheuermann et al. 2010)

PRE

In Drosophila, PcG proteins act as transcripticgincers by binding to specific DNA
sequences called Polycomb Response Elements (PRBs)the TrxG protein these
sequences are called Trithorax Response ElemeRES)] and, in this case, binding
promotes transcriptional activation (Fujioka et2008). PREs are important as epigenetic
markers that can maintain gene-silencing generatftar generation. The maintaince of
this state is dynamic and crucial for maintainifg tstem cell identity and promote
differentiation. Several DNA motifs have been shawrbe important for PRE function,
among those are the binding sites of Pho, Zesteh,G#h and Dspl. The number of
motifs that are present in the PRE varies and thestds are not exclusive for PREs. It is
hard to predict a PRE and localisation of all PRIEHE is not known inDrosophila
(Ringrose and Paro 2007).

Predictions of PREs in the genome Dfosophila by bioinformatics estimate that
approximately 150 PREshould exist. When two allelic copies of the PRE present on
homologous chromosome the effect of the PRE - vénathis repressive or activating is
enhanced is called pairing-sensitive silencing (R&81grose and Paro 2004, Fedorova et
al. 2008). Until recently PREs had only been idediin flies, but now a mammalian PRE
close to theMafB locus has been found in mouse (Sing et al. 2009).
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PcG MEDIATED SILENCING

The exact mechanism behind the PcG mediated gilgnis not known, however, a
probable pathway has been proposed by severaestutie Pho and Phol proteins harbour
sequence-specific DNA- binding properties and the&$¢O-RC complexes start the
silencing process by binding to a specific PRE. Toenplex probably works as an
anchoring complex for both the PRC1 and PRC2 coxeglas it has shown interaction
with both (Muller and Verrijzer 2009). Pho is presat most known PREs and indicating
that the binding of Pho to the PRE is importantRofG-mediated silencing, although there
is evidence for other DNA binding factors to be aled, such as GAGA-factor,
Pipsqueak and Zeste. Also, as mentioned earlieckdmwn of Pho and Phol does not
remove PcG proteins from the DNA (Schuettengrutiesil.e2009, Simon and Kingston
2009). The mammalian homologue of Pho Yy1, showeraction with the PRC2 complex
and recruits PRC2 to the PRE (Oktaba et al. 2008)en PRC2 is recruited the E(z)
protein trimethylates H3K27 and this mark is thpread along chromatin to cover a larger
region surrounding the gene to be silenced.. Bopdirnthe PRC1 complex can be mediated
via Pc chromodomain that has a high affinity fork23me3, but PRC1 can bind directly
to the PRE via Pho as well. The exact binding prigee of the dRAF complex are not
known, but it probably ubiquitinase lysine 119 astbne 2A (H2AK119ub) and
dimethylates H3K36 (Muller and Verrijzer 2009, Bailar and Esteller 2008). In mammal
embryonic pluripotent cells PcG proteins are sisibi) the identity of the cell and when
either PRC1 or PRC2 is depleted the cells stillmaan its identity proposing a redundant
effect between these two complexes (Leeb et alOR0dhe exact silencing mechanism is
not known, but PcG has shown direct interactiornV/NA polymerase. In this case RNA
polymerase is still bound to the promoter, but desl not initiate transcription. PcG
proteins has also been shown to interact with ¢ofac the sumoylation of the
transcriptional corepressor, CtBP, is increasedrnwReG is present, but exactly of this
effects transcription is not known (Ringrose andoPa004). TrxG proteins are the
activators of transcription and the antagonist®o® proteins. Genes can bind both TrxG
and PcG proteins putting them into a so-called rzadd state, where the gene is not
completely silenced although PcG proteins are pte$®hen the levels of TrxG proteins
are elevated the gene state is switched into g-&dilive state (Schwartz et al. 2010).
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Su(z)12°/ Su(z)12°

Figure 3. Knockdown of Su(z)12 in flies causes homeotic transfoione

Su(z)12

A novel Polycomb grougene was identified in 2001 in a screen for modifief thezeste-
white interaction. This gene suppresszeste’srepression ofvhite and thereby its narr
suppressor of zeste 12 (Su(z)IDeletion of the Su(z)12 function causes lethalitythe
first or second instar for both homozygous and kggous conditions. Flies with le
severely mutated genes can survive until the lajgap stage, but they showmeotic
transformations that are characteristic of Polycaymiup gene mutations; sex combs
second and third leg pairs, antenna partially franged into legs and smaller wing
partially transformed into haltere (Figure 3). Whbe maternal contribion of Su(z)12s
knocked down severe homeotic transformation octutee embryo’s all abdominal a
thoracic segments, and some of the head segmeatst@nsformed into the eigh
abdominal segment (Figure 4). The homeotic transtions as well as e fact that
Su(z)12is crucial for correct maintenance of silencingUbx identified Su(z)12as a
Polycomb group gené€Birve et al. 2001.

Su(z)12° @

Figure 4. Knock down of maternally contributed Su(z)12 all abdominal and thorac
segments, and some of head segments are transformed into the eighthnainab
segment.
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SU(2)12 is one of the four core proteins in PRC& also associates with PCL and RF

(Tie et al. 2003)The trimethylation of H3K27 is characteristic f8RC2, and SU(2)12 is

crucial component of this complex, as trimethylatiof H3K27 fails when SU(Z)12 |
absenteven when the histone methyl transferase E(Z)asent. However, the mechani

behind this H3K27me3 and other functions of SU(Z312s not knowr(Chen, Birve and
Rasmuson-estander 200:. The mammalian SUZ12 has an important role in HBKS,

as knockdown of SUZ12 shows a significant reduciiortH3K9me3(de la Cruz et al.
2007).

The Su(z)12gene is alternatively spliced into two transcripgs4.1 kb mRNA calle
Su(z)12Aand a 3.7 kb mRNA callt Su(z)12B.These transcripts are translated into
isoforms; a 95 kDa SU(Z)12A protein and 100 kDa(BW2B protein. These isoforn
show a high sequence similarity of 95% and onlyediin the (-terminal end (Figure 4
These two transcripts are pret at different levels during Drosophila developmt

AUG UAG
b 4 -
Suepiza, 376 [ THIHE T HE I HE——H—
AUG UAG
- v
Su(2)128,3.7 kb (- H Hea——

su(zi2A, 95 kDs 51 s | || S i — |
SU(Z)128, 95 kD3 51 s | o || S i i —

B zinc finger [ Nuclear Localisation Signal [l VEFSbox [] Nenidentical sequence

Figure 5. There are two isoforms of SU(Z).

PcG AND CANCER

Since PcG proteins are genome wide silencer theyt ¢lxeir effect on many biologic
processes, including regulation of factors involved cell cycle control and canc
(Martinez and Cavalli 200.

The first and most weknown PcG gene that is shown to be involved in eamcBmil
that is the mouse homologue Psc. BMIlis a protoencogene; the encoded prot
represses the cyclidependent kinase inhibitor 2/CDKN2A locus. TheCDKNZ2Alocus
enmdes the tumour suppressors "** that activates the retinoblastoma (RB) pathv
and plﬁrf which induces p53 by inhibition of its negative uegor Mdm2(Sparmann and
van Lohuizen 2006)Overexpression cBMI1 is seen in several human cancers, suc
leukaemia, mantle cell lymphoma, neuroblastomalang cancer. The PRC2 compon
EZH2 is overexpressed in metastatic melanoma awldneetrium, prostate and brei
cancers. The prognosis for a patient with overession of EZH2 in breast cancer is p
whereas overexpression of BMI1 is associated witodg prognosis. The humi
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homologue of SU(Z)12 is also upregulated in colmeast and liver cancers (Pietersen et
al. 2008, Hormaeche and Licht 2007).

There is also a connection between PcG proteinstia@doncogeneMYC as MYC is
inhibited by BMI1 andVY C autorepression is disrupted when Pc is absentrf&p and
van Lohuizen 2006, Khan, Shover and Goodliffe 2009)

AURORA KINASES

INTRODUCTION

Aurora kinases are a group of highly conservedneéhreonine kinases that were first
identified in a screen fobDrosophila melanogastemutants defective in spindle pole
behaviour (Glover et al. 1995). They are crucial ftany processes during mitosis and
since mutations lead to formation of monopolar dlgis, which resemble the light
phenomenon, aurora borealis, the genes were nannetad(Fu et al. 2007).

Aurora genes have been identified $accharomyces cerevisiae, Caenorhabditis elegans,
Arabidopsis and Xenopus.Mammalians have three paralogues of Aurora; AurAra
Aurora B and Aurora C and they have high sequemgasity. The encoded proteins all
consist of three distinct domains; the catalytiondm, the N-terminal domain and the C-
terminal domain (Figure 6). The catalytic domainhighly similar between the three
kinases and the C-terminal domain and N-termindss conserved. Despite their high
sequence similarity the three Auroras have didfindnctions and locations during
mitosis; this is explained by the fact that mosgputatory motifs are seen in the c-terminal
and N-terminal (Carmena and Earnshaw 2003, Fu.eRQf)7, Bolanos-Garcia 2005).
Aurora A and Aurora B also posses the KEN motifs tmotif is recognition signal for
Cdhl-dependent anaphase-promoting complex (APC). tiiee Auroras also have
negative regulators in the N-terminal, the soezhlDestructions boxes (D-boxes),
(Bolanos-Garcia 2005).Aurora A and Aurora B are astive at different locations and
time periods during mitosis (Pohl et al. 2010).

AURORA A

Aurora A is located at the centrosome and its atim is leading to centrosome
maturation and, later, spindle formation. AurorahAs also been shown to have an
important role in centrosome separation.0Orosophila, treatment with Aurora A RNA
interference (RNAI) treatment resulted in asymneetrentrioles and irC. elegansthe
centrosomes are separated later collapsed (CaramehBarnshaw 2003). Aurora A is also

crucial for G2/M transit as RNAi knockdown of AueA in HelLa cells results in G2/M
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arrest and leads to apoptosis (Fu et al. 2007). "\warora A is knocked down in
Drosophilaspindle formation is altered leading to abnormaltganized poles (Giet et al.
2002).

AURORA B

Aurora B forms the chromosomal passenger compl&C{Gvith the Inner Centrosomal
protein (INCENP), Survivin and Borealin and is #igy defined as a chromosomal
passenger protein (Delacour-Larose, Vu and Molla920Aurora B is localised on the
centromeres from prophase until late metaphase jtamdbcates to the spindle midzone
from anaphase on. This relocation requires INCEN® Survivin (Andrews et al. 2003).
The CPC is conserved from yeast to humans and iséisctl location and many roles
during mitosis like chromosome modifications, regidn and assembly of the central
spindle, mitotic check-point function and cytokiisesAurora B is regulated in a feedback
loop, as it phosphorylates INCENP and INCENP isithetivating Aurora B (Vagnarelli
and Earnshaw 2004, Chang et al. 2006, Ke et al3)2@kxpletion of Aurora B results in
severe effects in mitosis as chromosomes becomelypoondensed, unaligned and
cytokinesis is delayed or incomplete. This incortgleytokinesis leads to large cells with
several nuclei and polyploidy (Adams, Carmena aadh&aw 2001, Giet and Glover
2001).

Aurora B is conserved between species and is fonrd. cerevisiaglpll), S. pombe
(Arkl), C. elegans(AIR-2), M. musculus(AIM-1), X. laevis(X-Aurora B) and human
(Aurora B).Drosophilahas two Aurora kinases; Aurora A and Aurora B (\agtli and
Earnshaw 2004).

The Drosophilahomologue of Aurora B; Ipll-like Aurora kinase fialas discovered in a
cDNA screen using the mouse serine/threonine kigase Aykl as a hybridization probe
(Reich et al. 1999).

AURORA C

Little is known about Aurora C and it is only foumdmammals. Aurora C kinases have
shown an especially high expression in testis Ardtotein is located at the centrosomes
from anaphase to telophase (Carmena and Earnsia8y B3hop and Schumacher 2002).
This kinase also binds to INCENP and Survivin, enthereby defined as a chromosomal
passenger protein. Aurora C has been shown tajpamescue the knockdown phenotype
of Aurora B, suggesting an overlapping functionwestn Aurora B and Aurora C,
although the binding affinity of Aurora C for INCHENis lower than that of Aurora B (Fu
et al. 2007, Bolanos-Garcia 2005).
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Aurora A HZN-- -- COCOH

Aurora B H2N-- --COOH

|:| C-terminal domain I D-box
. Catalytic domain I KEN Motif

|:| N-terminal domain

Figure 6. Aurora A, B and C have high sequence simila

AURORA B AND CHROMATIN

During mitosis the chromosome condensation is apemmed by phosphorylation of F
and H3, and Aurora B is strongly correlated witast phosphorylatior(Giet and Glover
2001) The hallmark of chromosome condensation is phmgdtion of Serine 10 o
histone 3 (H3Ser10) and Aurora kinases specificakdgiate this H3Ser10 phosphorylat
(Huang et al. 2006)However, inDrosophila chromosome condensation appear tc
normal when Aurora B is depleted and thereby H3®ephosphorylation is abse
(Vagnarelli and Earnshaw 20(. Both Aurora A and Aurora B can mediate H3Se
phosphoryléion and Aurora B can also phosphorylate Serin@2&istone 3 (H3Ser2!
(Ke et al. 2003) The exact function of H3Ser1l0 phosphorylatiorumlear, but whe
Aurora B phosphorylates H3Serl10, Heterochromatiotditr 1 (HP1 dissociates from
heterochromatin. However, the function of HP1 inasis is not knowr(Fu et al. 2007).
Aurora B is essential for phosphorylation of threen119 on histone 2A (H2AT119ph
in Drosophila(Brittle et al. 2007.

Aurora B also phosphorylates r-histone proteins, but which arerpglated to chromatir
such as DNA topoisomerase Il and the chromatin dathiag factor, ISWI(Andrews et al.
2003).
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AURORA KINASES AND CANCER

Aurora kinases are overexpressed in many humarersaaod overexpression of Aurora A
leads to transformation of NIH 3T3 cells and Ratirdblasts. Transplantation of these
cells into nude mice leads to formation of tumottewever, overexpression of Aurora A
directly in mice does not result in tumour formationeaning that there are probably more
factors involved to cause growth of tumours (Fwalet2007). Aurora A is localised in a
region on chromosome 20qgl13 that is frequently dredliin tumours. When Aurora is
overexpressed centromere numbers are increasadddacaneuploidy and transformation
(Andrews et al. 2003).

The Aurora B gene is localised on chromosome 17aX8gion not specifically amplified
in tumour. Overexpression on Aurora B is associatth colorectal cancer and low
Aurora B expression is correlated to high probabdif survival compared to patients with
high Aurora B expression (Pohl et al. 2010). Ovpresgsion of the other components in
CPC is also seen in cancers, eg. Survivin and INEEBN well as Aurora B show high
expression in head and neck squamous cell carcindmaever, how this high expression
of Survivin is correlated to the function of CPCuisclear. Overexpression of Survivin is
correlated with Aurora B and high expression ohb®urvivin and Aurora B are correlated
with manifestation of malignant tumours. When b8tirvivin and Aurora B are knocked
down tumour formation and cell growth are inhibi{€ et al. 2010, Ke et al. 2003). High
expression of Aurora B is correlated with hepatod®l carcinoma and inhibition of
Aurora B expression with the selector inhibitor AZI52-HQPA decreased growth of
tumours and specially lead to apoptosis of livenaurs (Aihara et al. 2009). This Aurora
B inhibitor also showed effects in breast cancérlicees, where inhibition of Aurora B led
to apoptosis and thereby suppression tumour grq@thly et al. 2010). ZM447439,
another inhibitor of both Aurora A and Aurora B,shaeen shown to inhibit growth and
induce apoptosis in leukaemia cells. The phenotypéleLa cells after treatment with
ZM447439 was similar to the phenotype that appeaenvAurora B is knocked down,
indicating that Aurora B might be the most potémrapeutic target (Ikezoe et al. 2009).

The Aurora C gene is located in a region on chrames19913.4 that is highly associated
with translocation, deletion and amplification everal cancers. But the exact correlation
between cancer and Aurora C is not known (Ke €2G03).
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Myc

INTRODUCTION

c-Myc belongs to a family of basic helix-loop-helileucine-zipper (bHLH/LZ)
transcription factors. This family of transcript®rfactors are associated with basic
processes like cell growth and cell proliferatias, well as triggering of apoptosis and
inhibition of differentiation (de la Cova and Jotors 2006, Secombe, Pierce and Eisenman
2004). Therefore, c-Myc is a highly potent oncogand is deregulated in approximately
70% of human cancers. Approximately 1000 genedistezl as Myc targets and they are
involved in various processes, such as cell graamth cell cycle progression (Hulf et al.
2005).

c-Myc forms a hetero-dimer with another bHLH/LZ @i Max and together they act as a
sequence-specific transcription factor targetingokes. Max can also bind to Mad and
form a complex that antagonizes Myc binding (SdieeiAgus et al. 1997).

MyYcC IN DROSOPHILA

Drosophilahas oneMyc gene, dMyc, that is encoded by thieninutive(dm) locus (Pierce

et al. 2008). This gene was identified as earlthasl930s and named because of its small
body size. dMyc is closely related to c-Myc, asahtains a bHLH/LZ domain in the C-
terminal end, the domain mediates DNA-binding. Nwerminus is less conserved but
two motifs are highly conserved among vertebrakégc-box | (MBI) and Myc-box Il
(MBII). MBI, but not MBI, is found in dMyc (de laCova and Johnston 2006). The
Drosophila dMyc also associates with the ortholog dMax angetioer they stimulate
transcription (Johnston et al. 1999, Orian et @03).

In Drosophilg dMyc is mostly associated with size and growth fatgon. Knock down of
dmresults in endoreplication and growth arrest irlyedevelopment (Pierce et al. 2008).
Knock down of dMyc inDrosophilaresults in smaller flies and smaller cells, inting
that dMyc is essential for cell growth. Cells tHzve higher dMyc-expression than
surrounding cells out-compete them, leading to tgmp for cells with lower expression
(Secombe et al. 2004, de la Cova et al. 2004). Ekengh the knock down of dMyc
results in smaller flies, the flies themselves sé¢erhe normal (Wu and Johnston 2010).
Transcriptional targets of dMyc are like in veriaes characterized by the conserved E-
box in the promoter region (Hulf et al. 2005). Aldme ability to induce apoptosis is
conserved between humans and flies (Montero, Méaher Gallant 2008).
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AURORA AND MYC

Aurora B is highly expressed in aggressive formswofi-Hodgkin lymphomas, such as
Burkitt lymphoma and inhibition of Aurora B by th&ZD1152 inhibitor results in
apoptosis by activation of the caspase pathway ket al. 2009).

c-Myc specifically up-regulates Aurora A and AuroBain Myc-driven lymphomas,

Aurora A by c-Myc directly binding to its E-boxesducing transcription and Aurora B by
indirect regulation. When Ep-Myc cell lines areaterl with the Aurora B inhibitor

AS703569, cells accumulates in G2/M phase and thgoptosis is induced. Cells
accumulating higher content of DNA are also inceglaand phosphorylation ofH3Ser10 is
decreased. When mice with Ep-Myc-induced tumoursewteeated with AS703569,

tumorigenesis was significantly delayed. Even ayeformed tumours were reduced
greatly in size with treatment of this Aurora initdp. This proves that the Aurora B
inhibitor AS703569 is a potent therapeutic drug kyc-driven lymphomas and also
establishes a direct correlation between c-Myc/mebra B (den Hollander et al. 2010).
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AIMS

* Do the two isoforms of Su(z)12 posses differentfiomin vitro andin viva?

* Isthe c-Myc and Aurora B relationship conserve®insophil&?
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RESULTS AND DISCUSSION

The two isoforms of SU(Z)12 are differently expressd during development

The levels of the SU(Z)12 protein isoforms are diedifferent at different developmental
stages and the reason for this might be that treyhave diverse functions during
development. In the earlier stages both isofornes paesent at similar levels, however
during larval and pupal stages Su(z)12A is expreasdigher levels than Su(z)12B. In the
adult fly the level of Su(z)12B is higher than Sa@A, both in male and female. Different
developmental processes occur in different stagestlaerefore some proteins might be
more important at different stages than otherslyEdevelopment is very complex and
strictly regulated, maybe both isoforms are exméss the same level to secure the right
developmental pattern. This theory propose a realuery effect for Su(z)12A and
Su(z)12B in early development. This redundancycefifieight be gone in larvae and pupae
and maybe the isoforms have other roles duringetbtgyes.

A similar scenario is seen with PRC2 component E®Q the highly similar protein

ESCL. ESC is expressed during early embryonic stabat after that only ESCL is

expressed, and ESCL continues to be the only prateat is expressed during all
developmental stages. These proteins show a redoynddfect as knock down of one of
them does not lead to severe phenotype, this i ss#n when both is knocked down.
However, knock down of only one of the isoformsSaf(Z)12 is difficult hence their high

sequence similarity.

The two isoforms of SU(Z)12 show differences ininteraction with the core
components of PRC2

The sequence difference between the two isoformsnsll, however even small
differences in sequence can cause conformationgelsaim the protein and this can affect
the protein’s binding properties. Since Su(z)12A&slaot interact with Nurf directly, while
Su(z)12B does, the small difference between the tsadorms probably creates a
difference in the proteins capability of bindingdther proteins. However, since Su(z)12A
does interact with Esc, just like Su(z)12B, thidioates that Su(z)12A might still be a part
of PRC2. The direct interaction with Nurf might rw¢ necessary for forming the PRC2
complex, since both binding to nucleosome and H3K&thylation is possible with only
SU(2)12, E(Z) and ESC.

The isoforms might also belong to different compkexr at least not identical complexes.

It is unknown if Su(z)12 is found in more complexiean PRC2, and one possibility is that
one or both isoforms are participating in other ptares giving them different roles.
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The two isoforms do interact with each other exdepthe single copy of Su(z)12A that
does not bind to Su(z)12B. The reason for thislsathat dimers or multimers of Su(z)12
are present in PRC2. Drosophilatwo PRC2 complexes are found; one of 1 MDa and
one of 600 kDa. Even if Rpd3 and Pcl are associaiéd the four core components the
combined size of the subunits is far from 600 kbd & MDa. So either unknown proteins
are associated with PRC2, or multimers of the diydenown proteins are present. This
means that several copies of SU(Z)12A might beialdor binding SU(Z)12B, because
when a single copy of SU(Z)12B-GST is present @anlibad SU(Z)12A-His binds. There
might be still unknown changes to PRC2, leadingepilacement of one isoforms with
another.

There could also be a competition between the seforms for a place in PRC2. One
theory is that the presence of Su(z)12A can leddrtaation of an inactive complex since
it does not bind to Nurf. So there might be a badaor equilibrium between the two
isoforms during development, controlling the adyivof PRC2. As mentioned earlier,
PRC2 still works without Nurf, but the activity m®t as good as with Nurf.

Overexpression of SU(Z)12B causes lethality

The overexpression of Su(z)12B by Actin5C-GAL4 drivcauses lethality and homeotic

transformations. The most common phenotype is esdracombs on the second and third
leg pair of the male. Adequate expression of S@R)is important for correct maintenance

of silencing and even though expression of Su(z)&2Bot at the same levels as Su(z)12A
during larval and pupal stages it still is very on@ant. Therefore, whether or not

overexpression of Su(z)12A can cause the same esg@lenotypes is very interesting.

Although overexpression of PcG proteins in manyesagsult in the same phenotype, the
comparison of the isoforms could still be intenegtiCould overexpression of SU(Z)12A

lead to more or less severe phenotypes?

Knock out of ial causes severe phenotypes Drosophila

Aurora B has been shown to have a crucial roleitotio progression and knock down of

Aurora B results in severe phenotypes in mammatseMthe Drosophila homologue ial is

knocked down by using an UASTfY construct crossed with Actin5C-GALA4 driver, the
flies die before third larval instar, this cleadigows that ial is crucial for survival. Knock

out of lal with RNAI construct crossed to eye andgvdrivers, respectively, show severe
phenotypes in those fly tissues with a very highgbeance. The eyes were smaller and
ommatidia were missing and the wings became shiawvehdamaged. This clearly shows
that lal knock out causes severe damage and thHmalpieo reason for this is failure of

mitotic progression or cytokinesis.

Knock out of ial with a vestigial driver showed thiae cells in wing discs become larger
and fewer and that their nuclei also are very laifigas is confirmed by earlier studies

where knock out of lal causes endoreplication aolypgboidy and thereby leading to
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bigger cells. Usually these cells have severaleiumit this has not been confirmed in my
study, although such result is probable, sincecttls are bigger. Also, knock down of ial
removes the phosphorylation of Serine 10 on his®{#43Serl0), this is clearly shown by
immunostaining in wing discs as the H3Ser10 phospétion is gone where ial is absent.

Overexpression of dMyc results in few phenotypes

When UASdm transgenic fly lines were crossed téedkht tissue-specific GAL4 drivers,
none of the crosses resulted in visible phenotypdabke adult fly. But when dMyc was
overexpressed with Actin5C-GAL4 driver, the flieedl before reaching3instar larval
stage. Also overexpression of dMyc with the 71B-@&Adriver resulted in a wing
phenotype at 25°C and lethality at 29°C. Overexpoesof dMyc with drivers that are
expressed in the several tissues or in the eyiréeads to lethality, meaning that adequate
dMyc expression is essential for survivaDrosophila.

The c-Myc Aurora B axis is conserved irDrosophila

The association between c-Myc and Aurora B has beeatied earlier and this showed that
c-Myc induces Aurora B expression. However, wherroha B is inhibited, so is also
growth and tumorigenesis in Myc-induced lymphom@serexpression of c-Myc is the
cause of many cancers, such as Burkitts lymphondatlaerefore Aurora B is a good
therapeutic target. This study presents evidenaethie Aurora B and c-Myc interplay is
conserved in Drosophila.

Knock down of lal with a daughterless-GAL4 drivessulted in adult flies with lower
weight than wild type control. Overexpression dflge with daughterless Gal4 driver also
leads to lower weight in the adult fly. But whetransgenic fly that combined both Aurora
B knock down and c-Myc overexpression was credtegie was no longer any significant
decrease in the adult weight compared to the wjfze.t The male’s weight increased
significantly and the female’'s weight became eveggér than the wild type. The
conservation of such relationship in the fly shothe importance of this association,
however the exact mechanism behind it is not known.

In Drosophila, c-Myc, like in human and mouse, ssaciated with cell growth and

proliferation and prevention of important growtletiars can lead to growth inhibition and
mitotic arrest. When Aurora B was depleted in Ewecmyice cells, the cells first showed
polyploidy leading to apoptosis. It is likely thidtis happens in Drosophila too, however,
this has to be studied further.

30



CONCLUSIONS

* Su(z)12A and Su(z)12B are expressed at differareideduring development.

* Su(z)12A does not interact with PRC2 component Nurfike Su(z)12B that binds to
Nurf in vitro. A single copy of Su(z)12A does not interact viin(z)12B.

* Overexpression of Su(z)12B leads to lethality. Resfuoverexpression of SU(Z)12A
is still unknown.

* Knock out ofial causes severe phenotypes in the fly with tisseeisp drivers and
lethality with drivers that are more widely expredgsn the fly.

* Overexpression of dMyc does not result in any phgres with tissue-specific drivers
and lethality with drivers that more widely expregsn the fly.

» The relationship between c-Myc and Aurora B is plaip conserved imbrosophila
as knock down ofal and overexpression of dMyc result in flies witihger weight;
this is not seen in flies with knock down of ial daverexpression of dMyc
respectively.
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