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Abstract

Fluorescenhybridisationmethodologieshave not changed in principles over the past
30 years, with the increase of computational sequencing technologies causing the
repla@ment of in situ hybridisationsllorescencen situhybridisation (FISH) iis need of
a refresh to be a worthwhile tool in a modern day cytogenetic laboratmigvercome
short comings of these new methodEhe creation of the novel multilayer FISH protocol
has effectively eliminated many negative aspects of classic FISH based experiments, such as
a large reduction in cost and is no longer as limited by fluorophoa@adoility. Here
presented within this thesis is the creation of this methodology and application to a wide

variety ofcytogenetichypothesises

Key species from th&alliformorder were investigated in order to detect previously
missed intrachromosomakarrangements within thie macrochromosomes, a premise
formerly overlookedRearrangements were found within chromosomes of the galliforme
species used such &schinensigvhich displays a intrachromosomal inversion on tharm
of chromosome 2Furthermoe, the creation of an interphase state folding prediction tool
has been usetb assesshe arrangement ofmacrochromosomeduring cellular growth
stageswithin G.gallus Here it is noted that there are particular arrangements identified

which are similar eross chromosomes studied.

The chicken lymphoma cell line DT40 is of great importancecall Beceptor studies along
with gene disruption experiments. Presented here is an updated karyotype for the cell line
Hereshows contrasting and more-gtepth evidence of aberrations to further developsir

understanding of the genomic arrangement of this useful cell line.

The level of tumour heterogeneity in a cancer is a diagnostic tool allowing clinicians to
comment on therapeutic choices and prognosis of tismdse. Found to be dominant in
recurrent cancers, cytotoxic resistant tumour cell populations may indeed exist within
initial primary tumours at low frequency to be positively selected during chemotherapy.
Within a neuroblastoma cell lin@nd cyto-toxic resistant derivatives lineshere has been
identified a levebf genomic heterogeneity which may give clues towards the generation of

drug resistance mechanisms.
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1. Introduction - An overview of cytogenetics

1.1 The Chromosome

1.1.1 A brief history of t he chromosome

Thought to be first observed by von Néageli in 1848geli,1884)the haming of the
chromosome, and more precisely chromatin, was coined by von Waldiéatr
(Waldeyer,1888) alongside WFlemming who proposed the idea of a heritable eletnen
within the nucless came from a parental nucleus (Flemming, 18&&yasnot until the
SFENI& mMdpnnQa dzydAaft adithiePhefotypirepraseridbon 6fthda RSTA Y SR
genetic content found within cells in the form of somatic chromoson(lesvitsky 1924
Levitsky, 1931and identifying that it was the chromosome which was the means of
inheritance via the Bovefutton theory (Sutton1902; Sutton, 1903; Wilson 192%his
work made the Mendelian theory popular and led to the famBuesophilamutations
experiments by lomas HuntMorgan showing patterns of inheritance of phenotypic
changes from one generation to the next, alongside the proposal of genetic linkage and
crossing ove(Morgan, 1910. The number of chromosomes present within humans was
debaed initially, from a XX/XO sex determination system resulting in 48 chromosomes
(Winiwarter,1912, down to 46(Painter,1922) but later reestablished as 48 with the
discovery of the correct XX/XY sex determination mecharifaim{er,1923) It wasnot
until 1956 when a new methodology of isolating chromosomes was created where the
count of 46 was confirmedr{io & Levanl956). Improvements in cytogenetic methods
rapidly improved the study of chromosomes till the end of the century where a predictive
computational approach rose in popularity as with most research in the modernising digital

age.

1.1.2 Eukaryote chromosome structure
Eukaryotic cells localise their DNA within theclews of the cellwith the interaction of
scaffold proteinsthe DNAprotein structures (chromatin) can be manipulatedther as a
means of gene switching and packing efficiefitye association of DNA to histone
octamers makes up the nucleosome, whichiimzNy’ 6 Sad NBLINBaSyia GKS
A0NARYAQ Y2RSTt tobekattively trahderibeil Fror@ligsg Slins, 2008 With

regards to the structure conformed by the nucleose@BA interactionsthere are
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additionalassociatiosto linker histones causes further condensing of the structure, found
commonly n regions bless active genefHammond et al., 2017; Wanner & Formanek,
2000).During cellular replicative periods, scaffold proteins associate with theliididne
complex to again condense these vast structures (completely inhibiting transcription) into
the commanly recognised chromosome shape that is essential for correct cellular division
(Fukui, 2009)Following DNA replication, each length of Df\sAsingle chromatid¢ now

exists as two identical copies (in regards to somatic callsyhichthese two idential
WAAAGSNI OKNRYIFGARAQ NB O2yySOGSR o0& (KS
(Gligoris & Léwe, 2016; Naumova et al., 2013)

OF OK OKNRY2a2YS Kla (62 WINXYaQsz gKAOK

2T (GKS OKNER Yti)aNS To JiAkyS3 WilBS a K2 NI SN | yR

Chromosomes are further categorised by the relative ratio of p to q arm size; a
chromosome of equal arm size are termed metacentric, slight offsets of arm size from
centromere are referred to as submetaceistchromosomes, when g arms are much
longer than p arms places them into the acrocentric description and chromosomes with
nearnon@A AA 06t S LI I NX¥a AdSd OSy i NP Y EMEN Aredgal
& Sandberg, 1964T.hroughout each chroosome are lengths of relatively e®ndensed
(euchromatin) and more condensed (heterochromatin) regions. Within protein
coding/associated regions of the chromosome, there are multiple elements that may be
found such as enhancer regions, promoter regiohs,ttanscribed and eventually
translated exons and introns which are spaced between exons not to be translatedal Typic
of higher eukaryotes, repeaequences are abundant throughaihe genomesuch as
satellites and retrotransposons. Satelliteg aeped sequences foundt specific locations
across the chromosomesd classified by the length of repeat, minisatellites for short
nucleotide repeats and microsatellites for very small nucleotide repsath agli- and
trinucleotide repeats. Centromeres che an example fosatellite regiong, sequenceshat
are commonly repeated. In humans this cantb® S y (i A SakelBt&s and&an be used as
targeted markerdor chromosomal analys{$lehta et al., 2010)Retrotransposons, or
interspersed sequences are repetitive sequences that are found all over the geaasome
opposed to one locatiorSimilarto saellites, they are further classified by size, short
interspersed sequences (SIN&)ch asAluelements which make up approximately 10% of
the human genoméinternational Human Genome Sequencing Consortium, 22004,

and long interspersed regions (L)NE several thousand base pairs in length to make up

approximately 21% of the human genorfigierce 2012)
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As described, the chromosome is essential for cellular health and correct functionality;
it is a highly specialised structure that has been thedagevolutionary drive of eukaryotic
organisms over time. However, chromosomal aberratitad cause a disruption in this
specialised structure could be lethal or result in abnormal cellular actsuth as cancers

or systemic genetic disorders.

1.1.3 The cell cycle and cell division

¢KS OStft Ydzad 0SS FoftS G2 NBLEAOIGS || O2LE
growth, repair, and reproduction. Within eukaryatic cells, this is classified as the cell
division cycle which defines clear phasesaifutar activity relating to this division process.

(Bell & Dutta, 2002; Bertoli et al., 2013).

1.1.3.1 Interphase

Before the process of mitosis or meiosis, the cell must progress through interphase
(Figure 1.}, this phase can be split into three dististages, two growth stages G1 and G2
(Pardee, 1989) which flankcBhase, dedicated for chromosome replicatifrakeda &

Dutta, 2005). Each stage is shown to have highly conserved regulatory mechanisms crucial
for the transition between stages (Nurse & $itt, 1981; Foster et al., 2010). A newly
constructed cell from a previous cycle shall enter at the G1 phase, to undergo high energy
dependant metabolic activities such as protein synthesis (Pardee, 1989) to either progress
further onto the cell cycle,-phase (Figurd.l) or leave the cycle to be in a state of rest,

known as GO where no cellular division happens. The cell will enter Ghrenlgefore the
restriction point, but once past this checkpoint stage it is committed towards division
(Pardee, 1974)Sphase is the dedicated genetic content replication step, where cellular
functions focus on the duplication of material adequate for two identical daughter cells
(Nurse & Bissett, 1981; Aparicio et al., 1997). The phase after is G2, the second gap phase
(Hgure 1.1) where cellular machinery for division is developed and recruited (Zhai et al.
1996; Meraldi et al., 1999) and can be a means of controlling cellular size via Cdr2
regulation, as shown in yeast (Moseley et al., 2009). Before entry into divSibacts as a
checkpoint to detect any errors in the DNA (O'Connor, 1997) to be repaired via
homologous recombinatiorBurgoyne et al., 2007}ailure to so could lead onto

malformed daughter cés but typically end up in cell apoptosis (Li et al., 1998); the
mechanisms to achieve this are also highly regulated, such as the ability to detect mutative

stress factors via p53 (Taylor & Stark, 2001) and the specific signal pathway to arrest the
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cell g/cle at this stage in order to correctly repair the genetic content of the cell (Xiao et al.,
2003; CharriefSavournin et al., 2004).

1.1.3.2 Mitosis

The majority of human cells are produced as a result of mitotic cellular division, with
the exception oex gametes which are instead produced by meiosis. Mitosis can be
subdivided further into separate stages, each with distinctive identifiers as represented in
figure 1.1 and seen in live cells in figure 1The first stage of mitosis is prophase, classifi
by the phosphorylation and therefore breaking down of the nuclear membrane releasing
the now condensing chromatin strands (chromosomes) into the cellular interior
(Schermelleh et al., 2008). Microtubules from the centrosome shall start to attach to each
chromosome at the kinetochore (Chan et al., 28Q%he kinetochore being a
protein/microtubule structure that has been synthesised on each centromere during this
stage (Chan et al., 2005). When all microtubules are attached to every kinetochore, the cell
now enters metaphase. Here the spindles pull the chromosomes towards the approximate
midline of the cell, the metaphase plate (Winey et al., 1995). At the metaphase plate, the
spindle/metaphase checkpoint ensures correct attachment of kinetochores anépro
alignment of chromosome<han & Yen, 2003)nistakes at this stage would cause the
daughter cells to have incorrect chromosomal counts (aneuploidy) to arise in diverse
phenotypic results (carme) or cellular death (Santaguida & Amon, 2015). After the
metaphase checkpoint, the cell progresses into anaphase, being signalled by the cleaving of
cohesisns which bind the sister chromatids together (Rao et al., 2001). The mechanics of
kinetochore micotubules cause the pulling of the separated sister chromatids to the
opposite poles of the cell, paired with alternate microtubules which push against one
another and the cell membrane to elongate the cell in parallel to chromatid separation
(Civelekoglescholey & Cimini 2014; Asbury, 2017). With separation finished the cell enters
telophase, in which the chromosomes start to-cendense as the nuclear envelope
reforms around them (Sansregret & Petronczki 2013), leading directly onto cytokinesis and
the dewelopment of the cleavage furrow (which acts as a contractile ring) at the metaphase
plate to pinch off the two cells completing cellular division with two identical daughter cells
(Glotzer, 2005).


https://www.ncbi.nlm.nih.gov/pubmed/14593737

Figure 1.1 The cell cycle for eukaryotic cells

The cyclic nature of the cell cycle is shown, split up into interphase (thick black
arrow), metaphase (green) and cytokinesis (purple). A representative 2n cell is shg
key points to visually describe the replicatiand separation of chromatids.

Telophase +

Interphase Prophase Metaphase Anaphase Cytokinesis
—_—

Figure 1.2 Examples of human cells in stages of mitosis

Live human induce pluripotent cells (hiPS) captured in increments along the ce
cycle. DNA is labelled with NucBlue (Cyan) and cell membranes with CellMask De
(magenta)

Image credit: Allen Institute for Cell Science, a division of the Allen Institute.




1.1.4 Chromosomal abnormities and aberrations

1.1.4.1 Aneuploidy

' ySdzLJ 2AReé Aa 3ISySNrffe RSTAYSR Ia GKS
abnormal due toaumericalnumber variations of whole chromosomes, which is not a result
of a multiplication of the haploid number; the term whisst named by G. Tackholm in 1922
(Tackholm1922. Aneuploidy tends to be as result of chromosome-seigregation during
cellular division, which is a tightly regulated system as the spindle assembly checkpoint
identifies most errorsNlusacchio & Salmqgr2007; Pfaw& Amon,2012) Incorrect spindle
fibre attachment and subsequent incorrect separation causes lagging chromosomes
(Janssen et al., 20),1or in the event of a weakened mitotic checkpoint, incorrect pairing or
lining up on the metaphase plate wldl cause whole copy number variations in the two
daughter cells, known as natisjunction. Lagging chromosomes can cause abnormalities in
a multitude of ways; one example is be caught in the cleavage furrow formed in telgphase
causing damage to elidihe DNA repair action of p5@/hich may cause aberrations suas
translocations or deletionglanssen et al., 201Crasta et al.2012). Micronuclei can also
form around lagging chromosomes, which facilitate a harsh environment for typical nuclear
reactiors causing a nefunctional chromosome, and seen as an indicator for chromosomal
instability Crasta et al., 2012; Luzhna et al., 2Q0Emicronucleusan also stall DNA
replication and induce stresses on the replication machinery to cause extensive DNA
damage(Xuet al., 2011). Aneuploidy within cells tends to cause a change of gene
expression of up to 50¢&tingelest al.,, 2012; Kahlenet al., 2004) and to detect the
significance of the incorrect dosage at this scale requires complezdll’anaging m#hods
or extensive gquantitative single cell genome analysis t(fdgitaguidé& Amon 2015).
Aneuploidy is alsootedto be the leading cause of miscarriages in humans, as frequencies
of aneuploidy arespontaneous abortions 35%, still births 4% and newb@:13% Klassold
& Hunt, 2001;Hassolcket al., 1996;Hartl & Jones 2005) and of high frequency in cancers
>85%(Gordon et al.2012;Weaver& Cleveland2006).

1.1.4.2 Deletions

Chromosome deletions are classified by segments of DNA being lost fromalitBe ¢
genome, typically during cellular division/DNA replication. Small deletions, such as single
base deletions, could lead to frameshift mutations which would interfere with the reading
frames of codons in eukaryotic organisms, yielding incorrect trgsigm products fhich

may ultimately formulateas malformed proteins).
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The nagnitude ofdisruptiondeletionscauseare somewhateliantto adisruption to
normalcellular processes, for examphlngle base deletions occur mainly due to single
base flippng events or DNA slippage within DNA polymerase in that stage of DNA
replication Banavali, 2013; Manjari et al. 20140ther largescale losses can be explained
by losses duringranslocation eventsluring ciromosomal inversion events (Figuts),
unequal crossing over during meiogSomings, 1966; Jelesko, et al. 208dJ DNA

breakage without rejoining.

Deletions can cause systemic wide issues for the organigmiange loss of gene
products,for instancedeletions of the 1514113 are indicative oPraderWilli syndrome
with loss of small nuclear RNAs, essential for reguld@availléet al., 2000de Smith et
al., 2009) Deletions, such as multiple miedeletions along the Q arm of chromosome Y in
males are associated with spematogenic failuesusz et al., 199%oresta et al., 2001)
these deletions show that the Y chromosome has more function than just sex
determination(Tiepolo & Zuffardi 1976; Burgoyne, 199&)ne of the more heavily studied
in respect to deletions arising to tumorigeness the deletion of chromosome 17p, home
to the p53 geneTP53(Isobe et al 1986; Baker et al., 198@nd somewhat disrupted in at
least 50% of all human tumougslolistein et al., 199lipdicating that this gene plays a vital

role in cancer suppressiqSurget et al 2014).

1.1.4.3 Duplications

¢ KS G(upiNation®sR compromise eventsuch asas genaeplication, whole
chromosome duplicationr gene amplificationThese events act as a mechanism to
increase the genetic content of the organis¢ius expanding the coding and conding
elements within the genomeLikewise with deletions, there are many cellular events that
can cause duplicationsuch as unequal crossing owenichcan also duplicate a segment
due to a possible large homologous regiatieen chromatid pairdComings, 1966;
Jelesko, et al. 2004nd replication slippage. Whole chromosome number increases can be
classified as duplication eventa the case of aneuploidy via nalisjunction during
meiosis cargiverise to whole chromosomincreases such as in Dowypndrome(Oliver et
al., 2008however aneuploidy events occurapproximately 15820% of clinical pregnancies
that result in a spontaneous abortiddia et al., 2015 he whole genome can be
duplicated in polyploidy events, fjcally seen in plants as a means of speciation and
adaptation Rieseberg & Willis, 200Avith many examples of lineages expanding in ancient

polyploidy eventsNleyers & Levin, 2006)hese can ase via autopolyploidy, such as the

v
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potato (3n) (Potato Genome Sequencing Consortium, 2011; Visser et al., @0B9)usion
between taxaallopolyploidy such as forms of wheat (6n) (Hanco2@04) Polyploidy is
also present in animals where it is tgplly tied to evolutionary event{®ehal & Boore,
2005)such ashoxgene cluster duplication&Soshnikova et al., 201Byt also used for

cellular, tissue and organ differentiatigifelicky, 2018)

Diseases that may arise from duplication events are contynceiused by the over
expression of specific gene products, typical of cancers sulgty&and cell cycle
regulatorsCCNDAnd CDK4Vogelstein & Kinzler, 2002)x&mples of congenital conditions
adzOK |a W/ G Seé S-qiA&ifRipliRad SqadrupidatiRdSias ietH LJ
al,2001) or CharcoiMarie-tooth diseasevhichis caused byhe duplication of 17p12
containingPMP22or 1p36.22 containinylFN2(Krajewski et al.,2000; Baloh et al., 2007)
both associated with nerve cell damad¥dtila & Balarab 2015)

1.1.4.4 Translocations

The rearrangement of chromosomes, the sharing of chromosome segments can be
classified as translocations. Translocations come under different descriptive varieties, the
quantity of DNA transferred between chromosomes (bakhor unbalanced) and by the

method of translocatin (reciprocal or Robertsoniafigure 13).

The distinction between balanced andbalanced is given as eithdralanced, where a
swap of equal genetic material occurs between chromosomes, typicalihomologous,
which generallycause no loss or gain of function, or unbalanced translocations, which
results in the exchanging of unequal volumes of DNA between chromosomes which can
give rise to imbalances across the chromosomes affected. Reciprocabtatitshs are
characteried by the exchange of material between nRbamologous chromosomes
somewhat seen as a high occurrence estimated betweBfUpeople(Ogilvie 2002)to 1-
600people(Estop, 1997)The majority of these are typically balanced, asymptaim, and
harmless to the organism yet may lead to fertility issues as gametogenesis can be impaired
(Stern et al., 1999; Baccetti et al., 2008X male syndrome, or De la Chapelle syndrome,
(De la Chapelle, 197dgmonstrates thagpproximately 90% dhe casesare caused by a
translocation aberration of the SRY gene to the X chromosome. This effectively causes
individuals to either have a female karyotype (46,XX) but present phenotypically as males
or alternatively a phenotypic female with a male karymy(46,XY, without the SRY gene
present on the YMargaritet al., 2000t Y P{ S I f ®X HamMo0 ®



Robertsonian translocationBke to reciprocal translod#ons, can also be symptomless.
However these abnormalities also carry the risk of unbalanced gametes to cause fertility
issues Keymolen et al., 2011Yhese translocations tygally occur with the acrocentric
chromosomeskKigurel.3) as they contain highly similar DNA sequences within the short
arms, thought to increase a possibility towards these types of translocatiins&

Shaffer, 2002)These events yield a large metacéntppearing chromosome and a
smaller gene poor chromosome which is typically lost during cellular diiSion&

Shaffer, 2002)Down syndrome is typically due to the trisomy of chromosomé@ivever

it can occur due to translocation events involvilganosome 214, such &s the event of

a Robertsonian translocations, between t(14;21) and t(21;21) (Peltaal, 1960; Penrose

et al., 1960; Jyothy, 2002phis translocation event is somewhat comparable to trisomy 21
asincrease dosage of genetic maitdron theq armiis still present and expressed

However findings indicate that the translocation causing sufferers express less severe
learning difficulties and less severe obesitycaspared to trisomy 21 suffere(Prasher,
1995)

Translocations redte two separate duble strand breakages to occurolble strand

breakage can occur via pathological means such as during cellular processes like replication
errors, destructive action at fragile sites and toposiomerase failuresaaexternal

influencessuch ionitg radiation. Opposed to thisegulated nosrandom physiologic

double strand DNA breaks can occur during V(D)J recombination and during class switching
(Lieber, 201Q)The breakages can either be repaired by homology directed repair during
late S and G2 phase as the sister chromatid present act as a reference or donor, however
outside of these stages nemmologousend joining (NHEJ) must occur to fix the breakages
(Tsai & Lieber 2010)NHEdisuallyinduces some nucleotide loss and no use tdraplate

to guide any new nucleotide insertion by polymera@idsber, 201Q)This can induce a
translocation by joining arms from breakages from differing chromosomes during the

repair step It has been suggestdatat proximity of chromosomes involved iranslocation

events within the nuclei space are important for the aberratiomtaur (Roukos et al.,

2013) As a possible result from poorly mediated NHEJ, unbalanced translocations are
typically iconic in formation of a wide variety of genetic diseaBemguently acrocentric
chromo®mes are found to be malformeda unbalanced translocations in many cancers,
more-so in blood cancerd.in et al., 2018)hought to be as result of closer special

association around the nucleol@Bolzer et al., 2005)



1.1.4.5 Inversions

Chromosome inversiorsccursg KSy | aS3YSyid 2F | @KeNBY2a4a2Y!
order isreversed either beingparacentric when the reversed segment does not involve the
centromere or pericentric when the centromere is located within teeersed segment.
Many inversions do not cause any abnormalities, and are just evolutionary events that
cause genetic dissimilarity and isolation between populations/specieating posizygotic
barriers that prevent fertile heterozygotes (Kirdg95) d to the inability to correctly
balance chromosomes during crossing over events in gametogenesis due to mismatched
homology. In addition to this, suppression of recombination would prevent the creation of
an inversion containing heterozygote chromosomesrfibeing dispersed into the
L2 Lddzf F GA2y S OldzaAy3d 2FFaALINARYy3I G2 SAGKSNI KI @S
fuelling speiation and genetic divergen¢®obzhansky,1970 Trickett &Butlin, 1994).

Evidence of that the presence of inversions alneiitimpact on evolutionary events
throughout time has been long predicté8turtevant, 1921Dobzhansky, 19703 assic
cytogenetic techniques predicted 9 inversions between humans and chimps yet with the
introduction of genomic sequencing there has bdeunnd to be an excess of over 1,500
(Feuk et al., 2005)The process of inversions rely on several molecular mechanisms, such as
reliance on key breakpoint regions which are staged along the geffRare et al., 2007)
where these inversions can span sealanegabases in the case®@imelanongaster
(Hoffman & Rieseberg, 2008) smallas can be found to bless thanlKB Feuk et al.,

2005).

However, it is unlikely that an inversion would cause harm to the carrier as there is
typically no gain or deletion @fenetic material, similar to previouslgscribed
chromosome aberrations. Neverthelesss still possible if disruption occurs in gene
reading frames/coding regions or expression controlling elements. An example of a
possible link to autism is a balamt#verted paracentric inversion involving chromosome
10(g11.1;921.3), where breakpoints disruiiRIP&nd REEPBighlighting possible

candidate genes for further studqZastermans et al., 20Q7)
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1.1.4.6 Rings
Ring chromosome aberrations arise dueko$ f 2aa 2F 020K WSyRaQ 2°
with repair and recombination events connecting them improperly, first seen in 1926
(Morgan, 1926and has been reported for every human chromosai@ehinzel2001). It is
possible for rings to form with just lost efibtelomeric or telomeric sequences, and no loss
of genetic content to typically yield a normal phenotyjsermeesch, 20QSigurdardottir
et al.,1999) but can show a delay in growth of an indiviqlyap, 2015)

Severity of conditions arising from rikgromosomes depend on the location of the ring
FdzaA2ys | aK2NILGSNI NRy3I gAft NBaSvyoftS | 1 NBHS
of same chromosome origin has a lower level of genetic material loss. Rings can be

inherited or rarelyspontaneoufy formed,rings are associated with mosaicisisuallydue

to derivative cell lines/ppulations attempting to stabilestheir genetic content after a

previous aberratior{Shchelochkov et al., 2008longside other chromosomal aberrations

such as tetrasomand deletions, the presence of ring chromosome 20 has been seen in

cases of epilepsy, indicating that epilepsy is polygenic in nature and can be caused by

multiple chromosomal malformation&chinzel & Niedrist, 2001).

Ring chromosomes have been idemwtifiwithin many plant species (Singh, 2016) and have
been seen to be somewhat benifical as they can confer resistance to commonly used

glyphosate based herbicides due to the presence of &R8P&oo et al., 2018).

1.1.4.7 Isochromosomes

W9 [j -daroin@®me or isochromosome is an unbalanced chromosomal aberration
where chromosome arms are replicas of one another. In other words, it is in appearance
that one arm of a chromosome is deleted and replaced with a duplicated version of its
remaining arm These sochromosomes can arise from two different means during cellular

division of an individual, or inheriteddm either paren® gamete.

One such mechasm is centromere misdivisiothis is the process of incorrect
disjuncture during metaphase/anaphase cagsthe chromatids to divide transversely and
not longitudinally along the forming daughter cells. This is due to the action around the
pericentromere, where homologous sequences are shared between sister chromatids to
cause mismatching of separation comyss to form and incorrect separation around the
centromere. This would typically form aagntric chromosome albeit close in distance

with possible gains of genetic mater{@Volff et al., 1996)Another such mechanism is via
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U type strand exchange, inste of incorrect separation, there is a double strand breakage

in the pericentromeric regions of the sister chromatids to be repaired incorrectly. Likewise,

g2 OSYGNRYSNB&A I NB LINBaSyld 2y 2yS ySé WOKNR
other results inchromosomal lossRowe et al., 2009 type strand exchange can also

affect homologous chromosomes (similar and sometimes misinterpreted as Robertsonian
translocations $haffer et al., 1991)f there are similar enough low copy repeats to allow

partial folding onto itself to recombine incorrectly between these repeats, such as in the

previous example of acrocentric short arms.

The presence of isochromosomes affetbiis organisn®@ phenotypes differentlyfor
exampleCandia albicansan gain a resistance tntifungals with the presence of a specific
isochromosomegelmecki, 2006)The 5L chromosome in isochromosome form, incurs a
positive growth advantage when exposed to conditions caortgj the antifungal
fluconazole. Wsurprisingly 5L is the location fBRG11, the target of fluconazoWlgite
1997) and Tacl which up regulates ATP binding cassette multidrug transporters CDR1 and
CDRZCoste et al., 2004; Prasad, 201\8jith increased genetic cags, it is predictable that
with increased copy number due to the isochromosome increases resistance to the effects

of the antifungal.

In humans however, isochromosoma® associated with multiple diseases and
syndromes. Turner syndromedkassicallxategorised by an X0 genotype, yet
isochromosome &is reported in cases of live Turr@mdrome births to exhibit milder
symptoms than typical Turner syndrorf®kbas, 2012)Iin retrospect of current Turner
syndrome sufferers, between-I7%tested were found to be the 46,X,i(Xq) karyotype
0{@0SNIi 3 aOl/ |l dz S& 3 H andaaTbehaterr@lly htieriteaCdi’y SY RA § =
et al., 2011) Both isochromosome variants exist with different symptoms of Turner
syndrome expressed, i(Xq) (and therefore deletedh&pk the short stature and
congenital malformations whereas i(Xp) (and therefore deleted Xq) tyypidsplay
gonadal dysfunctioiS6nmez1997).

As demonstrated, isochromosomes bring about the phenotypical changes due to dose
variation, as effectively #re is a trisomy dosage in the gained aand a monosomy in the
lost arm(Sidwell et al., @00). Isochromosomes unsurprisingly relate to cancerous cell
development and survivability, where the presence of isochromosome 17q correlates to
high levels of nedpasia and poor survival rates in patieifidendrzyk et al., 2006)The p

arm has many low copy repeats localized to the pericentric region, allowing a higher rate of
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recombination and U type strand exchange to occur creating the isochromosome 17q
(Barboutiet al., 2004) multiple tumour suppressor genes are located on the p arm of
chromosome 17 such as p53 so a worse prognosis is understandable in presence of this

aberration (seesection 1.3.2.3.2 and section.4

Iso-

Deletion Duplication Translocation Inversion Ring chromosome
Reciprocal
ﬁ .
> > I—)I <> @ I I—)' I
A

~ N Robert soian

Figure 13. Schematic representations of chromosomal aberrations.

Multiple chromosomal aberrations shown by simplistic colour coded figures. Eg
aberration hasa normal chromosome(s), left and a representative of a possible
aberration, right.

1.1.5 Cytogenetic methods of past ard present

1.1.5.1 Karyotyping

The karyotype of an organism is the visual representation of its ordgremmosomes;
this definition can also be expanded to be in reference to the ordered chromosomes of a
whole species. The use of karyotyping extends ftbendetection of abnormalities that
may cause pathological symptoms, to evolutionary biology where comparisons can be

made to comment on chromosomal similarity or shifts between species.

Using a karyotype, observations can be made about characteristiogtier
distinguish information about an organisaigher, 1919 seen in figurel.4as a
representation of a normal human male karyotype. Features and characteristics can be;
sizes of chromosomes, centromere positioning, chromosome count and ploidy mumbe
featuring of satellites and banding pattern. Togetheaistinformation can be used to
characterise the organism in terms of species level, differ between the sexes (if sex is
determined by chromosome®(ll, 1980; Janzef Phillips, 2006)differences btween life
stages of an organisnspday & Esteban, 20Q1ifferences between the gametes
compared to normal body cells, and to identify abnormalities in the event of disease

(Santaguida & Amon 2015).
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Figure 1.4Normal Human male karyotype with ideogram

A karyotype of a normal healthy human male, 46<2n>,XY. Chromosomes stain
and banding highlighted by DAPI, image asdignment produced using SmartType
(Digital scientific UK).

The isolation of lymphocyte culturestime 1960s allowed easier collection of genetic
material that could be stimulated to a growing state ushered in an age of clinical
cytogeneticsorrhead et al., 1960; Fergusedmith, 2008)This allowed the discovery of
whole chromosomal aberrations to krto medical diagnass, such as translocation Down
syndrome Polani, 1960and the Philadelphia chromosome (Rowley, 1973)e
Philadelphia chromosome waise first discovered cancehromosomal aberration
(predominantlyfound inchronic myeloid leukamia (CML)) with a direct link to
tumorigenesis, consisting aftranslocation to give a short chromosome 22. Furthermore,
prenatal diagnosis was an areaiterest especially genetic analysis (Steele & Breg, 1966)
yet the methodologies el yielded poor antbw relevantinformation (Schmid, 1963;

FergusorSmith et al., 1962)
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1.1.5.2 Whole chromosome banding

The introduction of chromosome banding revolutionised the field of cytogenetics by
quinacrine intercalating into DNA to produce varying dark and bghts visible by UV
based microscopyJaspersson et al., 196Jhis technique known asléanding was used
on the principle that the quinacrine binds to rich AT and CG dense regions, yet only-the AT
quinacrine complex produces detectable fluscence whemxcited by UV lightAT
regions being common in heterochromatin segments of ttromosomegjave a reliable
and repeatable means to classify chromosomes and lead to the ability to classify all human
chromosomes by this one techniqguédspersson et al.9Z0) Previous identified
aberrations were able to be explored more, such as the Philadelphia chromd&ondey,
1973 highlighting the significance of chromosome banding. More common stains used to
give the same bandingffect are DAPb n -@ianudino2-phenylindole) and Hoechst 33258
(Kapuscinski, 1995; Latt et a@l975)

Alternative banding techniques arose for general banding pattern, such asdégan
G-banding instead uses Gima stain after trypsin digestion which binds to phosphate
groups rathetthan insertion into the DNA structure, initially used to detect the malaria
causingPlasmodiun{Giemsa1904). Similar to @anding, Goanding gives light and da
bands, however it is the Cight euchromatin that resolves as light bands and the AT right
heterochromatic that displays as darknds(Seabright, 1971)An offspring of @anding is
Reverse bandin@Rbanding)to give a similar banding pattern but in reverse colouration.
This is achieved by heat denaturation in a high temperature phosphdtertfallowed by
Giemsa stain and in conjunction with-anding it allows comparison to define any possible

irregularities with precisionRicher et al., 1983).

The use of stains can be used to also highlight specific features of chromosomes
opposed to stming heterochromatin/euchromatin such as the centromere or telomeres.
The use of @anding highlights constitutive heterochromatin which stains darkegell &
Jacobs, 1975and is highly concentrated around the pericentromeric region of
chromosomes whiih consists of high copy count tandem repeats classified into
microsatellites, minisatellitesand transposons3aksouk et al., 201.5Ebanding is achieved
by the use of @&msa stain, yet has an alkaline denaturation step before staining which only
consttutive heterochromatin binds, used typically to clearly visualise centrom&esier

et al., 1971)Lastly T bandingiagain very similar, where Giensain is used with pre
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staining parameters changed, such as high temperature denaturation, to sesutset of

Rbands found at the telomeres of chromosomdack et al., 1986)

1.1.5.3 In situ hybridisation

Pardue and Gall first displayed a technique using previously isolated DNA
(ultracentrifugation obtained mouse satellite DNA) to generate centransgecific probes
by conjugation with radioactive isotopeBdrdue & Gall, 1970This was the first time an
situ hybridisation (ISH) had been used in this way to detect features on chromosomes, with
this methodology applied later to shown that ribosohggnes are located on the short
arms of human acrocentric chromosométefiderson et al., 1972)p to this point, only
large, easy to isolate DNA material was ablbé¢ used to form useable probesitiWthe
introduction of recombinant DNA techniques, thioning of DNA fragments of interest was
enabled to be high enough in yield to be labelled and provide sufficient signal radioactively.
This allowed smaller features to be identified, such as the location of beta globin genes to
be confirmed to the shorarm of chromosome 11Malcolm et al., 1981)Obviously, use of
radioactively labelled probes had plenty of safety issues reggnoliobe generation and
imaging. he imaging process would take a multitude of days to accomplish a sufficient
signal. With thedrawbacks of isotope labelled probes, the replacement using fluorophore
labelling and UV microscopy became the standard methodology for gene location studies
and chromosome analysis, known as fluorescence in situ hybridisation (PiSké) et al.,
1986;Lichter et al., 1990)nitially, biotin was the primary label used in conjugation with
probe DNAKofmann & Kiso, 1976; Bayer et al., 198§jer hybridisation, ai@in (which
has high affinity towards biotin) labelled with fluorescein was used to prodnce
observable sigal. A1 example of usage was interspecies translocations between human
and hamster in humathamster hybrid cell lines. This method also allowed the creation of a
Y specific chromosome probEigure 1.5 and human 28S ribosomal RNA gerebps
(Pinkel et al., 1986).
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Figurel.5. Fluorescence hyfidisation of human chromosomes

Images from the first use of fluorescenicesituin gene location studies, using
probes labeled with biotin with advifiuorescein green, but with counterstain appeard
yellow). Counterstained with propidium iodide (red) A/Top-dfimulated male human
peripheral blood lymphocytes with-8pecific probe pY431A. B/Bottom. Specific
ribosomal RNApecific probe pAbb to human lymphocyte chrosomes. Images taken
Image takerdirectly from, Pinkel et al. 1986
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Figurel.6. FISH principle and procedure
A schematic representation of the FISH technique. The probe DNA is isolated and
labeled either directly with a fluorescent tag (as seen herahdirectly (e.g. Biotin).
The sample of target DNA is denatured alongside the probe DNA and allowed to
hybridize with its specific target area. Upon analysis with a fluorescent microscope
clear signal should be apparent on the targeted position efdhromosome.

The introduction of more colours from differing fluorophores further allowed specific
gene mapping questions to be answerdtbre fluorophoresallowfor direction or gene
order to bequestioned and the establishment of gene loci along the chromos@rask et
al., 1989)

Flow cytometry allows the isolation of fluorescently labelled chromosomes based upon
their size Gray et al., 1975)ith enough genetic material collectioeach chronosome (or
pool of chromosomesseesection 1.3 and section 4.tan be amplified and labelled with a
fluorophore. This effectively creates a whole chromosome probe, known as a chromosome
WL AYyiQ 6KAOK gAff Ff dz2 NBa andpmentakysdquetcdzOO0S 4 a ¥F d.
(Young et al., 1981 Chromosomes previously had been used to make chromosome specific
libraries, but now paints could be used to answer biological questions from clinical uses to
ecological assignmentB¥did et al., 1998)Now previais phylogenetic assignment could be

questioned by direct chromosome comparison, looking for common homologous regions
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across species and taxa to redefine our understanding of evolutionary lineages, or direct
karyotype evolution by cross species paintingm@lex chromosome aberrations could

now be classified and understood at a deeper level as human and mouse paints had be
created enabling cancer researchers to draw conclusions easier as compared to previous
banding pattern analysis which was technicallgltdnging and gave questionable results
(FergusorSmith, 1997).

There was also a large relevance for the use of paints diagnostically in IVF, such as the
detection of chromosome 21 copy number variants in uncultuaeaninocytedausing a
highly specific coig, unique to human chromosome 2Zheng et al., 19925ex
chromosome paints and probes were used to correctly sex embryos before implantation
(Griffin et al., 1992%nd link dysmorphism events to specific chromosomal abnormalities
with links to prevalene of these abnormalities to maternal agdunné & Cohen, 1998
This was important for the identification of X linked disea&esffin et al., 1998 or
associated aneuploidy/mosaicism sex chromosome linked diseases where clinical use of
paints resultedn confirmed healthy pregnancy of a selected embryo after screening out
affected embryoselhanty et al., 1993)

The use of bacterial artificial chromosomes (BACSs) in FISH has allowed the creation of
whole genomic libraries by fragmenting genomic DNA ghiort 153350kbp lengths
0 hddror, 1989) By using specific BAC clones of model species it is possible to use these
with fluorescent molecules to act as posital markers along a chromosoma.the
example of a specific gene of interest, the locusaid giene can be identified from
positional hybridisatia of the BAC now probsequencgFigure 1.6)Furthermore,
hybridisation across different species allows indications towards possible regions of
homology and gives information towards possible ancésimaages between the samples.
The use of comparative BAC mapping has shown that the platypus sex chromosomes are
more avian like than classic mammalian like in their five X chromos(@nétzner&
Graves, 2004Yeyrunes et al2008)

Multiplexin situhybridisation (MFISH, also known as Mdiior and similar to
multicolour,mFISH) uses many differing fluorophores attached to DNA paints hybridised
simultaneously to show different successful hybridisations on the same prepafateir
et al., 2004)With this method it is possible to detect at a higher level of accuracy, as has
been demonstrated that it is possible to detect new novel chromosomal rearrangements

not previously detected bgstablished banding techniquéSpeicher et al., 1996As this
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technique is limited by fluorophore wavelength emission overlap, ratios of fluorophores
can instead be used and computationally analysed to assign correct pseudo colouration,
these can be detected by a typical set of varied fluorescence filters or bystheflan

interferometer in the case of spectral karyotyping (SKY).

As of 1996, using the differentiation of different spectra (SKY technfauee 1.7
allowed the simultaneous identification of all human chromosomes and colourisation in
pseudo colourgSchrdck et al., 199@KY has great practicality when used to detect
chromosomal malformations in context of unpredictable karyot{eo et al., 2014) e
of the first studies on haematological malignancies, acute myeloid leukaemia (AML) and
myelodysphstic syndrome (MDS), used SKY to confirm results seen fioanding yet also
indicated that SKY detected more cryptic aberrations that were impossible to detect via G
banding Yeldman et al., 1997 Even more recently, SKY still has applications to improve
banding based assignments with more accurate results amigtdight unseen
malformations. For exampl& acute lymphoblastic leukaemia (ALL) to improveaRding
karyotype Guo et al., 2014and adiscovery of a novel 5 way translocation event within
chronic myeloid leukaemia (CML) via SkBa@ding and FISNWaidya, 2013)SKY can be
also used to further classify and categorise patients of AML into specific aberration
groupings when @anding had failed to identify precise mutatiofi§lrézek et al., 2002)
{Y,Qa FTR@FyGlr3Sa IINBE OfSINIAY GKFdG AdG Fff2ga
simply appear as a multitude of differing colours on a derivative chromosome yet it does
not comewithout its drawbacks. There are aberrations that would not directly cause a
colour change, such as small deletions, duplications, reciprocal translocations and in
particular intrachromosomeal events such as inversigian et al., 2000mataka &
Arisaka2012) The financial costs to set up and maintain reagents and equipment for SKY
are high as well as skill of the user able to interpret and use the informéRiadillaNash
et al., 2006) SKY loses its usefulness without being pairé¢ld another analys
methodology typically Gbanding or Gbanding is usually performed alongside SKY (again
requiring a skilled cytogeneticist) and usually requires FISH experimentation to some
degree to verify claims such as small reciprocal translocaffess et al., 200) and
detection of clone variantéSaito, 201Q)SKY can only detect dowo an alteration of
1000200Mp, and fails to detect aberrations welbse totelomeres(Fan et al., 2000}his
Ol dzaSa ¢KIG Aa 1y26y a (GKS comestyfRiiohoten STTFSOI
the fluorophores from multiple contributing chromosomes (in context of an unknown

derivative chromosome) slightly overlap and cannot be distinguished from one another
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often leaving a small region from a third chromosome ung@tadila-Nash et al., 2006)n
the event of mass malformation or a chromothripsis evessie(section 1.3.4)2SKY cannot

possibly be reliable enough to sufficiently characterise a cance(dimeng et al., 2013)
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Fgure 1.7. SKY (spectral karyotyping) karyotype of a healthy normal human

female, 46<2n>,XX

A, DAPI labelled metaphase of human female XX. B, SKY assigned pseudo
colouration according to different spectra recorded. C, Karyotype analysisgés A
and B, assigned to standard human parameters. Images taken from Guo et al 2014

1.1.5.4 Digital/Virtual Karyot yping
Digital/virtual karyotyping is a methodology used to identify DNA via copy number on a
whole genome scale. To expldimther, short sequences fromamplesof DNA are tagged
from previously specified loci across the genome that consistently ovaitegse
sequences are then processed and compared to a previously established reference genome
to identify deletions, amplifications, foreign DNA and copy number var{@éng, et al.,
2002) Contemporary methods to achieve a computational derived karyotype
comparative genomic hybridisations (CGH), more specifically arragfigitde 1.8and via

single nucleotide polymorphism arrays (SNP).
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Figurel.8. Overview of Array CGH methodology and principles
Simplistic representative of the methodology used for aftaynparative hybridization.
Test DNA (greerand reference DNA (red) are mixed and be simultaneously hybridi:
2y WLAGAQ O2y il AyAy3a O2YLIX SYSy il NBE 54
between the differently labeled strands will yield yellow fluorescent results, yet a bi
towards red or greenignifies a lack of test DNA (red) or an abundance of test DNA
(green) signifying a gain or loss of DNA in the test organism.

Image based ohttp://compbio.cs.brown.edu/projects/nbc/ accessed June 29.

These methodologies have changed the field of cytogenetics as it is able to merge the
field of tradtional chromosome analysis and spedaifiolecular diagnostics.ddstitutional
disorders can be easily detected and resolved using these methodologies, such as copy
number variant issue@_ee et al., 2007)r abnormalities that can be identified to link
towards developmental delays in humai&haffer & Bejjani, 2006; Edelmann & Hirschhorn,
2009) These methodologies require the use of disrupted DNA (DNA in which is different
from the reference) to detect aberrations, which is also limited by the probes wiadh
the array itselffsuchas KS WRSyaAdeQ 2F GKS LINRB6S oairliSo |
The most basic of disadvantages isick of theability to detect balanced translocations or
inversions Gebhart, 2004)and there are issues regardirffgetcomputational analysis of
sequenced samplgfoy & MotsingeReif, 2012) Studies show that there are variations
when comparing results from replicates using various platfqiB@aimbusch et al., 2008;
Curtis et al., 20099nd even showing that variatiasf algorithms will provide different

results on the same sample provid@édai et al.2005; Pinto et al., 2011)
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As previously described, virtual karyotype systems will compare any disrupted DNA
found to a known reference, typically a normal diploichgme. In the case that there has
been an elevation of genomic material due to an increase of ploidy, this will incur incorrect
NB & dzf (a-Lbft&2 AlR8WY dafl YALJt S gAff 06S O2yRSYaSR Ayis:
within context of this example. Thign only be rectified by conventional techniques, such
as traditional karyotyping or FISH to reassess the sample if this issue is detected. Sub clones
will be missed within the circumstance of a clonally diverse tumour and would be seen as
low level backgrund interference when averaged against the dominate clone present,
which will impact the outcome of the treatmefitandau et al., 2013Yhere are
associations between greater number of detectable subclonal populations and poorer
clinical resultgPereiraet al., 2016; Morris et al., 201,8nd increased diversity can indicate
increased resistance to selective pressures such as drug resis@raeet al., 2016)n
the context of these points, only detectable subpopulations are taken into account of
curSy & GNBIFGYSyld FyR OfAyAOFf RAFIy2aGA0a 6KA
population analysisHigure 1.9. Gurrently undetectable subpopulations may give rise to

recurrent tumours that may be missed by current methodologies at initial treatmeagfest

A) Single Cell Analysis B) Population Analysis
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Figure 1.9. A global analysis technique vs. a single cell approach

A sngle cell analysiapproach can identify individual cells as part of-sub
populations. A) Clear offshoots can be identified over time which may possess diffé
intrinsicOK I NI OGSNAaidAOad .0 | L2aairotsS NB
into consideration possible subpopulations present. Adapted from Matson & Cook,
2017.
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1.1.5.5Fluorescencemicroscopy

The dogma ofluorescencemicroscopy is that a molecule of fluorescent properties
will chemically bind or somewhat help in the detectioradénown biomolecule of interest
(Sahoo, 201p Fluorescence gabe described as the emission of light at a lower
wavelength/energy by a substance after absorption of a higher wavelength/energy light or
other electromagnetic radiatiomlcomparison to radioactive labelling, fluorescence is

much safer to use and mulifluorescent molecules can be used simultaneously.

As described, fluorescent molecules require high energy wavelengths of light to be
absorbed and then emit a lower ergy higher wavelength of lightyith the use of different
spectral emission filterffor different wavelengths of light to be emitted to the sample) and
a dichroic mirror/beamsplitter paired with a emission filter (to match the excitation
wavelength from the fluorescent molecule) multiple fluorophores can be used of differing
absorption ad emission to separately identify different targé&pring&
Davidson2004)(Figure 1.1Q)

Detector
AN a.
High energy
light absorption b
Ocular[ ] giggéenergy
Emission
Excitation Filter
Filter 1 |
= Dichroic
:Qr‘or‘
Light To ground
source state
L |
Objective ) Enepgc);

< Specimen
StagE%

d.
Flgorgscence
emission

Figurel.10 A smplistic representation of a fluorescent microscope and parallel

atomic events

Shown, a basic overview of the rudimentary principles on which fluorescent
YAONR & 02 LR NBF -l NBdz®DK @ SNK NS & SHa il 1A D2 v
and the path light travels to and from the specimen as different wavelengthgtaf li
Right: a nuclear model showing a) a high wavelength of light exciting an electron tg
jump to a higher energy state to eventually, c¢) lose the energy and return to its gro
state by, d) emission of light at a lower wavelength/energy
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Fluorescent labels such as ethidium bromide and GFP (green fluorescent protein) are
used commonly, but there are multiple ways to generate uniquegtid labelling options.
To create a specific tag, typically a fluorophore will be attached to a unique molecule with
affinity towards the target, examples of which include enzymatic labglRichter et al.,
2002) chemical labelling as an alternative@RWombacher & Cornish, 2011; Jung,
2013, protein labelling such as histidine tags, and finally genetic labelling such as FISH

allowing specific loci or sites along a chromosome to be identified.

1.2 Comparative Genomics

Within the field of genomics,amparisons of genomic features between many numbers
of organisms can be studied to determine comparable biological features and evolutionary
relationships. Since the work of Fisher in 19&8her, 1918y formulating the idea that
Mendelian inheritancevas to account for the phenotypic variation in nature, gave birth to
the research environment of genomics. It wast until 1986 with gene specific DNA
sequences for the herpes simplex virus was studied to better understand its gene coding
glycoproteins, hat the Epstein Barr virus and Varicella zoster virus was also compared
alongside to surprisingly discover over 100 shared gene homologs between these
pathogenic viral agentévicGeoch & Davidson, 198@his direct comparison between
these viral groupandthe identification of a multitude of genetic similarities that would
relate to possible shared biological features, the field of comparative genomics was born.
The genomic features of interest that can be used to compare speciesjisshbinited to
gere sequences. éhomic features analysed can encompass DNA base sequence, gene
order, features of regulatory regions, homologous synteny blocks (HSBs)ji@varly
breakpoint regions (ERB proteins/protein functionand all variants of RN@arkin et al.,
2009) All of these described genomic features can be used to detect evolutionary
relationships between organisms, a closer relationship determined by; more commonality
in sequences, alignment of regions, orthologs in sequerameshomologs in genes. The
observation of evolutionary relationships will allow insight into possible positive or
negative evolutionary changes that may have occurred, and allow a differing perspective of
the phenotype observed of said species, such as the viral example abolaionrée the

pathogenic nature of viral components.

The first genome of a cellular organism fidgguenced was detailed in 1995,
Haemophilus influenzaa bacterium thought to be the causative agent of influenza in 1892

(Fleischmann et al., 1995 hiswas shortly followed by a parasitic bacteripitycoplasm
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genitalium in the same yearHraser et al., 1995A year later, the first eukaryotic organism
was fully sequeced Saccharomyces cerevisi@&offeau et al., 1996jollowed two years

later by multiellular organismCaenorhabditis elegarf€. elegansequencing Consortium,
1998) The release of the iconic model sped@®sophila melanogastgenome in 2000
(Adams et al., 200@llowed the first major studyfaall genomes released thus fahi§
studyshowed that approximately 60% of genes frinmelanogasteto Human were
conserved, and two thirds of genes that were then implicated in human cancer have
counterparts in these fruit fliedRubin et al., 2000)The first human genome draft was
releasedm 2001 [nternational Human Genome Sequencing Consortium, 2001; McPherson,
2001; Venter et al., 20010 be completed in the following yeaf€ollins2003;

International Human Genome Sequencing Consortium, 200&restingly this found

around 22,000 prtein coding genes in humans, similar to other mamniaértea &

Salzberg, 201@nd contained large volumes of repetitive identical segments throughout
which was a surprising finth¢ernational Human Genome Sequencing Consortium, 004
Following humana multitude of higher multicellular organisms were fully sequenced, such
as the chickenGallus galluginternational Chicken Genome sequencing Consortium, 2004)
the chimpanzeePan troglodyte§The Chimpanzee Sequencing and analysis consortium,
2005, the European honeybedépis melliferdHoneybee Genome Sequencing Consortium,

2006)and even spongefAmphimedon queenslandi¢girvastava eal, 2010).

The use of sequenced genomes spans further than just evolutionary comparisons, in
terms of pathogen genomics, the advent of whole genome sequencing has changed the
way any microbial organism is now researched. This increase of throughpus alisier
comparisons between pathogenic ains and from pathogenic to ngmathogenic organism
(Hu et al., 2011)The study of microbial genomics has allowed the development of
vaccines, the exploration of the microbiome of the human digestive tract adeéttect
virulence/spread of diseagi&aper et al., 2004)hishas allowed the research into
WY Sl 3 S the stuly®@Bc@mmunities of organisms, such as in the previous example
of human micro flora reservoirS6mmer et al., 2009 he tracking of greatpe social
groups paired with genetic profiling has allowed research into more social/conservation
focuses areas, such as the fact that set populations exhibit large levels of inbreeding which
will aid conservationists in restoring population numbg@esado-Martinez et al., 2013)
Agriculture is a great receiver from the work of genostiadies, a possible increase of yield
in animal products or plant products are only going to be benefie@l example lants can

be selected for higher yield, lower codisease resistance and environmental resistances,
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essential foran ever growing population under the changes of global climate change
(Huang et al., 2010; Morrell et a2012).

To best summarise the use of genomics is in the aftermath of the human genome
project, where it was set out in light of results to understand all functional parts of the
genome, to then apply this to the improvement of human life. To quote architects of the

project Collins et al., 20G8;

aF we, like bold architects, can desigma build this unprecedented and
noble structure, resting on the firm bedrock foundation of the HGP
[human genome projectthen the true promise of genomics research for
benefiting humankind can be realizedl.

1.2.1 Evolutionary genomics

The use of comparate genomics allows the detection génomic features which are
similar(or contrasting of organisms within the same species and organisms of varying
species, this allows a phylogenetic and evolutionary pathway to be predicted. Over
evolutionary time, DNAvill differ as reflected by the process of natural selection to drive
the progression of species and fill the diversity of life we see t¢E#ggren, 2008;
Diekmann & Pereirieal, 2015; Currat et al., 2019he use of new high throughput
techniquesoNBE OSy i &SI NBR | ff2¢ga oSGGSNI O20SNY 3S
collective genome to resemble the population, with aid from computational tools, data can
be quickly analysed with visualisation to increase efficiency of reseBezgroan, 2007;
Shemure & Ji, 2008)In reference of human evolution, genomic studies have underpinned
the origin of lactose tolerance, originally presutn® be of Europeanorth west origin due
to high lactase concentration, however modern computational modules suggdst thas
in fact near east in origination 8000 years gijan et al., 2009; Gerbault et al., 2011)
Genome exploration into individual human populations has also revealed interesting allelic
variants to deal with adaptation of environm&l conditions, soh as a higlaltitude
positive selection loci and resistanceagdiability of select pathogens (Bigham et al., 2009;

Toprak et al., 2012; Casanova et al., 2014; Eldholm et al., 2014).
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1.2.1.1 Chromosomalmechanisms of evolution and speciation

Implementaion of gross chromosomal changes over time can drive the formation of
new species via the process of speciafibivingstone & Rieseberg, 2004he formation
of a new species requires reproductive barriers to exist to maintain the genetic/phenotypic
differences established, allowing enough diversion to form a true new species
(Dobzhansky, 1936; Conyne & Orr, 1988 productive barriers can be caused by different
means:in the method of extrinsic reproductive isolation, it shall cause a divergent satecti
process of populations due to ecological conditions, i.e. gewgcal features. Alternatively
via genetic driftintrinsic reproductive isolationan occur to drive speciatiogenomic
conflict and genetic incompatibilities within populations form théproductive barrier
splitting the population apart. Examples of causing genomic conflict include; inversions,
gene duplication, transpositions, gene loss and underdominéRmseberg & Burke, 2001,
Conrad & Antonarakis, 2007; Innan & Kondrashov, 2010).

Inversions within chromosomes to drive speciation will be reflected within the
karyotype Kirkpatrick & Barton, 20Q@.arkin, 2010)These chromosomal changes, such as
inversions, can create paegygotic barriers to reproduction such as the reduction @f th
fertility of chromosomal heterozygotes (heterokaryotypes) by suppressing recombination
(Sturtevant, 1917; Dobzhansky, 1947; Dobzhansky, 1970; King, TB8b5reduction of
recombination of chromosomes within a population will contribute to the divisibsaid

population anadhe formation of a new species (Felsenstein, 19R1tjin, 2005)

The process of chromoanagenesis (see sedtiBit.d in describing the event of a
AAy 3dzZ I NI WYl ONRB Ydzi I (A 2 ty@xdave ¢v@lYiianin aka@h - NN y 3 SY
pathogenic event as is typically associated whin formation ofcancer genomg. A
process of chromoanagenesis is via chromothripsis (sett®d.2 and Figure 1.15
Chromothriptic events are found to occur within germline cells or during early emiaryon
development; within humans, complex but balanced genomic rearrangements, via
chromothripsis, can be toleratet result inperfectly viable live birthaRellestor et al.,
2014) The concept of chromoanagenesis fits with proposed models of evolutionsedp
phyletic gradualism which relies on small changes over time to arise in new species.
92t dziA2y I NBE Y2RSfa adzOK la (KS WK2LISTdzZ Y2y
species upon birthGoldschmidt19822 NJ 4 KS (G KS2 NE 2 F QVLEdzy@Hi dz G S F
credibility if chromoanagenesis is to be found throughout evolutionary evénsil&

Eldredge 1972). Yet the mechanisms and cellular pathways responsible for these events
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are highly conserved throughout life¢llestor, 2019)with reference to tle previously
described chromothripsis event, it could be seen as a sleom adaptation mechanism to
quickly generate population variants in response to quickly cimangelection processes.
Furtherresearch should be expected to shed light on the polésilaif chromothripsis as an
evolutionary proceséPellestor & Gatinois, 2019s explained in the further section of
1.3.4.2 chromoanagenesis events are classically seen in cancers, however with the view
that they could arise due to sudden selection ggere presence (aka cytotoxic drugs) a
singular event to rapidly alter the genome, despite high cell death, could be beneficial as a
survival strategyLiu et al., 2014; Christine, 2018hese events have been somewhat
eluded to in other organismsvithin gibbon lineages there has been an insertion of a retro
transposon within gene regions dealing with cellular cycle progression and chromosome
segregationMeyer et al., 2016)similar events as this appear at the origin of high rate
chromothripsis like ewats presumed to cause the accelerated gibbon karyotype observed
in different lineageg¢Carbone et al., 2014Not just in the great apes, chromothripsis has
been observed within marsupialBeakin, 2018)S.cerevisiaéAnand et al., 2014)

Tasmanian devidancergDeakin et al., 2012and even plantéTan et al., 2015; Carbonell
Bejerano et al., 2017As these events are seen somewhat throughout nature, could it be a
means to drive natural genetic variation observed? Could be a means to drive natural

geretic variation?

1.2.2 Animal genomics

Motile multicellular eukaryotes with separate differentiated tissue such as dedicated
nervous tissue, apart from the sponges (Porifera) make up the kingdom of Animalia. Within
the early vertebrate lineage more than 4&flllion years ago, two independent whole
chromosome duplication events took place, referred to as the 1R and 2R @&l &
Boore, 2005Nakatani et al., 2007; Putnam et al., 2008). Evideftkeese duplicative
events is evident within current humargomes as highly conserved genes exist in
duplicae, such as glycolytic enzymes (Singh et al., 2015; Steinke et al., 2006).
Reconstructive studies have retrospectively analysed multiple extant animal genomes to
reconstruct a hypothesised Amniota genon@aerdot et al., 2018This study takes these
extant genomes to predict the chromosome number representative of populations in their
respective evolutionary lineagerd?vertebrate ancestors (tunicates, i.e. sea squirts) were
presumed to have 17 chromosomés,double within the first whole duplication even to
34, seven chromosome fusions were then undertook before the second whole duplication

up to 54 chromosomes. Furthermore, between the jawed vertebrates (Gnasthostomata)
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and the jawless fish (Cyclostomatar further chromosome fusions took place to

resemble the bony vertebrate (Euteleostomi) genome of 50 chromosomes, with presumed
microOKNR Y242YS | yOSadiz2NA® | (GKANR WFAEAKQ &LISO
occurred in the bony/ray finned fish lineadactinopterygii) to explain the large

chromosome count of these animals, however during duplication most genes were lost or

gained alternate functions which may explain the high dominance of this class within all
WFAAKQ aKz2gy o8& OskriliiwiNgbbigural dzersigeyer &¥andedzO0S &

Peer, 2005; Near et al., 2012).

Another interesting example of genondevelopment over the animal linge is
resembled in the Hox family of transcription factofeiese factors are thought to be also
duplicated in 1R and 2R events (Krumla§94; Wellik, 2009Presumedo originate in
choanoflagellates, the single cellular ancestors of Poriféfanger & Galliot, 2013jand
shown as representatives of theganscription factomproducts in specification anidaria
(i.e. jellyfish and anemonebpdilyfeatures Martindale, 2005) In \ertebrates, Hox genes
are regulatory factors thagpecify cellular fate in the spatiaxis of embryos, ensuring
correct anterior/posterior skeletal structure and morphologynfores et al., 1998)In the
event of deletions theghown to be lethal or concur withagt developmental issud&mita
et al., 2005). In evolutionary genomics, Hox clusters seenin a singular copwithin the
invertebrate chordates opposed tmammalswhichhave four clusters and zebrafish have

duplicated up tosevenclusters(Kappen & Ruddle, 1993).

The means to detect conserved features or blocks of chromosome homology has
traditionally been detected via the use of cressecies chromosomal paintiri§ee section
1153 @ ¢KAa LI AYGAY3I YSGK2R2t 233 SI0f 254 @zSOSRO
across differing species to understand possible rearrangensrdsliscover new
configurationsthese events that would give more insight into their Bmnary lineage
and explain the diversity of mammals seen in (FergusorSmith & Trifomv, 2007).To
identify chromosomal events to be able to identify karyotype evolution lineages across all
animals, and in particular mammalian orders, well helpdpfight upon interesting areas of
evolutionary biology such as the evolutionary events underpinning the arrival of sex

determination for example.
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1.2.3 Avian Genomics

Avian genomes are uniquely interesting by their stable karyotype and presence of
microchromosomegBurt, 2002) An important taxonomic group as they are filled with such
rich phenotypic diversity and of great importance throughout human society. In respect to
usefulness in human society, birds are of great importance for food production
(approximately 20% of meat consumption), culturally significant in terms of prized
racing/hunting birds and genetically of great interest due to neural/vocal functionality
paired with the abundance of fligh&lexander, 2000Griffin, 2007) Birdsare host b
multiple model species for researcthél chickerisan easy to manipulate amniote used for
developmental studies as well as genetic expression studies, the chicken was also the first
fully sequenced avian species and as result is used extensively imigestadieqBurt,
2007) The pigeonColumba liviais important within cognitive and intelligence studies
(Emery, 2005)Whereas the zebra fincfT,aeinopygia guttataa songbird used for
exploration intonon-mammalian auditory systemZeigler& Marler,2004),with many
members now having fully annotated genom{éternational Chicken Genome Sequencing
Consortium, 2004; Warren et al., 2010; Zhan et al., 2013; Jarvis2éudl),

Among the amniotes the birds have some of the smallest genomes with reultipl
hypotheses attributed to this phenomenon, such as the adaptability towards {ktymhes
& Hughes, 199550mewhat conserved amongst the avian group is the karyotype,
obviously with exception of some families such as the hornbills (2n=4Zhand
Corythaixoides (2n=13842)(Christidis, 1990)Most birds have diploid numbers in the
range of 74 to 86 chromosomes, and for the majority the avian karyotype appears to
resemble one anothe(Griffin 2007) Exceptions to this karyotypic similarity are the grpssl
rearranged orders of the psittaciformes (parrots), the falconiformes (falcons) and
accipitrids (eagleqde Oliveira et al., 2005; Nanda et al., 2006; Tagliarini et al.,; 2011
Joseph et al., 2038with most showing their microchromosomes fused to larger
macrochromosomes. Comparative cytogenetics within the avian class with use of
comparative paints has allowed easier comparison of chromosome homology and specific
DNA markers generated to question microchromosonhéldow et al, 2014 Romano\et
al., 2a.4; Damaset al., 2017) The use of paints does not allow the correct identification of
hidden intrachromosomal rearrangements, as any inversions or duplications of

chromosome material for example would not display a change of fluorescent pattern.
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These dden rearrangements are predicted to be found within multiple birds that have
already been analysed via paint techniques and are an interesting avenue of possible
research (Griffin et al., 2008; Skinner et al., 2009; Volker et al., 2010)

1.2.3.1The Galliformes

The galilformes are found worldwide with many well known taxa, such as the
pheasianinae (the common pheasants), the quails (both old world and new world quails,
Odontophoridae), cracinae (curassows), Meleagridinae (turkeys) and numididaes
(guideafows). e sectiord, for more detailed information into the investigation of

possible hidden intrachromosomal rearrangements for these birds.

1.2.3.1.1 The Chicken

The chickenGallus @llus) is of key importance within the genomic studies of the avian
group. First sequenced in 2004 (International Chicken Genome Sequencing Consortium,
2004) the chicken was the first bird to be sequenced and is typically used as a reference to
compare newly sequenced birds to (Burt, 200/¥)th the chicken as a key researgesies,
it has allowed important questions to be answered, one of which is the function of the
bursa and the classification ofd@lls(Glick et al., 1956)The induction of the avian
leukosis virus (ALV) caused the generation of the DT40 cell line §8abaphries, 1984;
Baba, 1985), a useful cell line that can be easily genetically manipulated allowing wide use
for a variety of cellular based investigations (Malhotra et al., 2017)(Sectiorlsd of this
cell line has been invaluable in multiple stesl{Sonoda et al 1998; Chi 2018) however it
has fallen out of favour recently due to advances has in other means of genetic
manipulation, (CRISPR). Regardless, the cell line is a useful tool to assess from a genomic
point of view to assess chromosomal ataions that may cause thiemorigenicstate

seen of the cell line.

1.2.3.1.1.1 Nuclear organisation in chicken

Chromosome territoriesvithin interphase state nucldiave been looked at in multiple
speciesan earlyinvestigationwas performed in Indian mijact due to its low
chromosome count (2n=6 for females) allowing easy identification of chromosomes within
the nucleugYang et al., 1995; Fergus&mith, 2011)The organisation and structure of
genetic material in the 3D state of a working nucleussieatial for correct cellular
functionality, with abnormal structure leading to disease phenotyfpesster & Bridger,

2005) With most studies focusing on mammals, avian interphase studies are not as
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abundart (Skinner 2009b). divever initial studies usingingular BACs of
macrochromosomes and microchromosomes have been performed to show an indication
towards a nucleaperipherylocalization for macrochromosomes opposed to the gene

dense microchromosomes which on average occupy a more central positiongiSkinn

2009b).] 26 SOSNJ 6 AGK (GKS dzaS 2F aAay3atsS .1/ Qas (K
AYUNRRdzOS | YS(iK2R2f23@& dzaAy3d YdzZ GALX S . !/ Qa
macrochromosomeposition Y R I NNJ yISYSy i 6AGKAY | Wg2NJAY

further exdore the relation between 3D space aptenotypiceffect.
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1.3 The Biology of Cancer

1.3.1 A brief overview of cancer
Cancer is a disease that spans throughout all of human hi@ttaiglu, 2011)detailed
in ancient Egyptian and Greek pato(Breasted1930; Karpozilos & Pavlidis, 20@d
evidence found of specific cancers in archaeological renf8iinsuhal, 1976; Binder et al.,
2014) Genetic deviations have been thought of as the key mechanism that drives the
prolific growth and maligancy of cancers since 1969, as suggested by Heubner and Todaro
(Huebner & Todaro, 1969More recently molecular genetics has progressed to a stage
where the presence and gain of chromosomal aberrations, mutations in j{matogenes
and tumour suppressoremes clearly drive tumour progressidddtris & Hirohashi, 1992;
Bishop & Weinberg, 1996; Curtisetal., 2082)¢ KS G SNY WOl yOSNR Aa | =
collective of diseases which share the property of abnormal and uncontrolled growth of
self cell¢o spreal into other areas of the bodyWVHO Cancer Control Programme, 2019;
Cancer.gov, 2019; CancerResearchUK, 2GHhcers ara separate group of neoplasms,
every neoplasm can be seen as a group of cells that present with unregulated growth, such
as typerplasia or dysplasia, but nét2 NJ 6§ KS Y2ad LI NI FNRY Ayidz2 |
2019) The initiation of cancer shows no symptoms, only during later periods of expansive
cellular growths or metastasizes symptoms can arise. These typically nditspatiptoms
are attributed to other issuesuch as coughs to respiratory infections and changes of bowel
habits to diet. These nonspecific symptoms and failure to immediately diagnose has seen
OFyOSNJ 6SSy NBIIFINRSR (2 Igen MPRAUGERBoEka WIANBI
2010; Del Paggio et al., 2017).

The formation of cancers arin no way caused by a single step or event, it is
estimated that each of the ~1dcells of a human can have from tens of thousands of DNA
lesions to one million chrages to its DNA in a single d@ydish et al., 2008; Jackson &
Bartek, 2009, yet these have to be advantageous towards tumorigenesis and not egpair
by normal cellular responses (Tomlinson et al., 1996; Croce, .200n looking at the
rate of mutationin the human body, it is surprising we do not haverencancer across the
population. Wth the estimate of at least one million mutations in a single cell per day, we
would presume these were equally spread across all 23,000 protein coding genes and that
some would be missed. With approximately 350 out of these 23,000 proteins coding genes

are known to be attributed with cancers, the cancer rate should be tremendously higher
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aaoss our 1& cellsthat what we currently observe (Frank, 2010hankfully thecell and

body has systems in place, such as a multitude of internal cell checkpoints and a very

specific immune system, we are not owarcumbered with malignant cellsoever when
OFyOSNE R2 IINAR&ASI G(GKSe& Ydald 2oaNbdDaesS ff 27F
known astheP Ol Yy OSNJ.KF £ f YI NJ] &4 Q

Proposed in 2000, and later reviewaddimproved in 2011Hanahan & Weinberg,
2000, Hanahan and Weinberg suggested the classification of hallmack€X@ y & G A G dzG S |y
2NHIFYATAYy3 LINARYOALX S F2NJ NI A2y Hénahbrl& 3 (G KS O
Weinberg, 2011 The view conceptualizes the multistep process normal cells must undergo
and evolve each hallmark successively to survive, becomertgemic and eventually
malignant. There is also the notion that a cancer must not just be understood by the traits
aK2gy o0& UKS OFyOSN)I OStta GKSyaStg@gSas odzi o8
characteristics and tumour associated interactigisnahan & Weiberg, 2011).
As mentioned previously, overruling cellular growth restrictions to provide
uncontrolled growth is seen in all cancers and cells must sustain this unending division.
Typically normal cells can respond to internal checkpoints to progress thiceiylar
division, or can respond to external stimuli, such as growth factors or supprebshivich(&
Schlessinger, 1990however cancer cells deregulate this widespread signalling pathway to
ensure continuous propagatiditlynes & MacDonald, 2009; Leran & Schlessinger,
2010) This can be achieved by the cancer cells either self stimulating by producing their
own growth factors or via stimulation of normal cells within the tumour microenvironment
to supply them with growth factor@Bhowmick et al., 289 Cheng et al., 2008).
Alterations in growth factor receptors is anothgossible avenugaken, the alteration
to induce caoistant signalling provides sedfistaining growtl{Jiang & Liu, 2009; Davies &
Samuels, 201(nd a deregulation of negative feeatk systems, such assgene with Ras
oncoprotein which would typically regulate that an input of growth signal is temporary or
cellular senescence jrformed (Bardessy & Sharpless, 2006; Collado & Serrano,.2010)
To continue on the theme of growthhé cells must also become resistant to internal
and external suppressor signals. Retinoblasteassociated protein (RB) interprets both
internal and external signals to allow the cell to progress through its cellular(@oldart
& Sage2008) defectsin this pathway is a means to allow cell cycle progression regardless
of any suppressant signals.
Inflammation and recruitment of associated inflammatory cells, (mast cells,

neutrophils, B/T cells) has been shown to drive growth by release of tumour lyfaator
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EGF and chemo attractants/cytokines which induce a higher inflammatory state which can
induce more tumorigenesis factor&gebald et al., 201@eNardo et al., 2010)nvasive
capabilities can be incorporated by use of these inflammation celthegsypically release
extracellular digestive enzyméQian & Pollard, 2010Nongside this, the release of DNA
damaging (therefore mutagenic) reactive oxygen species by these cells can increase their
genetic instability and possibly inducing more madigt mutations(Grivennikov et al.,

2010)

Internal signals from the cell would occasionally drive the cell towards apoptosis, a
highly regulated and prprogrammed method to act as a safeguard against ill functioning
cells Adams & Cory, 2007%tressesd induce apoptosis such as extensive irreparable DNA
damage Roos & Kaina, 2006nd oncoproteirelevated levels can be evaded by mtiga
of the apoptosis machinergxamples of this include; the up regulation of aspoptotic
Bcl2 family Reed, 1995; Adams & Cory, 200@¥s of TP53 functioi®gaki & Nakagawara,
2011) increase of survival signal IGAGF2 (Kooijman, 2006and down regulating pro
apoptotic factors BAXM® (Campbell & Tait, 2018)ikewise to apoptosis, autophagy also
needs to be prevented as it would activate in response to high levels of internal cellular
stress. Inactive autophagy pathway caused by mutations are shown to increase the levels
of suscepthility to cancer in miceWhite & DiPaola, 2009)ndicating another barrier that
must be overcome to develop a tumour.

Tumour genomes are seen to have an increase in mutation frequencies, termed
genomic instabilityl(engauer & Kinzler, 1998} nomic ingability within tumours must
exist in a manner to provide cancer cells with the means to drive tumour progression,
opposed to waiting for natural DNA damage events to happen and be beneficial. Genomic
instability is the foundation feature of a cancer delgain every other tumour trait
requiredto form into a developed cancer. Therefdtés essential for there to be a
disruption to the genome (i.e. oncogenes/tumour suppressors) that can propagate across
0KS WLR LIz | §A2y Q & dzorb&iFection. 18, eahcers aréisednINB G A 2 dza €
almost all chromosomal aberration types with key specific aberrations at particular sites of
the genome indicative of gene areas, which when disrupted, favour tumour progression
(Korkola & Gray, 2010)

Other keyhallmarks of cancer are shown in figurd 1, such as promotion of
angiogenesis to enable the growing tumour a steady income of resources to grow further
and the induction of metastasis by invasive mechanisms activation. These are detailed

further in Han&an & Weinberg 2014nd in figure 1.12

36


https://www.sciencedirect.com/science/article/pii/S1471491406001687

EGFR Cyclin-dependent
inhibitors kinase inhibitors

- " Sustaining Evadng —
Aerobic glycolysis peolilerative growth Immune activating
inhibitors signating 5UPPrassors anti-CTLA4 mAb

Proapoptotic Fes Sﬁ”g T, E"{EC"""'.J Telomerase
Heps 3¢ replicative 2
BH3 mimetics > 0 VRN Inhibitors
death T immontakty
* e

Tumor-
promoting
nflammaltion

PARP Inducing Activating Salactive anti-

inhibitors angiogenasis invasion & inflammatory drugs
metastasis

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Figure 111. Cancer hallmarks and appropriate therapeutic targeting.
The &quired capabilities of canceeededto survive andeventuallymetastasizegach
function can be gained via different biological means but can be summarized via
observable phonotypical traitSurroundingeach hallmark is an investigational or
current drug to target these specific characteristics. (Taken from Hanahan & Weinf
2011).

Personalized medicine in cancer is gaining traction to allow targeted therapies for
individuals rather than a one size fit all approach guided by their genetic piafilefon &
Chester, 2015) $ecific patterns of genomic imbalances can be found across tumours of
various types, highlighting specific cancer genes yet also allowing clinicians to comment on
disease progressipand therapeutic choices usé@ebhart, 2004)Via the use of CGH and
aCGHa top down approach can be used to detect these patterns in individuals, such as
copy number of particular genes which may be representative of ttidémce of

targetable oncogenes. Howevas previously discussed, this methodology can misinterpret
resuts by the global approach used opposed to looking at the individual level which could
miss key details, such as subpopulation aberrat{®iskel & Albertson, 2005Missing

details in cancer diagnostics can lagal as incorrect treatment, inability toatect
subpopulations and presence of resistant tumours can lead to a cancer recurrence at a
later date that could be unrespong to previously used therapi¢sandau et al., 2013;

Pereira et al, 2016; Morris et al., 2016; Zhao et al, 2016)

37



Motility Circuits Cytostasis and
Differentiation

S Circuits

anti-growth

faciors
”

W ; N
adjacent cells —= E TCFa = N
n;ﬁ;&ﬂll;.llal —» intafirins cyiélln 5 o
prl—O 9
Proliferation |
A Oi_ p21 DNA-damage |
rovth == tyrosine O = —C) ha : '
oo ‘.Xna < 4 . \\\ & g:{]':, — mnwm pensor |
| (o] D=1 Myc—= oxpression s pSB p
O—+=0O= /
h°"“°"°5 "?—’O—*O-—’O—\k—> | \.o—m / i
|— -) ey
’

7
+0 o= /4 R
. ) t‘:\\\:\o_’ _/:f;:Lv—J
o — i —

survival factors = - Qe Q=00

3 ’ ‘,
O—C
—_— 3 Bel-2 l
) ? o death
abn?nrrgg’my o faclors

cytokines —e

Viability Circuits

Figure 112. Intracellular signaling networks of cancer cell regulation.

A representation of example pathwsyrom internal and external stimuli that
NBIdzA S GKS WKIFffYFN]Q OF LI ccrodstalkiahdS &
overlap between different pathways and how individual and successive mutations
affect multiple pathways. (Taken from Hanahk&amWeinberg, 2011)

1.3.2 Causes of Tumorigenesis

Disruption of multiple cellular processes is vital in the establishment towards formation
of a malignant tumour, long has there been fascination over the underlying factors or
agents responsible for these progressions. Withreneasingly industrialised and
globalised world, the rates of caer have increased dramaticatlyought to be carcinogens
released as a bgroduct of these processd¥ineis & Wild, 2014 New knowledge paired
with education about cancer risk factorglimught to be able to reduce incidence of cancer
by a third Yineis & Wild, 2014 and in an ever developing world prevention opposed to
cure is vital for a healthy populace. Here shall be a tour from original theories to modern
day hypotheses from extréiic environmental factors, biological agents to culminate with

agents within the genome itself.

1.3.2.1 Environmental Carcinogens

Historically, the first theories about external influences or carcinogens arose from the
observation that specific occupatis of the time had higher incidences of specific cancers.
In approximately 177@0, chimney sweepers were seen to have an increased rate of

cancer of the scrotum which was linked with consistent exposure to soot (Fiat).
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Additionally around this sam@me, tobacco snuff was observed to be in association with

the prevalence of nasal canceR®egdmond Jr, 1970Y he later discovery ofbays (which

was a medical breakthrough in itself by the vissation of bones without pain(Rontgen,

1896), radiologiss would routinely use their own hands to calibrate and test their

equipmentto ensure correct working order. This would lead thendévelop a new

O2y RAGAZ2Y (NDNIVIBRG WAND RM 2 (RIBANSI903) vtfich @amld ngsailt R & &

in eventually deelop skin cancers in later yedRorter & White, 1907)

The prevailing theories were that cancer could be caused by three different factors,
chronic irritation, displaced embryonic tissue or an infectious agent/parasite (Oherling
1994) Therewasande (12 SELISNAYSy Gl ffe SyyiRdzog RAGQILND &I
these theories. fie first successful induction of cancer was performed on the ears of
rabbits (as cancerous tissue was rarely seen here and must have been due to the influence
of external/exo@nous factors)Yamagiwa & Ichikawa, 19)18his lead to eventual
formation of cancerous lesions after years of tar applications with some eventually showing
the presence of metastasésee figure 1.13)Yamagiwa & Ichikawa, 191&jollowing this
researchshowing that an environmental agent could cause the formation of cancerous
cells, the cancer inducing compound of tar was identifleenhaway, 1995rnd lead
researchers to look into other professions and retrospectively. Subset of workers in the dye
industry presented with high rates dladder cancer, found to be due to long term
S E LJ2 & dahaBthylargine iCase et al., 1954and high rates of lung cancers in miners
was due to exposure of uranium, the very material they were miniiggoner et al.,

1965) World war one veterans and Japse survivors of Hiroshima/Nagasaki atomic

bomb explosions developed high rates of lung cancer and leukaemia in later life allowing
retrospective conclusions about the caneeausing effects of exposure to mustard gas and
atomic exposurgCase & Lea, 195bolley et al., 1952Fxposure to radioactive material

was identifiedagainas a cancer caing agent years after exposutdSSR scientists

identified an increaseérisk of liver, lung and bone cancers of those involved in
research/exposure to plutoniumra in nuclear plantsoshurnikova et al., 1994;
Koshurnikova et al., 1998nd after the Chernobyl explosion of 1986 to release radioactive
iodine-131 into the atmosphere there was an increase of childhood thyroid cancers in

surrounding regiongKazakowet al., 1992; Shibata et al., 2001)

Other example®f carcinogeninclude; diesel fume exposur&érshick et al., 2004)

ultraviolet radiation exposure(F NRX Mgy y T 5 QtaNdsdible 8ide 8ffect 6f f @ w5
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hormone replacement therapieSith etal., 1975) the use of immunosuppressant
azathioprine for organ transplant recipier(@®enn et al., 1969and cigarette/tobacco
smoke(Evans, 1962; Doll & Hill, 1998)is clear that there are large variations of
carcinogens present in a modern day Eamment, with many taking years to come to
fruition. In the aftermath of thecollapse of the World Trade Centila et al., 2012jnany
causative agents have been identified and most likely more will follow in time after delayed
onset of cancersHutchings& Rushton, 2011; Rushton et al., 20H2alth and Safety
Executive ,2018)et there is now a requirement to investigate possibleoperative
synergistic effects between multiple agents that could have carcinogenesis
effects@Goodson lll et al., 2015Honvever, moderrinvestigationgnto carcinogens will
likely seethe reduction of cancers with application g@irevention strategies, identification

of early tumours before they become lethal and better treatment opti¢yisspa, 2000).
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Figurel.13 Process of metastasis in typical cancer to colonize new sites

Normal cells can undergo transformational changes to form a malignant tumou
From anin-situ cancer, further mutations can allow cells to escape extracellula
confinement éuch as the basal lamina). Cells can spread through the lymphatic sys
or the circulatory system to invade and colonise other tissues to form metastatic
tumours. (Based upon Steeg, 2003)
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1.3.2.2Infectious agents
One of theoriginal hypothesis of cancer induction was thé@t and presence of
parasitesOberling, 1944)husit is unsurprising that research has been conducted to

attempt to find an infectious agent as an underlying cause of aance

Bacteria such aldelicobacter pylotias beemotedto cause stomach cancéEgi et al.,
2007; Peter & Beglinger, 20080d asubclass ofymphoma Morgner et al., 200Q)
however most other cases of bacteria associations with cancer have uncleasnshagi
between the infection and tumorigenedislager, 2006) The main area of research and
interest has been on the influence of viral presence and as the causative agent, as it is not

uncommon to see a cancer be attributed to viral infect{@arrilloInfante et al., 2007)

Many northuman viruses were isolated from animal®own to have various cancers
such aghe avian sarcma leukosis virugASLV) in 1908 (Blackad2®,16),the mouse
leukaemiavirus Gross, 1951 )eline lymphoma virusJérrett et al. 1964)and retroviruses
found in nonhuman primates and catf{fgawakami et al., 1972; Kettmann et al., 1976)
gla 2yte Ay GKS mMptnQad GKIG RSRAOFGSR TdzyRAY
human specific oncogenietroviruses(Gardner, 1994y oisset et al., 2008)\lthough not
the first oncogenic virus discoveredredrovirus was discovered within a T cell lymphoma
cell line (HLTAL) (Poiesz et al., 198Which was observed to integrate into its hosts
genome before any expansion of tumourlsdYoshida et al., 1984; Hinuma et al., 1p&1
produce proteins tax and HBZ which induce cellular disruption and genetic alterations

(Mesnard et al., 2006).

The oncovirus Hepatitis B has been indicted in the formation of liver cancer
(heptocellular cazcinomas, HCCpZzmuness, 1978A study performed in Taiwan looked for
hepatitis B indicators within healthy males, then retrospectively assessed many years later
the prevalence of HCC, which was mudhkr in infected than those neimfected
(Beasley etl., 1981) Due to the high levels of hepatitis B, government driven vaccination
for this virus was introduced and saw a marked decrease in prevalence of childhood HCC to
further give evidence that this is a true oncovir@héng et al., 1997; Chein et, &006)

Hepatitis B is known to produce oncogenic protdiken et al., 1991and when integrated
into the hosts genome is observed to increase the rate of chromosomal instabditin®
et al., 1987)and typically seen in cases of HCC the recruitmes¢ldimmune system cells

to damage infected and uimfected cellsChen et al., 2006)
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2013) it is estimated to infect 12% of women worldwide at any single tj\#erld Health
Organisation, 20149nd is predicted that over 50% of US sexually active individuals will be
infected with a type of RV at some point in their life (Baseman & Koutsky, 200%re is
a strong association of HPM and HP\8 in cervix cancers,here these specific types are
observed in 988% of all cervical cancer biops(Exirst et al., 1983; Boshart et al., 1984;
Walboomers et al., 1999; Mufioz et al., 2D03ncoproteins associated with these two
have been shown to influence the degradatiomsB (Scheffner et al., 199@hnd increase
the rate of chromosomal instabilitpyer et al., 1996)nterestingly, the virus does not
typically need to integrate into the host genome to replicate, yet has high incidence in
cancer cellsAriasPulido et al, 2006; Pett & Coleman, 200showing an alternative
oncogenic viral mechanism. HPV vaccines are clearly shown to reduce the prevalence of
cancersl(ehtinen et al., 2012)ong term retrospective population studies in the UK
observed routine vaccinatiorfer past 10 years for girls, to shown a reduction of 90% of

pre-cancerous cells of the cerviRglmer et al., 2019)

Another virus (the first oncogenic virus discoveras§ociated with oncogenic
properties is the EpsteiBarr virus (EBV) EpsteBarr vius, which is reportedly seen in
Burkil G Q& f &BMrkiik PO83} Epstein, 1964; Henle et al., 1969 nasal pharynx
cancerJietal.,200® 2 AGK 9.+ (GKS FFOGA2y 2F YAONRwb! Qa
considered to be the malignant inducing pathw@aabTraub, 2012)Human
immunodeficiency viruses (HIV) can be viewed aisidinect oncogeniwirus due to high
tf S@Sta 2F YILRAAQA &l NOCedtafddr Disdase2Qritrdl (CO®, 6 A G K A
1981;Bovi et al., 1986)Through the action of thédlV tat protein, cellular expression can
be altered within immune cells to suppress immune system functions, activate apoptotic
genes (which can cause genomic aberrations, see chromoanagenesis) and cause mass
death of noninfected immune cellsJphri et al, 2011) With these functions in mind, it is
not surprising that carriers of HIV develop cancers and that HIV can be seen as an oncovirus

as a key hallmark of immune system survival has been bypassed.

Other oncoviruses include; the Humashyimpotropic vrus, the first discovered human
retrovirus (Yoshida, 1982; Gallo, 2005), HepatitsIC2 dzZ3 K 2y Moy 0 >- G KS Y|
associated herpes virus (Antman & Chang, 2000) and Merkel cell polyomavirus (Feng et al.,
2008). Strong associations exist betwgasence of oncogenic virus and associated

cancer, such as the example of Merkel cell carcinomas wi0%0 carcinomas presumed
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to be caused by the Merkel cell polyomoavirus (Feng et al., 2008) and near 100% of cervical

cancers attributed to papilloma vises(Parkin, 2006)

{2YS KdzYly SyR23Sy2dza NBINRJANHzZSA Ol 9wxao
genome over evolutionary time typically make up randing regions of the human

genome with minimal or no purpos&foye, 2012)However, there are ocecrences where

there is increased expression of HERV in serum, melanomas and in particular breast
cancersldohn et al., 2013; Schmitt et al., 2013; Walwdpanning et al., 20)4Whether this

is due to resurgence or reactivation of viral mechanisms or factedf malformed

expression due to the cancerous nature of malignant cells is still up for debate.

1.3.2.3 Genetic contributions

Having described thus far the mechanisms of cancer induction via external stimuli,
it is vital we explore and understand teadogenous factors of tumorigenesis. The
F2NXIFGA2Y 2F OFYyOSNBR Aa (yz2ey (2 (GeLAOKTTfe
induced by DNA damagkdstan, 2008)as previously stated, the typical human cell
receives tens of thousands of DNA lesions pgr{andahl & Barnes, 200@nd if not
correctly repaired they can lead to further mutations to become harmful to the cell or the
organism as a whole. Typical physiological processes such as DNA mismatches during
replication, DNA strand breakldgieh & Zhag, 2017) hydrolytic reactions of the
phosphodiesterbackbone or DNA baseSHapiro, 1981; Gates, 2002)d reactive oxygen
compounds from oxidative respiration or from immune cells at inflammation sites
(Kawanishi et al., 2006Tlearly described thus fand a frequently recurring feature, the

cancer genome requires genomic instabi(i8tratton et al., 2009)

Typically, germline mutations are only seen in 1% of cancers and are the distinctive
causative effect of highly aggressive tumo{ifearon, 1997)compared to the majority of
other cancers which are sporadic in nature or are thought to have a hereditary component
not yet identified Lichtenstein et al., 2000)n the context of familial contribution to
cancer, the correlation between distinctive cangatterns and families is seen to be high
(Goldgaret al., 1994; Hemminki et al., 200 Bxamples of this include studies of families
which have high incidence of prostate canféeegers et al., 2003)reast cancer
(Collaborative Group on Hormonal Fax&t in Breast cancer, 2004)d colon canceHuchs,
1994) As it is hard to derive a definitive causative agent to link common cancers in family
lineages due to typical shared experiences/exposures in reference to environmental
influences, itis possibié 2 LISNF 2NXY | Y2NB ONHzZRS aSyRStAl Yy
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genes for high penetrance in cancers which seem to be inherited. Twin studies show that
monozygotic twins (identical) have higher rates of developing cancer if their twin
developed a cancenilife compared to dizygotic twins, indicating that there is somewhat a

genetic disposition or mechanism at page et al., 1997; Lichtenstein et al., 2000).

By use of Mendelian genetics, it is possible to look into these families for specific
causatie genes yet these only typically make up 5% of inherited cases. The identification
of BRCA1 and BRCAZ variations has an association with increased risk of breast cancers and
ovarian cancergMiki et al., 1994; Wooster et al., 1995; Welcsh & King, 2001)
UnderstandablyBRCA1 and BRCAZ2 are associated with correct DNA repair after double
strand breaks events so it is of no surprise these are associated with the incidence of
cancer risk. However it is only observed that betweeB?8 of breast cancers actuadigirry
a mutation in either BRCA1 or BRCB(@y & Biesecker, 199&8nd 18% of ovarian
cancers has a mutated BRCA1 where 13% is inherited through the germline and 5% somatic
mutations. Lifraumenisyndrome is a classic example of an autosomal dominant hereditary
disorder i & Fraumeni, 1969hat is characterized by early onset of a wide variety of
cancers and a development of cancers throughout the life time of an individisgda et
al., 1998) This syndrome is associated to p53 mutations that can arise through novel
mutations but is shown to be highly heritabMgtley, 2003)Typicallya tumour
suppressor, expression occurs during cellular stress (DNA damage) to halt cell cycle
progression teeither direct DNA repair or induce apoptoéfsifou & Lowe, 2009However
in mutated forms this checkpoint is made redundant to possibly allow cells to divide
uncontrollably. The mechanisms of inheriteeflaiumeni syndrome are heterozygous for
p53 mutaion with a high majority having missense mutations in the DNA binding domain
to cause a decrease in efficiency of p53 to bind to DMaKin, 2009) As this syndrome is
autosomal dominant, this can happen due to the p53 mutant expressed is more stable tha
wild-type p53 and has a degree of interaction between mutant and wild type proteins that

can suppress its functioW\llis et al., 2004)

An example of an inherited autosomal recessive defect is shown in xeroderma
pigmentosum (XP) first described by Kapin 18823Kaposi, 1882who also described
YIFENLI2aAQa alNO2Yl +ta + OFryOSNI 2F (KS aiAy
a single mutation, XP typically has defects in nucleotide excision repair enzymes causing the
effected individuals mar susceptible to UV ligliKraemer & DiGiovanna, 2016jultiple

genes associated with XP represent separate groupings based upon phenotype expressed
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which are derived by the mentioned different cocktail of mutated geseh(bert et al.,
2014; Fassihi gl., 2016). The 13 known genes are

DDB2ERCC1,ERCC2, ERERIBCERCCERCC6,ERCC8,GTF2H5,C7eO1LH, XPAnd XPC
(DiGiovanna & Kraemer, 2012)lost of these genes are associated within pathways of
nucleotide excision repair, with DDB2 determines inigalon recognition in non
transcribed DNAGlement et al., 201G3nd ERCC2/ERCC3 aid in unwinding the DNA in the
region of damage to be repaireBd@yle et al., 2008)The multitude of genes involved
reflects the median age of death with XP is 37 yea9oyears if an individual is a sufferer
of particular gene defect combinations to have neurodegeneratimaemer & DiGiovanna,
2016).Inherited factors are easy to identify within family with alleles of high penetrance,
however this is much harder with conon or more sporadic in nature cancers, where only
risk loci can be presumed but nothing substantial can be concl(@edningham et al.,
2003; Chang et al., 2005) with oBlyoci weakly correlated to prostate cand@heng et

al., 2008)

It is clear hus far that the feature of genomic instability such as malformations in DNA
repair mechanisms or regulatory pathways in cellular division being ignored, it is vital to
reflect on what these specific DNA mutations bring about it directly cause a cancerous
tumour. Many have been mentioned and mechanisms described so far in respect to
specific conditions or aberrations, but here will be highlighted some of the more globally

associated cancer genes, examples of oncogenes and the tumour suppressor genes.

1.3.2.3.1 Oncogenes

Oncogenes are typically viewed as a gene that somewhat can promote the
development of cancer by increasing cellular growth/division. Precursors to oncogenes
WLIN2YI@23SySaQ INB y2NXIt 3ASySa GKFG (& LAOKT €
grown/proliferation which are unsurprisingly essential for bodily function. Whence
acquiring a means of altering the pretmcogenes function to induce a tumour, it becomes
recognized as an oncogenkodd & Munger, 2001) his activation can be broughbout in
three different modes. Fstly by a mutation in DNA sequence within the coding region or
regulatory region, by an increase amount of the protein concentration (such as via
increased expression, MRNA modifications or gene duplicatiea sectiorl.14) or by a
chromosomal translocation event (either to a new position with higher expression or by

interjecting into expression of another geragain see sectioh.1.4).
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One of the first oncogenes discovered was a small GTPase, the Ras family,
compromising of HRasN-Ras and {Rag(Reddy et al., 1982; Bos, 198Mutations in the
rasgenes can eventually lead to the production of Baseins in an activated statéhese
proteins are involved in signal transduction pathways to induce cellular growth and survival
geres to activate lilgenfeld, 1995; Goodsell, 199@igure 1.12). Even though there are
many other members of the Ras subfanfilyennerberg et al., 20Q5these three
mentioned Ras proteins are implicated in many types of caries,(1989)these are the
most commonly found oncogenes in human cancer a22% prevalence and up to 90%

prevalence in pancreatic canceBownward, 2003)

An aberrant form of the-enycgene is also found in a large variety of cancers, from
lymphomas, leukaemia, breast cancergdbiomas and small cell lung cancéfsisher &
Bishop, 1999)As part of thanycfamily, emycis a regulatory gene that code for
transcription factors, some of which are actively involved in cellular division, gi@ethi
& Young, 2014and DNA replicadn (DominguezSola et al., 2007; Gearhart et al., 2007)
Translocation aberrations of chromosome 8 (location-ofy)is seen in almost all cases of
Burkitt lymphomaDallaFavera et al., 1982; Finver et al., 1988)d general up regulation
of this gends seen in carcinomas across the body due to its high number of downstream
targets Figure 1.12 Cmyc is typically over expressed in the majority of human cancers,
and is seen to be a direct cause of at least 40% of these tumbDargy(et al., 2009)
whereas in other tumours it is seen as a downstream effect of other activated oncogenes

up regulating its function to push growth forwarsllifler et al., 2012)

Mentioned in passing in previous sections, the Philadelphia chromosome is formed
from a transle@ation event between chromosome 9 and 22, commonly seen in chronic
myeloid leukaemia celldNpwell & Hungerford, 1960; Kang et al., 20I&)e prote
oncogene ABL1 on chromosome 9 is translocated to the BCR gene on chron2stmee
outcome ofthis translaation is the production of BCRABLIfusion gene to encode the
oncogenic protein BERBL1 Collins & Groudine, 1983; Hagemeijer, 198The exact
breakpoint regions is known to be varialgfgcore et al.2010) but will involve the required
regions of loth genes albeit with different variations of the fusion protein which can act as
a marker for different forms of leukaem{Rane et al., 1996; Li et al., 199%he BCRBL1
protein has an elevated tyrosine kinase activity, normallgdtivate other sigal pathways,
yet unsurprisingly alike other oncogenes this hybrid protein actively maintains signal

pathways for proliferation, resistance to apoptosis and preventing differentiation in cancer
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cells Lugo et al., 1999; Sattlermc & Griffin, 200Bhis oncgenic protein also infers
increased genomic instability, to encourage formation of double strand breaks by
stimulating single strand repair processes unnecess@ilgmer et al., 2008; Fernandes et
al., 2009)nd increasing enzymes involved in double rstiéreaks to ensure survival yet

promote this genomic instability cancers rely @iupianek et al., 2011).

1.3.2.3.2 Tumour suppressor genes

With the view that proteoncogenes push the development of cellular growth, we
observe that there are regulatoigystems in place to antagonize this drive to prevent the
uncontrolled and iltimed proliferation. Tumour suppressor genes are genes that
somewhat protects the cell from the progression into cancer either by repressing the cell
cycle or promotion of corrdapoptosis Sherr, 2004)initially shown by somatic cell fusion
experiments indicating an existence of genes that could restrain tumour development
(Harris et al., 1969; Stanbridge, 1973umour suppressor genes functions can be classified
into severakategories where@xamples ofjenes may overlap between functionss A
stated, the continuatin of the cell cycle and promotion of apoptosis are two categories
followed by acting as a link between the progression of the cell cycle and DNA damage,
repair of DNA damage themselves and lastly cell adhesion detection (contact inhibitors for
example) Hirohashi & Kanai, 2003; Sherr, 2004)

The first classic suppressor gene identified was linked to retinoblastoma typically
caused by a mutation in the gefRB or RBIbcated on chromosome 13gi#Moel et al.,
1976) to give rise to a malformed retinoblastoma protein (pRurphree & Benedict,
1984) now understood to be one of the most important centres of cellular signalling
(Weinberg, 1995; Du & Pogoriler, 200B)anfesting in a rare cancer of immature retina
cells in children, retinoblastoma was hypothesized to be caused by inherited mutations
(Kundson Jr, 1971; Kundson Jr, 9@bserved in retinoblastomare two patterns of
formation, a bilateral early onset tunuo or sporadically later in life and typically only in
one eye. Interestingly the bilateral early onset patients typically had a familial pattern of
this disease indicating an inheritable element opposed to the unilateral sporadic patients
not (Kundson Jet al., 1976; Francke & Kung, 1978)is method of inheritance allowed
F2NXIEGA2Y 2F (K Xurdsom B, 1R Kundsah [2R0MienS 4 A 3 Q 0o
hypothesizes that both alleles of a tumour suppressor gene was required must be knocked
out in separate mtative events to case a complete loss of functioHowever, there are
known exceptionsg (i KA & NMzf S S-represa@«&functignalityifabeRet al. 31890)F
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or genes which require two nemutated alleles, haploinsufficienciNFlas an example in
neurofibroma(McLaughlin & Jacks, 2002nd holoprosensephaly, a incorrect formation of
the forebrain due to the haploinsufficiency for Sonic HedgeliNan(i et al., 1999) The
IKS2NE-KATQWA A2 | LILINBLINAF S F2NJ NBonaogoyof a2 Yl
need only sustain one mutation, hence the expression of early life bilateral tumour
formation (Kundson Jr, 1971; Kundson, 2p0pposed to two mutations required for
sporadic formation. Furthermore, followp studies of bBreditary and norhereditary
survivors showed that hereditary retinoblastoma acts as a higher risk factor for new
cancers over time as compared to sporagiteinerman et al., 2005pRb restricts the cells
ability to leave G1 phase and enter S phase (see settloB.9 (Goodich et al., 1991as it
can bind to inhibit transcription factors such as E2Fs, which regulate multiple genes
required for DNA replicatiofFunk et al., 1997; Nevins, 200¥imarchi & Lees, 2002s0
unsurprisingly in mutated versions of tiRBgene thisfunction is suppressed allowing S

phase promoting factors to proceed unchecked.

Another key tumour suppressor geneliB53wvhich codes for the p53 protein. As
already discussed in previous sections this gene is associated with the majority of cancers
(Nigo et al., 1989; Ozaki & Nakagawara, 2011tFraumeni syndromeMalkin et al., 1990)
and multiple chromosome aberrations involving chromosomeSiaido et al., 2005; Zedan
et al., 2015)The role of p53 is well understogtevine & Oren, 200@)nd is Mially
important in tumour development as it was shown to infer a 100% penetrance cancer
phenotype inTP53null miced . N2 O 3 ! (P53 cAliRlatect anvidewariany
cellularstresses such as DNA damage, hypoxic conditions, cell cycle abnormalities,
ribosome dysfunction and other oncogene expressibims servet limit the division of
cells Kundson, 2001; Vousden & Prives, 20809G1 and G2/M phas#&lercer et al., 1990;
Diller et al., 1990by its functionality as transcription factor with itsaatrsactivation domain
(Zhu et al., 1998hat can bind to specific DNA regioi&(n et al., 1991; Zauberman et al.,
1993; Kitayner et al., 2006) he regulation of p53 by protein kinases that detect stress
factors, such as MAPK family members which det&tdrnally induced stresse®/, 2004)
and othes which detect genome integrity (Ciccia & Elledge, 20h6)eases the halife of
p53 in cells and forces the conformational change to act as a transcription factor by utilizing
its transactivation domaito activate expression of multiple genddr¢oks & Gu, 2010)
Examples of targets of p53 are asdalk; p21 inhibits cyclin dependekinases to halt cell
growth/drive into cellular senescence, @rown et al., 1997amongst other cell cycle

arresting agnts EHDeiry, 1998)opposed to other targets which induce apoptosis as pro
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apoptotic genes, Bax and PUNIBreen & Kroemer, 2009More than 50% of human
tumourscontain either a mutation or deletion inP53to therefore beassociated with
genomic instabity (Hollstein et &, 1991; Schmitt et al., 200Z2Jhe importance of p53as
beenshown in studies that have restoréd functionality causing a degree of regression in

tumours(Ventura et al., 2007)

1.3.2.3.3 Epigeneticsand microRNAs

Structural clanges within chromatin subunits influences the ability of genes to be
activated or silenced, such as via histone modification or DNA methylation which can allow
or prevent transcriptional machinery access to coding regions. Epigenetic modifications are
kept during cellular division, ahcan be inherited by offspring.d@mmon example of
epigenetic silencing is the process of a totipotent embryo cell becoming modified to a
pluripotent cell then further specialization to specific cell/tissue types, a prabass

requires permanent silencing of genddifalipov & Wolf, 2009.

In reference to cancer formation, epigetics has been shown to play a large role in
formation and repression of cancef@ones & Baylin, 2002; Egger et al., 2004; Sharma et al,
2010, with more modern understanding is that cancer cells show global epigenetic
abnormalities paired with genetic mutatioiidones & Baylin, 200Muring all stages of
cancer progresen epigenetic maodifications hawmeen shown to play roles to promote the
can@rous phenotypeKeinberg & Vogelstein, 1983; Feinberg et al., 2088) even
initiate. Some cancers typically have more silencing markers associated with oncogenes as
compared to specific DNA mutations effectively causing a larger gene silencing effect
(Vogelstein et al., 2013)s described within colon cancer, more heavily methylated CpG
islands coupled with oncogenes were found to not be methylated in adjacent healthy
mucosa cells indicating the vast change of epigenetic features comparing cancer cells

their healthy progenitorslifngworth et al., 2010; Wei et al., 2016).

microRMQA& | NB avYltf y2y O2RAy3 wb!a GKIFG | NB
genes via postranscriptional silencing. The specific bases that the microRNAs possess
allow it to pair with messengeRNA to induce silencing as doulsteandedRNA(dSRNA) is
tagged for destruction by nucleases and prevention of integration into the translational
machinery of the ribosoméHe & Hannon, 2004lorris & Mattick, 2014)the presence of
dsRNA is also an indicator for viral infections so it is not surprising the cell has a dedicated
and good reponse to the presence of dsRNA (Gantier & Williams, 2@@7/¢ompared to

normal tissue cells, the levels of microRNAs expression in malignantitwalls show
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large changes during this tumorigenic stéte et al, 2008 ¢ & LA OF f £ &8 YA ONR wb !
genes associated with transcriptional regulation, proliferation, apoptosis and the cell cycle,
so understandably a disruption in the levels of microRE®pression will give rise to

tumour generating effects. An example of a microRNA implicated in tumorigenesiz is

127. miR127 targetsthe production of BCL6 (BCL6 acts as a repressor of transcription via
binding directly to DNA to silence genes), &nd is shown to be down regulated in

prostate and bladder tumoursSgito et al., 200§)reventing the action of BCL6 and
increasing expression of its targets. Another microRNA down regulated in cancer cells is
miR-101;this inhibits the translation of mtein group EZh2. EZh2 is associated with histone
methylation which is used to silence ger{®4ré et al., 2006and this protein itself is shown

to be linked to high expression in cancers as it inhibits tumour suppressor genes
epigenetically Kim & Robewd, 2016) Unsurprisingly the down regulation of its microRNA
suppressormiR101, is seen in bladder carcinomdsieédman et al., 2009)ausing a subset

of tumour suppressor genes being down regulated as expected.

Alternatively there is the incidence aincogenic microRNAs. One suchmi®21. This
microRNA regulates the expression of protein PTEN, a tumour suppressor gene within the
ATK pathway that ultimately prevents the cell from dividing too rapi@hyu(& Tarnawski,
2004) PTEN is seen to be lost7/io% of prostate cancer€hien et al., 2006hdicating its
tumour suppressor naturelongside thisvithin glioblastoma it is observed thatiR21is
instead up regulated@han et al., 2008p decrease the levels of PTEN in the cell and

therefore disallev a level of control around cellular division.

1.3.3 The treatment of cancer
The treatment of cancer has undergone many improvements over the past few
centuries of medical knowledge and research, cancer treatment depends on the type of
cancer, where it itocated, at what stage the cancer is and general health of the patient. In
some cases a single treatment is required with no foligevand some patients require
long lasting repetitive treatments typically in a specific personalsedbination (Cancer
RSASIENDK ! Y Be¢NBIFIGYSYODOSTRDPNRZOI OSIBE X YISy T2 NI
Here shall be a demonstration of multiple treatment types currently used for various types

of cancers and how can be beneficial or disadvantageous.

The Ebers papyrus datidigh O1 G2 wmppn ./ Aada 2yS 2F GKS 2f¢

current existence to display the begireserved record of ancient Egyptian medicine
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(Brested, 1930). mmn LI 3S aONRftf RSOGFAfTAY3 I @t ai
medical treatments of th time, from recognizing the heart is the centre of blood
circulation, to expulsion of disease caustggnons. his papyrus is the first known

recorded text that references the surgical treatment of tumowrth accompanied
methodologies (Sullivari996) Obviously, surgical techniques over the past few
millenniums have made somewhat progress yet it still maintains its status as a core
treatment methodology for modern day cancers. Surgery may be the singular treatment
needed, if the cancer has yet to metasise and is located to a singular regsential organ
(e.g. testicular, breast, skin) it is likely that surgery would completely remove all cascerou
cells from the body in one go. i’ this in mind, in theory it would be possible to remove

all solid caners from the body via surgerfipwever realistically speaking this is not an easy
process.To minimize the risk of recurrence of the tumour, typically healthy tissue is cut
away around the tumour and analysed until no preseatmalignant cells are visial ff

every cancer cell is not removed there is a high chance that this will simply reform into a

secondary tumour.

Another treatment primarily against solid tumours (but also can be used against
leukaemidlymphoma) is radiation therapy.ifferent cancertypes respond differently to
radiation damage so can require higher dosage of radiation for effective treatment, such as
melanomas are considered rather radiesistant for treatment yet can have a beneficial
effect as a palliative optioriMaverakis et al, 2015The principle of radiation therapy is the
use of targeted high energy particles, such as photons, aimed at cancerous cells to induce
sufficient breakages across their genetic material event growth and hopefully cellular
death. Xrays are commonly used as an external beam aimed at multiple angles towards
the tumour through the patient to reduce unnecessary damage to healthy tissues and
induce more damage in the cancerous ones. Otheriglag used may be in the form of
protons, neutrons or heavy positive ions as they all have different levels of energy loss
across distance travelled through tissue, with the aim of the highest energy loss being
localised to the tumour and not to the surrnding tissue, again another means to prevent
unnecessary damage. Alternatively, radioactive treatment can be induced from inside of
the body by administration of a radioactive source as a liquid or solid with aim to pass near
the tumour. An @ample of thidgs auger therapyhy the use of low level electrons released
in high dosage via the auger effect (a high energy electron falling to a low electron state to
release energy either by light or into another electron which is emitted, the auger electron

(Meitner, 1922)opposed to the use of high energy particles which has systemic side
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effects. With conjugation cdin emitting molecule (a heavy atom) to another molecule with
specific affinityto cellular compartments, delivery of low energy electrons can be focused
on one particular area of the bgdather than a systemic effecthis conjugation and
affinity is also required as the electrons emitted only have a short range of travel

(nanometres).

Once viewed as the pinnacle of treatment for many cancer types, angiogenesis
inhibitors are used to prevent the formation of new circulatory network being formed from
malignant stimulation from tumourd=plkman, 2004 )effectively starving the growing
tumour of resources in a hypoxic environmeHhtafyden, 2009)The use of angiogenesis
inhibitors alongside other cancer therapeutics in combination therapy is seen to still reduce
cancer morbidity and mortalityBagri et al., 2010Howeverthe downsides of angiogenesis
inhibitors, such as excessive bleeding and increase of blood clots, can be life threatening for

cancer patient usersikl etal., 2017)

The use of systemic cytotoxic drugs to destroy rapidly dividing cells describes the
treatment of chemotherapy. The administration of intracellular agents intended to inhibit
cellular division and induce irreparable stresses to trigger apop®$he main aim for
chemotherapy. Wderstandably more rapidly dividing cells such as cancers, bone marrow
or hair follicles are more susceptible to the effects of these drugs. The efficiently of
chemotherapy is dependent on the type of cancer presenikdemia can be cured via
chemotherapy(Nastoupil et al., 201,Freedman 2012whereas brain cancers do not
respond well Rampling et al., 2004nd some cancers it is inappropriate to use cytotoxic
drugs, such as skin cancers. Dosages are required taltdated correctly, too low of a
dose and it will simply be ineffective against the cancer yet comparatively too higher of a
dose will increase the cytotoxic effect on normal body cells more to the dislike of the
patient coping with side effect&urney,2002; Corrie, 2008 One type of cytotoxic drug is
alkylating agents, with some of the oldest examples being mustard gas used in WW1 to the
multiple chemotherapy drugs in use todayqrie, 2008)These drugs cause the addition of
alkyl groups to DNA, RNA and proteins within the cell impairingl@efluinction. h
addition, these drugs can covalently bind to a DNA strand multiple times thus preventing
cellular machinery from correct DNA replicatias it cannot cope with intratrand linked
DNA to abort cell cycle processiddik, 2002; Lind, 2008n example of a direct DNA
damaging compound the cisplatin family of drugsh@se direct DNA binding platinum

based cytotoxic drugs are used in matifferent cancers, such as breast, bladder, lung,
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brain, neuroblastomaand ovarian. In particular it has very good success rates improving
the survival of prostate cancergiGhorn, 199Q) However, it is noted that patients can
relapse with cisplatin @stant tumours following treatment using this drug (see section
1.3.4). Proposed methods of resistance of this drug include an increase of efflux proteins to
expel the drug from the cell, the reduction of cellular uptake, detoxification of the drug, or
further mutations in the apoptotic or DNA repair pathways to remedy the effects of the

drug (Stordal & Davey, 2007)

Another division of cytotoxic drugse classified athe anti-microtubule agents, which
indicative of their name, prevent the action of i@ (i dzo dzf S - ldeRIzd Sl yR |
(Rowinsky & Donehower, 199WVithin antimicrotubule agents there are two classes of
drugs, the vinca alkaloids which prevent formation of microtubules and th&nis which
prevent disassembly.s®we know microtbules are essential for separation of chromatids
during mitosis (see sectidhl1.3.2 understandably these drugs prevent mitosis completion
to arrest the cell and eventually trigger apoptoéiaie et al., 2010)'he vinca alkaloids are
an example of a natally produced plant based product as they are found within the
Madagascar periwinkl&;atharanthus roseugddcobs et al., 2004An example of a vinca
alkaloid and a natural product @f.roseuss the cytotoxic drug vincristingeglevich et al.,

2012) suitable for use in acute lymphoblastic leukaemia, acute myeloid leukaemia,

| 2RATAY Qa4 RAASIHASE ySdaNRofladz2Yl FyR avYlftt O
tubulin proteins preventing the formation of microtubules to prevent chromosome

separation duing metaphase and therefore induce apoptogierdan, 2002)

Unfortunately, in a similar fashion to cisplatin, resistance can arise in tumours to cause

relapse. One proposed mechanism is the over expression of-ghgcpprotein pump to

increase efflux ofhis drug out of the cell preventing interaction with forming microtubules

(Sui et al., 201, 2Breier et al., 2013).

Other systemic cytotoxic drugs used are the antimetabolites. This group of drugs
disrupt DNA and RNA synthesis as their structure is coabpgmto a nucleobasé@rker,
2009) the presence of these drugs in the cell can directly block enzymatic reactions
required for DNA or incorporate itself into the DNA polymer formed. Thecamier action
of these drugs arises from the blocking of DNA interactions thus preventing mitosis from
occurring, or alternatively if inserted into DNA can induce DNA damage due to structural
damage caused to trigger apoptosis of the cancer cell. Lastlysitmperase (TOP)

inhibitors target TOP1 and TOP2 which typically aid in the unwinding of DNA during
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replication by inducing breakages to release tension kuyidinhibitors can prevent

TOP1/2 action in different wayey can have an inhibitory feature fevent the

unwinding of DNA altogether physically barring exposure of DNA bases to replicative
machinery, or encourage the breakage of DNA that TOP1/TOP2 typically regulate an then
prevent religation causing widespread DNA breaké@eodsell, 2002).

Unlike drugs thatnon-specifically attack all of the hosts cells, targeted therapigsael
the use of precise drugs for individual cancer types indicated by their specific markers
expressed$yn et al., 20160ne such classification of a targeted therapthie drug
imatinib, this drug occupies active sites of tyrosine kinaisegarticular the oncoprotein
BCR . [ Q& | OGAD@S &aAGS 6 & Sé&tioh KA2A3/1 BnSetctioieA.) OKNER Y 2
(Deininger & Durker, 2003) as well akitand PDGIRR (Igbak Igbal, 2014)The use of
monoclonal antibodies also constitutes as a targeted therapy, these antibodies can either
aGAYdzZ FGS GKS LI GASYGQa AYYdzyS aeaidasSy Ayiaz |
identification of a biomarker or deliver a chemical/raditee dose to the specific location
of the tumour. A good example of a monoclonal antibody is ramucirumab, this antibody
binds to the extracellular domain of VEGER prevent activation via ligands VEGF
VEGFKC and VEGP Wadhwa et al., 2003By blocing the activation of VEGFER leads to
inhibition of VEGF tumour angiogenesis as the VEGF ligands are typically secreted from

malignant cells to promote angiogenegi&nnepureddy et al., 2017).

1.3.4 Cancer Genomics

The association between genome angessed phenotype was long debated until
rediscovery of Mendelian inheritance by demonstrating that the variation and inheritance
of alleles are responsible for the phenotypic variation we see across populéfisher
1919) As previously discussed, tieetire plenty of examples of genetic diseases caused by
individual or a sub set of alleles, but to determine the underlying genes at fault in common
diseases (or common cancers) are very likely to be a multitude of minor gene interactions
multiplied by theexternal environmental factors at play to cause this disg@gtmacher
et al., 2004 Manolio & Collins, 2007The detection of underlying genes or polymorphisms
within cancer cases is possible, such as this blunt approach worked for bladder cancer
(Garda-Closas et al., 2005; Gard€itosas et al., 2011)et for prostate with a known good
gene target, the associated androgen receptor highly and frequently expressed in
aggressive tumourd_ée, 2003shows a large variation within this gene within cancer
patients and healthy control patient§ (O K I i &+ n fifvh y R& (i N20YD) S | €
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furthermore, when studying (relatively speaking) isolated etrisups displaying the same
cancer type, there was still no correlation to be seen between cancer featmcs

displayed genetic variatioris@llagher et al., 2010)

These studies show that cancer traits, and cancer susceptibility, are not controlled by
specific polymorphisms or individual point mutations that can be detected across
populations this highlightghe need to look across the whole genome to make
associations, of course the use of multiple genome wide association studies has shown the
detection of cancegrelated trends. The region of 8924 has now been ioapbd in many
types of cancers.istly identified within European and African American prostate cancers
(Amundadottir et al., 2006; Freedman et al., 20@&h a novel polymorphisrdetected
(Haiman et al,. 2013nd to be further implicated in prostate cancer with other
independent polymorphism®und at this site laiman et al., 2007; Yeager et al., 2009)

These other types of cancers show risk markers that have been associated at this same site,
including; colorectal cancer§@mlinson et al., 2007pladder cancerKgimeney et al.,

2008) andeukaemiaCrowtherSwanepoel et al., 2010An exciting result from genome

wide studies was that >90% of disease associated polymorphisms are found within non

coding regions of the genome, somewhat surprising as the premise was to look for

variations withn gene coding region#lindorff et al., 2009; Hirschhorn, 2009%t also

somewhat expected knowing that most human variation at the DNA level is within non

functional regions (estimates put& of single polymorphisms as functior@bllins et al.,

1998). However, detection of individual polymorphisms between individuals would be

expensive, irable to detect very rare variations found and most importantly miss structural
variations, such as the previously discussed tramsions/inversions/deletion et¢Manolio

et al., 2008)lt is this structural variatioti K & A& FGGNARO6dziSR (2 GKS f
LI ANJ RAFFSNBY OSaQ | oRs thdr shdle pdlymdrghist(®@®y 34 G LJ2 LId:
Genomes Project Consortium, 2008k explained, the usaf wholegenome studies has

led to the identification of many causes of specific cancetbsen as beneficial to

perform, howevercancer cells within a tumour display heterogeneity and this must be

appreciated when performing wide scale studies.
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1.3.4.1 Heterogeneity of cancer

As cancers are known to exhibit genome instability, it would be incorrect to presume
GKFG SIFOK 0eOfS 2F RAGAAARZ2Y ¢2dd R B8AStR ARSY
(Schmitt et al., 2012)This differentiation event would yidla tumour with distinctively
different features, in the phenotype and genotype, of different ldnal populations
(Fidler & Hart, 1982)Each cancerous event is a unique evolutionary process where
multiple heterogeneous malighant cell clone populatianise via mutation events due to
deregulation ottheir tumour suppressor feature hese cells would compete against one
another in the tumour microenvironment for resources, space, nutrition, waste
management, ability to metastasise and the ability to seshemotherapy drugiNowell,
1976;Merlo et al, 2006 achida et al., 2010; Campbell et al., 2@ fkaves, 2010; Ding et
al., 2012; Gerlinger et al., 2012; Greaves & Maley, 2Qr&urprisingly, with this
evolutionary theory being applied to the develment of cancers, evolutionary
methodologies are being explored to best understand this phenoméReinta et al.,
2008; Stearns, 2012; Nesse & Williams, 20#@wever, it is also hypothesised that the
disproportionate sharing of oncogenic products durijjular replication could drive cells
phenotypically apart postitosis, indicating that heterogeneity seen across tumours may

not entirely be describable by genomic alterations al¢@eerniak et al., 1992)

The issue of heterogeneity within cancersstated is that it allows a higher frequency
2F GFNASR FffStSa Ay GKS LI Lz éndranthghtali 2 Y I 1 S
pressure changes. igher indication of tumour heterogeneity is associated with poorer
clinical outcome@agogeJack & Baw, 2018) The higher variety of genetic diversity within
the tumour environment, can predict this poorer clinical outcome by indicating a faster
progression towards malignancy to reduce patient survival time period. The genetic
heterogeneity seen is incitive of that ability of new adaptive hallmarks to be generated

to drive tumour progressiofMroz et al., 2015; Andor et al., 2016).

Tumours sampled at initial biopsy may not represent the true tumour population
(Bedard et al., 2016)nd in the event o& recurrence or metastasis it is not routine to
perform another biopsyRedard et al., 2016 Instead treatment is based upon the
biomarkers identified from the initial biopsy (or equivalent) which may not resemlge th
recurrent cancers cellular makeupedard et al., 2016)In the example of breast cancer,
the presence or absence of oestrogen receptor expressioargehes treatment and

prognosis. &ck of oestrogen receptor lowers response to tamoxifen or aromatase
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inhibitors Early Breast Cancer Trial@ts / 2 f f I 6 2 NI (an@diSasodbRdmifs H A MmO
worse prognosisl{ndstrom et al., 2012However, the difference in expression of this

receptor between initial and succeeding tumours, that may appear years after primary

tumour treatment, is observedi7-25% of patientsAmir et al., 2012; Thompson et al.,

2010. Another example of melanomas, BRAF mutation is used as a biomarker for

prognostic and predictive uses as is seen in more than 80% of melanomalagies (

2002; Bhatia et al., 2018)nd associated with a more malignant phenotype has-2%%

difference in prevalence of initial biopsy result compared to a subsequent tumour results
(Colombinoetal.,201® ¢ KS 01 2F RSGSOlGAz2zy 2F (KSasS v

incorrect treatments to be adhinistered and a decrease of survival.

Clonal heterogeneity as seen by changes of DNA content and chromosomal
abnormalities can be seen in initial tumours before metastases formafimtef & Hart,
1982; Coons et al., 199gia FISHeported in breast ancers(Yoon et al., 2012)and
gastrooesophageal cancerStarczynski et al., 2012Jumours are assessed based upon
to detect subpopulations may be the cause dfd drug resistant tumours seen in
secondary tumoursTurner & Reid-ilho, 2012Ryeet al.,2012 Tougeron et al., 2013; Bai
et al, 2013. Incorrect assessment of the primary tumour will act as an advantage selective
measure for subpopulations that arestitment resistant, as they are free to continue with
less competition within their microenvironment, allowing for more growth, more
divergence and possibly more maligndatures. Multiplestudieshave confirmed this as
they have shown that treatment resiant subcloneshave beerpresent, albeit at a minor
frequency, in the primary tumoyiRochelLestienne et al., 2003; Shah et al., 2009; Diaz., et
al 2012; Shah et al., 2012; Morrissy et al., 20¥6}h a better model of cancer diagnosis at
the initialtumour it would be possible toharacterise the subpopulations within this
tumour, eradicate low frequency resistant clones before they become the primary sub
population and monitor the clonal dynamics over tivdgéricio et al., 2013)'he use of
chemoresitant cell lines, either taken from biopsy or generated in a laboratory setting, is a
GAGLE G22f G2 SadAYrdS GKSaS KSGSNRISyAO 02y

distinguishing them from the neresistant population.

To better explain the heterogeity of tumour cells, there are two currently accepted
models that most likely act in tandem to different degrees across different tumour types

and environments§hackleton et al., 2009)
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1.3.4.1.1Clonal evolution/ Somatic evolution

The proposal that nedpsms, both premalignant and dveloped malignant cells,
evolvedby a natural selectiormeansviathe clonal evolution modefirst being
summarisedn 1976(Nowell, 1976; Merlo et al., 2008-rom a single malignant cell, single
mutations are acquired vi# (i dzY2 NA 3Sy A 0Q LINRPOSaasSasx a RSaoON
To allow natural selection to take place the malignant orpiadignant cells require variety
in population (via genetic or epigenetic means) and-gapulations to have a heritable
selectionadvantage over others in thescific tumour microenvironmenyltimately
swaying the ratio of subpopulation frequencies throughout the tum@derlo et al., 2006;
Swanton et al., 2012)The constant changing of the tumour microenvironment itself is
shownto be tumorigenic Chen et al., 2015; Wang et al., 20%dgh as cells, or cellular
populations, must compete for resources such as space, oxygen availability and waste
processing. Understandably, a subpopulation that has an advantageous trait that can be
inherited will comparably outperform other subpopulation derivategyenerate more
daughter cellsQearly seen, the increased genetic diversity of the tumour is critical for

overall survival, as seen throughout natuldgflo et al., Fernandez et al., 26).

Applying this Darwinian process of selection to tumour c8lledves & Maley, 20)2
cancer therapies (particularly chemotherapy) are a means of artificial selection via human
interaction. As most cancer deaths are caused by clones which are theiGEguesistant
(Greaves & Maley, 20123ubpopulations with mutationthat caninfer a drug/multidrug
resistance will propagate to forthe NS LINS a Sy (i A2y 2F (KSheySEG W=
event of arelapse. The cellular causes of drug resistamitlevary greatly between tumours
(Gottesman, 2002)and can form in a multitude of tumour type&zam et al., 2003;
Engelman et al., 2007; Murugaesu et al., 20The increased mutation rate by the cancer
cells innate genome instability further fuelset likelihood that a drug resistant clone will
appear in the population, to proliferate with low competition and is shown to lead to faster
malignancy developmer{dxelrod et al., 2006; Worsley et al., 2016; Sun et al., 2016;
Fortunato et al., 2017)

LYAGALE Gdzy2dN) §@2f dziA2y Ay GKS wWOt2yLtt S¢
different methods. In the view of a linear expansion, sequential ordered mutations are

accumulated over time stepwise causing the expansion of tumour cells. ¥@asisra single

population collectively acquiring hallmarks and is most likely only seen in initial

tumorigenesis as this process is not seen in developed malignant tur(@erbnger et al.,
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2012) For example, it is more likely that cellular regulatioitially is aberrant, such as a
benign neoplasm, followed by other features such as genomic instability toige/®ra

more varied population.fis development into a varied population is representative of
branched expansiorHgure 1.14), the second mihodology observed. Via generation into
multiple subclonal populations through means as described ab®waiiton, 2012)the
tumour now has the means to drive distinct branches which would eventually yield in the
generation of advantages/resistances tagaliwith the concept of natural selection

(Swanton, 2012; Gerlinger et al., 2012).

1.3.4.1.2 Cancer stem cells

An alternative view of cancer development brings the notion that the wide spread
epigenetic changes seen in cancer cells development is uriiiketycur in a random
fashion to then accumulate inside a tumour via select®harma et al., 2010; Greaves,
2010) The cancer stem cell model proposes that epigenetic changes which typically occur
in normal stem or progenitor cells are the earliest evantsancer formationKeinberg et
al., 2006) Furthermore, the fact that these epigenetic aberration events are notably seen
to be very early events in cancer developméatii et al., 2003; Matsubayashi et al., 2003;
Sakatani et al., 2005; Peters et aDpZ)Figure 1.14)

The seHimmortalisation of stem cells is seen by silencing genes involved in renewal
capacity is observed in canced®ies & Baylin, 200,7an aberration in silencing of these
replication controlling genes gives rise to the infiniteeeval capacity proposed in this
model. These immortal stem cells, or abnormal precursor cells, can be subject to genetic
mutation events to form the basis of tumorigeneddaylin & Ohm, 2006iand go on to
reflect a high expression of pluripotentency tyaily seen in embryonic stem cells

(Widschwendter et al., 2007; WerbowetsRgilvie et al., 2009)

This stem cell model is able to describe the heterogeneity found within tumours. Initial
formation creates a small population of pnealignant cells able tmaintain their stem cell
properties indefinitely to give rise to a malignant population when influenced by additional
genetic mutations at any timeJones & Baylin, 2007 hese cells are hypothesikt® exist
within the tumours as a distinctively differepopulation in a low proportion of the

tumour, typical therapies used to treat tumours may not be effective against these
persistent cells to generate new cells, such as in the case of relapses or metasReyses (
et al., 2001 Fgure1.13. The removkof an initial tumour population without removal of

the cancer stem cells will simply allow the stem cell to produce a genetically different
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malignant cell to grow and ppagate into a secondary tumaun the event of therapy,

cancer stem cells are thohgto be more resistant to typical cytotoxic drugs usgtdo,

2016) either by the up regulation of DNA repair proteins or slow division cycles, features

that classic adult stem cells are shown to possAgsin, the use of already diverged

chemoresistarn cell lines is helpful for use in studies exploring cancer stem cells theories as

they may contain suthJ2 LJdzf F GA 2y a 2 7F thafd@nelte thS&Rresistani SYy Sa a O

populations.

There is somewhat of a debate about the existence of cancer stem catlepee
I3 Ayad OFyOSNI 4GSy OStfta Aa GKS FIO0G GKIG &
properties across the whole canc&\pta et al., 2009)Some query the origination of the
stem cell itself, is it a malformation in a true stem cell asenut models predict via
epigenetic malformations or simply from nanalignant cells gaining the ability to self
renew to give appearance of a stem cell which display a level of phenotypic pladtmity (
et al., 2017) Howeverthere is current evidereof cancer stem cells found ieaukaemia
(Bonnet & Dick, 1997preast cancer/Al-Hajj et al., 2003)colon cancer{ Q. NAS,Y HnaAnT 0
prostate cancerl{ang et al., 2009)melanomaCivenni et al., 2018nd many more
(Shackleton et al., 2009)The presencefanultiple cell types found in heterogeneous
tumours can currently only be explained by the presence of stem 8zllmget & Dick,
1997) unless multiple tumours from multiple body sites that have all formed malignant

metastasising properties are in play.

However it is most likely that tumour heterogeneity is best explained by a combination
2F Y2RStaz |y AYONBYSyidlf WNIYyR2YQ Wangil GA2Y
et al., 2014ps both examples have to be shown in tumour heterogeneity, mesearh
must be conducted that can highlight key genomic and epigenetic changes during tumour

development.
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Figurel.14 Theories of establishing progressitemour heterogeneity
Graphical representation of two models that explain the increase of heterogene
in tumours.A), Clonal evolution to yield a polyclonal/polygenic tumour, selection bas
upon treatment allows resistance subpopulations to survive fanch a new
heterogeneous population in a relapd#), Cancer stem cell model showing cancer st
cells (stars) are only able to replicate indefinitely and can generate a heterogeneol

population. Upon treatment these stem cells have resistance and canresed
heterogeneous tumours. (Based upon Bonacia et al., 2011; Zhang et al., 2018).

1.3.4.2 Chromoanagenesis,Chromoplexy and chromothripsis

The advent of next generation sequencing from tumours and diseassgfrom
complex chromosomal rearrangements has identified complex rearrangements to occur
within chromosomes in a single cellular everdblland & Cleveland, 2012)\s previously
described, cancer is typically driven by single mutation events and simgisnosomal
rearrangements to give individual functions that collect over time to form a true cancer
(Hanahan & Weinberg, 2011; Vogelstein et al., 20lH8weverrecent studies show that a
AAY3AE S WLKSYy2YSy2yQ OFy 2 00dNeagaddenadis éan (0 Sy &
occur simultaneouslyStephens et al., 2011) many different types of cancers
(Kloosterman et al., 2011; Rausch et al., 2012; Molenaar et al., 20it2yestingly, the
frequency of chromoanagenesis is higher, as compared to all bfpesncers, in specific

types of tumairs, such as neuroblastomaddlenaar et al., 2012)olorectal cancers
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(Kloosterman et al., 2011bone cancersStephens et al., 2011AMLs and Sonitedgehog
medulloblastoma (SHNIB) (Rausch et al., 2012Unsurprsingly, the presence of
chromoanagenesis in tumours typically yields poor survival rates due to correlation with
more aggressive tumoursl{rsch et al., 2013; Notta et al., 2016; Rucker et al., 2018),
however presence of complex chromosomal events candeel s a biomarker for

prognosis and patient daome (ForereCastro et al., 2016; Luijtenet al., 2018).

/| KNEY2OGKNRALIAAA Aa (GKS GSNY 3IABSYy (2 RSAONR
that could explain the highly aberrant chromosomes formed durirrgrloanagenesis in
one singleavent (Stephens et al., 201&¢e Figure 1.15Fxpected during chromothripsis,
the chromosome should shatter i.e. multiple double strand breaks, to be immediately
followed by aberrant DNA repaiB{ephens et al., 2011)The pesence of whole
chromosome micronuclei are correlated with large levels of DNA damage leading to
multiple chromosome breaks and incorreejoining (Hatch et al., 2013Micronuclei are
thought to occur when a whole chromosome is lagging during anapheleptiase due to
previous errors in the mitotic process, and not included within the main nucleus when its
membrane reformgFenech et al., 2011Experimentally, micronuclei can be used to
induce double strand breaks in specific chromoson@aeficanin etl., 2009) and the cell
can survive with the presence of micronuclei and it is possible for contained DNA to be
replicated during the next mitotic cyclé@drradas et al., 2010)However this replication is
thought to be defective and lagging due to akdad correct nuclear conditions/enzymes,
forcing a disrupted replication and multiple double strands breaks to be formed. This DNA
damage is not detected, due to the lagging nature so misses cellular check@iunsa( et
al., 2010)causing more stresqd fragmentation to the chromosome. The resulting
fragments can be rejoined, in a most likely erroneous (Fgure 1.15and these
chromosomes could be reincorporated into the main nucleus of the cell to survive multiple
generations Crasta et al., 2012)Vhere chromothripsis concerns the shattering of only one
chromosome, the thought that this process happens in a micronucleus where a singular
chromosome can be present and undergo stress pairs feth{ent et al., 2012)'he
telomeres during mitosis camecome vulnerable due to the loss of their protective
terminal regions, to cause fusion and formation of &elntric chromosome. The-dentric
chromosome during mitosis can have multiple spindle fibres attached and tension pulling it
to opposing daughtecells, to create ahromatin bridge between cells. Mén
decondensing paired with nuclear membrane reformation, incorrect membrane formation

will cause exonucleases within the cytoplasm to sporadically cut the chromosome into
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single strands to resolve tistress event, effectively causing the fragmentation event

(Mackejowski et al., 2015Alternative theories about the methodology of chromothripsis

occurring are possibly, the presence of ionizing radiatidaher & Wilson, 20129)r the

result of aborted apptosis Tubio & Estivill, 2011Another structural aberration typically

found in chromothripsis malformed chromosomes is the presence of vast clusters of point

Ydzi | G§A2y & FNRPdzyR oNBF{LRAyidGaz GSNY¥YSR YIFGFS3IA

its nane derives fromNik-Zainal et al., 2012; Maciejowski & de Lange, 2017)
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Figure 115. Comparisons of Chromothripsis and Chromoplexy
Shown is a representation of chromosomal rearrangements created by
chromoanagenesis. A) Chromothripsis, shovérgingle event to shatter the
chromosome, followed by reorganization, deletions, inversions and duplications wh
repaired.Righ) Chromoplexy, showing chromosomes undergoing a single
reorganization event to create multiple malformed chromosomes; alsandutiis
event has the deletion of chromosome segments. Based upon: Shen, 2013; Luijter
al., 2018.

In normal cells, this level of mass genomic damage would typically undergo apoptosis

(Holland & Cleveland, 201Zbwever as unsurprising as it is, in cancers where
chromothripsis is thought to have occurred the regions of the genome affected are
associated with cell cycle control, DNA damage, pratifen and apoptosis regulato(€ai
et al., 2014; Notta et al., 2016; Ricker et al., 2018)s quite possible that cbmothripsis
events outside of these genomic regions may happen, yet it is understandably hard to
observe as the cells would notrsive to be able to be observedottever, cells that do

survive can show the ability to generate multiple hallmarks in omegec mutative event.
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Typically, it is thought to be seen in early tumorigenesis to bege laitial driver of
malignancyhowever studiehaveshown that the chromothripsis evégan be late and
AYAAIYATFAOLI yi Ay Kaviiret ab, 1215008 iNidaamarkak o in BatelS 6

tumour aggressivenes8éssaganyas et al., 2013).

The presence of chromothripsis has been detected in a wide variety of cancers
including; medulloblastomaNprthcott etal., 2012) acute myeloid leukaemid&@usch et
al., 2012; Bochtler et al., 201, Bladder cancefMorrison et al., 2014)andin many more
exampleqLuijten et al., 2018) The rate of chromothripsis eventss@mewhat of a
discussion pointecently it was seen to only occur in up to 4% of all canc€es ét al.,
2014) yet it reported much higher for specific cancer types such as neuroblastoma and
bone cancer$tephens et al., 2011The variation seen in reports fuels the discussion about
frequency othese events, yet reasoning might be that a concise consensus on how to
OF 6SA2NAAS OKNRY2UGKNALIBAA S@OSyila KRodey¢tQi 0SSy
al., 2016)

The incidence of chromothripsis is highly associated with the inactivatiob3f p
(Rausch et al., 2011; Cai et al., 2014; FernaiBda®et et al., 2014; Bochtler et al., 201&p
previously described, the action of p53 is vital for the cellular response for DNA damage to
induce cellular cycle arrest, DNA repair and/or apoptfisime 1992) those with germline
TP53mutations consistently shown massive genomic aberrations with appearance of a
chromothripsis eventRaush et al., 2012&specially in childhood cancdfsrobner et al.,
2018) Using neuroblastoma as an example, consistbnomothripsis has been observed
(Molennar et al., 2012and typically is associated with poor prognosis and aggressive
tumourssuch as with the deletion &S ANCGMolennar et al., 2012However, the
association with chromothriptic events may not be fydgnetrant in regards tGP53
mutation, as cells with wiltdype TP53have been observed with the presence of
chromothripsis Cohen et al., 201%nd conversely not all tumours with incorretiP53

shown chromothripsisHernandexBanet et al., 2014)

Outsideof cancers, chromothripsis has been reported within the germline of patients
that display a delay in development or dysmorphic featy&siang et al., 201Rlaisancié
et al., 2014; Gamba et al., 2015; Anderson et al., 2Cd6) even events can be berciél
as shown as a spontaneous cure WHIM syndrome by deletion of the disease causing double
negative alleleNicDermott et al., 2015) Chromothriptic events are not a human

phenomenonijt has also been reported in cancers within Tasmanian dédakin et al.,
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2012)and natural events within plant genomeBban et al., 2015CarbonelBejerano et al.,
2017) relating back to a possible beneficial evolutionary aspect of this mechanism of mass

genomerestructuring.

Alternatively to chromothripsis, chromoplexfigure 1.15js understood as another
mechanism of mass chromosomal rearrangement that occurs as a single event in cancers.
Chromoplexy is defined as a build up of linked translocation evewntdving multiple
chromosomes in a singular event resulting in chromosomal rearrangements that show little
in the way of copy number variatioBéca et al., 2013; Shen et al., 2018hromoplexy
was first described in the study of prostate cancers withdiciation of presence in up to
40% of caseB@ca et al., 2013ps indicated by previous research that prostate cancer was
typically shown to have frequent large scale translocations resulting in oncogenic fusion
proteins Tomlins et al., 2005)Furthermore, within these prostate cancers, point
mutations were seen to be low and chromosomal rearrangements (fighlor et al., 2010;
Barbieri et al., 201 concluding that the presence of genome rearrangements being the

main driver of tumour development.

The mechanisms behind the formation of chromoplexy is less well understood as
compared to that of chromothripsis, associations between common oncogenic fusions
noted within prostate cancer cells which are caused by double strand brdakisér et al.,
2010 is somewhat consistent with the idea that chromoplexy is thought to be a result from
inconsistent deletion/rejoining mechanismiBukami et al., 2018nd association with open
chromatin configurations during times of transcriptional D8sknaging process€Baca et
al., 2013; Lin et al., 2009).

The presence of chromoanagenesis challenges the view that tumour establishment via
gradual mutation events are required and instead a single catastrophic event could be
enough to initiate a cell to progress to a figalant state. The presence of chromoplexy and
chromothripsis indicate that tumour progression may not be linear and have large bouts of
sudden alteration that could explain the heterogeneity seen across cancerCailst(al.,
2014) Baca et a).2013coy Ot dzZRS& Ay GKSANJI LJ LISNJ BhgEA OK (G SN
characterization of clonal progression and chromoplexy in emerging large panels of cancer
genomes may provide insights into tumor initiation and progression that impact cancer
detection, preventig = I Y R , anid Bdichtegéhid kevel of cancer development would
be missed by gene/exome level sequencing to call for a wider whole genome approach

instead.
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1.3.5 Non human models for cancer

There is somewhat of a tradition in using the mouse olsatiniversal model
organisms for biological research, and likewise explicit use within cancer research. Being
very short lived animals have a rapid reproductive rate and are very prone to cancer, a
great choice for a model species. However, for studie$oeixyy the mechanisms behind
innate cancer resistance they offer very little use. Other animal models are more beneficial
towards this aim of exploring resistanoechanismsWe can look towards longjved
mammalian species instead which may provide nesigintstowards prevention strategies
rather than treatments, which are plentiful but have serdaide effects to the organism
(Cleeland2012.).It wouldbe expected that longer lived mammals have evolved strategies
which allows a reduction in observednzzer rates, for example midwve ahigh incidence
of cancer, +509%ipman,2004) where as several other species are known to be resistant to
cancer, such as the naked mole rat, elephant and bowhead wBaleanoy2018.
Different species require differén WKA G&aQ F2NJ YIt A3yl yld OStf
(Gonzalez2010Q andposseswvarying levels of telomerase to solesuesarising from
incomplete replication of chromosome ends by DNA p@iases (de Lange, 20d8ading
to incorrect expressio and reactivation to immortalizeimours (Kim1994). To
summarise, the larger and long lived the animal, more mechanisms existhgnedore
Y 2 NB ragkired) @rumours to be formed (Tian, 2018he naked mole rat
(Heterocephalus glaber) is a sizodied yet long living rodent with a maximum lifespan of
32 years ircaptivity (Buffenstein 2002 is found to be highly resistant to cancer and
therefore of high interest withingsearch (Buffenstein, 2008; Liang, 2DX0phenomenon
that occurs withimaked mole rat cellular cultures is very early contact inhibition, slowing
their growth rate in culture (Seluano2009), an example of a possible mechanism towards
cancer resistance as cellular proliferation is arrested at earlier stddefrtunately, this
will make the use ohakedmole rat as a model organisms harder to generate material for

research use.

Blind mole rats$palax ehrenberpagain are another example of a long lived rodent
that shows resistances to cancers (Gorbun@d 2. Aresisencemechanism arises
through concerted cell death, where after a set number of population doubling a culture
will die through necrotic and apoptotic processes by a large rise af(G6rbunova,

2012 .Clearlythis is a useful mechanism for the organismat bot for culturing cells.
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Other norhuman examples include the elephants, which have expanded their copy
number of TP53 geness pseudogenes to confer some acaincer properties (Adgglen,
2015; Sulak, 2026@nd long lived whale species which show exi@pf positive selected
DNA repair genes such BRCCandUCP1(Keane2015).However the process of
obtaining primary culturesnaintainingadequate growth will incur high resource input and
costs due to the bespoke nature of the cells themselves hadtonservational status of
some of these animals. By understanding the mechanisms behind these different species
and retroactively applying them to human specific medications or prevention strategies
could lead to new methods of cancer treatment or pretien, a worthwhile field of

research but high costs may impair tii§a& Chen,2011).
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1.4 Thesis rationale

The techniques of cytogenetics have evolved over the past century to allow us as
researchers and medical professionals to perforrdépth andysis on specific genome®
study diagnostics, comparative genomics and cancer progression amongst other things.
From evolutionary studies to medical diagnoses, the use of fluorescent techniques has
understandably been a key driver within these fieldsjtallows the user to visually
interpret the data. A new methodology that can aid in these fields would allow researchers
an alternative to expensive next generation sequencing technologies that can visually and
quickly provide results. A successful nidwerescent methodology should be able to
perform in these areas: be a cheaper/more efficient alternative to current FISH
technologies, demonstrate an increase of throughput/reliability of results, be applicable for
use in evolutionary studies and be wogttK A £ S (i 2 -typalSi.e.imlforigdz el
lines-cancer) studies. The work within this thesis aims to firstly provide an exploration into
optimisation of the FISH protocol and establishment of a new methodology, alongside
distinctive studies acrasthese mentioned research areas that can use this protocol to

discern previously unknown chromosomal features.
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Figure 1.8%. Publications using either bulk sequencing or single cell sequencing

techniques

Transcriptome data from bulk analysis of cells derived framour tissues fail to
accurately detect the tumour heterogeneity and subpopulations present. The graph
indicates the variation in the number of publications reported using whole exome
techniques VS singkeellsequencing based techniques. Adapted from:edlal., 2018

As cescribed inl.1.5 methods, cytogenetic techniques have advanced over time with a
large emphasis on a computational based approaithin recent yeargFigure 1.16)This
has effectively left traditionah situhybridisation methodologies out of focus without
much improvement, bar industry improvements to reagents. With the focus towards a
Wo 2 GdlBY QA adzk £ Aal G D] OBF aKRNILI N2 RS | @IINE | OK
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Wi-R2WB Y Q Q@OAadz-ftAalGAz2y 2F OKNRBY2az2YlFft aidNHzOG d:
AYO2NNB Ol O2yOfdzaizyaQ O2dZ R 0S RNIgyd !a &K
the use of FISH is required alongsht8S to confirm results. If the throughput of FISH was

increased paired with a decrease of cost, the ratio of NGS methods to FISH methods may

balance out with FISH being a new eeffective option.

Within sectionl.2.3.], the Galliform order has great ingrtance within research due to
G.gallusbeing the avian model organism of choice for multiple reasons. Within the field of
comparative genomics however, the rest of the galliform order has been somewhat
overlooked as with research concluding with the fglyguenced turkey.gallopavg and
chromosomal paint studies indicating a rather uneventful progression over evolutionary
time for other members. Here calls for a study into the intrachromosomeal rearrangements
which paint based studies can miss, to detaaey further rearrangement hidden to
previous knowledge. As also described (1.2.3.1.1.1), microchromosomes have been
indicated to reside centrally in the nucleus with mactromasomes residing in the
periphery. his hypothesis can be further explored adiside chromosomal studies with the

generation of a new FISH methodology.

With chicken being a useful model organisir?(3.1) to derive useable cell lines from,
there is somewhat of an imprecise karyotypic description of the useful DT40 cell line. With
use of DT40 has diminished with the advent &ISPRystems, it is still a useful model cell
line to explore the genomic structural changes when inducted intahgmant state. As
per sectionl.3.2.2, the research into oncogenesis via oncoviruses is awhbile area to
explore;with the DT40 cell line being induced by AVL genomic rearrangements may be
found. Asper sectionl.1.5, the need for speed and efficiency in FISH methodologies is one
of the major requirements and drawbacks from matching current M@GlEhologies Here
also shall be demonstrated how a new FISH methodology can be used to improve current

technologies created to improve efficiency.

As per sectiorl.3.4.1, current opiniof cancer heterogentihighlights the need to
develop newer methodimgies that can assess the heterogeneity of cancer populations.
Currently, methods can lack the specificity to detect smaltpaulations that deive from
0KS WwWY2RI { Mis madldlJuzpulatioi i€ uebl to assess the details of the tumour
and may ot be an accurate representativMethods such as NFISH and SKY are possible
avenues, but due to the high cost of equipment and reagents paired with the questionable

results provided they are not suitable for sustained use in a modern cytogenetics
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laboratory. By using currently established neuroblastoma cell lines-(NIB3), and
derivative cytotoxic lines (rVincristine/rCisplatin), it is possible to observe these at a
cytogenetic single cell level to; assess heterogeneity within the population, detect key
aberrations that could infer resistance or act as molecular markers and providetan up

date cytogenetic assignment.

1.5 Thesis Aims

With reference to the rationa& set about fromthe previoussection the aims of the

thesis are thus:

Aim 1 To generatea new FISH based methodology that can decrease current costs and
improve throughput which is applicable for all FISH research abeiaparticularly to apply

to other aims in this study

Aim 2 Touse the above methodology (or adaptations of it) ajledect
intrachromosonal rearrangements within thenacrochromosomes of theGalliform order
in five species and b) formulate a methodology to determine folding patterns and

location within interphase state nuclei f@allus gallusnacrochromosomes

Aim 3:Toanalyse the&aryotypeof the DT40 cell line, to assess heterogeneiiy
detect anynovel chromosomal aberrationssing adaptations of the new FISH methodology

developed.

Aim 4:To analyse the human cancer cell line ¥NG&3 (neuroblastoma) alongside its
derived cytotoxic resistant cell lines, UKIB3rCisplatin/lUKINB3rVincristing to detect

novel aberrations, assess the level of heterogeneity and provide a cytogenetic assignment.
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2. Materials and methods

2.1 Materials

2.1.1 Chromosome preparation

2.1.1.1 Chromosome preparation from culture

Cells were harvested at [D% confluence and mitotic doublets seen and abundant
before harvesting was carried out of culture flasks. To each individual flask colcemid
(Gibco) was introduced at 1ug/ml and incubatedrair previous environments, 3T for
mammalian and 4 for avian, for one hour. Medium was aspirated and rinsed with
HBSS(Fisher) to then be followed by each cell culture subjected to a brief trypsin
EDTA(Fisher) exposure {@7for 23 minutes) to detah cells, and use of HBSS to rinse and

neutralise the effect of trypsin.

This was then followed by a hypotonic treatment of 75mM KCL for 15 minutes@t 37
and have repeated washes of a 3:1 mixture of glacial methanol:acetic acid%Gt®
centrifugatians to aspirate supernatant and-saispend cell pellet formed in fresh

methanol:acetic acid mixture until the sample is cleaned of debris.

Sample quality and metaphase index was observed by fixation onto a glass slide with
3:1 methanol:acetic acid and dsted with DAPI in VECTASHEILD antifade medium (Vector

Laboratories)

2.1.1.2 Chromosome preparation from Human blood

Sample was taken from a consenting adult human male via typical phlebotomy means
into a standard sodiunmeparin coated tube. The sample whgn cultured in PBAAX
karyotyping medium (invitrogen) at 32 5%Cgfor 72hours, to have cell division arrested
with the introduction of colcemid (Gibco) at 1ug/ml for 35 minutes before a hypotonic
solution of 75mM KCL was introduced. Repeated washes peiformed with a glacial 3:1
methanol: acetic acid until sample was sufficiently clean of debris and cytoplasmic
elements. Sample quality and metaphase index was observed by fixation onto a glass slide
with 3:1 methanol:acetic acid and stained with DAPVECTASHEILD antifade medium

(Vector Laboratories)
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2.1.2 Cell cultures

2.1.2.1 Avian cells

All avian samples used within this thesis were from egg derived cultured fibroblasts (5
7 day old embryos) or from skin biopsies. Cells were subject to collegy&easment to be
cultured at 46C, 5% C£n alpha MEM (Fisher) with 10%BSjetal bovine serum (Gibco)

and 1%.-GlutaminePenicillinSteptomycin solution (10mg/mi(sigma).

2.1.2.2 Cattle cells

Cattle ovaries, of mixed age and breed, were deliverggzhivsphate buffered saline
(PBS) at 3& within 6 to 8 hours of cullifgom a local abattoir (Charring meats, Charing,
UK). A biopsy was taken from the surface of the ovary tissue and subjececbllegenase
treatment for 46 hours. Tie samplevas thento be cultured in 20% FBS (Gibco) alpha
MEM (Fisher) with % L-GlutaminePenicillinSteptomycin solution (10mg/mi(igmant
37°C 5% Cguntil 70/80% confluent to then be harvested (2.1.1.1.).

2.1.2.3DT40

Cell line wagultured,donated andreceived fromthe laboratory of Noel Lowndes
ovdzSSy Qa | yA bsafrk 6f & fozen Eefl cultud delivered overnight by
courier. Resuspended in alpha MEM (Fisher), supplemented with 10% fetal bovine serum
(Gibco), 1%-GlutaminePenicillinSteptomycirsolution (10mg/mL}Sigma) at 3 and 5%

CQ. Cells were harvested in the same way as previously mentioned cell cultures.
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2.1.2.4 Human Cancer lines

Cell line , : : Species /| Thesis
Accession Disease Resistance .
name Tissue Abb.
Homo
UKFNB3 | CVCL_9904 Neurdblastoma ; sapiens | NB3
Bone Par
marrow
Homo
UKFNB c . sapiens | NB3
3rVCR10 CVCL 9905 Neuroblastoma Vincristine Bone Vin
marrow
UKFNB sHaoirg; NB3
3rCDDP100 CVCL_M47¢ Neuroblastoma Cisplatin P .
0 Bone rCis
marrow

Table2.1. List of Human derived cancer cell lines used in this study

Details of the human cell lines used within this study, NBRB will be referred to
a4 GKS WLI NBy-NB3tVORI1O &ntl EHIBBrERDS1000zare chitd@n cell
lines derived from this cancer line. Mardormation can be found in Kotchetkov et al
2005.

All human cancer cell lineswer AINR gy Ay LaO20SQ0a Y2ZRAFASR
supplemented with 10% fetal bovine serum (Gibco), 100 IU/mL penicilié mg/mL
streptomycin (Gibco) at 3T 5% Cguntil harvest and kindly donated by the Michaelis Lab,

further information can bdound in Kotchetkov el al, 2005.

2.1.3 Fluorescent Probes

G.gallugprobes were selected from BAC clones of the CHBRIibrary (ranging in
sizes from 150,000 kb to 200,000 kb) @hthurusin similar fashion from the CHORI0
library, inserted intcE.mli stocks to be subject to collection via mini prep (Qiagen) which
was then directly labelled via standard nick translation with either-fUidCesein-12-UTPP

(Roche) or Texas R4@-UDP (Invitrogen) prior to purification using a nucleotide removal

kit (Qiagen)

Alternatively, probes were purchased from Cytocell inpriged solutions (probe and

5

KEONARAALFGA2Y O6dzZFFSND FyR dzaSR Fa LISNI Y ydzFl

seen insection 9 (appendix@nd a chromoprobe multiprobe chicken dexiEytocell) which

can be seen in detail in secti&®? and figure 5.1
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2.2 Methods

2.2.1 Fluorescence in situ hybridisation (FISH)

2.2.1.1 Standard FISH

Metaphase preparations from cell culture or blood samples wersuspended to be
fixed onto clean andensation covered microscope slides using fresh 3:1 methanol:acetic
acid solution and allowed to dry. Slides were then dehydrated through an ethanol series at
room temperature (2 minutes for each wash, 2XSSC (ssdidizim citrate buffer), 70%

ethanol,85% ethanol and 100% ethanol).

Probes were then diluted with a formamide based hybridisation buffer Hybl (Cytocell)
and respective species hyblock (Insight Biotech), chicken for avian experimentsfatattle
cattle specific experiments.uhanspecific reptitive sequencelocker was already mixed
in the premixedpurchased probe mixtures fromycell. These probes were then applied
to the dried metaphase slides on a°87hotplate in order to denature both DNA strands of
both target and probgFgure 16) before sealing with cover slip and rubber cement. This
now probesample mixture was denatured simultaneously at@%or 2 minutes to then be
moved into a humid hybridisation chamber at’@7for their required hybridisation time
6G&LIAOK Tt & yhrigisatidr2tighé 0l 3206 Bdars) QHykridisation time is detailed in

the specific experimental sections as investigatesdation 3

Post hybridisation, coverslips and rubber cement was removed and washed for 2
minutes at 72C in 0.4XSSC, and then h&8Dasecond wash in 2xSSc withT®Tween 20
atroom temperature2 yf @ WAl YS aALISOASAQ APSd ARSY(GIAO!l
required the first 2 minute stringency wash. Alternatively, when-Et®H was performed
the first wash was omitted and instedlde 30 second wash was undertaken in place. Slides
were then counterstained using VECTASHEIL Baalgimedium with DAPI (Vector labs)

and allowed to resolve in the dark for 10 minutes.

Ly SELISNAYSyGa (KFG dZASR (KS URSBANABXIst OKN.
metaphase preparations were instead dropped and fixed onto the 24 chamber slide
provided by the kit and probes were rehydrated on the 24 slot device using Hybl, to both
be merged before denaturation aligned to their corresponding boxes and cwafign.

The device required 5 minute denaturation at’Zsand hybridisation in a 3Z waterbath
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in their provided hybridisation chamber. Post hybridisation steps are the same as standard

FISH as seen above.

2.2.1.2 1Q FAST Fluorescence in situ hybridigition
Use of the fast buffer was near identical to the standard FISH protocol, albeit with a
few minor adjustments. At the stage of denaturation, the sample was denatured’&t 90

for five minutes and transferred to a hybridisation chamber dCtor 6690 minutes.

Post hybridisation, the first wash of using 0.4xSSC°& &8 10 minutes is followed by
a 37C dH20 wash for one minute, at each stage the slide was vigorously agitated by
movement up and down inside the jar. Before counter stain can be applie slides went
through another ethanol series (70%, 80% and 90% ethanol all for 2 minutes) and allowed

to dry. Counterstaining and visualisation is identical to other FISH procedures

2.2.1.3 Multilayer FISH
The multilayer FISH (mIFISH) methodologylbmaseen in more depth in secti@4 and

in flowchart form in figures.7.

The multilayer slides were identical to the standard FISH protocol seen above yet
requires additional post analysis steps to continue the iterative method. When visualising,
absolue positions on the slide were saved and imported each time the experiment was
required to be imaged, via usage of an automated stage and compatible image software,

Smartcapture 3 (Digital scientific UK).

After final collection of images from the slide, @pvash of 2xSSC with 0.05% Tween
20 for approximately 30 seconds was performed to remove the coverslip and residual DAPI
from the slide this was followed by immersion into 72 ddH20O for a minute. Upon
removal agitation the slide by removing the slideaird out of the 72C ddH20 jar a few

times, to be fully submerged and-mmerged at each step.

At this stage, slides were then preparedteSe/ G SNJ G KS WA Gl yRI NRQ CL{

ethanol series step.

75



2.2.2 FLpter measurements
The means to measureiter is discussed isection 4.2.where their usefulness is

compared for this study.

2.2.2.1 Manual measurement

Flpter scores (first used as a standard means to measure chromosome pdkitibter
et al.,1990) were manually measured using the segmdriiee feature within ImageJ
(version 1.50g, W.Rasband, National institutes of Healtid, G&ps://imagej.nih.gov/ij/),
points were selected upon start of the chromosome, at each probe location and a final
measurement upon reaching the end of the chromwsoto give =2+n (n being number of
unique probes) number of points as distances from the first point. Each chromosome in

each metaphase was measured individualtg given an unique identifier.

2.2.2.2 Automatic measurement

Using an automated FLpter meamyg script (N houseB.Skinner), it was possible to
insert a merged 3 colour FISH image and have the script to give an output measured FLpter
values after the user has clicked the path of the chromosome needed to be analysed. This
script is currently liméd to 5 points and works within ImageJ in a similar fashion to the
segmented line tool, yet splits the image according to RGB value and measures where the
WgKAGSQ LRAAGARZY A& F2dzyR dzLl2y GKS dzaSNB asSft

2.2.3 Chromosome Interphase Plotter (CIP)
The chromosome Interphase Plotter was designed within Microsoft office Excel 2007

(Microsoft) using user generated data retrieved from ImageJ.

Images, chromosomes and probes were given set identifiers upoanpaging.
Merged metaphase images were taketoitmageJ and points was selected upon probe
locations observed, maximum of 16 probes,@each and given set X and Y-cainates.
These coordinates were then inputted into the set excel tables and chromosomes were

calculated and plotted automaticalig text short hand.

By using ImageJ, the centre of mass was detected by use of an inbuilt tool as well as

area/diameter recorded for each individual metaphase.

Lines connecting points were then drawn on manually using Design 4 (Microsoft) as

governed by he output of the plotter.
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2.2.4 Imaging software and hardware
Images captured were done so by using an Olympus BX61 epifluorescence microscope

with cooled CCD camera and relevant filters for probes used in this study.

Software used for all experiments ngigng microscopy imaging was SmartCapture
(Version 3, Digital Scientific, Cambridge, UK).

2.2.4.1 Merging of Images
Images were compiled and given false colouration using GIMP (GNU Image
Manipulation Program, 2.82, 2018, S.Kimball P.Mattis. GIMP develage®m) manually

using raw channel outputs from SmartCapture 3.

DAPI images were inserted and colour levels were then curved to eliminate low level
background DAPI fluorescence and each probe layer was inserted sequentially aligned to its
paired DAPI charel. Each probe layer was automatically applied to a threshold using
DLat Qa4 AyodzAfd G222t G2 3IAGS SIFOK arayrt G2
WgKAGSQ aSOGAz2ya oSNB Slrairfte aStSOGSR dzaay3
colourand the black layer removed to see the probe location on the chromosomes. Each
DAPI layer after this was then layered on top of the original DAPI aligning chromosomes
perfectly and new probe layers were added on at this stage until the image was full of al
required layers. The intermediate DAPI layers were then hidden to give a single DAPI layer

with all probes seen in correct positiorsee sectior3.4.2 and section 3.for examples.
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3. Improving FISH technology to facilitate more rapid,

cost-effective multiplex results (specific aim 1)

3.1 The formalities of FISH hybridisation

As pointed out in the main introduction (sectidnl.5), while FISH technology has
advanced in many areas, the composition of the hybaiiiin buffer has hardly changed.
The ability to multiplex experiments is somewhat limited by the expense of dyes (other
than the standard red and green), and timmensuming steps and the complexities of

multiple hybridizations and dye mixirRidolfi et al., 2000y azijiet al., 2004).

While using formamide as the basis for a hybridization buffer has proved highly
4dz00SaaFdA# T GKS GAF AdG AayQd oNR1Sy>X R2yQi ¥
adoption of alternatives. From a chemical point of view, there may be better altegsatoy
formamide an orgnic solvent. It has been welbcumened the effect organic solvents
have on biomolecules (Cordoret, al., 1980, oligonucleotides require a relatively non
agueous media to function, essential for intracellular concentrations gpitally created

by high presence of macromolecules and osmolyte compounds.

Organic solvents solvated by water reduce the amount of free water, charge the
dielectric permittivity (degree of electrical polarizatio®drlid, 1999; LubPhelps et al.,
1999 Cuervo et al., 2014)nd are observed to interrupt the level of hydrogen bonding,
polarity and hydrophobicity of DNA, dependant on organic solvent used. These
adjustments bring about conformational changes in DNA stability and the kinetics of
hybridizaton. The introduction of an organic solvent will generally destabilise nucleic acid
base paring and interruption of hydrophobic stacking interactions between bases and thus
bring downthetempdld G dzZNB 2F 5b! Q& YSt dAy3 LRtalyd o6, 12
2013). The addition of an organic solvent to polynucleotides shall result in precipitation
dependant on the ratio of organic solvent to water, length of polynucleotide and properties
of the organic solvent itself, again this area is well resear¢ae®f Qy A 120 SiG | f ®X 1
Bonner & Kilbanoc et al., 2000; Stanlis 2003).

Typically, formamide is the organic solvent of choice to lower the melting poDIN&t
in standard ISH experimenislcConaughy et al., 1969; Blake et al., 1986wever within
the context of cross species hybridization (Zek&H), and whole genome hybridization, a

longer hybridization step is requireddllionieme et al., 1992The current theory is that
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organic solvents destabilize the hydrophobic stacking of bases (as menticaedysly)

thus redudng temperature of denaturatiorppposed to interfering with the hydrogen

bonding of complementary strands. It is imperative to look into alternative organic solvents
that possess the same base-giacking potential as formamide butreduction of

hydrogen bonding potential to propel the denaturation reaction forward and not interrupt
with the annealing of probe DNA. By conferring to parameters devised to predict if one
material will dissolve into another to form a solution, the Hanselubility parameters
(Hansen1967) assign three parameters to molecules to describe different energy in
various intermolecular bonds; dispersion forces, dipolar intermolecular forces and
hydrogen bonds between forces. The closer these parameters aethiergy the more likely

they form a solution (Hanset967) Table3.1).

Indeed, other molecules and organic solvents have been tested as alternatives to
formamide for DNA denaturation, such as; uf&nigaglia et al., 201,8yehalose
(Mathlouthi, 2013, propylene carbonateMatthiesen & Hansen, 2012pMSQMarkarian
et al., 2006) dimethylformamide and acetonitrilel ateishiKarimata & Sugimoto, 2014)
Some alternative organic solvents have yielded successes when applied to in situ
experiments, in partiglar ethylene carbonatéMatthiesen & Hansen, 2012; Golczyk, 2019)
. & NBFESOGA2y 2F SIOK 2NEIYAO Bipwodddg i a | I ya
possible to theoretically predict an alternative organic solvent that has similar properties as
formamide, similar varder-Walls and dipolar intermolecular forces, yet with a reduction in
hydrogen bonding potentialWith the reduction of hydrogen bonding, it is hypothesized
that it shall reduce hybridisation time to fit in with the hypothesis that thme
requirement of this step is constrained by the annealing of the base DNA to the newly

added probe DNA.
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Organic Solvent 15 L Ld 1
Ethylene Carbonate 19.4 21.7 54
Formamide 17.2 26.2 19.0
DMSO 9.0 8.0 5.0
Acetonitrile (methyl cyanide) 7.5 8.8 3.0
Dimethyl Formamide 17.4 13.7 11.3
Urea 20.9 18.7 26.4
Methanol 15.1 12.3 22.3
Ethanol 15.8 8.8 194
Isopropanol 15.8 6.1 16.4
Ethylene Glycol 17.0 11.0 26.0
Glycerol 174 12.1 29.3

Table31.1  yaSyQa {2fdzoAfAdGe LI NI YSGSNAE
Reported organic solvents that could be a replacement for formamide in FISH |
hybridisation buffers, where 5 I Sy S NH&-WaalBries hetwgen
Y2t SOdzZ Sax +LJ NBLINBaSyia SySNHe& FTNRY
FYR +1 NBLINBaSyia SySNHE& 7TNP YheKey aspeRtis$
tonote similan 5y R + LJ a (G2 F2NXIFYARS &Sa y2{
component of hybridisation of probe to DNA target.

80



In regards to thesis aim 1, a new organic solvent that can reduce the time taken for
hybridization experimentshouldincrease throughput of FISH, in same species and cross
species experiments. With this in mind, the first aim of this chapter was to test the
hypothesis that there are alternatives to formamide based buffers that can significantly
shorten hybridization times. Secondly, changes in methodology of FISH may bérviable
terms of effectively of experiments and this shall be explored via the use of two
commercial buffers in typical FISH expernts and Zoo FISH experimerggiminating in

devising a new lowveost high throughput FISH methodology.

This chapter is thuslyidded into 2 sections

a. Exploring the option of different hybridization buffers to test the hypothesis that
there are better alternatives to formamide based buffers. This section sub divides
into two areas

a. FISH tesng of buffers made in the lab
b. Direct conparison of formamidess.nonformamide based commercial
buffers

b. Development of a lovcost, multiple probe strategy. This section subdivides into
three sections

a. A newly developed multilayer FISH method
b. The effect on how the multilayer methoaffects probesand preparations

c. An assessment of how many layers can be practicably hybridised
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3.2 Exploring the option of different hybridisation buffers

3.2.1 The recipe for good FISH
The first part of the exercise was to establish whether the various stslwegre
capable of producing a solution that, by necessity, contains dextran sulphate to be a fit for
purpose hybridisation buffer. Multiple organic solvents were selected from taldlbased
dzLl2y GKSANI I FyaSyQaQ a2zt dziael DMSO&aceritiieinBINE 06 SA Y
dimethylformamide, alongside the typical hybridisation buffer solvent formamide. These
solvents were tested in a variety of conditions and concentrations (of NaCl and dextran
sulphate) Initial results indicatd that dimethylformamide, acetonitrile and DMSO disrupt
the dissolutionof dextran sulphate in the presence of a high salt concentraflbair
counterparts of formamide and ethylene carbonate can effectively form a wgkitution

at any concentration, and are the key coamgnts of commercially available buffers.

In house synthesised buffengere tested in a variety of conditions and concentrations
K26SOSNJ LINBaAaSYiSR gA0GK LR2NI fS@Sta 2F KeoNAR
YIRSQ F2NXI YARS | y R er$ailirffg8ofprSdlice vidble/Dkbablg dignals, 0 dzF F
whereas commercial buffersHybl and FASTworked alongside in identical conditions
consistently(>95%)\ith the inability to convenitnetly reproduce commercially available
buffers, the possiblility of formima newer cost effective methodology with primary focus
on the buffer chemistry drew to an end with focus now being applied to changes of

methodology.
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3.3 Comparison of commercial buffers for FISH analysis

Following on from the attempts to ake alernative organic solverbased buffers,
attention was then turned to commercially made buffers, one formamide based (Hybl,
Cytocell) and one ethylene carbonate based (FAST, DAKO). TyalicaliyH hybridisation
buffers are formamide based so a selectafra reputably high formamide based buffer,
Hybl was selected to be tested alongside relatively new yet expensive ethylene carbonate
based buffer from DAKO which reportedly can work within the hour as compared to the
W2 GSNYAIKGQ NBI dzanhds baSed buffezs¥ G & LA O £ T2 NJ

As the time of hybridisation is the key difference with the protocol of these buffers, it
was decidedo query the formamide bufferability to successfully hybridise using reduced

time for the hybridisation stage, then to comparettee FAST buffer.

Asdescribedfwo key usages of cytogenetiasee¥ 2 NJ YSRAOIf RAF3IAy2adGA 0
AaLISOASEaQ KeoNARAAlIGAZ2Y A IH-¥RSORSAOKNDNRE&R YSOY
time and distance. A means to test these two buffers in light tfggnetic usages was

conducted in order to justify a change of protocol for further work.

3.3.1 Same species comparison of hybridisation times

Initial experiments to compare the buffers has indicated that Hybl can successfully
hybridise probes with highfficiently (>= 95%) as shown in figure 3adth indication that
there is a moderate amount of successful hybridisation at 40 minutes and even less

success at 20 minutes hybridisation with no evidence seen at 10 minutes or 5 minutes.

With the initial results thus far on Hybl indicating similar decreased times for
hybridisation, the emphasis will now shift and focus on the ability of these two commercial
buffers in tailored experiments which would be typical of a cytogenetics lab and influence

subsequenexperiments contained within this thesis.
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Figure3.1. Metaphase frequency of successful hybridisation using Hybl at 60
minutes and under timepoints.

A),Bostaurus metaphase with successful probe hybridisation (chromosome 2, H
terminus Green, @erminus Red) using standard FISH procedure with hybridisation
time shortened to 60 minutes. B), The frequency of successful hybridisation
(characterised by two chronsomes with two coloured probes on each) on
aforementioned metaphases at the greatly lowered hybridisation time points of 60
minutes and under, using Hybl with its specific methodology.

Repeating the experiment using this time the FAST buffer and its methodology, yet
changing the hybridisation time points to be comparable to the Hybl results seen in figure
3.2, we can indentify that the FASuffer does not exhibit the drop off of successful
hybridisations that Hybl expresses. With all time points tested having a successful
hybridisation rate of above 90%, (60 minutes 100%, #utas 95%, and 20 minutes 95%,
total n=60).

Results thus fartew that the variation between the two buffers for same species
hybridisation at greatly reduced hybridisation times is considerable, yet a more quantifiable
scheme of measuring hybridisation quality is required to further pinpoint buffer quality for
this genre of experiments, especially when discussing and experimenting on cross species

evolutionary work.
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Figure3.2. Metaphase frequency of successful hybridisation using FAE60
minutes and under timepoints.

A),Bostaurus metaphase with successful probe hybridisation (chromosome 2, H
terminus Green, @erminus Red) using standard FISH procedure with hybridisation
time shortened to 60 minutes. B) The frequency of sudaébybridisation oB.taurus
metaphases at the lowered hybridisation time points using the FAST buffer and its
methodology, with variation to the hybridisation time.

Many means of serquantifying data was trialled, such as grading scales and recording
software defined automatic capture times yéta most fruitful measurement of scale was
found to be forcing set exposure times on metaphases known to have successful signals.
This method effectively lowers the overall level of light entering the camera, theorizing that
if the signal can be seen witH@w level of light then the signal must be stronger therefore
hybridisation is of higher quality. The amount of light captured by a lens (camera in this
case) is directly proportional to the area of the aperture, something here which cannot be
easily chaged, yet the exposure time which governs how long the aperture mechanism is
open can be directly controlled by the software, enabling a means to control the light levels

entering the camera.

It was noted that the higher limit for FITC and Texas Redsfilee this particular
hardware set upKigure 3.3 was deemed to be an exposure time of 5 seconds, an ideal
higher limit cutoff, where if signal is not identifiable within the 5 second exposure time it is
deemed to not have successfully hybridised. 8aetpoints were then selected limited by
pre-set levels via the software (SmartCapture 3, Digital Scientific UK) in near equal
decreasing increments of roughly half the previous at each step (5 seconds, 2 seconds, 1

second, 0.5 seconds, 0.1 seconds an® @dronds).
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Figure 3.3Metaphase frequency of signal identified at various forced exposure
time points uponB.taurususing same species probes.

Histograms showing the percentage frequency of metaphases which show
identifiable signal at the lowest exposure time point. Top, using the FAST buffer at
incremental hybridisation time points, bottom, identiGatperiments yet using Hybl as
buffer at the same time increments. Lower exposure time (0.05 seconds) is noted t
correlate with stronger signal therefore better hybridisation quality

With level of exposure time being the precedent for quality of hybridisation, a more direct
comparison between different experimental proagés can be observed. Figure 3i®ws
the variation of required exposure times for this saspecies section of buffer comparison
and stress testingn=88) Here we see that although both buffers have comparable success
rates for 1 hour hybridisationg-igure 3.1 and Figure 3,2ye can see a large shift of
exposure time between the two samplegbe FAST buffer manages to achieve the majority
of their metaphase samples in the lowest time frame of 0.05 seconds exposure (55%)
whereas Hybl at this time point failed to achieve this higher standard with its modal
exposure time being 1 second (579%)=21.6 > p(11.070), indicating a significant
difference between methods at this time fram&he decreasinguccess rate of Hybl (Figure
3.1) somewhat follows suit with #anfrequency pattern observedyhere the modal values
drop from 1 second, 1 hour hybigétion down to 2 secorgdfor 40 minutes and 20
minutes.Statisitcal analysis follows suit in showing that there is no significant difference
between the methodologies used at these time points. For 40 mingteg.01 > p(7.815)
and 20 minute$¢ =1.38 >p(7.815) showing no significant difference between buffer image

quality.
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3.3.2 ZooFISH comparison of hybridisation times

As discussed, cytogenetic research uses FISH as a means of identifying and validating
cross species genomic mapping from speaespecies. Within this experimeBtruthio
camelugicommon ostrich) metaphase preparations are used WtgallusBACs conjoined
with fluorophores as probes to again test these two commercial buffers for their
effectiveness to hybridise said probes in gdraoed time framegn=52) BAC clones were
selected from a universal probe set which derived from multigenome alinment
computational algorithms intended to act as a means to rapidly anchor PCFs (predicted
chromosome fragments) to chromosomes described ibamas, 2071. Zoo FISH
hybridisation is typically performed over three days yet here we shorten this talbys
and one day hybridisatiosjmilar to same species FISH we would predict a high percentage
2F adz00S&aafdzZ KeéoNRKRANGYBA DV I 0idK 3 KYSa (10-2yWR/12N
referred to an overnight hybridisation i.e. initiated on one day and stopped the next
G2NJAYy3 RIFEe g2ddZ R 06S WM RI@ KEONARRAAIFIGAZ2Y QO
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Figure 3.4. Metaphase frequency of successful hybridisation ovdags using
Hybl onScamelususingG.gallusprobes

A), S.camelusnetaphase with probe hybridisation (chromosome 2, P arm,
assignment 172N3 Green, Q arm assignment 44D16 Red) using standard FISH pr
with hybridisation time changed to two day hybridism. B) The frequency of
successful hybridisation &.camelusnetaphases at the lowered hybridisation time
points using Hybl buffer and its methodology for Z61&H. Note, BAC 172N3 is assigr
to the distal portion of the P arm iG@.gallusand inS.caméus, the green signal seen in
the image is a repetitive region (centromere) being falsely indicated and overshadg
the correct signal. Upon examination of images the correct signal can be seen via
thresholding and repeats of the experiment under norro@hditions.
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Results from variation of Hybl on a cross species hybridisaties dot vary to the
degree same species FISH varies, with 1 day having a success rate of 93% and 2 days having
a success rate of 86% as seen in figlile A somewhat similar outcome to FAST buffer
within the same experimental parameters, 1 day hybridmatiad a success rate of 87%

and 2 days had 80% success.

A) B) Frequency of Sucessful Cross Species
Hybridisation - Hybl
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Figure3.5. Metaphase frequency of successful hybridisation using FAST over 1
and 2 day hybridisations

A), S.camelusnetaphase with successful probe hybridisation (chromosome 2, P
arm, assignment 172N3 Green, Q arm, assignment 44D16/Red)standard FISH
procedure with hybridisation time changed to two day hybridisation using FAST bu
B) The frequency of successful hybridisatio® afamelusnetaphases over 1 day and 2
day hybridisation using the FAST buffer.

Likewise, the use of set exposure times can further delve into the effectiveness of these
buffers across shortened typical hybridisation periods. A similar pattern across the 1 day
hybridisations can bebserved as both buffers perform similar across the set exposure
ranges averaging at 1.9 second9:61 S.E.M for Hybl and 2.0 second8.% S.E.M for
FAST. Yet results across thday hybridisations (Figure 3¥aeld differing qualitylt can be
noted that Hybl has a higher count for lower exposure time cut offs where FAST averages
out much lower, 0.8 seconds .37 S.E.M and 1.7 second$#7 S.E.M respectively,
indicating that even with similar percentage success rates, Hyblroaluge better

hybridising conditions at this twday hybridisation time as compared to the FAST buffer.
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Figure3.6. Metaphasefrequency of signal identified at various forced exposure
time points uponStruthio camelugcommon ostrich) usings.gallusprobes

Shown, histograms representing four different hybridising environments; two
selected different buffers (Hybl, Cytocell, Taq FAST, DAKO, Bottom), alongside tw
different hybridisation times (1 day hybridisation, left and 2 day hybridisation, right)
Exposure time for the microscope camera was forced at the time points shown ang
selected metaphases imaged at each point; megges are categorized based upon t
lowest exposure time image where there is clear identifiable probe signal in the cof
position, guided by an automatic exposure image. Lower exposure time is theorize
be indicative of more probe signal therefdoetter probe hybridisation in said
condition.

With results being fairly comparable for both same species ane£8bl in terms of
overall succesand neither being statistically siicant from one another. For 1 D&
=0.29 > p(7.815) and 20 minut¥s=5.93 > p(9.488)

It is important to note other differencesithe actuality of both buffers.tAime of
testing the FAST buffer was a new and expensive product which equalleal -e£4® per

reaction whereas Hybl in comparison costs ~<£0.50 per reaction.

Given that work contained in later chapters uses-preed Hybl probes, devices
intended and designed specifically to use the formamide based buffer and cross species
comparative gnomic work, coupled with the fact that the producer of Hybl, Cytocell,
collaborates with this and likewise projects, the cosbuffer solution is near zero.
Therefore alsubsequent experimentsere using Hybl as the hybridisation buffer for all

FISH gperiments.
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3.4 Development of the Multilayer FISH method

As pointed out in the introduction, there have been many attempts to produce
multicoloured FISH. The advantages of this approach arewdint. Visualization of
multiple target on the same pregation can be very useful e.g. if there are few cells
available for analysis, if each cell in a population of potentially karyotypically different or if
multiple targets need to be analysed on the same chromosome e.g. for BAC ordering
purposes. As outled in sectiorl.1.5 beyond red and green dyes, fluorochromes can be
prohibitively expensive, single hybridizations of multiple probes can be more
temperamental than one or two colour (often requiring much higher concentrations of
probe, which increases ¢hcost), and the mixing of dyes (e.g. red and green to produce

yellow) can yield inconsistent results.

In order to address this, this study involved the creation of a relatively new
methodology of FISH (in reality a variant and combination of previotsty strategies).
The intention was for it to be relatively cheap, high throughput, rapid, and allow for
visualization of multiple targetéJnderstandibly, the currerElSHnethodologyis the rate
limiting step in creating chromosome level genome asserafaie it was with this in mind

that the following protocol was developed.
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3.4.1 Methodology of Multilayer FISH

A reappraisal of current FISH technology led us to the conclusion that, with modern
microscope hardware and software improvementssientirely feasible to return to the
same cell saved on any individual slide andleerve it. This paired with the evidence that
probe DNA held in place by hydrogen bond pairing can easily be removed and new DNA
probes hybridised to the same preparatidrpursued the strategy of a multilayered FISH
(mIFISH) approach, involving two dyes at a time in three or four rounds of hybridization as

follows.

3.4.1.1 Removal of previously hybridised probes
In creating the protocol the following considerations wéaken into account: Probes
must be sufficiently removed to not display residual signals in later hybridization rounds.
Each individual layer must have their own unique signals from the fluorophore(s) chosen
F2NJ OKFG Wt @SN | yRncaffom debvidus gighdis tHatm@e the/ & A y i
same fluorophore yet at a different position on the metaphase. It is also essential that the
stripping process does not interfere with the metaphase preparation so they can easily be

located and imaged for the méiteration of the multilayer cycle.

After some experimentation, it was established that complete removal of signal caused
by residual hybridized probe DNA could be achieved with a prewash of 2xSSC and 0.05%
Tween 20 for 2 minutes to allow gentle remoefimmersion oil, cover slip and counter
stain (typically DAB @ C2ftf 2¢6Ay3 GKAA | A0GNAYyISafrOe ol aK:
72°C) br 30 seconds to 60 seconddth agitation upon removal effectively removes all
fluorophore signals from the sampléth no observed damage to the chromosomes in the
preparation. These changes to the protocaksoutlined further in table 3.2nd the

resulting imagery iglustrated in figure 3.8
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Method Step

Resulting change

Clean slide with 2xSSC
tween (PreWash)

Removesmmersion oil and counter stain (DAPi) from previg
imaging round, allows the cover slip to be floated off the sli
with minimal disturbance to the metaphase preparation

High temperature ddid
wash

A high stringency wash (no ionic molecuf#esent, i.e. salt) td
remove all strongly dund probes from the chromosome
preparation, and rehydrates the slide

Agitation when removing
the slide

Flushes any probes that may still attached by mechanics
action

Rinse in increasing
concentration of etlanol

With the washes taking place, the slides are hydrated and r
to be dehydrated for effective hybridisation to occur for the
next round of FISH

TABLB.2. Differences in methodology within multilayer FISH

Here described, the multilayer methodology steps which are different to classic
FISH experimental procedure paired with their resulting changee sample as
rationale behind said methodology.

3.4.1.2 The Iterative Cycle of Multilayer FISH

Astandard model of mIFISH was produced visually wmdtart formasshown in figure

3.7. The method follows the similar standard FISH methodology, yet has the iterative cycle

element after microscopy where the user can remove probes as previously mentioned and

insert the slide into the prethanol dehydratio stage as if they were freshly prepared

samples. It was observed that there is mild deterioration in chromosome morppolog

increasing within each cyclereating a limit on how many times it is practicable to go

through the process.
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Start

4

Plan order of layers

. 10-15mins
Drop Metaphase
Sample(s)
€
. 8 mins
Increasing Ethanol
Series
~ 23 mi
Denaturation + -5 mins
|Probe Mixture addition
W .
Hybridisation 12-16 hours Strip Wash + 2 mins
Overnight Agitation
A
~ 2-3 mins
Post hybridisation
Wash
N/ .
Round one; Pre-Strip 1 min
Microscopy ~60mins Wash
N
Subsequent
rounds;
1520 mins
Manually merging;
5-10 min +
(2-5min*no of layers)/’ Export, merge and Stop

Per metaphase analysis

Figure 3.7The Multilayer FISH iterative protocol shown in Flowchart form

A flowchart following standard shape meanings describing the process a user 1
go through to perform multilayer FISH. Noteatthhe process is similar to standard FIS
allowing experienced users to use this technique if it would serve fit for purpose in
experiments. Estimated time is displayed next to each step in the process to show
gained time from subsequent rounttgeing quicker to image and no need to prepare
new metaphases.
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3.4.2 The effects of Multilayer FISH on metaphase preparations and

probes

The process of mIFISH is not the most gentle on samples as the conditions, such as
temperature, are constantly changed. The purpose of this experiment was thus to ask what
is the quality of the preparation and the hybridization signal under the same conditions and
multiple stripping and regrobing. In order to maintain consistency two commercially
availableHumancentromeric probes were usethgmancentromeric 8 anduman

centromeric 12) in alternate red and green in consecutive hybridization layers.

In layer 1 (green 8, red 12), 100% showed the correct number of signals, in layer 2 (red
8, green 12) 95 % of metaphase showed the correct number of signals. A slight
deterioration in metaphase quality was noted. In layer 3 (green 8, red 12) 92% of
metaphases the correct number of signals. Significant deterioration in metaphase quality
was noted however chromosomes were still visible and distinct. Signal quality was also
noticeably less bright by visual inspection. On the basis of the above, and after some
experimentation, the decision was taken not to routinely include a fourth layer. It was also
concluded via further visual inspection and later testing, interphase qualityrides¢ed
the same rate as metaphase quality yet likewise with metaphases, the sigaa still

highly visible and distinct (seesults from section 4., 5., and)6.

Figure3.8shows an example ofld.sapiengnetaphase describing the above results,
albet with a atypical low level of maphase distortion across layefigure3.9shows
much more typical distortion of the metaphase across the layers, this@rgalluss the
sample. Furthermore, there appeared to be no obvious pixel shift of signaisfie
preparation to the next, giving me confidence that a three layer, six probe strategy could

be developed for BAC mapping on the same chromosome and/or preparation.
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Blue Channel All Channels

Green Channel

Red Channel

Figure3.8. Multilayer FISH does not cause probes to incorrectly position after
additional layers

A HumanHomo sapiensmetaphase preparation showing centromere locations f
chromosome 8 (FO £'+3% image, Texas red'@image) and chromosome 12 (FITE 2
image, Texas redt3%) Left to right, images in columns are each layer starting with
first on the left moving right. Top row; combined image from each raw colour chanrj
obtained. Seond row; shown is the raw Dapi (blue) channel for each layer showing
major distortion to the metaphase preparation’® 8ow; Raw FITC channel (green)
output showing the levels of probe intensity across the metaphase, note that the fir
and last imagesccupy the same position on the sample and the second shows no
signal at these locations. Last row; similar to the third yet using the red channel (Te
red), again note that the signal is on the same location within the first and third lays
yet not on he second layer.
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Given thatthe overall shape and structure of the metaphase was maintained
throughout a three layering process (and signal position/brightness was not significantly
compromised), the final stage of the process was to develop a protocol for 6 probe rapid
hybridization involving two fluorochromes only, Hyb | as a buffer (as estathleb®ve)
and subsequent capture and-tapture of the same metaphase. In order telogate the
same cell, the automated stage on the microscope hardware was used. In order to

differentiate each probe a pseudmlour function in the image capture softwaneas used.

New Layer New Layer
1->2 2->3

—

Figure3.9. An exemplarschematic ofathree layered FISH image

A G.gallusmetaphase prepared with six differing BAC based probes with three
different FISH iterations using identical fluorophores (Texas red (red) and FITC (gr
at different positions along chromosome 3. Top, the three layers of combined three
channel images produced via fluorescence microscopy (1000x) moving in increasit
fre@SNJI FNRBY tSTO (G2 NRIKGO .2002Yysx
colouration toeach unique probe, green = First layer FITC, red = Second layer Tex
Yellow = second layer FITC, Purple = second layer Texas red, aqua = third layer F
Orange = third layer Texas red.

96



3.5 Limitations of the Multilayer Method

While, for most experiments, six probes in three layers were considered sufficient, an

obvious question was how many layers could we feasibly apply before no (or a negligible)

signal was seen ail.

An assortment of BAC probes were arranged for chromosome 1 of chickgall(13 in

a way that allowed successive layers to be hybridised and stripped until the experiment

failed, in this experiment using dual colour FISH, 9 unique layers were isgdrigith the

BACs from chicken chromosome 1 indicated in TaBle

Position Start pos. End pos. Hex code RGB BAC ID
- 875,622 1,046,980 - 255,0,0 89C18
- 20,538,145 | 20,775,062 - 245,76,0 89G23

3 29,623,402 | 29,863,423 EB9300 235,147,0 119K2

4 34,010,417 34,242,656 E2D400 226,212,0 12032

5 65,968,509 | 66,176,072 A2D800 162,216,0 36B5
- 71,546,463 71,784,301 - 90,207,0 25P18
- 77,066,050 77,273,343 - 24,197,0 125F1
- 98,389,770 98,619,006 - 0,188,35 118M1
- 110,513,385 | 110,771,740 - 0,178,89 18J16
120,693,003 120,889,688 0,168,137 29N14
132,642,594 132,847,168 0,139,159 9B17
140,904,296 141,166,019 0,84,149 168017
146,261,866 146,502,123 0,35,140 83013
155,895,248 | 156,124,83 8,0,130 107E2
166,741,351 166,944,259 45,0,121 58K12
172,851,270 173,851,270 76,0,111 184E5
190,251,863 190,251,539 102,0,102 98G4

Multilayer FISH rounds

Table 3.3BAC information and ordering fo&.galluschromosane 1 for multiple

Showing the position along chromosome 1 for G.gallus for owned BAC probes,
detailing their start position and end position (according to distance from the p
terminus), with corresponding clone ID. The relevant hexadal and equivalent RGB
value is also displayed to design the colouration of the finished merged experiment
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After the first layer of FISH was performed, metaphases were captured aitibps
saved and total recorded, and layers were repeatedly added onto the metaphases until an
absence of metaphases were seen or no specific signal was observed. The metaphase drop
out was as follows; First layer n=50, second layer n=41, third laydr#tDlayer n=39,
fourth layer n=39 and final fifth layer n=31 (a total of 62% survival of decay). Whereas,
specific probe signal was not directly correlated to metaphase survivability as n=11 was
useable for merging and analysis, (22% success rate gis)aFurther layers provided
negligible results with no conclusive probe signals seen and even more decay of
metaphases was observed. An example metaphase as described here is shown in figure
3.10and a more detailed isolated chromosome image is detaildjure 3.11with arrows

corresponding to the tabl8.3 of probes.

Merging +
False Colouration

S

New Layer
1->2

New Layer :
2->3
Final Five Layered Image

Figure3.10. The maximum layer count achieved using current methods.

Five layers on a single G.gallus metaphase shgpaaigions of 10 diffeznt probes,
with reference to table 3.3This also shows the quality / state of the metaphase and
probe clarity between layers to fully form the final five layer image on the right. In t
11 channels, 10 false colouration of probe signal and one@iA&li layer for
chromosome identification.
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Figure3.11.Five layered chicken chromosome 1 in more detalil

Increased resolution of the merged five layered image from figure 3.10. Right,
Arrows are used for clarity and visibility with numbering signifyingaiyeropriate
probe from table 3.3.
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3.6 Discussion

3.6.1 Exploration into alternative buffers

Overall, this study was successful in its objectives txamine the FISH procedure
and emerge \ith a novel, fit for purpose protocol. The setback of not being able to
generate sufficient signals using homemade buffers was not an unproductive endeavour.
The commercial formamide based buffer Hyb | showed a significant improvement and is
sufficient enaugh for most purposes currently faced and we were fortunate to havedyre
supply of it. The carbonatieased buffer Matthiesen & Hansen, 2012grtainly was
effective, but not significantly more so than Hyb I, but was prohibitively expensive for
routine use (costing £40 for a single assay, at time of experiments). Through attempts to
synthesise new buffers the lesson learned was that it was more difficult than one might
imagine. Formamide was clearly wisely chosen and even attempts to switchneithy|
formamide (theoretically a better solvent with near identiealergy from van der \Aal
forces, a greatly reduced energy from hydrogen bonding, critical for the ethylene carbonate
buffer, yet lower dipolar energy forces which would an ideal area to quext),ndid not
even progress past the stage of even making a soluble buffer. While it presumably would
be possible to synthesise a carbonate buffer like the commercial one used in this study, this
proved not to be possible (at least in my hands with avaldibhe and resources). The

G118 K2YS YSaal38¢ 614 G2 O2yiAydsS 6AGK 1 &6

The precise composition of Hyb | is a trade secret of Cytocell Ltd however personal
communication reveals that it is formamide based and benefits from being rigorously batch

testedon an industrial scale with a wide range of probes.

3.6.2 Comparison of commercial buffers
2AGK GKS F2NXdzZA FGAZY 2F WK2YS YIFERSQ KéoNAR
fruitless endeavour, the question of how well the differing commercial buffers with
differing organic solvent basis can increase throughput for common cytogenetic
experiments. Outlined in this chapter, it is demonstrated the usefulness of both buffers
(Hyb t formamide, FASE EC) for same species FISH and A& /cross species FISH. Quit
which could be applied for testing newer buffers should they be developed in the future.
Overall results across these experiments does indicate that Hyb | is morder@tiaiboss

species hybridisation experiments and the EC based buffer unsurprisingly works better at
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lower hybridisation times. Howevgt does show the reliability of a well made commercial
buffer where Hyb | can somewhat compete with a newer, albeitar@xpensive, buffer in

regards toquick hybridisation testing (Figure 3.1).

In reflection on the methodology used to assess the two buffers, it would be
recommended that a more rigorous grading criteria be developed as this is very hard to
achievewithculB y i YSGiK2Ra | @FrAflofSd ¢KS ARSI 27F dz
OF LWAdzNBEQ GAYS aK2gSR fAGUGES adzOoadcodelagKSNE Y S
to this variable. &rthermore the algorithm used to determine the adéxposure time cut
off/selection is within the capturing software itself and could easily vary based upon
current hardware used adding to uncertainty of results. From this a more reliable way of
assessing probe strength, i.e. hybridisation success, was to manually restrict the exposur
time allowing only set quantities of fluorescent light to be received by the camera,
governed by probe availability on the sample. Again this is a questionable means of testing
as it poses the question of does the level of fluorescent light receivedsraily equate to

better probe binding/hybridisation conditions?

In light of results from this section, it was clear that Hyb | was suitable enough to carry
forward throughout therest of the thesis experimentsh& use of a cheaper as reliable
buffer conmonplace in cytogenetic laboratories would gain favour for those wishing to

follow the multilayer methodology outlined in the rest of this thesis.

3.6.3 The novel Methodology of Multilayer FISH

The creation and refinement of the multilayer methodologyt6H has here
demonstrated a means of improving yields in a simple and effective way. Outlined in table
3.4, common limitations of FISH are listed with multilayer FISH justifications as use of an

alternative methodology.
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Limitation of FISH mIFISH Qanterpoint

Low number of fluorochrome analysis at a8 Experiments can be organised to reuse tf

one time same colour fluorochrome at different
positions
Low number of metaphases present, i.e] The same metahases can be reused for
valuable cell sample or poor cell different experiments
harvest/growth
Metaphases are of poor quality Few metaphases are required to generate

final merged image

Fluorophore reagents are expensive to| The number of experiments required to g¢
generate probes the same results aypical FISH is far small
thus using less reagents

Metaphases vary within the sample due t This error is eliminated as there is no
growth and harvest conditions introducing variation as the same metaphase is used

error when comparing metaphases the multitude of layers
Laboratory and analysis time needed toj mIFISH can reduce the time taken in the
produce a wide set of data laboratory and on the microscope as les

slides are used, yet analysis time is
increased due to the merging process

Table 3.4Limitations of traditional FISH with resolutions found in the multilayer

method

[AYAGlFrGA2ya NBLRNISR a gKe (KS woOft
modernday laboratory setting and how these poiraie remedied with the use of the
multilayer method.

Thesesimple but worthwhile changes to the traditional FISH protocol can dramatically
reduce the cost of FISH, one of the main disadvantages against (duiser et al., 2018)
This reduction is achieved by reducing the amount of probes required for a large
coY LI NI 6 A PSS addzRes F2NJ SEFYLX S LINR6S WwW!I Q ¢2dzf
YSOFLKF&Skal YL S NIYGKSNI GKEFY wyQ GAavYSaszs gAaidK
t NBoS Wl Q ¢g2dz R 20KSNBAAS KIFI@FS G2 0SS LI ANBR
in multiple experiments which increases probe usage and experimental time required,
another cost saving feature. The idea that a sample may become irreplaceable, such as a
transgenic mutant within genetic screening processes for the food industry. The animal
would be culled immediately to reduce cost, however from a research standpoint it is a
very valuable phenomenon with now no means to gain more material. The use of
multilayer FISH somewhat removes this experimental limit by increasing usage of
remaining naterial. Againthe use of only two fluorophores further reduces costs required,
yet also lessens prexperimental planning issues as there is no need to work out tricky
combinations of specific colour probes to specific loci which can result in redupozivgs

only being used a handful of times. The fact that a single metaphase can be used for a
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whole experimental question reduces some urtaties with traditional FISH.dWw the
metaphase variability between experiments is removed, which could loweesaof

results seen during analysis.

For a worked coasted example. As a hypothetical estimation on the monetary and time
cost of hybridising six probes to a single human chromosome, by the multilayer misikod
LINEO6SE 2y 2V 82 YA RE @itio8aSISH §twoiprobes per metaphase,
dzy AljdzS O2YoAyliAz2yada 6A0GK OKSFLISad LINRoS O2Yo
approximation of cost per probe, (as outlinedsgctions2.1.3 and 2.2) for reagents only
(probe manufacturing, hybridisation buffer asgecies relevant repetitive sequence
blocker) is £1.40 for a FITC labelled probe and a £1.65 for a Texas red labelled probe per
WNRdzy RQ 2F CL{Il ® ¢KS YdzZf GAf I @SN YS@K2R2f 238
£9.15 for a single chromosome study. @pgd to this, the traditional method requires 15
rounds for all six probes to be imiquecombination with one another, using the cheapest
fluorophore combination (as much FITC as possible) costs approximately £45.75 for the
chromosome study. In terms tifne, preparinga singleslidevs.15 slides is somewhat
troublesome to directly compare. For example, using Figure 3.7 as a guide for timings, the 8
minute ethanol series will not beaultiplied 15 times as this can be performed
simultaneously in the sam@me frame and the multilayer method will not gain time here.
Where time is saved on is repeated rounds of microscopy. Per slide of traditional FISH
would take approximately 20/3fhinutesto get enough metaphases of good quality
imaged, with 15 slides thisill be approximately 6/7 hours of microscopy time. The
multilayer method initially takes time but time is saved by reliance on spusifionson a
mechanised stage to speed up subsequent microscopy. For this example, the total
microscopy time for multdlyer FISH would be approximately 2 hotsst microscopy,
analysis time will vary greatly dependant on skill/experience of the user and the

computational aids they have access to, this is further discussed in section 4.2.1.

3.6.3.1 The effects of Multilayer FISH protocol

¢ KS-CYRB Q LINROS&A SAGKAY GKS YdzA GAf &SN YS
cellular preparations. This allows determination of results with confidence as there is little
G2 y2 RSUNAYSy(l G2 GKS &l tiddanple s brd AsRleatst 2y 6 K|
seen in figured.8, the movement of probe is incalculable from the first FISH stage to the
last. In traditional FISH it is notable that chromosomal morphology is distorted by the
Of  aaA0 W¥dd 1T & SR3&denatGtioniinex&inglwith D&hiddeacdR o6& NI
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scaffolding protein structure, more so \wiextra rounds of denaturation idure 3.10),

somewhat making a limit on the amount of cycles a sample can withstand.

The introduction of more stringent washes wasl@ar route to take to remove
previously bound probes. This process is shown to have no effect upon sample quality, as
we would expect in molecules only held on by hydrogen bond interactions. Standard FISH
requires a post hybridisation stringency washpitally 0.4% SSC at’Z2 to remove weakly
bound probes and sharpen correct signal. By taking the principle that a high ionic solution,
such as in the hybridisation buffer, helps stabilised the negatively charged DNA backbone
and also aids in to stabilitke probe DNAchromosome DNA hybrid, then a lower ionic
environment shall destabilise this hybrid and allow disassociation of the probe DNA to
occur. Furthermore, an environment lacking relatively any ionic component should cause
complete destabilisationf the hybrid compound thus causing removal of the fluorophore
attached to the probe into the surrounding solution. These checks allow the confident use
of multilayer FISH as the methodology of choice for further biological questioning in the

field of cytagenetics.

3.7 Conclusion
The necessity of a good protocol and quality reagents in FISH is commonplace in

cytogenetic laboratories. As with many processes however a reappraisal is often required.

In retrospect to the buffer comparison tests, a more rigggaet of control samples
would be essential to validate this concept of testing further. As a recommendation, a set
2F KdzYly YSOFLKFaSa gA0K O2YYSNOAFft& YIRS
YFEGSNAEFEaQ G2 GSald SA G Knaiedci&l BuifessYLikena 0 dzF T S NA
generation of crosspecies panels would be useful if the focus is narevolutionary
genomic studiesnetaphases from species that increase in evolutionary
distance/increasing diversity using probe targets of known homoldégh better
predefined criteria to judge metaphase/probe quality paired with controlled blind
marking/grading of images would further added to the validity of these tests. Regardless,
the creation of a preliminary buffer comparison test has shown gesdlts to influence

the methodology of all future chapters.

The multilayer methodology is not without its own downfalls. This approach is
technically hard as requires an experienced cytogenetic scientist and understanding of

multiple pieces of software ¢f microscope combl and image merging/analysisjpngside
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GKS WwWrHtf S33a Ay (GKS alyS o6lFaisSiQ I LILINRIFOK ¢
layers fail to hybridise correctly. As seen in tddyer of chicken chromosome 1 stress
testing, theviability of end metaphases was 22%, comparing to amount useable after initial
hybridisation. Howevetthis is exciting to see as it represents a wide pool of very specific

1/ Qa 0SAy3a dzaSR G2 3IAGS t20a 2F AYF2NNIGAZ2Y
traditional methods which would require each probe to be tested individually with one
another, represented by this equatiognA 4 K Wy Q 06 SA Yy An=(itYidaBoNltl 2 T LINEP
eguate to 90 simple experiments against a single more arduous challengitigyeul

experiment.

It is a error filled task to correctly predict the exacmplete ost of a modern day
cytogenetics lab using theaditional method against the multilayer method, as we would
have todiscern;labour costsgeneral lab consumable costhe running costs associated
with use of aluorescentmicroscopdin regards to bulb weafluorescent filter cube costs
immersion oil andnaintenancé and possible softwarkcensingcosts.But with the
SEFYLX S 2dzif AYySR Ay LIBSNE S&EIISHE YClYi Qa DR alik2F i
method greatly reduces the overall cost due to the reduction of fluorophs@ge where
a single two colour test costs £3.05. For a general formula in an ideal situagipal(
probes currently exist in theorrect and cheapest fluorophore combination), the cost for
multilayer two colour FISH would be £3.05 times the number of layers opposed to
traditional FISH compromising &f3.05 times ((n*(Al))/2, where n is the number of
probes reaiired. To put a pice on individual metaphases cannot be comprehended, as
d42YS YlI@& 0SS WLINAROStSaaQ a GKSe& O2dzZ R 6S ANN

genomic mutations) or from hard to source organisms (see 1.3.5)

It is clear to be seen that the multilayer FISktihod gains in efficiency in throughput
the more probes that are needed to question a given sample, with reduction in time and
money the user will have higher gratification for hybridisation techniques for their research
projects. With this in mind, the nitilayer methodologyhas beerapplied to other

biological questions contained within this thesis to truly show its capabilities.
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4. Using the Multilayer FISH Strategy to Improve Our

Understanding of Galliform evolution (specific aim 2)

4.1 Cytogeneticsof the aves

Gene mapping using cytogenetic techniques was first employed to map individual
clones, once isolated, to chromosomes (Lichter gtl&88). As explained in the main
introduction however its main utility for modern genomic efforts in recgaars is as either
confirmation for the reliability of newly assembled genomes oindgo mapping to
chromosomes of scaffolds generated by next generation sequencing. In either event, the
use of multicolour strategies has been largely unaixplored in his context, but would
nonetheless potentially find utility for visualization of the order of several probes

simultaneously, at a decreased cost to previous cytogenetic methods.

As he avian genome is relatively sma#l compared to mamma({$chmid2000;Smith,
2000;Habermanret al.,2001), hypothesised due to evolutionary requirements of flight as
allowsa higher degree of energy conservatigtughes, 198). Members of the avebavea
characteristic stable karyotype pattern (Masabardal., 2004 Griffin, 2007) consisting of
around 10 macrochromosomes and approximately 30 gene rich microchromosomes
(Habermanret al.,2001; Burt 2002)(Section 1.2.3)These microchromosomes aseento
be relatively genalenseas compared to macrochromosomasd appeato be highly
conserved across the avian lineagkinney 200%; Griffin 2008) Comprehensive
interchromosomal rearrangementzereported in only a small number of groups such as
parrotsand falcons (Seibol@iorreset al, 2015 Nishidaet al., 2008; Nadaet al, 2007;
Jos@het al.,2018 Damas et al 2007)

The identification of similar morphologies of the karyotype was first achieved through
typical banding pattern techniques, such ab&hding (Takagk Sasakil974; Ansaril986)
to be further improsed by the creation of fluorescent linked whole chromosome paints
which were necessary to light up a whole chromosome (Geffed.,1999) which allowed
a more rigorous means to facilitate the phyai mapping of the avian genonfgchmid et
al.,2000). An example is the comparative painting between the chickegallus and the
emu, D.novaehollandiaewhich dentified high homology between the nine largest

macrochromosomes (Shetst al.,1999)

106



The Galliform order is well studied, @sgallugs a key mdel species, thought to be
most similar to the avian ancestor (Romanov et2014). An early study of homologs
between chicken and Japanese quail showed no interchromosomal rearrangements
(Kayang2006), and it is generally agreed that most of these roelaromosomes 1 to 9
(including Z) have direct homologs in most other bird species (Griffin 2000, first report,
Griffin et al 2007; Damast al.,2018). Notable exceptions among the Galliforr{igigure
4.1)include a fission of the ancestral chromosome 2darm turkey chromosomes 3 and 6
and a fusion to form a sulmetacentric chromosome present in chicken andeaist 2 quail

species (Griffin et al2008; Shibusawat al.,2002).

Fission of chromosome :

Numida meleagris (Guinea fowl)
— | —— Meleagris gallopavo (Wild Turkey)
Gallus gallus (Red jungle fowl (chicker

— Coturnix japonica  (Japanese qualil
—— Coturnix chinensis  (Chinese quail,

Fusion to form chromosome ¢

Figure4.1. Phylogenetic iee of Galliformesstudied i this thesis with notable

inter-chromosomal changes

Phylogenetic tree of the galliform species used within this study, arrows depict
already categorized gross chromosomal changes over evolutionary time.

Note, Coturnix chinensisas recently been rgrouped into theExcalafactoria
Genus and can appear @schinensisr E.chinensis literature or phylogenetic
trees/databases.

107



In interphase nuclei, the organization of the avian chromossiis well described. The
microchromosomes occupy a central position, whereas the macrochromosomes cluster
around the nuclear periphery (Haberman et al 2001). This in fact fits both classic models of
nuclear organization (sizeased and gendensity basedyiven that the
microchromosomes are far more genieh. Skinner et al (20@9 provided evidence that
the genedensity based model was more likely by analysis of relatively gene poor
microchromosomes. The clear organization of the whole chromosome tertitowever
raises the question of whether intrehromosomally, the organization is similarly conserved
i.e. that the chromosome territory organises itself consistently each time. If this were the
case, then it would be possible to map the order of cloneinterphase nuclei and thus
negate the need to prepare metaphases for genome assembly studies. The need for

dividing cells to make metaphase preparations is one of the impeding factors

With the above in mind, the pugse of this chapter was twofold antus split into two

sections

- Inregards to aim 2.1To develop a multilayer FISH protocol specifically designed to

map clone order (and hence ingromosomahnd intrachromosomal

rearrangements) in Galliform chromosome$.1

- Inregards to aim 2.2To usea version of the above and thence develop an

interphase chromosomal predictive finding tool to better understand chromosomal
folding in interphase nuclei and test the hypothesis that gene order can be mapped

interphase nuclei
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4.2 Galliform chromosome rearrangements

Using a multilayer strategy of 3 sequential layers, each with 2 colours, results

demonstrated that the following questions could be addressed.

1): Are all the signals seen on the same chromosome?

Results showed that, immediately, the usancsee if the probes used localise to the
alYS OKNRY2a2YS 2F OK2A0S Ay (KS yS¢ aLlSOrASa
indicating either fission of fusion of an ancestral chromosome can be identified easily by all

six probes not cdocalising to thesame chromosome.

2): Are all the signals in the same ordeiGagallu®

As pseudo colours are applied to each unique probe in the panel, results show that it is
relatively easy for the user quickly to identify any inttromosomal rearrangements such

asinversions by visual inspection rather than relying on FLPter measurements.

3): Are the signals the same distance across the chromosome compared to a chicken

reference?
This approach allows a more rigorous examination where the FLpter scores are
generatedto detect any minor difference across the chromosome that may not be

apparent with a brief examination of the signals.

4.2.1 Measuring FLPter: script vs. Manual measurements
In the materials and methodséction2.2) usage ofa script for measurement of Pter
values in a mIFISH strategy is described. In order to establish that the method was
SldzA @t Syd G2 GKS daadlyRFNRE YFydzk £ F LILINRIF OK

individual experiments, the two approaches were compared as shown in fig2ire

Identical images fofG.galluschromosome 2 panel, merged multilayer images and
unmerged two probe images, were measured manually and automatically (outlined in
detail in the method sectioR.2.2 to give FLpter scores for the identical probe locations.
As seernn figure4.2, the recorded probe positions do match, yet what is observed also is
that there is a much larger inconsistency in the variance of theraated script measured
sample. Tis is depicted as error bars showing the standard deviatimhconfirnmed by a
series of Paired two sampled, two tailedl'€sts (Probe A, p=0.0025; Probe B, p=0.0046;
Probe C, p=0.0288; Probe D, p=0.003; Probe E, p=0.2371; Probe F, p=0.0316; Length,
p=0.0003, See appendidll measurements must have failed thé¢€Bt to showthat there
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is no difference between the methodologies tested; only probe E had a higher p value than

the standard 0.05 significance levélK S @I NA | yOS Aa I NASNJAYy &ty
last layer, which has the most chromosome distortion as presty reported), especially

4SSy Ay LINBo6S |aairdaySR WFProundohmulilkysr&ISk | & | LINE

As rounds of multilayer FISH increase the script incorrectly interprets the length of the
chromosome, generating a more erroneous scoreaisged to the probe at that point on
the chromosome. Here we see the scores do average out to their expected value, governed
by the manual reading of the siayer image. However, this level for same species FISH sets
a worrying precedent for cross spesiEISH where the large variance could hide or

incorrectly report position changes as compared to the chicken.

The results therefore suggest that using the FLpter script could possibly lose precision
for the following experiments, with the increase of tiaken to measure each sample (1
image for manual and 3 images if using the script), from this point on manual

measurements will be taken to determine the FLpter scores.

Manual Vs FLPter script measuring identical Probe poir
~placements MANUAL

0 : } } } |
N s
0.1 cript
0.2 \ T

0.3

0.4 T
0.5
0.6
0.7

FLPter Score

0.8
0.9

1

Probe A B C D E F
Assignment

Figure4.2. Probe position placements foG.galluschromosome 2 measured via

different methods

FLpter scores obtained by manuabding (blue) and via an in house automated
script (red) onG.galluschromosome 2 using probes outlined in table 4.2. Error bars
given as standard deviation in respective colours. ldentical images were used to of
scores then averaged across atoeded data for chromosome 2 for both measuring
methods and plotted against one another above.
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4.2.2 Genome organisation in Galliform chromosomes 1-5

In the followingdiagrams and tables, for each chromosome, the BAC ID and genomic
position are givenlin the initial layer approx r$0 metaphases fo.gallug and n:20
metaphases for other species (due to lower mitotic index) were captured. Metaphases
washed and then réayered with the next pairing of probes in the standard multilayer
iterative approach to generate a multitude of merged metaphases as seen in 8¢ufer
each species used in this sty@ymetaphases of varying quality selected are subsequently

shown fom overall pool of merged metaphases.

After merging, metaphases were then analysed manually to give averaged Flpter scores
for each point across the chromosome and then cross compar&igallus Using a
chromosome plot point, FLpter values can be mdtagainst one another according to

distance and probe to be directly measured against the reference of chicken.

4.2.2.1 Chromosome 1

For chromosome {Table 4.1, Table 4.68he BAC order remained the same in all 5
species. The relatively different pasit of probe B (yellow) in Japanese quail is suggestive
that there may be a rearrangement in this region beydimel resolution of this system

(Figure 4.3, Figure 4.4)

Probe ID Start Position End position (gﬁgelg
875,622 1,046,980 89C18
65,968,509 66,176,072 36B5

98,389,770 98,619,006 118M1

132,642,594 132,847,168 9B17

146,261,866 146,502,123 83013
190,251,863 190,251,539 98G4

chromosome 1
G.gallus ! / a

TNRBY GKS W/ K2NRQ
chromosome one o&.gallus Probe ID with colour corresponds to the appropriate
graph and false colour applied to signals seen in images. Start position and end pg
display the base number on which the BAC spans along the chromosome
(approximately 2000 bp); and BAC ID is the associated identifier associated with
sequence used as a probe. Six probes in total, A to F.

Table4.1. Probes used for metaphase chromosome analysis for Galliform

f AONI NBXZ 4§
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G.Fowl J.Quail C.Quail Chicken

Turkey

Figure4.3. Merged metaphase images of five galliformes using selec@dallus

chromosome 1 BAE

15 individual metaphases, 3 pgpecies shown, displayed with hybridigedyallus
chromosome 1 probes outlined in table 4.1 with corresponding false colouration of
probe signal seerG.gallugfirst row) is shown as a control to display expected positi
on that species with possible vances seen in other species, with descending rows
being differing species. Images were merged according to the protocol outlined in
section 2.2.4.1. Scale bar, 10uM, all images are to the same scale.
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A) . Galliforme Chromosome 1 Probe Point Pl

0.2
0.3 -
0.4 -
0.5 -

FLPter score

0.8 -
0.9 -

BEIEEIEE B -

= Chicken
C.Qualil

= J.Qualil

= G.Fowl

= Turkey

Chicken C.Quail J.Quail G.Fowl Turkey
B) A |l B2 8| B @
_— | | — - _—
- = - _— (-
— N — N N

assigned probe.

Figure 4.4Probe point plot for galliform chromosoma for five species, and

corresponding chromosome schematic

A) Probe position measured as FLpter values and averaged across all metaph
obtained using probes outlined in table 4.1. Each individual species has a correspq
colour seen, and colours ageed to each probe correspond to false colours applied
related metaphase images. Error bars are given as S.E.M.

B) Generated schematic chromosomes for each species by using metaphase R
data generated in this study, all relative®galluschromasome 1. Position of coloureg
band corresponds directly to FLpter scores generated and colour corresponding to
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4.2.2.2. Chromosome 2

For chromosome ZTable 4.2, Table 4.8he system identified an inversion of probes B

and C present in Chinese quail only as well as the well described centric fissideey to

form 2 chromosomes (Figure 4.5, Figure 4.6)

Experiment ID Start Position End position (gﬁgslg
5,936,192 6,131,770 169N6

29,361,223 29,588,465 186J5

43,177,303 43,412,434 50C15
103,580,339 103,809,599 169E4
128,029,292 128,240,032 44H14

143,308,662 143,489,517 17J16

chromosome 2

Ggallus ' / a FTNRBRY

Table4.2. Probes used for metaphase chromosome dysis for Galliform

0 KS ctied bagetidpoh posikion NdorNE =
chromosome two of5.gallusProbe ID with colour corresponds to the appropriate
graph and false colour applied to signals seen in images. Start position and end pg
display the base number on which the BAC spans alonghiftanosome

(approximately 200,000 bp); and BAC ID is the associated identifier associated wit
sequence used as a probe. Six probes in total, A to F.

d
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G.Fowl J.Quail C.Quail Chicken

Turkey

Figure4.5. Merged metaphase images of five galliformes using selec&dallus

chromosome BACs

15 individual metaphases, 3 per species shown, displayed with hybri@iggdlus
chromosome 2 probes outlined in table 4.2 with corresponding false colouration of
probe signal seerG.gallugfirst row) is shown as a control to display expected positi
on that species with possible variances seen in other species, with descending row
being differing species. Images were merged according to the protocol outlined in
section 2.2.4.1. Scale bar, 10uM, all images are to the same scale.
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A) 0 - Galliforme Chromosome 2 Probe Point Pl

0.1 -
0.2 -
0.3 - .
o I
§ 04 - Chicken
7 C.Quiail
E 0.5 - ) -|
e ].Quali
T 0.6 - Q
e G.Fowl
0.7 -
= Turkey
0.8 -
0.9 -
1 a

A. Cﬂ ﬂ Fl Probe Assignmen
G.Fowl

Chicken .Quail J.Quail TurTey

9 a 95147 &

N

|
9 Juyd

Ul EvE Rl Rvi R

Figure4.6.Probe pointplot for galliform chromosome? for five species, and
corresponding chromosome schematic

A} Probe position measured as FLpter values, obtained using probes outlined
table 4.2. Each species has a corresponding colour. Error bars are given as S.E.M

Aclear inversion can be seen for probe B(purple) and C(orange) for
Echinensi@reen line) as compared to the other species.

B) Generated schematic chromosomes for each species by using metaphase §
data generated in this study, all relative®galuschromosome 2. Position of coloure
band corresponds directly to FLpter scores generated and colour corresponding to
F3aA3yYySR LINRPoSd [FoSfa 2y Wedz2N] SeQ NX
in that species.
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4.2.2.3 Chromosome 3

For chromosome 8Table 43, Table4.6), the system identified no rearrangements in

all 5 speciegFigure 4.7, Figure 4.8)

Probe ID Start Position End position (gﬁ;SGIS

(A) 106,508 289,139 11535

25,940,915 26,171,148 16016
40,872,930 41,111,215 97P20
65,843,316 66,066,979 17B14
(3 95,661,126 95,801,606 169K18
(F) 108,067,425 108,248,097 120H23

chromosome 3
G.gallus. ! / a

FNRY (GKS W/ K2NRQ
chromosome three o6.gallusProbe ID with colour corresponds to the appropriate
graph and false colour applied to signals seen irgesaStart position and end positiol
display the base number on which the BAC spans along the chromosome

(approximately 200,000 bp); and BAC ID is the associated identifier associated wit
sequence used as a probe. Six probes in total, A to F.

Table 4.3Probes used for metaphasghromosome andysis for Galliform

t AONI NBE X ¢
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Chicken

G.Fowl J.Quail

Turkey

Figure4.7.Merged metaphase images of five galliformes using seled&dallus

chromosome BACs

15 individual metaphases, 3 per species shown, displayed with hybri@iggdlus
chromosome 3 probes outlined in table 4.3 with corresponding false colouration o
probe signal seerG.gallugfirst row) is shown as a control to display expected
position on that species with possible variances seen in other species, with desce
rows being differing species. Images were merged according to the protocol outlin
in section 2.2.4.1. Scale bar, 10uM, all images are to the same scale.
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0.8
0.9 B
1
Al c DI E F[Probe Assignmen
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corresponding chromosome schematic

Figure4.8. Probe point plot for galliform chromosoma& for five species, and

A) Probe position measured as FLpter values and averaged across ahasts

obtained using probes outlined in table 4.3. Each individual species has a correspq
colour seen, and colours assigned to each probe correspond to false colours applig

related metaphase images. Error bars are given as S.E.M.

B) Generatedschematic chromosomes for each species by using metaphase F
data generated in this study, all relative ®galluschromosome 3. Position of coloure
band corresponds directly to FLpter scores generated and colour corresponding to
assigned probe.

119




4.2.2.4 Chromosome 4

For chromosome {Table 4.4, Table 4 Gnterchromosomal rearrangements were

identified with probes A and B appearing oditierent chromosome to the others in

chicken and the two quail&igure 4.9, Figure 4.10)his is the well described fusion that

appearsconvergentduring avian evolution. The relatively lower position of these two

probes in Japanese quail suggestsréhier rearrangement although the nature of this

cannot be determined using this systemtrachromosomallythe probe order remains

unchanged in all five species.

Probe ID Start Position End position (gﬁ;ﬁlg
4,024,168 4,195,906 83E1
) 15,369,304 15,591,613 111A15
(C) 30,671,456 30,924,202 18C6
(D) 43,256,005 43,521,139 185L11
65,099,056 65,344,197 85H10
74,051,622 74,193,313 89P6

Table 4.4. Probes used for metaphase chromosome dysis for Galliform

chromosome 4

Ggallus ! /& FTNRBY (KS W K2NARQ f A0NINEZ 3
chromosome four ofs.gallusProbe 1D with colour corresponds to the appropriate
graph and false colr applied to signals seen in images. Start position and end posi
display the base number on which the BAC spans along the chromosome
(approximately 200,000 bp); and BAC ID is the associated identifier associated wit
sequence used as a probex iobes in total, A to F.
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G.Fowl J.Quail C.Quail Chicken

Turkey

Figure4.9. Merged metaphase images of five galliformes using selec&dallus

chromosome BACs

15 individual metaphases, 3 per species shown, displayed with hybri@iggdlus
chromosome 4 probes outlined in table 4.4 with corresponding false colouration of
probe signal seerG.gallugfirst row) is shown as a control to display expected positi
on that species with possible variances seen in other species, with descendig row
being differing species. Images were merged according to the protocol outlined in
section 2.2.4.1. Scale bar, 10uM, all images are to the same scale.
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Figure4.10.Probe point plot for galliform chromosoméd for five species, and

corresponding chromosom schematic

A) Probe position measured as FLpter values and averaged across all metaph
obtained using probes outlined in table 4.4. Each individual species has a correspq
colour seen, and colours assigned to each probe correspond to false capplied to
related metaphase images. Error bars are given as S.E.M.

B) Generated schematic chromosomes for each species by using metaphase f
data generated in this study, all relative ®galluschromosome 4. Position of coloure
band correspondsdirectly to FLpter scores generated and colour corresponding to
assigned probe. Labels correspond to equivalent assigned chromosomes in respe

species.
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4.2.2.5 Chromosome 5

Chromosomeés (Table4.5,Table4.6)appears to be near idéital across all species

examined (Figure 4.11, Figure 4.12)

Probe ID Start Position End position (gﬁl\%g
(A) 5,387,924 5,581,233 49B22
10,219,524 10,389,786 122F8
(9 25,301,609 25,488,411 78F13
(D) 26,734,106 26,902,004 2123
(3 57,382,394 57,541,027 161B22

chromosome 5

G.gallusBACSF N2 Y

0KS W/ K2NAQ
chromosome five o6.gallusProbe ID with colour corresponds to the appropriate
graph and false colour applied to signals seen in images. Start position and end pg
display the base numbem which the BAC spans along the chromosome
(approximately 200,000 bp); and BAC ID is the associated identifier associated wit
sequence used as a probe. Five probes in total, Ato E.

Table4.5. Probes used for metaphase chromosome dysis for Galliform

f AONJ NBx aSsf
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G.Fowl J.Quail C.Quail Chicken

Turkey

Figure4.11.Merged metaphase images of five galliformes usinges¢d G.gallus

chromosome 5 BAE

15 individual metaphases, 3 per species shown, displayed with hybri@isgdlus
chromosome 5 probes outlined in table 4.5 with corresponding false colouration of
probe signal seerG.gallugfirst row) is shown as a cowmirto display expected position
on that species with possible variances seen in other species, with descending row
being differing species. Images were merged according to the protocol outlined in
section 2.2.4.1. Scale bar, 10uM, all images are to theesscale.
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Figure4.12.Probe point plot for galliform chromosomé for five species, and

corresponding chromosome schematic

A) Probe position measured as FLpter values and averaged across all metaph
obtained using probes outlined in table 4.5. Eawfividual species has a correspondir
colour seen, and colours assigned to each probe correspond to false colours applig
related metaphase images. Error bars are given as S.E.M.

B) Generated schematic chromosomes for each species by using metaplziee A
data generated in this study, all relative @®galluschromosome 5. Position of coloure
band corresponds directly to FLpter scores generated and colour corresponding to
assigned probe.
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4.2.2.6 FLpter results

Chromosome 1

Probe : Chinese | Japanese| Guinea
D Chicken Turkey Quail Quail Fowl Comment
0.03576+ | 0.04114+ | 0.03889+ | 0.04094+ | 0.03367+% All similar to chickn
0.0040 0.0040 0.0068 0.0038 0.0035
0.32422+ | 0.3401+ | 0.29169+ | 0.40515+ | 0.33968+ | Small increase in J.qua
0.0069 0.0086 0.0188 0.0075 0.0086 Rest similar
0.54114+ | 0.53495+ | 0.52683+ | 0.54982+ | 0.54540+ All similar to chicken
0.0062 0.0056 0.0146 0.0058 0.0111
0.69616+ | 0.68255+ | 0.69542+ | 0.71659+ | 0.70557+ All similar to chicken
0.0054 0.0086 0.0087 0.0045 0.0133
0.79122+ | 0.76985+ | 0.78807+ | 0.79669+ | 0.79168+ All similar to chicken
0.0050 0.0102 0.01015 0.0048 0.0182
0.97149+ | 0.95458+ | 0.95538+ | 0.971(0/+ | 0.96386+ All similar to chicken
0.0036 0.0063 0.00885 0.0031 0.0051
Chromosome 2
Probe . Turkey Chinese | Japanese| Guinea
ID Chicken (merged) Quail Quail Fowl Comment
0.071217%| 0.074961+| 0.062752+| 0.064314+| 0.051563+ All similar to chicke
0.0045 0.0037 0.0027 0.0039 0.0034
B 0.217778%| 0.237357+| 0.263951+| 0.208003+| 0.171193+| Reduction in G.fowl
0.0063 0.0329 0.009 0.0092 0.0173 Increase in C.Quall
Reduction in G.fowl,
0.302730+| 0.297389+| 0.159543+| 0.301784+| 0.247032+ Large reductia in
0.0190 0.0080 0.0088 0.0102 0.0272 C.Quail, inversion in
C.quail
0.71019+ | 0.698639+| 0.691089+| 0.713300+| 0.689708+ All similar to chicken
0.0098 0.0128 0.0139 0.0072 0.012
B 0.840772+| 0.840519+| 0.850802+| 0.848246%| 0.854927+ All similar to chicin
0.0050 0.0073 0.0091 0.0055 0.0107
) 0.933419+| 0.948405+| 0.945349+| 0.95080+ | 0.945320+ All similar to chicken
0.0063 0.0031 0.0050 0.0035 0.0082
Chromosome 3
Probe . Chinese | Japanese| Guinea
D Chicken Turkey Qualil Quail Fowl Comment
0.077477%| 0.096464+| 0.090693+| 0.100627+| 0.078408+ All similar to chicken
0.0043 0.0104 0.006 0.0073 0.0044
0.292917+| 0.345963+| 0.236132+| 0.262916+| 0.259185+ Turkey has small
0.0063 0.0212 0.0174 0.0091 0.0126 increase
0.430784+| 0.430989+| 0.374026+| 0.414425+| 0.40850% All similar to chicken
0.0086 0.0111 0.0113 0.0142 0.0115
(D) 0.622498+| 0.619202+| 0.583256+| 0.594358+| 0.611436+ All similar to chicken
0.0057 0.0133 0.0204 0.0122 0.0102
B 0.848472+| 0.810436+| 0.812473+| 0.834502+| 0.853728+ All similar to chicke
0.0091 0.0208 0.0222 0.0121 0.0103
F) 0.946176+| 0.917545+| 0.940903+| 0.927622+| 0.942590+ All similar to chicken
0.0031 0.0114 0.0041 0.0055 0.0056
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Chromosome 4

. Guinea
PrIone Chicken (;lérrkiﬁ) ngzlse Ja(gz\;ﬁse Fowl Comment
9 (merged)
0.09128+ | 0.079414+| 0.099145+| 0.194463%| 0.080248+ Increase in J.Quail
0.0041 0.0071 0.0052 0.0084 0.0073 '
0.204958+| 0.20763+ | 0.21712+ | 0.313284+| 0.202805+ Increase in J.Quail
0.0094 0.0104 0.0097 0.0087 0.0149 '
0.409365+| 0.422356+| 0.340093+| 0.422849+| 0.49626+ Decrease in C.Qualil
0.009 0.0312 0.0139 0.009 0.0404 Increase in G.fowl
0.527074+| 0.56061+ | 0.453212+| 0.541592+| 0.643777+| Decrease in C.Quall
0.0100 0.0289 0.0164 0.0085 0.0305 Increase in G.fowl
0.682414+| 0.687141+| 0.610872+| 0.703868%| 0.777363+ Decrease in C.Quall
0.0092 0.0264 0.01423 0.0070 0.0150 Increase in G.fowl
0.803423%| 0.798217+| 0.761814+| 0.810826%| 0.868288+| Decrease in C.Quall
0.0073 0.0202 0.0099 0.0054 0.0068 Increase in G.fowl
Chromosome 5
Probe . Chinese | Japanese| Guinea
D Chicken Turkey Quail Quail Fowl Comment
A) 0.109038+| 0.129676+| 0.122423+| 0.117247+| 0.102716+ All similar to chicken
0.0043 0.0257 0.0060 0.0068 0.0080
0.238225+| 0.241229+| 0.273694+| 0.25774+ | 0.222562+ All similar to chicken
0.0073 0.0126 0.0106 0.0115 0.0153
0.397523+| 0.431651+| 0.410412+| 0.422116%| 0.415747+ All similar to chicken
0.0085 0.0120 0.0121 0.0129 0.0176
(D) 0.506113%| 0.543204+| 0.506192+| 0.522311+| 0.506414+ All similar to chicken
0.0087 0.0155 0.0139 0.0126 0.0159
B 0.8984+ | 0.886032+| 0.860873+| 0.901113+| 0.903014+ All similar to chicken
0.0052 0.0082 0.0160 0.0053 0.0100
Table46! £ f (Gl o0ofSa& FT2NJ SOSNE @EMNMBY2342YY§

T29

f no

YSNESR
they are fused to align to the reference @fgallus

a02NBa

KI @S

All tables shown correlate to probes used outlined in the previous section, each
contains FLpter score for the probe on respective species with standard error of thg
mean displayed alongside. In the case of chromosome fissions (Turkey 2@uithda
0SSy RAaLIX
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4.3 Development of a Chromosome Interphase Plotter for

chromosomal nuclear arrangement

Previous work on paints gives general region/territory within the nuclei yet no means
of direction or specific region identificatioiloweverthere is a need to improve on this to
encapsulate the chromosome territory indication direction and multiple bands on the
chromosome in decondensed stat@ A | |y Wl dzi2 Yl GAOQ YSI adzNRy 3

Using the multiayered approach, it is possible to detegtye direction and order to
chromosomes within the nuclei more specifically as compared with previous exploration
using whole chromosome pain{&riffinet al.,1999). It is then possible to ask multiple
questiors, such as is there a specific direction/orientation of the chromosome in question,
or do the chromosomes express a linear direction or are they overlapping themselves?
From this we can ask, what happens when things go wrong within the cell, for example
partial chromosomal translocations to affect fertility or mass chromosomal deformity in the

event of a cancerous cell.

As shown, it is currently possible to plot BACs along the chromosome within a
metaphase preparation, to give direction, orientation agidtance, and this can easily be

applied to work within interphase nuclei as well.

4.3.1 Interphase specific Multilayer protocol

FISH protocol was identical to previous section outlined in sedtid12, using identical
probes with respective ordering aridise colouration. Final merged images were imported
into Microsoft Design4 (Microsoft) in original state with no resizing staying true to original
pixel stae as captured during microscopyetd imposed coloured circles were placed
centrally over signalseen in each interphase cell and bounding nuclear drawn over the
perimeter seen. As seen in figu4€l3 not all interphase cells are taken into this stage as
they do not exhibit the full count of signals required, in the case of chromosome 3 shown

here, requires 2 of each individual 6 probes up to a total of 12.

From this importing into ImageJ with no-s&ing to then calculate the exact position of
each probe as exact X Y-aalinates. Other data can be retrievedch as centre of mass, a
built-in function contained within ImageJ, and then diameter of the nuclei, taken in

multiples across the nuclei going through the centre of mass.
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After the chromosome path finding tool (explained shortly) had been run, black arrows,
again seen in figuré.13 were inserted within Microsoft Design4 to show final
chromosome orientation and direction between probes used for each chromosome for
user visualisation. Post path finding, analysis was carried out on a selected population of
chromosomes/interphase nuclei.#Y y Hpn AYlF3Sa S OK O2y Gl AYyAYy:
ydzOf SA | LIWNRBEAYI GSt & mnnX ydzOft SA o6G§KSNBT2NB
forward to path finding stage. From this medial length was calculated andduotntile
ranges used as a correctechge of normal nuclei as to account for those nuclei which
were of incorrect orientation of plain of view, which would yield a dramatically adverse
total length and morphologyChromosomes studied that had at least n=50 at this point

were taken onto furthemanalysis as shown below.

A)

B)

Figure4.13.Multilayer G.galluschromosome 3 interphase nuclei with schematic

representation of chromosora folding pattern.

A) final six layer merged image of typiGagallusnterphase stage nuclei using
aforementioned probes in table 4.3 in corresponding colours.B) schematic
representation of signals and nuclear boundary as observed from the final six laye
merged image, only nuclei are brought to this stage if they exhibit all required signa
(12, 6x2 chromosomes) C) schematic representation of the nuclear position and
direction ofG.galluschromosome three in this example after being processed throug
the nuclear predictive patfinding tool.
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4.3.2 Mechanics of the PathFinding Tool

There was a requirement of a means to automatically predict the correct path of two
chromosomes using all probe signals seen in the interphase nuclei, as manual human
prediction gave cottitting and debatable results for chromosomes that were localised near
to one another. Here shown are the underlying mathematical principles used to calculate

and assign probes to their correct chromosome and therefore path.

In order to calculate the totalumber of chromosome pairs that will needed to be
calculated (where N to be number of chromosomes, and R to be number of probes along a
single chromosome) firstly the total number of permutations the two chromosomes might
have using all probes needs to talculated, to then be divided by number of

chromosomes to return the number of chromosome pairs required.

m-

The total length of a chromosome can be represented as the distance from each point
to the next, starting from the known initial poiMB LINB a Sy 4 SR Fa W! Q dzLJ G 2
WoOQ AT G(KS SELISNAYSYy(d dzaSa p LINRoS&®

YO'YBOO®B 6B 0 OO

As data exists as positional (X, YJoedinates, the distance between the first point
Ff2y3 GKS OKNERY2az2Y\Si saheound Bsing thiSforriuio®e y R LJ2 A

repeated for each point pairing.

09 W ® W W

However, with each nucleus possessing two chromosomes the total distance needs to

be calculated twice, using unique probesd their ceordinates.

YO YE® B 6 69 6 6P 5 0P 00D
YO YE® B 0 6P 5 6P § 0P 00D

YO YDE & P& YR YW YO "Y&®E B
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¢KAA WwWa2aGlf O2YO0OAYSRQ Ydzad oS OFtOdzg  6SR Y
permutation number first generated, each using a different combination of probes as

chromosomes cannot share signals. Figugetexplains this grapcally.

a b a b a b

aaaaa abbba ababa
+ + +
bbbbb baaab babab

Figure 4.14Graphicaloutlines of three different permutations of the interphase

chromosome pathfinding tool of five probes.

With a known order of probes; red, yellow, green, aqua and purple, different
arrangemers can be deduced from two sets of probes if no other identifiers are
LINBaSydz LINRPo6oSa FINB FaaAadaySR WFQ 2N\
(16 pairs) are calculated, here 6 (3 pairs) unique permutations are shown.

FinalySI OK WwWa2a4dlrtf O2Y0AYSRQ akKlft o06S a2NISR A
combination selected as the true path of the two chromosomes presented within the
ydzOf Sdzax (2 0S&0 NBLINBaSyd (KSomehoidmiled ¥ Wi S| &

size.

Currently, the patHinding tool exists as sheets within Microsoft excel (Microsoft), see
figure4.15 where the X Y eordinates retrieved from ImageJ can be inserted into
respective tables and each permutation can be calculatedcangpared to one another to
then output two text strings of the correct ordering of probes for the two respective

chromosomes.
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The pathfinding tool is currently set up to accept chromosomes with probe count =5
(32 permutations 16 pairs), 64 permutatons and 32 pairs) and although not used =8

(256 permutations and 128 pairs).

IMAGE MODE X Y |n=6 CHR1 Dis1 CHRZ Disz Dis+Ciis

18 z2d B63.33 a.4.4.44a4a 42104 bbbbbb 27663 BIT.TI84
1B 451.333 G465 aaa.a8ab 57413 bbbhbba 35184 9559636
Zh 286,667 e a.4.44aba 58702 bbbbab 5B213] 1143145
ZB 3Te B36.67 aaa.abb 48186 bbbhbaa 403.04] 3308345
38 134 675 a.4.4abaa B4253 bbbabb 38163 1004205
3B 366.667  B58.67 aaabab TI562 bbbaba 46634 1262 456
4A 263.333  BTZET aaabba 61533 bbbaab 453355 1063, 28]
45 350667 75e aaabbb 51017 bbbaaa 30036 S11.0256
54 213.333 636 aabaaa 43833 bbabbb 51535 3536815
1] 326.667 746 aab.aab  E156bbabba B205] 1236108
BA 236 B13.33 aababa B2543 bbabab 8008 1423252
J51] 376667 T19.33 aab.abb 52333 bb.abaa B4 170351
aabbaa ST0.6S bbaabb d457.04] 105771

aaaaaé X Y Ibbbbe X N aabbab 72378 bb.aaba 5322 1315972
1a zzd| BEZ3E b 451,33 BdBla.abbb.a 54343 bbaaab 57| 122736
Za 286,667 TP Zb 372] B36.67|a.abbbb 43833 bb.aaaa 42621 §64.5444
3a 134 B78  Sb 366.67] B58.67|ab.a.aaa 49672 babbbb 520023 1016345
da 263.333] 67ZE7] db 350.67 752| ab.a.a.ab  B43.81 babbhba E2533] 1275139
Sa 213.333] B36] Sb 326.67 Td6lab.a.ab.a  BEZT babbab 80568 1468375
Ba 236] B13.33]  6b 378.67] T19.35|ab.a.abb 55754 babhbaa B5253] 1210124

ababas T2 bababb B05.23 1323.434
ababab 8713 bababa 7033 1551638
ababba B30 babaab 6375 1385.509
ababbb 58585 babaaa S4dd| 1130258
abb.aaas 37136 baabbb 53207 3634321
#5 | 11 1| abb.aab 52445 baabba 63723 1221653
abb.aba 53734 baabab 57752 141485
abbabb 43215 baabaa 72443 1156608
abbb.aas 47954 baaabb 56376 1043235
abbbab B32E3 baaaba 66632 130155
abbbba 45234 baaaab B56.03 1108.373

abbbbb 34713 b.a.aaaa  S02.34 850122 Lookup 1 Lockup 2
I = 5377184 a.5.8a.5a.5a.a bbbbb.l

Figure4.15.Excel seeenshot of working example of the interphase chromosome

path-plotting tool using aG.galluschromosome 3.

Here shown, avorking example of previously discussed theory of chromosome
path-plotting in aninterphase nuclei with six probe®/ith six probes usika total of 64
permutations (32 pairs) are generated and calculated from inputtedrdinates
6LYF3ISWO FyR | GSEG aidNAYy3a 2F GKS 02N
Woo0000Q Aa O2NNBOGO
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4.3.3 Interphase chromosome analysis

Once interphase chromosomes were correctly associated and given diréEtijume
4.16) it was then possible to perform alysis to detect any trends in patterns of nuclear
organisation. Using mathematical and trigonometric means, a high amount of data can be
retrieved from a rather simplistic methodology from probe positions and little data from
the interphase nuclei itsel§uchas diameter and centre of maghjs is demonstrated in

figure 4.17
Post-merged Intermediate Final path
schematic chromosomes

Chicken
Chr 3

Chicken
Chr 4

-
o O
@@ ‘

Chicken
Chr 5

Figure4.16. Multiple multilayer G.gallusinterphase nuclei with schematic

representation of chromosome folding pattern.

From top to bottom displaya different chromosomé&3, 4 and 5pn G.gallususing
aforementianed probes in previous sectiorsrom left to right, seperations show a
representation of achdifferent stage in thgath findingprocess Initially displaying the
initial merged inage to a schematic representative then finals a plotted chromosom
schematic drawing. Scale bar, 10uM, all images are to the same scale.
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Diameter

Figure4.17. Overview offinal schematic interphase nuclevith overlay of data

marks.

A fictitious representative example of a single chromosome within an interphas
nucleus, indicated by five probes (A to E), with regions that data can be obtained fi
Distance from each prol® the next can be obtained by measuring the distance
between points(black), Centre of mass can be obtained(yellow), and diameter(blac
dotted) to yield area/perimeter. Probe distance from centre/periphery for territories
can be measured again by distarafdine (light green dotted). Chromosome angles
between probes and angles around centre of mass can also be obtained (orange).

Whilst data generated is fruitful, patterns and trends relating to nuclear organisation

remain unclear evenusifgA 3K OKNR Y2a2YS O2dzyd F2NJ I yIf&aa
concluded. One clear conclusion is that these macrochromosomes generally occupy the

outer periphery of the nuclei and stay there, consistent with previous reports (Haberman et

al 2001). Somewhanterestingly, chromosomes examined do show a trend in their folding

pattern, when chromosome angle is corrected for, which is shown in the next section in

more detail.
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4.3.4 Intricacies of macrochromosome folding.

4.3.4.1 Normalisation of chromo somes

LYy 2NRSNJ (2 LINRPOS&aa GKS RIFGF 3ISYSNIGSR FTNR
was necessary to normalise the chromosome orientation to the same plane/direction
rather than being determined by random assortment of where they were on the sl
captured,demonstratedin figure4.16and figure 4.18Each chromosome undergoes a
OGN YyAF2NXIGA2Y YR NRGFGAZ2YST (2 KI @S ARSYGAO
FTANBG (G2 a4SO2yR LINRPO0SI GKSy G2 (6 8IWT WFRNS R NF
along the +X axis and flipped again if required if the third probe resides alory thes so
GKFG tf OKNRBY2az2yYSa T2t R Wt Serd@scanki@a S y Sg
be processed for further analygiSigure 4.1%

@

(Y) CO-ORDINATES

(X) CO-ORDINATES

Figure4.18.Graphic example of howo normalise chromosome dat&or analysis

A possible chromosome configuration with knownder of probes (=5) has unique
X,Y ceordinates according to data retrieved from ImageJ. (1)Black, is the initial
chromosome before translation from original position to new position anchored by |
point at 0,0. (2) Blue, translated chromosome in samergation with the first point
FYOK2NBR G nZn gAGK Fy3aftS FTNRY aS02y
(theta). (3)Green, rotated chromosome about point 0,0 (first probe point) for every
LINEG6S LRAYG | OO0O2NRAY 3 G 2findUhaB@llseidza t & F
chromosome. (4) Not shown for clarity sake, the chromosome may be flipped if its
aS02yR LRAY(-EQNPOR 2ARNAY T EE mRa vt &S0
(5) Again not shown, the chromosome can be flipped again if thd gaint (purple)
KF&Qwaz2 UGKFG £t OKNRBY2az2YSa F2fR Wi {
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4.3.4.2 Folding arrangements of G.gallus chromosome 3, 4 and 5
After normalisation, the most common folding pattern of each chromosome can be
ARSYGAFASRE G tSrad yxpn AYRAGARZ f OKNRYZ2A

averaged X,Y eordinates across the selected populatiohchromosomes.

60 - G.gallusinterphase nuclei chromosome

50 +

Distance from origin, Y (pixels

-30 -20 -10 0 10 20 30 40 50 60 70

Distance from origin, X (pixels

Figure4.19.G.galluschromosome 3nterphasecommon folding pattern

Averaged positions of chromosome probes (table 4.3, 6 probes) for chicken
chromosome 3 within the nucleus normalised acting to figure 4.18. Data points
shown as meagS.E.M.

45 + G.gallusinterphase nuclei chromosome
40 +
35 +
30 +

25 +
20 —+
15 +
10 +
5 1
0

Distance from origin, Y (pixels

0 10 20 30 40 50
Distance from origin, X (pixels

Figure4.20.G.galluschromosome 4 interphaseommon folding pattern

Averaged positions of chromosome probes (table 4.4, 6 probes) for chicken
chromosome 4 within the nucleus normalised accordinfjigare 4.18. Data points
shown as meaaS.E.M.
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Figure4.21.G.galluschromosome 5 interphaseommon folding pattern

Averaged positions of chromosome probes (table 4.5, 6 probes) for chicken
chromosome 5 within the nucleus normalised according to figut8.4Data points
shown as meaaS.E.M.

With these selections of chromosomes shown, it appears that interphase stage nuclei
arrange/fold their chromosomes in particular ways, albeit with a large boundary of
variation (Figure 4.19, Figure 4.20, and Figure 4.%1i}h a degree of a defined folding

LI GGSNYzZ AG A& AYydSNBalAaAy3a G2 alLkRia LRaairoft s

chromosome studied.

. 20K OKNRY2a2YS o YR OKNRY2 paandSwitplittiR A & LI | &
RSINBS 2F W20SNI I LILAYIQ AGaSETd ¢KAa NBazf g
on average being a close position as compared to the first probe used here as the anchor at
0,0 (Figure 4.18, 4.20). Oppositely so, chreome four does not show as a distinctive
LI GGSNY G2 FTAld GKS WK2NBS&EK2S5Q T2t RAy3 Y20AT
however it does fit into the narrative consistent with other chromosomes where they all
T2f{R Wol O1 6 NRaQavéraye  NRa G(KS AyAdGAlf 2

More analysis has been made to give motions towards some degree of higher
organisation yet unfortunately lacks the precision to make indications of the respective de

condensed chromosome interphase structure.
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4.4 Discussion

The multilayer FIS protocol has here beermewn to perform concurrent higiguality
FISH experiments for questioning of cytogenetic evolutionary theories. It is possible to use
a selection of BAC based probes to analyse and quantify changes and properties of set
macro-chromosomes within a metaphase stage cell and an interphase stage cell. Use of
G.gallusand related @lliform species as models allows robust scrutiny into the
methodology used as they are reliable welsearched samples opposed to possibly more
interesting hanches of avian Bf such as previously mentionedittaciformes or

Falconiformes.

4.4.1 Comparison of measuring techniques

The method of choice to quantify final merged image data derives from the
standardised form of FLpter scores (Lictgeal.,1990), the data generated by the FLpter
script is reliable in other standard FISH but is shown here to introduce a wider variation in
scores obtained. A somewhat downside to multilayer FISH, this introduces a larger analysis
time as compared to previous staadi methodology to generate the FLpter scores used

for BAC positioning.

The issues identified could be attributed to the variation in the metaphase/DAPI layers
of the images post first hybridisation arising to a small degree of altered metaphase
morpholog/ as discussed in the previous chapter, yielding incorrect scores. Whilst long and
repetitive, manual scoring of the probe positioning is shown here to be accurate with an
increase of probe count does not cause a dramatic increase in time taken to measube

probes is 7 mouse clicks opposed to 6 probes being 8 mouse clicks.

4.4.2 Detection of chromosomal rearrangements in Galliform
Results here show that there@oversights, not mistakes, iralBform
macrochromosomes studies. Progressing on fromslder paint methodology to a newer
more precise means of BAC based probes, allowed a more in detail analysis of these
macrochromosomes with predicted intrachromosomal rearrangements. It is easy to see in
context of the avian ancestral chromosomeRbMmarov et al.,2014; Griffinet al.,2007)
that this multilayered FISH methodology yields complimentary results when presented in
this way, it isnmediately obvious to see thatltNJ S& Qa | yOSaid NIt OKNRY2a
dzy RSNB2Yy S | wOf S| ychohdseme33h@6. 12 IA PSS NARAS (2
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Other large possible rearrangements can be identified by simply looking at the colour
order of probes used, such as the single example found in this study being the
rearrangement within chromosome 2 of Chinese quail, by the revergabbkes D, CH261
50C15 andCH261186J5. This clear rearrangement is not shared with any other member of
the galliform group tested, which is interesting in context of both Japanese and Chinese
quail showing that there are further detailed rearrangemenithin the old world quails,
possibly adding evidence into the reclassification of Chinese quail intexttedfactoria
genus away from the general grouping@dturnix(Crowe et al.2006, Christidis &oles
2008)

This method also shows smaller change®s& the chromosomes tested, such as
across chromosome 4, Japanese quail expresses an increase of FLPter scoring for the first
two probes used, a possible shift of DNA around tkegrR of this chromosome, yet returns
to match up with the referenc&.gallus Again, Chinese quail seemingly differs from its
closest relation in this study as this quail instead has identical first two probe positions as
chicken, yet the later four signals score much lower FLPter values possibly indicating a shift
of material tothe Q terminus of the chromosome as the ratio between signals is consistent

across species.

Results demonstrated here show that there is much more going onnitiel macre
chromosomes of the @liformes and should not be neglected for study in favouthef

WY2NB AYGiSNBadGAy3IQ YAONROKNRY232YSa0

It is plausible to relate this methodology of chromosome positioning in the nucleus to
chromosome conformation capturtechnologies such as4di. These capturing
technologies quantify the interactions between elemtg of chromatin that are nearby in
the 3-D space of the nuclei yet may be a vast distances apart on the actual linear genome
(Dostie and Bickmor@012). HiC can be used to detect balanced and unbalanced
chromosome rearrangements, copy number variantd dnes not require thexpenseof
whole genome sequencing to detect these rearrangements at the whole chromosome level
arguablymore useful than at a breakpoint level (Harewo6;17).It would not be correct
to suggest that either method should replacestbther. H-C methodologies are typically
verified and reinforced by FISH studies (Harewa@id 7. HiC methods require extensive
library preparation to perform along with the computational knowledgguired to
perform and interpret. With the now reduan of cost and increased through put of FISH

via multilayer FISH we could suggest that the 3D arrangement of a chromosome of interest
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could be determined by both FISH anddmethodologies rather than FISH used for
verification. This would allow costs be saved for an already established cytogenetics lab
and allow them to get a foothold into the realm of nuclear 3D mapping and cellular

specialisations.

4.4.3 The Chromosome Interphase Plotter

Here is a demonstration that is possible to adapt the mukitaylSH methodology to
give an insight towards the structure and positioning of chromosomes in their de
condensed interphase state. As shown, it is now possible to use this methodology and
attached postmerging analysis to correctly path chromosomes witiininterphase
nucleus to then yield vast amounts of information about the condition of said

chromosomes in its interphase state.

4.4.3.1 Mechanics of the PathFinding Tool

The computational analysis of the path finding tool is currently in the fornastf excel
sheets and formulas which is currently limited to 5 to 8 probes, and only two
chromosomes. The mathematical formulas used seemingly provide an accurate means to
calculate and therefore represent the two chromosomes within the nuclei using &éepro
signals after being given @rdinate details via the user which has been retrieved from
ImageJ. A lengthiyask indeedgconsidering each nucleus has approximately 10/12 probe
signals representing two chromosomes, andingdza O2 dzy i Ol yapd&db@sS SR
justification towards an automated means of performing this task. To apply this further for
other questions, in the event of aneuploidy, or to be more precise polysomy, an increase in
the ploidy of the sample would cause the underlying matheansattb change, currently not
possible in this version of the path finding tool. As an example, a ploidy of 3n for the
chromosome of examination would increase the number of signals from 12 to 18 using a six
probe series, using the initial permutation equati() we would have to compute 729
individual permutations, to be separated into 243 trios. To lower this task with fewer
probes would reduce accuracy and information given to the user so it would become

essential that an automated process to path chraomes be created.
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4.4.3.2 Folding arrangements of chromosomes
Hereit is demonstratedhat there is an observable pattern of chicken macro
chromosome arrangement of which this level is not yet reported. Data aligns with the
proposal that macre&ehromosones exhibit a peripheral territory bias (Habermag@01) yet
here this method reinforces that by indicating that the whole chromosome stays in the
external region yet some terminus located probes tend to either occupy a more central or
more peripheral locdbn as compared to the rest of their chromosome indicating a
WoSYRAYIQ 2NJ I K2NBRSaK2S aKFLIS 6101 G246 NRa
WOdzNIBSaQ ol O1 6 NRa (26FNRa GKS (Sft2YSNB Id 0
findings requiredatato reinforce these trendsas currently there is only a poor means to
calculate the direction of bending involved to determine if there is a tendency to bend
inwards or outwardsn respect to nuclear location. ethodology that requires more
mathematical angossibly probability prediction means to see if there is any significant
patterns of this observable trendviore hypothesisehave been tested using data
obtained in this study from nuclegositioning(hypothesisesested in table4.7). However
due to the lack ofconsistentdata only wealassumptions can be made but nonetheless are

possible avenues for future work.

4.4.3.3 The means to predict an unknown order

Although not tested explicitly, it is possible to give an interpretation on how this
method maybe applied to a sample with unknown metaphase/karyotype and merely rely
on FISH signals shown within an interphase preparation. This changes the underlying
mathematical principles where going from an ordered list of objects to an unordered list,

the formula changes to;
0Qi 600 WoIMEcEioni & A'al

From this equation, repeating above experiments would yield, for 5 probes 3840
permutations compared to 32 and for 6 probes 46,080 permutations as compared to 64
and up b 8 (being the current limit) is 10,321,920 permutations as compared to 256, all far

beyond the capacity of a spreadsheet.

To work in reverse, it would be possible to compare signals seen to determine whether
the chromosome in question is of same propestand therefore order to that of a
reference, in this case chicken. This will negate the need to perform mathematical

calculations as you would apply the known set order of chicken to the unknown sample
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species and statistically determine if the patterms ¢he same, i.e. Length of chromosome
or possibly folding pattern, if there were dramatic changes we could presume the order of
0KS dzyly26y al YL SQa OKNRBY2a2YS Ay ljdsSaildAazy

Regardless, this will require a substankedel of detail and further work beyond the

scope that this thesis provides.

4.4.3.4 Limitations of Interphase studies

The first issue revolves around the fact that interphase nuclei are 3D structures,
flattened down by the process of FISH. This requirasynimages to be taken to get a fair
representation of the structure of the chromosome inside of the cell. Also there is the issue
of the time of fixing of the cell, as all the DNA is in it&dadensed form, there will be
variation between cells of tragsiptional activity at the DNA level causing a possible shift of
physical arrangement as areas are unwrappedoadensed as the cell requires to allow
this mentioned transcriptional level of activity on the DNA for multiple cellular functions.
These poind direct towards variability within the nuclei, and where there is uncontrollable
variability comes questionable conclusions that require changes to methodology to rectify.
Understanding that this is a 2D study to represent a 3D space ultimately red@ces th
usefulness of the trends found within this study, yet acts as a good initial insight into
further way to understand delicate highly organised chromatin struct&gain in
reference to previous, HT methods could be used along side FISH interphasessttali

verify results.

4.5 Conclusion

The multilayer methodology has enabled the easy comparison of intrachromosomal
rearrangements between multiple closely related species showing previously undiscovered
rearrangements that previous studies have failedinal via other méhodologies. Shown
within the Galliform study, the stark similarity between member species of this order is
represented within heir conserved macrochromosomeswever with more specific
fluorescent methodologies (the combination of theultilayer method paired with the
LINEO6S LRAYG LX20a0 &aKz2ga GKEG LINBOAzdzate 2085
O2yaSNIWSRQ OKNERY?24a2 YSigate| Thbseléc@onNdf healifokni S (2 Ay @
2NRSNJ F2NJ KA A addzRé ¢ a foatle mbltdaker methGrklagy Sy | &
to be tested upon, whilst answering previously overlooked arrangements. However as the

success of results shown here, there is plausibility that this approach be applied to other
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species, avian or not, for other unexploredrachromosomal rearrangements. As seen in
the previous chapter, it is plausible that an increase of layers/probes could be applied to
high quality prepared samples. This would allow mordapth studies into specific
chromosomes, or a panel of microchrosmmes, for more precise f@rangements to

further our understanding of phylogenetic divergence as consequence of chromosomal

changes.

The successful adaptation of the multilayer methodology to form an interphase
chromosome point plotter for chromosomal alear arrangement has been an unexpected
outcome of mIFISH. With creationmiiltiple extensive excel sheeitsvas possible to
create a predictive means of assigning probes to chromosomes, then the easy analysis of
said chromosomes within ImageJ/Excetlagect folding arrangements. Due to the nature
of interphase mIFISH, there is an observed higher dropout of individual nuclei as compared
to metaphases (personally found/presumed to be cytoplasmic connective remnants from
the hypotonic isolation of geneatimaterial linking nuclei together more so than metaphase
chromosomes). However as there is an overabundance of interphase nuclei in samples as

compared to metaphases this may not be too drastic of a drawback.

Recommendations for further work in light fsults generated within this chapter are
Fa F2ft26ad [/ dNNBydate Fff WwWazFael NBEQ St SYSyi
sheets agormulas with input from ImageJ. ¥ a more experienced user of ImageJ or a
proficient user of a computer languadl would recommend Java due to craspabilities
with ImageJ and SmartCapture) the generation of a succinct scripfiphwguld allow the

ease of use for further studi€such as hypothesised in table 4.7).

With adaptation into a more computationalitomated system, more advanced
algorithms can be generated that can improve current limitations, such as; increasing the
number of signals upon a single chromosn an increase in ploidy which would be useful
for plant or cancer studies and the aforememtex prediction of an unknown gene order
where many permutations will exist. Applying these piptes towards research in a 3D
nuclei opposed to a randomly positioned flattened 2D nuclei would extraordinarily increase
the potential use of this methodologyVith an extra dimension brings extra-oalinates,
and more mathematical functions.oMever this would allow a reduced number of
interphase to be imaged due to orientation being less of an issue which typically eliminates

many chromosomes for study. Thaultilayer methodology as outlined in the previous
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chapter should be adaptable to a 3D system in terms of multiple layers, but this would

require extensive testing and refinement as 3D imaging hardware is expensive.

Hypothesis

Data used

Outcome

Doeslength of metaphase
chromosomecorrelate to
interphase length?

Distances from each individual
probe point to the next; total
length

Very weak correlation after
correction for not true
terminus locations i.e.
interphase shows true
OKNRY2a2YS SyH
probe point does not equal
start of chromosome

Are the distances between
each point in the same ratio?

Individual probe locations,
therefore distances

Minimal trend, probes do tend
to havesimilar distances
between them but requires
more data such as gtes to

ratify

Is there a consistent intra
chromosomal angle seen
between set probes?

Generation and measurement
2F y3atSa I NBd
angle count =probe coung

Angles seemingly do not folloy
a pattern unless correlated
with their length and
orientation, to reflect solely on
angles will generate
inconsistent conclusions.

Are chromosomes in a set
Wyt SQ gAGKAY

Generation of angle from
centre of mass to probe, using
a false periphery point as
reference to draw angle from.

With no way to preorientate
nuclei, chromosomes
seemingly occupy a random
territory when testing this
hypothesis.

Does nuclei size affect
chromosome length?

Total chromosome length, with
area/perimeter derived from
diameter measurements

Nuclei tend to be a $gange of
sizes and chromosomes tend |
be a set range of sizes, a very
weak positive trend can be se¢
but with very low Rscores,
0.037 for chromosome 5

Does the chromosome occupy
a peripheral territory?

Distance from centre of mass t
each point alonghe
chromosome. Diameter of
nuclei as a scale of 0 to 1.

A rather wide territory region,
yet it is relatively more externa
than internal, occupies outer
50% of the area of the nuclei,
e.g. chromosome 4 averages
from 60% ~75% +20% S.E.M

Are there any paicular points
of the chromosome that
occupy a more peripheral or
internal region?

Distance from centre of mass {
each point along the
chromosome.

Weak indications towards
some points preferring a
G NRIFGA2Y OF dzi
of chromosome as previaly
discussed. Requires means tg
guantify level of bend and
direction of bend to further
determine favourable regions.

Table4.7. Minor hypotheses tested within the interphase study

Various questions that the multilayer methodology could provide data for in
exploration of chromosome arrangement within interphase nuclei. Each hypiethes
indicates what data is used to answer the question gained from the same sample,
the relevant outcome that the data sourced within this study resolves as.
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5.1 The characteristics of DT40

Identifying chromosome aberrations is assential step in tackling questions regarding
genome stability which in turn allows the ability to question other fundamental essential
cellular steps such as correct cellular division, chromosome inheritance, cell death or
inability to initiate cellular dath. As well established, fluorescent probes are vital for the
characterization of the chromosomally erroneous. From humans to farm stock and onto
other species of interest, it is important to characterise chromosomes in the event of
A Y RA @A R dgbrialterfativelindheiefehtof an aberrant cell line.

The use of the DT40 cell line with its ease of genetic manipulability allows it to be used
in a large variety of cellular questions, examples of which include structural analysis of the
BRCA2 gen@Varren et al.2002), sister chromatid exchange mediation (Sonoda et al
1998), infectious viral disease binding (Chi 2018) aoellBeceptor signalling (Yasuda &
Yamamotg2004).

The DT40 cellde is a chicken bursal lymphorimaluced by the avian lewsis virus
(Baba& Humphries, 1984; Bab&985),cellscarry IgM on their surface (BajER85) and
have a disruption in the-myc locus typical of avian leukaosis viral infection. DT40 has
integrated the viral long terminal repeat upstream of the ntygene(Hayward 1981,
Westaway et a] 1984) and is in the same orientation efyc thus causing an increase of
transcription levels (Linigl985). he myec locus is found upon chicken chromosome 2. In
the context of human cancer, the myggoroto-oncogenes persistently expressed in many
cancers and imperative in the formation of Burkit lymphoma as a common chromosomal
translocation between chromosome 8 (location of ryand chromosome 14 causing an

over expression (Finvet988), drawing parallels to thep regulation seen in DT40.

Initially, the DT40 cell line has been known to display a stable karyotype with a trisomy
of chromosome 2 an extra unidentified microchromosme to give a karyotype of 2n=80
(Sonodeet al,, 1998) although further work has idefied variation to this previous
karyotype and a degree of cytogenetic mosaicism (CBabglany 2004). Cheng and
Delany argue that there is variation seen to chromosome number and structure based
upon source of cells and means of growth environment. Hgrge with the trisomy of
chromosome 2 they identify a monosomy fokK N2 Y2 &2 YS n laiRnsist Wn LIQ
that this cytogenetic instability has the probable outcome for inaccurate results and

interpretations using this cell line for investigationsotd recently (Molnér et al2014)
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proposes instead that DT40 has a relatively intact genome and suited as a model cell line
for DNA based investigations attributed to different culture conditions or a stabilisation of

the karyotype.

Chang and Delany usekaryotype approach opposed to Molnar who uses whole
genome shotgun sequencing and single nucleotide polymorphism array hybridisation,
neither using FISH as a means of verification of their findings. As previously discussed
(1.3.4 and in light of the mtible examples of human cancers characterised by
chromosomal aberrations and translocations, it is not sufficient to simply indicate that
there is a loss or gain of genetic material without identifying their location and structure
especially as the uniquess of human cancers are revealed to us and the need for a more
personalised approach. An example of this is the generation of resistant cell lines which
shall beintroduced in the next chapter.hls chapter aims to better characterise the cell
line DT40 wth precise cytogenetic information and the verification of previous claims via

the multilayer FISH technique.

Thus, as per the aim 3 set out in section 1.5, questions aimed to be answered in this

chapter are as follows;

1. How well can we characterise th&' &0 cell line genome, using a get FISH based
device improved with the multilayer method, to detect heterogeneity and novel
chromosome aberrations

2. Inlight of the multilayer method, how well can we compare to old genomic data

and generate a new karyotggdor the DT40 cell line
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5.2 The Multiprobe Chicken device plan

The chromoprobe multiprobe device (Cytocell) with-dréed probes in either FITC,
Texas Red or Aqua spectra allows the simultaneous hybridisation of near every
chromosome of the chickegenome, barring the not yet fully described D group. In this
section, the multilayer methodology was implemented by first hybridising and capturing
metaphases using the multiprobe device as outlined by the manufacturer, then adding the
second layer by irersion of the device onto the same slide and therefore metaphase

preparations. Figuré.1outlines the position and coloration of probes used.
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Figure5.1. Organisation and false colouration of the multiprobe deviemd glass

slide oriertation used in this study

I NBLINBaSyidlraGdAz2y 2F GKS 3Iftlaa O20SN
dried on probe in either FITC (green/Yellow) Texas red (red/purple) or Aqua
spectra(aqua). The boxes containing aqua are all whole chromosonts (@hr. 19
+Z) and the rest are subtelomeric probes. The top left number in each box represe
the first layer, coloured in the previously used way of green/red; and in the bottom
right, is the chromosome probed in the second layer when the device dersinverted
falsely coloured yellow and purple. Note that pairings repeat after 12 boxes to give
same pair yet with inverted probe fluorochrome, in this event the false colouration |
been applied to the colours shown.
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5.3 DT40 FISH results

After successful FISH, images were merged and assigned into 12 paistitrie
symmetrical nature of the device (Figusel), and assigned false coloration to be then
analysed. Analysis includes the identification of chromosome abnormalities, such as

translocations, and chromosome copy numbers.

Chromosome Result Chromosome Result
1 Normal 16 Normal
2 3 Copies 17 Normal
3 Normal 18 Normal
4 Normal 19 Normal
5 Normal 20 Robertsonian translocation
6 Normal 21 Normal
7 Normal;ins/dup(2)(?pter 22 Normal
8 Normal 23 Normal
9 Normal 24 4 Copies
10 Normal 25 Nomal
11 Normal 26 Normal
12 Normal 27 Normal
-1
13 Normal 28 ins(28p)(?macro);
ins(28q)(?micro)
14 Normal z Normal
15 Normal w Normal

Table5.1. Summary of chromosmal aberrations identified via FISH in DT40
Chromosome and associated result from the multilayer FISH strategy,
Chromosomes post 28 have been omitted due to lack of probes currently available

FISH results conclude that there is a trisomy of chicken chromosome 2, the same as
reported in multiple preious studies (Figurg.4). Chromosome 7 appears to be normal,
yet there is a noticeable portion of signal (red) present on another single
macrochromosome (possibly Zq) indicating a possible translocation or duplication of a

short region (Figuré.5).
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Chranosome 20 expresses a single normal copy and a duplicated inverted conjoined
chromosome, possibly representing a Robertsonian fusion on the same chromosome,
which would effetively resemble a trisomy of 2AFigure5.4). Chromosome 24 was seen to
have a tetasomy in all metaphases viewed (Figbr8). Chromosome 28 has seemingly lost
a single copy and the other has undergone a fission event to split and fuseeh@iRus
and presumed arm ta macrochromosome and thetgrminus and presumed associated

arm has fused to a large undistinguishable microchromosome (Fl@je

In reference to the sex chromosomes, the sample was previously reported as a female
expressing a ZW genotype with reports of a subset of ZZW cells present icaibimes
(Wang and Leung002). lere whole chromosome paints reveal a universal ZW genotype
with a fully intact W in every metaphase analyséchage results follow in respect to the

order they were retrieved on the device post FISH analysis (Figure 5.1).

5.3.1 Chromosome 11 and28

Figure5.2. Chicken chromosome 11 and 28 FISH results off40Dmetaphase

Chicken subtelomeric probes hybridised onto a DT40 metaphase; Green 11p, |
11Q, Yellow 28p, Purple 28g. Chromosome 11 presents normally. There has beer
whole chromosome deletion for 28 and the remaining chromatid has split to fuse it§
and g terminuses onto distal ends of macrochromosomes.
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5.3.2 Chromosome 15 and 24

Figure5.3. Chicken chromosomé5 and 24 FISH results on a DT40 metaphase

Chicken subtelomeric probes hybridised onto a DT40 metaphase; Green 15, R
15q, Yellow 24p, Purple 24qg. Chromosome 15 isvaHo be normal whereas
chromosome 24 shows four typical chromosome signals indicating that there are fq
copies of this chromosome.

5.3.3 Chromosome 2, 5, 8 and 20

Figure5.4. Chicken chromosome, 5, 8 and 2-ISH results on a DT40 metaphag

Chicken subtelomeric probes and painybhidised onto a DT40 metaphase; Gree
2 whole chromosome paint, Red 5 whole chromosome paint, Yellow 20p, Purple 2
and Aqua, 8 whole chromosome paint. Chromosome 2 presents as a trisomy, and
copy of chromosome 20 exists as a Robertsonian transtotati
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5.3.4 Chromosome 6, 7, 9 and 19

Figure 5.5Chicken chromosomes, 7, 9 and 1%ISH results on a DT40 metaphas

Chicken subtelomeric probes and paints hybridised onto a DT40 metaphase; G
6 whole chromosome paint, Red 7 whole chromosome paint, Yellow 19p, Purple 1
and agqua 9 wble chromosome paint. Chromosomes all appear normal except for a
insert from chromosome 7 on a single macrochromosome.
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5.4 DT40 karyotype results

5.4.1 The state of metaphases

To karyotype avian metaphases are didifit but albeit possible task with the use of
DAPi and Propidium iodide for complete stain and coverage of all macro and
microchromosomes. Demonstrated here, with the aid of FISH results, multiple metaphases

of good quality were imaged andhalysed via BartType (Digital Sentific UK).

Full chromosome counts were established with all macrochromosomes correctly
identified and the microchromosomes, lacking defining specific features to characterise,
assigned as a collective count. Chromosome count tukds been totalled to average at
79.76 (n=30) with the modal count being 78 at 30% of the total popula@ismepresented
in figure 5.6 and 5.7.

Figure 5.6 An exemplarDT40 metaphasebserved

A typical singular DT40 metaphase spread with 3 interphase nuclei in the perip
The slide is stained with DAPiI (white) and propidium iodide (red) to give a distinct
banding pattern. Note presence of barely detectable microchromosomes and coun
large macrechromosomes in retrospect of FISH results.
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5.4.2 The state of the karyotype

As previously stated, the average chromosome count of th&OXEll line was
calculated at 2n= 79.76 with modal count at 2n=78 representing 30% of the population,
Figure 5.7 shows this breakdown of counts in more detail. Only three metaphases were
above previously reported count of 2n=80 (2n= 81, 48d 131), andhe rest under 80,
there were no metaphases observed with a count of exactly 80 chromosomes. Consistently,
in light of and com@mentary FISH results, observed were three chromosome 2s, four
copies of microchromosome 24s and a monosomy of chromosome figdnis of
macrochromosomes (8), all samples karyotyped and observed via FISH had consistent
macrochromosome counts and featurdowever analysis of the post chromosome 28
group was not possible by FISH, this group was determined by size of chromagitines

akaryotype (Figure 5.6, Figure 5.7 and Figure 5.8).

From karyotype analysis, no clear sutipulations were able to be distinguished. Clear
RAGAAAZ2YA 2F YSGFLKIFasSQa oSNB aSSy gAiK 02YL
of all metaphases analydéhad 2n=78, and other chromosome counts had 4®% of the
population, Figure 5.&nd Figure 5.)/ however due to the nature of microchromosomes
being hard to karyotype it is impossible to identify a shared genome / clonal nature to

these populations.
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Figure5.7. Fullchromosome count ad frequency for karyotyped DT40

metaphases

DT40 metaphases karyotyped via staining with DAPi and Propidium lodide usir
SmartType (Digital Scientific) software for analysis.

A) Chromosome counts for individual metaphases. No@nghallusN=78 is
highlighted in the black horizontal dotted line with individual metaphase chromosonm
counts from the DT40 cell line being shown

B) Frequency of total metaphases grouped by chromosome count of
aforementioned karyotyped DT40 metaphases.
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5.4.3 The State of heterogeneity and microchromosomes

Within the population of DT40 cells investigated, there are somewhat conflicting
results in terms of heterogeneity. In light of FISH results, there wavidence of
alternating chromosome state/morphology orcall to cell basisall signals seen were
consistent with one another across all metaphases. The multilayer approach allowed
singular cells to be investigated further with use of the chromoprobedeiverted to gain
a better observational depth on a single cell level which identified no chromosomal
deviations. However, within the analysis of metaphases via karyotyping there is an
observable range of chromosomal counts present throughout the pojaulathus
indicating some plausible degree of heterogeneity. With the macrochromosomes being
consistent in number and features, the heterogeneity displayed must resolve in the

microchromosomes.

The microchromosomes vary in number from sample to sampbeghier during FISH
analysis there was no observed variation of microchromosomes probed. In respect to both
methodologies, the heterogeneity seen within the DT40 cell line must be concluded to arise
from variation within the smallest of the microchromosom2$;35. To predict the
behaviour and possible aberration features these chromosomes possess is not within
capabilities of this study, as currently consistent BAC probes for these chromosomes are

not available for this style of testing.

5.4.4 Final cytogenetic assignment

HY X F TyZX ¥%23%
+2,+24,+2428, rob(20;20)(p;p), ins(7,?macro ), ins(28p;?macro), ins(28g,?macro)
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5.5 Discussion

Using the multilayer methodology with a high quality chromoprobe device has allowed
the formulation of a new karyotypena further classification of previously identified
mutations (Sonodat al.,1998, Chang:. Delany 2004, Molnar et aR014). These previous
reports have correctly identified the majority of aberrations seen within this study, asich
the trisomy of chromsome 2. ldwever these reports lack depth and precise description of

these malformations seen as a result of their methodologies.

Results here are consistent with the abewentioned chromosome 2 trisomy and the
tetrasomy in chromosome 24. Molnar correcitientifies the effective trisomy 20 present
within the cell line, yet FISH results further details this by indication that this is due to one
Y2NXIE wn YR I w20SNIaz2yAly GNIyatz20FGA2Yy A
rob(20;20)(p;p). This immediatedyands out as a downfall of virtual genotyping where
important chromosomal aberrations such as this are missed which may have been of
importance of the characteristics of the DT40 cell .lBepresuming a trisomy of
chromosome 20, it would have also infed an incorrect assignment of
microchromosomes to then not be reflected in the total chromosome number seen.
Furthermore, in reference to previous studies, multiple previously reported aberrations
were not observed. Chromosome aberrations not seen withis study were the trisomy

2F OKNRBY242YS mnz (KS %%?2 aSE OKNRBY2a2YS &I N

With very little heterogeneity previously reported, barring the ZZW/4p variants,
somewhat interestingly this study has eluded that thereyrba an underlying variation as
highlighted by karyotype results within the microchromosomes. With this inconsistency
observed in total chromosome count, with constant macrochromosome count/assignment,
the smallest microchromosomes must be culprit for fhii'enomenon as mentioned in

section 5.4.3.

Results obtained may be specific to the DT40 cell line studied here, it is plausible that
other laboratories have had various derivative clones used instead, which may possess the
chromosomalariants. This hasden well documented as seen in karyotypic heterogeneity
(Worton 1978) and functional heterogeneity (Davies, 2013) in CHO cells to give rise to
useful functional variantddowever, variants may not give rise to useful sub clones and
instead cause mass vati@n in cellular cultures used across laboratories to affect

transcriptome, proteome and phenotypic responses of cells. This has been found within
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Hela cells taken from 13 international laboratories implicating proving evidence towards

this reproducibilityissue (Liu, 2019With heterogeneity brings variation and therefore an

inability to reliably replicate results, this causes questioning into the findings obtained from

cultured cells. It would be expected if DT40 cell lines that have undergone mangsuece

passages from other laboratories or stocks to have somewhat of a heterogenic element,

0dzi K26 GKA& AYLIX AOIGSa dzllry SELINBaarzy 2F

explored via multomic studies.

Karyotyping microchromosomes is an ardupuscess in a typical avian organism, let
alone with an aberrated cell linsp this must be taken into consideration when
referencing karyotypic conclusions. The complete deletion of the microchromosomes is
somewhat hard to use as a valid conclusion &suits seen due to the high gene density
observed within these microchromosom@urt, 2005; Smith, 20000t is entirely plausible
that these microchromosomes have instead of being lost in deletion events, have
undergone fusion/translocation events withe larger macrochromosomes which would
not be detected within the confines of this study. One must reflect on methodology used
and if results presented here are in fact artefacts caused by the&gping method and
user error. Knceforth are alternativeto the methodology that could be used in future

studies when other obstacles have been overcome.

l'a YSYGiGA2ySR GKS 101 2F NBfAIoftS LINPOoSa a
prevents usage in the typical multilayer FISH way of incrementakgrob chromosomes
of interest. With access to these probes, it would be entirely possible towiteg probe
along the macrochromosomes, in a similar fashion to seecti@r® to question the
hypothesis of microchromosomes fused to alternative larger clusmmes. The use of the
chromoprobe device clearly aided in speed and reliability of results when testing this large
quantity of chromosomes yet it also acts somewhat as a limiting factor. Indeed, the
reversal of the device does cause a repetition of prpagings across the device, however
this is somewhat beneficial as it effectively doubles up the quantity of metaphases able to
be analysed which relates to the study of heterogeneity. The use of custom devices would
understandably increase the usefulnedghe multilayer technique here as it could be
designed with more layers in mind to deepen the resolution in regards to the cell by cell
approach this method currently provides. However, this is entirely possible if the user has

access to a large panel pfobes that detail every locus within the chicken genome that the
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device becomes redundant and even wasteful if only specific chromosomes are required

for investigation.

On the oncogenic properties of aberrations detailed, it is understood that the Balk0
line has metastatic properties, as is able to form distal tumours in immunosupressed chicks,
so there must be a degree of tumorigenic mutatmmderegulatiorwithin ontogenetic
promoting/suppressing factonegarding cell regulation, prevention of @ptosis and
metastatic capabilities. The profmncogenemyccis found on chromosome 2 of the
chicken, with similar functionality as human of the regulation of approximately 15% of all
genes(Gearheart et al., 2007and unsurprisingly the DT40 cell lingeesses chromosome
2 in triplicate, possibly increasing the dosage of this regulator to have tumorigenic
properties. Commonly in ALV induced tumours, there is an association with the hybrid
oncogenic protein gagiyc(Watson et al., 1983; Chesters et 2001; Law et al., 2001Jo
correctly determine genome aberration as the causative reason fongayg such as
translocation/viral insertion onto thenyccreading frame, within the three copies of
chromosome 2 an incremental BAC approach along the tymigac region could be

performed to detect malformations.

5.6 Conclusion

As current reagents and equipment are limiting factors to provide a concise valid final
cytogenetic assignment of the DT40 cell line; ultimately, the refinement and identification
of aberrations, along with a modern interpretation of its karyotype via the multilayer
0§SOKYAIldzS KIFIa AYLNROSR (KS OdzZNNByd dzy RSNEUGI Y
microchromosome grouf®29-38)still eludes us and such this study is limiteds$rscope of
a complete characterisation of DT40, yet this can easily be incorporated into the multilayer
methodology at a later time. Nevertheless, this study has shown that DT40 is a rather
reliable stable model cell line and should be of further usth#scientific community not
only for its capability for easy genetic manipulation of DNA integration ratio but for

oncogenic studies as well.

One interesting avenue would be the possible oncogenic properties of aberrations
identified, such as the tetrasay of chromosome 24 and the effects of that dosage level on
cellular function, or the differences a trisomy compared to a structural trisomy as seen
within this cell line in regards to chromosome 20 where dosages of gene products might be

near identical. @erall, this methodology has given new insights into the cytogenetic
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makeup of the DT40 cell line and new questions can be asked about how these specific

aberrations attribute to its oncogenicity.

Use of the multilayer methodology has allowed easy amalysthis cell line and the
generation of a new updated karyotype. Furthermates methodology has clear
capabilities to classify cancer cell lines which may exhibit a wider variety ofumtcur
heterogeneity, such as in the example of cytotoxic degistances which is a topic of

substantial research in human cancers.
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6. Cytogenetic assignment of resistant neuroblastomas

by chromosomal aberration detection (Specific aim 4)

6.1 Cancer cytogenetic studies thus far

6.1.1 Cancer aberrations

It has been well known and discussed, that tumour cells exhibit chromosomal
aberrations (Solomon et al., 1991) Error such as aneuploidy or an increase in ploidy number
has the consequences of an imbalanced dosage of genes, such as a gain of onoogenes
decrease/loss afumour suppressor gengS$avage, 19995ee sectiod.1.4and1.3.2.3for

more information.

Chromosomal aberrations increase the tendency to form particular types of
malignancies, as they could cause the deregulation of genes tsdhe basis of the
progression of a normal cell into a cancerous cell. This theme has been greatly explored
(Mitelman, 2005Van Genget al., 2001). As an example, chromosomal aberrations events
could give rise to a repositioning of an oncogene withinrggulatory parameters of
another gene, such as in the case of the famous Philadelphia chromosome. The
Philadelphia chromosome, a translocation between chromosome 9 and 22,
1(9;22)(q34;q11), results in the fusion protein BEBL to cause the uncontrolled
replication of the cell and its genome leading onto a cancerous cell, found in chronic
myeloid leukaemia, (Shtep& BenYehuda, 2001) aniehatinibresistantled I SYA I Q&
(Talpaz et al2006) Other examples include large scale deletions, as in a ty@inakc
25% of the genome is thought to be affected by devel deletion eventsBeroukhim et
al., 2010) The deletion of large segments of chromosomekaailise a loss of
hetrozygositythe genes contained in the lost segments are deleted hemizygoustyncpa
shift in cellular product dosag®¢ng, 2001Solimini et al., 2012 This loss of hetrozygosity
may not directly infer a oncogenesis event, yet may contribute to the malignant
phenotype of an already cancerous d€lbx et al., 2005; Bignell et,&010, an example of
which can be described by deletion of 8p. The short arm of chromosome 8 is a common
aberration found within cancers originating from epithelial tissue such as breast cancers
and is linked to poor prognosf¥arernko et al., 1995; hek et al., 2015)The loss of
hetrozygosity disrupts the dosage of genes that negatively regulate cell growth (possible

tumour suppressor genes), exaraplof which are MTUS1 and TUGSB®] also essential
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genes that pranote cell growth, CLU and PTK2B (Tes&eisdedos & Rubenstein, 2009;
Solimini et al., 2012With the loss of positive and negative genes associated with cell
proliferation is presumed to balance one another out, no change in tumorigenic
transformation. However, the loss of hetrozygositydaherefore the allelic loss of other 8p
genesgiverise to a shift in lipid metabolism to increase metastatic potential and resistant
to hypoxic conditions, further promoting the survival of these cancerous (€iset al.,
2016)

6.1.2 Neuroblastoma

Neuroblastoma is classified as a type of cancer that originates from immature nervous
tissue, neuroblasts, typically in the adrenal glands but can also be found in the neck chest
or spinal cordNeuroblastoma is the most common cancer in newborns and thé thiost
prevalent in childrer{Maris et al., 2007)The direct cause of neuroblastoma is viewed to be
caused by genetic mutations inherited or present during development and birth, compared
to causes such as environmental tumorigenic events. Key geneiongand aberrations
have been identified thus far as possible causes or contributing factors towards the
development of neuroblastoma, such as in anaplastic lymphoma kinase {Ads€g(et al.,
2008, KIF1B, amplification of the MYCN oncogdredeur etal., 1984) duplicated
segments of the LMO1 gen#/ang et al., 2011and copy number variation of the NBPF10
gene Diskin, 2009)

Via arraybased virtual karyotypingséction 1.1.5.%4 neuroblastoma tumours of
differing lethality governed by survival rat could be assessddanoueixd_erosey et al.,
2009) Tumours which show whole chromosome copy number variants are correlated with
high survival rates, a segmented chromosome copy number changes decrease survival and
the worst survival rates correlate vitkey aberrations such as MYCN amplification and

specific chromosomal arm deletiorigichels et al., 2006).

Cancerous cell lines habeen experimentally used to generatesistances to currently
used cytotoxic drugi order to identify mechanisms of resance, sensitivity to other
drugs and biomarkers specific the acquired drug resistang®omingeDomenech et al.,
2012; Zahreddine et al., 2014; Gollneragt 2017). Examples of findingecific to
neuroblastomanclude the generations of sdimeswhich have gained resistance to MDM2
inhibitors, foundto be results of p53 mutation@vichaelis et al., 201Michaelis et al.,

2012a). More so, mechanisms behind varied drug resistances fod#eNB-3 cell line
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(section 2.1.2.3has been documented abgside key chromosome aberrations fouvid

karyotyping and SKKotchetkov., 2005; Michaelis et al., 2012b)h more infomation to
resistance mechanisn@d aberrations as compared to the closely relat#¢FNB-2 and
UKFNB4 cell linegKotchetkov, 208; Bedrnicek et al., 2005).

6.1.3 Cancer cytogenetics of past and present

The use of G or R banding techniques was soon seqeddty the rise of
fluorescencebased hybridisation techniques such as FISIH)$t{Jentsch et al., 2001),
spectral karyotypingSKY) (Liyanage et al., 1996), comparative genomic hybridisation (CGH)
(Kallioniemi et al., 1992) and arr&GH (seeectionl.1.5for details on these methods).
The arrival of high throughput methods, commonly known as next generation sequencing,
allowedwhole genomes to be sequencedadrjuick inexpensiveand automated process in
vast parallel quantitiesGrada & Weinbrecht, 2013However, over the past 20 years that
these techniques have been available, they have not gained popularity due to their

extensive labour requirements$jigh runningcosts and somewhat vague results produced

C20dzaSa UGdNYySR (2 (KS WTdzyOdAaz2yltQ aLsSoua

were in finding answers to medical problems due to the mutations within gesueh, as
inherited disease conditiond&iCheong & McGrath, 2011 )nitially, exome studies could
only be carried out on few samples due constraints of the quantity of data that could be
obtained(T.Sj6blq et al,, 2006) yet from this specific gene cadalies were proposed to
focus on based upon identified cancer mechanisms and possible targets for therapy
(Greenmaret al,, 2007) Improvements accumulated over time via increased knowledge,
computational power increases and falling costsallow high nunbers of cancer genomes
to be sequenced to genome level, expression of gemanscriptome level(Maher et al.,
2009) ancexome levell(ey et al., 2008) As of current it is possible via uHnégh

throughput sequencing that hundreds of thousands of sk®gan be run in parallel
(Tucker et al., 2009nd has allowed the sequencing of an entire human genome within a

day (Straiton et al., 2019)

However, even with technological advances, it has become more apparent that the
data obtained from the analysef the tumour as a unanimous population, can only draw
limited conclusions due to the intrmour genetic heterogeneityNavin et al2011) .An
example of which, in order to define copy number variants of a cancer line, it is made
difficult by the unknowrievel of ploidy caused by probable multiple numerical and

structural chromosome abnormalities presg@torchova. & Pellmar2004; Storchovak
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Kuffer,2008). Alongside this difficulty, the heterogeneous population could cause a shift
towards an ongoing dzo Of 2y I £ WA LISOA I (A 2 y-pubtidisyhaty G KS 3

da'y

could become phenotypically distinct from the original tum¢Neavinet al, 201G Navin et

al. 2011) gee sectiorl.3.4). The arrent methodsusedto combat this problenare array
CGHlyng et al. 2008) or via single cell sequenciiayin et al. 201}l are not as useful of

a strategy as once thought to be in orderfully characterise the cancgenome

(International Cancer Genome Consortium, 2018)th NGS, the analysis is needed&

at a great depth in order to correctly identify translocations or alternatively by using other
techniques to prdadentify translocationsAllen et al., 2014)currently FISH remains the

best candidate in terms of cost and ease to identify the overatimosomal
divergence/structureand to correctly assess the level of heterogeneity within the sample.
FISH will always be limited in its resolution and inability to detect single point mutations or
polymorphisms between samples where NGS will always ouwtparin this regard. The use

of either method must be trialed against the primary research target, for a now quick
relatively inexpensive cytogenetic analysis on the state of the chromosomes multilayer FISH
shall exceed. Opposed to a potentially highly garesmethodology that allows

identification of base ledeabberations.

With the increase of data obtained via NGS coupled with falling costs, it is an attractive
model for researchers as it could be argued that the technical expertise and cost of FISH
based genomics is offutting. However by increasing throughput of FISH and lowering the
overall cost it could be seen as a useful tool to counter the shortcomings of NGS methods
YSYGA2ySR LINBGA2dzafed ¢ KS dza S 2ffatignbdS OA FA O
chromosome number, rearrangements, and complex aberrations such as multiple or
balanced translocations or centromere abnormalities. The current downside to a FISH
based approach is the limited analysis few fluorophores cawigean one single
experiment (Hasty & Montagna, 201#lodern FISH methodologies have been tried
successfully, such as the use of alternative fluorophore ratios tied to specific BACs to
increase the number of alternative colours seen, a strategy borrowed freRiSW, to
detect aneuploidy in large quantities. These experiments called for a strategy to detect the
full 24 chromosomes via FISH in order to aid clinical diagnosis in a cost effective and
reliable mannerlpannou et al., 2011 As described in this thesis thesauiss of cost,
labour intensively and accuracy of results can be overcome by the multilayer methodology
allowing FISH to be a worthwhile and comparable methodology compared to NGS used

commonplace today.
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We are presented with two main problems that multilaydSH may be a useful
methodology to explore, the possibility of detecting the level of heterogeneity in cancer
cell lines, and detecting unknown chromosomal aberrations that may be hidden by
traditional sequencing techniques which may bring about newogeaic properties or
resistances to specific therapeutic agents. The neuroblastonhéireeis an ideal model to
use;as already established derivative resistant populations eXaile 2.} with
chromosome aberration identification performed using cieakhybridisation based

techniques.

The objectives aimed to be answered in this chapter are as follows and to achieve

thesis aim 4:
Via use of the multilayer FISH strategy

0 As®ss the heterogeneitgnd inheritance of neuroblastoma cell line (the
UKFNB-3) and derivative resistant lines

0 Highlight key chromosomal aberrations that could possibly infer a means to
detect or cause resistance in subpopulations

0 Assign the neuroblastoma cell lines a cytogenetic notation in reference of

all results seen

6.1.4 Method of Multilayer probe groups

¢2 O02@SNI Fff KdzYly OKNRY242Y84a oAlGK G S
2NJ WAINRAzZLIAQ a4 LIR2aaArAoftsS (2 AYyONBIasS GKS OKLEy
variants, an proficient methodology was requireThe resources used in this chapter
were composed of a varied selection of commercially available probes, in an assortment of
fluorophores and classification8.(Appendix (Cytocell) arranged in a way to not overlap in

fluorophore signal to be consistewithin the multilayer process
To summarise the overall methodology requirements, in order of importance;

1. To follow the standard 2 colour FISH with sequential layers, the protocol
established irsection 3.4of this thesis

2. To have minimal panels/groups

3. To have the ability to identify a wide spread of, if not all, chromosomes as

experimentally possible
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With being limited to six unique layers for a single round of mIFISH, the requirement
would be at least 4 differing panels to encompass at least a singkeeam each unique
chromosome. This was reduced by the use of commercial probes that consist of multiple
targets that could be analysed during the mergjmgcess to identify chromosomesnA
example of this is the 1/5/19 alpha satellite probe (Tah® which consists of three FITC
probes at differing concentrations, thus allowing the identification based upon probe
intensity postFISH. Likewise it is possible to combine colours in layers such as in the
example of chromosome 3, 6 and 14 in panel 2 (Tal@e Chromosome 3 can be
identified using the chromosome paint in FITC, alongside the IGH / CCND3 Translocation
Dual fusion probe set which identifies 14932.33 in Texas Red and 6p21 in FITC. One would
predict a normal result to be easily to differentidietween a paint signal and a specific
location signal in the same colour therefore albedifferentiate the chromosomes.mA
inability to do this would signify there is a degree of chromosomal abnormality, a

significant finding and the aim of these expeents.

Fal
Chromosome Identifier aise Label + Loci
Colour
1 00FF00 FITC 1p11-411.1
5 1/5/19 A. Satellite FFFFOO FITC 5p11-f§11.1
19 OOEEFF FITC 19p11:411.1
FITC 2p23:p23.1
2 ALK Breakapart
TX 2p23.223.1
8 A Satellite TX 8p1l.4gll.1
10 A Satellite FFAAOO FITC 10pl1l1-g411.1
12 A Satellite. FFFFFF| FITC 12p11-§11.1
18 A. Satellite TX 18p11.411.1

Table 6.1. Rvbes selected for group 1 panel analysis for the UXE-3 lines
H.sapiengrobes are shown here with chromosome assignment and specific
associated loci. Cytocell product identifier is shown to give an indication towards th
intended purpose of these prodts; each probe has been assigned a false colour us

in the multilayer process.
The order of FISH was as follows; 1) 1/8/Satellite + 18\-Satellite 2) ALK
Breakapart + 10A-Satellite 3) \-Satellite + 1A-Satellite.
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Chromosome Identifier Faise Label + Loci
Colour
3 Paint O00FFO00 FITC Paint
4 A. Satellite FFFFOO] TXplll-gql1.1
6 . . FITC 14932.33
14 IGH / CCND3 Translocation Dual fu&% TX 6p21
11 A Satellite. FFFFFH FITC 11pl1-411.1
16 [ . Ci 0/ .C. 0kKa FITC 16p13.1
FFAAO00 Tx 16022
22 IGL Breakapart FITC 22q11.23
Tx 22q11.2

Table 6.2. Probes selected fgroup 2 panel analysis for the UK¥B-3 lines
H.sapiengrobes are shown here with chromosome assignment and specific
associated loci. Cytocell product identifier is shown to give an indication towards th
intended purpose of these products; each probe haen assigned a false colour useq
in the multilayer process.
The order of FISH was as follows; 1) 3 Paint + IGH/CCND3 translocation d
fusion 2) 4A-Satellite + IGL Breakapart 3)CBFB/MYH11A Stellite.

Chromosome Identifier False Label + Loci
Colour

9 A. Satellite 00OFFO0| FITC9p11.19qg11.1
FITC 13934

13 D13S25 Deletion
Tx 13914.3

15 A Satellite FITC 15p11-4411.1

17 Classical Sat. Blue 17p11.4911.1

FITC 21Q22:22.3

TMPRSSERG Deletion/

21 Breakpoint

FFAAO TX 21Q22-22.3

FFFFFR AQUA 210Q22.1822.2

X A. Satellite TX Xpl1411.1

Table 6.3. Probes selected for group 3 panel analysis for the-NRBB lines
H.sapiengrobes are shown here with chromosome assignment and specific
associated loci. Cytocell product identifisrshown to give an indication towards the
intended purpose of these products; each probe has been assigned a false colour
in the multilayer process.
The order of FISH is as follows; B-Satellite + 17 Classical Sat 2)XSatellite
+ D13S25 Delien, 3) TMPRSS2/ERG Deletion/BreakpoinfiS4tellite.
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6.2 Metaphase analysis

Attempts to consistently fully karyotype théKFNB-3 cell line were unsuccsful
oOyxcnuX LI NIGAFE 1FNR2GeLISa 6SNB LkRaaroftS | yR
chromosomal aberrations and a degree of instability between individual nuclei of the same
sample/cell line. ThEIKFNB-3 Parental cell lin€Parentalland theUK~NB-3 rVincristine
(rVincristine)line both had near normal chromosome counts in respect to total
chromosome count, parental average ranget4g§n=22), rVincristine average ranget48
(n=24), whereat)KFNB-3 rCisplatin(rCisplatin)did not show any commmality or
consistetn@ A GK NBadz Ga 2y | @dSNIF IS O2dzyia FNRBY pr

Figure 6.1. Metaphase spreads for all the UKB-3 Cell lines used

A) NormaH.sapiensnale 46<2n>XY used as a control in this study. B) Parental
NB-3 cell line. C) UKRB-3 rCisplatin metaphasD) UKINB-3 rVincristine metaphase.
All metaphases were stained with DAPI (white), and immediately imaged; the scalg
Ay SIOK AYIF3IS Aa NBLINBaSyalrdiAxAdS 2F wmj
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6.3 Multilayer FISH results

Multilayered FISH was performed on the three neuroblastoma cell lines alongside a
control healthy human metaphase preparation by the standard multilayethodology
using the probes detailed previously in tab&4, 6.2 and 6.3After imaging, layers were
merged and probe signals given false colouration to allow identification of abnormalities on
individual metaphases across the four populations. Reqflthese are detailed in the
following sections as tables of frequency of aberrations, metaphase representatives of cells
from each cell line along side normal human metaphases and a hypothesised phylogenetic

tree. As the control sample displayed no almalities, it has been excluded from some

result figures.

6.3.1 Probe panel one results

Aberration Parental rCisplatin rVincristine
Frequency (%) Frequency (%) Frequency (%)
+1 - 16.67 -
+1,+1 - 11.11 -
-1 89.29 16.67 -
+der 1, 1/2/18 100.00 - -
+der 1, 1/2 - - 100.00

+der 1, 1/18 - 94.44 -

+2 - 38.89 -

+2,+2 - 27.78 -
+2,+2,+2,+2 +2 +2 - 5.56 -

-2 3.57 5.56 15.38
+5 - - 7.69

-5 14.29 44.44 7.69
+8 3.57 45.45 -

+8,+8 - 18.18 -

-8 32.14 - -
+10 - 41.18 -
-10 10.71 11.76 -
+12 53.57 36.36 -
-12 7.14 18.18 -
-18 100.00 94.44 100.00

-18,18 - 5.56 -
+19 - 16.67 -

-19 28.57 33.33 23.08

-19,19 - 5.56 -

normal46 HY B - |,
abnormality was not found within this cell line.

Table 6.4. Probe panel 1 aberration frequency across all cell lines.
Displayed is the |t of individuals of the given cell line population that expresse
particular aberration as compared to the total number of nuclei examined for that c
line in this probe panel. Aberrations are identified and classified as if ranked agains
38y208LIS Ay WYRAKGSAT (GL {1
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expressed abnormalities, and therefore geater a list of subpopulations that exist within
the sample population as a whole. Results thus far indicate that there is a clear mixture of
subpopulations within each sample indicating a heterogeneous nature of each cell line.
From this, modal (or most fgeient) genotypes of these subpopulations were chosen to

represent the state of the individual cell lines and are as follows.

6.3.1.1 Modal Parental
Within the parental cell line in context of results from panel 1, the most abundant

genotype (and will be &htified as Par.1A) was as follows (32% of sample population);
Par.1A =-1, +der(1)dup(1;2)(pter;p23.1 -23.2)t(1,18)(p?;pl11.1), +12,-18

6.3.1.2 Modal rVincristine
The rVincristine cell line, the most abundant genotype (rVin.1A) was as follows (62% of

samplepopulation);
rVin.1A = +der(1) dup(1,2)(pter;p23.1 -23.2),-18

6.3.1.3 Average rCisplatin
rCisplatin did not show any evidence for a modal genotype, as all metaphases analysed
had a unique aberration profile, i.e. no two metaphases were the same. In fighisopthe

most abundant aberration (modal aberration) for individual chromosomes is selected to

NBLINBASY( (KSasHohovsRl £t Q ONJ Aadwm
rCis. > = +der(1)i(1,18)(p?:p11.1),+2,+8 -18

6.3.1.4 Derivative chromosome 1

A noticeable conserved chromosome aberration is a presumed chromosome 1 with a
double parm translocation with 18p11.1 (red) and chromosome 2pZ3 P (purplépink)
in the parental cell line (Figu&3, top right/ 100% of sample metaphases). Surprisingly,
both resistant lines seemingly express a similar derivative chromosome 1 yet with only one
of the translocations seen as in the parental line (FiguBbottom left, bottom right.
FLpter analysis was performed to investigate the similarities or differences between these
chromosomes to assess a possible means of inheritance or spamtamutation in each

cell line (Figure 6.2).

170

RA

a



A) Derivative Chromosome 1 Probe Point Pl
0.3 } " } }
0.4
0.5 A\
o
o
306
E \ ——PARENTA
707 =—rCIS 1
\I\ —1VIN 1
0.8
0.9
1
1p11.2q11.1Q 18p11.1q11.1@ 2p23.2p23.1@Q Total LengthProbe Assignment
B) Parental rCisplatin |rvincristine
Q N N
@
a
-
@
— @
\_/ \_/ \_/

Figure 6.2Probe point plotshowing derivative chromosome 1 for NB3

parental/rCisplatin/rVincristine FLpter scores and corresuding chromosome

schematic

A) Probe position measured as FLpter values and averaged across all metaphd
obtained using probes from panel 1 (talfiel).

B) Generated schematic chromosomes for each cell line by using metaphase H
data generated. Pasbn of coloured band corresponds directly to FLpter scores
generated and colour corresponding to assigned probe. Not a true representative ¢
actual length of chromosome, only relative distance along the chromosome from th
terminus.
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Parental rCisplatin rVincristine
Probe ID (FLpter) (FLgter) (FLpter)
1 0.45958+ 0.52774+ 0.48424+
1p11.2ql11.1 0.0085 0.0197 0.00997
0.68195+ 0.75913+
0.0073 0.0192 )
0.89553+ 0.87177+
0.0057 i 0.0175
Distance between sigals
(% of total length)
22.237+ 23.138+
U 1578 3.889 )
43.595+ 38.754+
1to2 1.421 ; 2.743

Table6.5. FLpterscores for derivative chromosome 1 within; NB3 parental/

rCisplatin / rVincristine, with relative distances between signals.

Rows 24, the associated FLpter scores for the position of the indicated probes
found on the derivative chromosome 1 conserve@ath cell line. Error is given as
S.E.M.

Rows56, the distance between the probes as a fraction of total chromosome
f SYyad3dK NBO2NRSR® QNNEKRIA & SAAABEKY (I & K¢
signified cell line at that specific probe lo@ati

Figure6.2indicates that the parental and rVincristine have identical FLpter scores for
their similar probe locations, whereas rCisplatin has aicéidn in both centromere
location and its paired probe location in reference to the parental. Alternatively, assessing
the relative chromosomal distance between the centromere location and the 18p signal, an
identical distance is noted between the parehtand rCisplatin (Tab&5), this is also
shown by equal gradients on the probe point plot (Figu® generated from FISH results

as seen in Figure 6.3.
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6.3.1.5 Proposed Phylogenetic Principles of classification.

It is possible to use the resalbf the FISH panels to deduce a feasible hypothesis of
phylogeny within the cell line populations between suipulations, and if sufficient,
RSGSO0G LIaarofS RAGSNESYOS LRaAiAbtAaz2ya F2N GKS
FTAL Y2 RI&eng, pihdiplesdflust be rationalised in order to fit this differing model of
evolution. The rules that will be obeyed to generate the phylogenetic tfeiegire 6.4,

Figure 6.6 and Figure 6.8)this study are as follows;

I.  Assume there is no changeselection pressure since initial cell line divergence
i. 4EAOAAZI OAh OOADPI BDOI AOETT AAOT AAT AA EO
i. New subpopulations with lower abundance are products of more
recent mutative events.
ii. New genotypes should not ogbmpete old genotypessahere is

no new ecological niche to fill.

n. 11 AAOGEAOCEI T O A&OiI i OEA OPOI CAT EOI 068 OEI (
smaller abundance.
nm. 4eA 17106060 APPOI POEAOA PEUI T CAT AOEA PAOExAL

CAT 1T OUPAOS O £EEI I 8
i.  Assume singlehromosome malformation events would cause these to be
filled and not be removed from the population as per initial assumption.
IV.  Those cells which generate namable chromosomal aberrations shall not survive
to metaphase stage, and therefore will not bbla to generate any further

diverged subpopulations. These shall not be incorporated into the best fit model.

These principles can allow a mixed population of varying genotypes to comprise
subpopulations that can be linked by single chromosomal mutati@mts, with reference

to subpopulation abundance.
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Figure 6.3. Merged multilayer FISH images of Human and three NB3 cell lines

panel 1

A) NormaH.sapiensnale 46<2n>XY B) Parental NB3 (Par.1A).C) NB3 rCisplati
(Cis.1v). D) NB3 rVincristine (rVin.1A). All metaphases were stained with DA®; (B
GKS a0FtS o0FNJAY SFEOK AYF3IS A& NBLINB:
the determined chromosome seen as represented by the false colour signal (Table
size of signal is not indicative of strength of signal.
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6.3.2 Probe panel two results

Aberration Parental rCisplatin rvincristine
Frequency (%) | Frequency (%) | Frequency (%)
+3 7.69 4,76 -
+3,+3 - 4,76 -
-3 - 19.05 9.09
3t(3;?) - 90.48 -
31(3;?),3t(3;?) - 4,76 -
Del (3q) - - 9.09
+4 - 45.00 9.09
+4,+4 7.69 15.00 -
-4 15.38 15.00 18.18
Der(4)Del(49?) i 25 00 i
t(4;110r16)(p;p11.brp13.1)
Del 4(qTer) - - 9.09
Del 4(qTer),Del 4(qTer) - - 9.09
+6 - 4.76 -
-6 - 19.05 -
-11 7.69 20.00 -
-11,-11 - 13.33 -
Der(11)t(11;6)(p;p22) - 85.71 -
Dup(11Q) - 66.67 -
Dup(11Q), Dup(11Q), Dup(11Q) - 13.33 -
+14 - 61.90 -
-14 7.69 14.29 -
+16 - 13.33 -
-16 - 20.00 18.18
-16,16 - 6.67 9.09
t(16;macro?)(q2%) 76.92 60.00 -
t(16;macro?)(q22;p), t(16;macro?)(q22;j 7.69 33.33 -
Del(16p) - 13.33 -
Del(16q) - 13.33 -
-22 - 57.14 9.09
-22:22 - 14.29 -
Der(22)t(22;16)(q;922) - 55.56 -
Dup(22)(22;macro?)(ql1.23;p?), i 88.89 i
Dup(22)(22;macro?)(qll1.23;p?) '
Dup(22)(22;macro?)(ql11.23;p?),
Dup(22)(22;macro?)(ql11.23;p?), - 11.11 -

Dup(22)(22;macro?)(q11.23;p?)

Table 6.6. Probe panel 2 aberration frequency across all cell lines.

Displayed is the level of individuals of theegi cell line population that expresses
particular aberration as compared to the total number of nuclei examined for that c
line in probe panel 2 Aberrations are identified and classified as if ranked against i
normal 46<2n>XY genotype as a resultdf { |

abnormality was not found within this cell line.

NBW 2 i 1A bS & ! G R
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FISH results from panel tWdable 6.6, Figure 6.5)ikewise to the first panel, indicated
towards a presence of subpopulations defined by choeome features with varying levels
of abundances. Genotypes of these subpopulations were chosen to represent the state of

the individual cell lines and are as follows.

6.3.2.1 Modal Parental
Within the parental cell line in context of results from paneih2 most abundant

genotype (and will be identified as Par.2A) was as follows (53% of sample population);
Par.ZA = t(16;macro?)(q22,p?),-11

6.3.2.2 Modal rVincristine
The rVincristine cell line, the most abundant genotype (rVin.2A) was as follows (27% of

sample population);
rvin.2A = +3

6.3.2.3 Average rCisplatin
Similar to before, the rCisplatin sample did not show any-moigue metaphases to

derive a modal genotype. Likewise to the previous panel, the modal aberration for

individual chromosomes was s€léi SR (2 NBLINS & Sof és fafidv§ WY 2RI f Q

rCis. 2 = +3, {(3:2)(3gArm,?), +4, +11, dup(11q),
+der(11)i(11p;6q)(?:32.33), {(16;macro?)(q22,p?), -22, 1(22;7)(11.21,?),
122,2)(11.21;?), dir(22)t(22,16)(qter,q22)

177



Figure 6.5. Merged multilayer FISH images of Human and three NB3 cell lines
panel 2

A) NormaH.sapiensnale 46<2n>XY. B). Parental NB3 (Par.2ANBG)Cisplatin
(Cis.2). D) NB3 rVincristine (rVin.2A). All metaphases were stained with DAPI (Blu
GKS a0FtS 0FNJIAY SIFOK AYIF3IS Aad NEDINS 2
the determined chromosome seen as represented by the false csigoel (Table 6.2)
size of signal is not indicative of strength of signal.
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6.3.3 Probe panel three results

Aberration Parental rCisplatin rvincristine
Frequency (%)| Frequency (%)| Frequency (%)
+9 - 84.21 -
+9,+9 - 5.26 -
-9 11.11 5.26 7.69
+13 - - 69.23
-13 11.11 20.00 -
-13,-13 - - 30.77
Dup(13)(13nacro?)(qls.3;?) - 60.00 -
Dup(13)(13;macro?)(q32.33;?) - 20.00 -
Dup(13)(13;macro?)(q32.33;7?), i 20.00 i
Dup(13)(13;macro?)(q32.33;?) '
Del(13qter), Del(13qter) - - 15.38
Del(13qter), Del(13qter), Del(13qter) - - 15.38
+15 - 80.00 -
-15 33.33 - -
-17 100.00 73.68 -
Dic(17) 77.78 84.21 -
Dic(17), Dic(17) 11.11 - -
iso (17q) 11.11 52.63 -
Der(17)Dup(17q)t(17;1815)(p;q34rpll.1) - 80.00 -
Dup(17Q), Dup(17Q), Dup(17Q) - 20.00 -
+21 - 80.00 84.62
+21,+21 11.11 - -
-21 11.11 - -
+X - 20.00 -

Y2NXYIt ncfHYD:-,

Table 6.7. Probe panel 3 aberration frequency across all cell lines.

The guantity of individuals of the three differing cell line populations that shows
given aberation as compared to the total number of nuclei examined for that cell lin
in this probe panel. Aberrations are identified and classified as if ranked against a
ISy 208 MY 2Ny (ISARIKKIAT
abnormaity was not found within this cell line.

The final panel contained less variation of chromosomes due to the fluorophore

required for individual probes, for example chromosome 21 required three coloured

fluorophore severely limiting what it could be paired with. Regardless, even with a reduced

number of targeted chromosomes, the panel and FISH results provided enough data to

comment on the hetrozygosity of the three samp(@able 6.7, Figure 6,Reeping with

the consistency of previous panels. Populations were analysed and subpopulations

identified with differing genotypes, again characterised by identifiable chromosome

aberrations(Figure 6.8)
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6.3.3.1 Modal Parental
The parental line was found to have a most abundant genotype (Par.3A, 33% of

sample) and is as follows;
Par.3A =-17, dic(17)

6.3.3.2 Modal rVincristine
rVincristine, with the most abundant genotype (rVin.3A) was as follows (44% of sample

population);
rVin.3A = +13, +21

6.3.3.3 Average rCisplatin

With no homologous metaphases identified, the modal aberrations are selected to

rISLINB&ASY (I (K avtoipis) £t Q 6 NJ A ado

rCis. 3 = +9, t(13:macro?)(q14.3:?), +15 ,t(16:macro?)(q22,p?),-17,
isol7(q), dic(17), +der(17)dup(17q)i(17:15 -or-13)(p;p11.1-0r-g34), +21

6.3.3.4 Variants of Chromosome 17

Chromosome 17 within this panel has highlighted very diffeedmmormalities, from a
suspected isochromosome, aakntric chromosome aha possibly highly duplicated q
arm. As seen in tabR7, these variants are somewhat found in the parental and rCisplatin
yet absent in rVincristine. As the probe for chromosorideuted is a centromeric probe, it
is possible to pedict the lengths of the pndq arms via FLpter scores to further quantify

and classify these seen variants.

As both cell lines possessed a normal 17, individual metaphases were measured
(section 2.2.2.1jor all chromosome 17 variants to be directly compared to its own
chromosome 17 to account for the differing levels of chromatin condensation seen across
YSGOI LKF&ASa gA0GKAY (GKS &FYS &l YL SebimQ Wy 2N
where p and gcan be derived from the FLpter scores to give a ratio of length of arms with
associated physical length. These lengths can be directly compared to the variants within
the same metaphase measured for their own respective FLpter scores in order to identify

characteristics about them; data is presented in tabl&.
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Di-centric 17
Normal 17 (times ISO 17 DUP 17
lati larger lati (DUP segment
c(i'reta ve (relative distance) than éreta V€ | \ength/normal 17
istance) normal istance) segment length)
17)
£ pg¥i§§¢ ST>FS=0.206£0.011 | |
g = FS>SS= 0.700+0.150 P - -
& | F0.72225 oo pN=0.003+0.008 | 0084
0.0133 ' -
£ p=0.2833% _ p=0.451+ | DUPp/p=2.80£0.18
g 0.0125 sg;sgg_obsggjgbogiﬂ 2.79+ 0.010 | DUPp/q=1.06+0.04
2 |grorers| o e oog | 0113 | 40549+ | DUPQ/p=8.14:0.5(
= 0.0125 - - 0.0104 DUP(@/q=3.15%0.1"

Table 6.8. Results from chromosome 17 variant analysis

FLpter analysis of chromosome 17 and its derivatives presumed to be
malformations of chromosome 17 inallcelllingsa S 2 F Wy 2 NXI f Q |
within singular metaphases as compared to the malformed 17 present in said
metaphase.

ST=Start of chromosome. FS= first probe signal. SS=second probeEsigaral. of
chromosome

Each segment of the -dientric chromosomes were split up into; Start to first signal (ST
>FS), First signal to second signatS) and lastly second signal to end>ES) and
compared to their metaphase counterpart to identifpgsible pand q segments. Analysis
signified that the length of individual segments from thecdntric diromosome did not

match either por g value of the normal 17 previously obtained.

Distances betweesegments could be represented as a ratio between parts and
therefore compared across cell lines to see if they were homologous. The data obtained
(table6.8) indicated that these are in fact differing-cintric chromosomes. Total size
relative to the nornal 17 was also obtained and is also displayed in @@ewith low
abundance, the parental isochromosome could not be adequately measured, yet this was
y2i GKS OFaSQma ONBYEALWKI A P26 G WAWS8Rhel YR LINB A
presumed dplicatedq arm 17 found in the rCisplatin line was measured in a similar
fashion as previous examples, measurement of FLpter scores and the proportional
NBLINBaAaSYdlFGABS a tSyadK Ay NBaLISOG G2 Ada ¢

table 6.8to determine the makeup of this chromosome.
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Figure 6.7. Merged multilayer FISH images of Human and three NB3 cell lines

panel 3

A) NormaH.sapiensnale 46<2n>XY. B) Parental NBar.3A). C) NB3 rCisplatin
(Cis.&). D) NB3 rVincristine (rVin.3A). All metaphases were stained with DAPi (Blu
GKS &a0FtS 60FNJAY SIFOK AYF3IS Aa NBLINBJ
the determined chromosome seen as represented by the false colour signal (Table
siz of signal is not indicative of strength of signal.
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6.3.4 Predicted modal cell genotypes

Whilst somewhat incorrect to assume a subpopulation from one probe panel is
identical to the same subpopulation shown in anotheolpe panelithout a complete
probe panel amore probable expected genotype can be hypothesised of the most
abundant genotypes seen. Below, in context of the FISH probe panels, predicts would be
the most common subpopulation genotype seen in each indalidell line at this stage of
Wi dzY 2 dzND  [(IMBsZuis Brésdnied of ale origin due to only one X being seen
consistently, if not then XO for all cell lines).

Parental = <2n> XY?,-1, +der(1) dup(1,2)(pter;23.1 -23.2),4(1;18)(p?,p11.1), -11,

+12, t(16,macro?)(q22,p?),-17, dic17-18

rVincristine = <2n> XY?, +der(1) dup(1,2)(pter;,23.1 -23.2), +13,-18, +21

rCisplatin = <22n> XY?-1,+der(1){(1,18)(p?,p11.1), +3, {(3;?)(3garm?;?), +4, +8,
+9, +11, dup(11q), t(13;macro?)(q14.3;?), +14, +15 ,{(16,macro?)(q22;p?)-17,
/s017(q), dicl7, +der(17)dup(17q)i(17;150r13)(p,p11.10rq34), -18 +21,-22,

1(22;2)(11.21;7), {(22,7)(11.21,?), dir(22)(22;16)(qter;q22)
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6.4 Scale of aberrations identified within cell lines
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Figure 6.9 Average aberrations away ém the modal celkubpopulationin each

panel tested.

A count of differing chromosome aberrations individual cells are away from the
WY2RFEE OStftQ 2F (GKF(G LRLMzZFGA2yd 91 OR
chromosome aberration count (nat¢luding modal cell populations) with Standard
error of the mean shown as error bars. Each group of three represents the three
different cell lines used in this study, with each grouping from left to right, panel 1 (

panel 2 (p2) and finally panel 33)p

Aberrations away from the modéParental and rVincristine) or average (rCisplatin)
GSNE OFftOdz FGSR G2 laarad GKS LINBRAOGAZY 27
average aberrations away from the modal subpopulation can be calculated across probe
panels to highlight the devigtn across these populations, a means to highlight the level of
homo or hetrozygosity. As seen in fig@®, parental and rVincristine lines exhibit on
average between 1 to 3 aberrations from the mean with minimal deviation, opposed to
rCisplatin which heta much higher level of average aberrations and variation across all
panels. Exampledisplayinghe most abnormal cell lines discovered within the sample

over each cell line with eachrgbe panel are shown in figure 6.10.
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Figure 6.10. Examples of the most mutated subpopulation metaphases in respe
G2 0KS WY2RIFfQ &dzoLJ2LJzZ I GA2Y

Subpopulation merged metaphase examples from each cell line (rows) from eq
probe panel (columns, left to right, 1, 2, 3). Colours refer tosihecific false @our
attributed to each probe as seen in the tables in section 6.1.4. Each metaphase ha
highest aberration count seen as compared to the modal or average mutation as
reported; to represent some of the most phylogenetically distant subpopulations
identified.
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6.5 Discussion

The use of multilayer FISH has allowed the identification of novel chromosomal
aberrations alongside identification of sysmpulations indicating a level of heterogeneity
in all cell lines studied. The presence of unique aberrations and tbedéheterogeneity
within both resistant neuroblastoma cell lines could be indicative of a mechanism for said
NBaArAaldlyOS 2NJ I YSIya G2 ARSyidGATe Fa | WYl N
can say it has been worthwhile to apply the multéaynethodology to improve current

understanding in retrospect to just using NGS techniques.

Detected throughout all three panels were clear divisions of genotype across sub
populations, from which presumed phylogenetic assignment can be hypothesisedras se
in figures 6.46.6 and 6.8Whilst hypothetical lineages have been presumed, in no way
should results seen in this section be treated as indicative of the true phylogenetic
assignment of these cell lines as evident by results presented. Results fisostuitty
should instead be used as an introductory insight into the level of heterogeneity and level
of chromosomal variety within these cell lines to highlight the need for meoejpth
multilayer FISH testing. Nevertheless there is somewhat evidentslioavs the derivative
nature of both resistant cell lines from the parental, indicated by shared chromosomal

aberrations.

6.5.1 Oncogenic properties of aberrations

Shown throughout all FISH results panels are the conservation of specific chromosomal
aberrations across the cell lines. An interesting aberration is that of chromosome 1, seen in
figure 6.2 and figure 6.8vhere seemingly the distal p arm has been lost, most likely
through deletion events as common in advanced neuroblastoiasi$ et al., 200), and
insertions of chromosome 18 and 2p.223.2 (the loci of ALK, which is frequently involved
in translocations that lead to malignant gene fusigan Slooten et al., 1998)
Fascinatingly the parental derivate 1 has both of the 18 and 2 insertibeach resistant
line has lost one of these aberrations rCisplatin the ALK from chromosome 2 and
rVincristine has lost the 18 insertion. Loss of either insertion is clearly not lethal however
the presumed importance would be from the presumed loss of 1p8fcation of a tumour
suppressor genaunirajan et al., 2008)The loss of a whole chromosome 18 is near
universal across all cell lines, bar the possible insertion into chromosome 1, is the loss of
BCE2 a regulator of apoptosis implicated in aggressivmours with proliferative activity

(Van Slooten et al., 1998; Van Goethem er al., 2017
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The abundant copy number amplification of chromosome 2 in rCisplatin could resolve
in the increased dosage of MYCN, associated with many tumours but in particular
neuroblastomasurbin et al., 2018ald et al., 2019)The translocation of chromosome
6p21 onto a chromosome 11 in 85% of rCisplatin cells examined indicates the translocation
of the CCNDgene. CCND3 is within the conserved cyclin family to regulatrgssion
through the cell cycle (sectidhl.3 and seen in many cancer cases either as a
translocation \Wlodarska et al., 2008; Beltran et al., 20d8pbserved to undergo

mutations Cancer Genome Atlas Network, 2012; Arneja & Gujar, 2015; Rohde2etia),

Chromosomel 1 lossandgainacrosssubpopulationof rCisplatinabsenceof NCAMat
11923.2is seenasan unfavourableprognosticphenotypefor advancedstage
neuroblastomaasseenin 33%of cellsidentified in this study (Valentineret al.,2011)
Alternatively the apparent duplication of chromosome 11q in 79% of rCisplatin cells could
induce over expression of cyclin D3, another cell regulatory gene that has association in

some cancerdppezBeltran et al, 2010)

There is an apparent duplicatiom@ insertion of 16g22 in the parental line and
rCisplatin, this probe is specific f6B& which is of significance in cancer development
such as leukaemialf€ Cancer Genome Atlas NetwoPK12). Translocation events cause
impaired functionality of CBf-and form oncogenic fusion proteins further contributing to
the oncogenesis factors of these cell lifPark et al., 2010; Noort et al., 2018Yithin
rCisplatin observed with near exclusively, bar a smaHlcsomal population within
rVincristine, there ee multiple aberrations regarding chromosome 22. With either whole
chromosome loss or apparent translocations with many other chromosomes (16 and other
unidentified) indicates a possible generation of oncogenic fusion prot@mesBCR gene
located on 22(sectionl1.3.2.3.1) has been implicated in many fusion proteins and could

relate to the progressive tumour features of this resistant cell line.

6.5.2 State of heterogeneity and comparison to previous studies

The level of heterogeneity within all threelcknes was larger than was originally
anticipated. Previous work involving the generation of these neuroblastoma cell lines relied
on SKY to assign their respective karyotypes (Kotche®®b). Detailed here are
abnormalities observed within this studguch as the derivative chromosome 1 with
translocations, the whole chromosome loss of 18, an extra 21 and 13 in rVincristine, only

one chromosome X, and more. However, rVincristine was found to have the derivative 1
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t(1;18) which was not observed in agle instance within this study, and instead

SEOt dzaA @St e F2dzyR 6AGKAY NI AALXFGAYyod Ly O2YL
cytogenetic assignment is comparable in both studies, lower frequency aberrations are

seen within sukpopulations which are nadetailed in the report. Especially within the

parental line, the loss of chromosome 11 is not seen alongside the large aberrations

regarding chromosome 17 (detailed below).

These findings could be summarized by two different events, either as indieidual
most probable to be a combination of both. Firstly, the SKY methodology used incurred
SNNRByS2dza FaaradyyYSyida RdzS G2 GKS LINBOA2dzaf e
(sectionl.1.5.3 hiding translocations or causing false positives. With the 68&KY comes
the question of number of singular cells examined with the foslysis of deciding which
aberrations are nowrepresentative of given karyotype. Secondly, there could be an
element of continuous evolution of said cell lines otrare; a new si-clonal population
arises to ouicompete the previous dominant with new chromosomal aberrations. This
factor is relevant more so to the specific tumour microenvironmeettionl1.3.4.1) within
a person yet the possible progression seen could commenth@microenvironment of
WOStt Odzf GdzZNAY3IQ | yR (GKS ST7TEBlueyondkdchiandk | & 2y

aims of this thesis, buit is plausible to be ofocus infurther studies.

With regards to the heterogeneity seen in thmarental and rViaristine somewhat
RAALX @da 6KFEG (2 0SS SELISOGSR gAGK | WLINRISYA
selected for to give rise to a genetically diverse populatio& NE 20 aSNBWSR Aa | Y
frequency common genotype population with smalleppdations branching off in regards
to further low number chromosomal mutations (figure 6.9). This process would generate
L2 Lddzf F GA2ya GKIG ¢2dA R atz2¢te RNATO FTNRY (KS
subpopulations due to a lack of selective pressi@uite the opposite story is that of
NI AGLX FGAYS Ay y2yS 2F GKS LIySfta G4SadSR KSN
of another. In other words, every singular cell examined was unique at the chromosomal
level; true there were commonalés with chromosomal aberrations shared amongst

individuals, but a high level of genomic instability must exist to have caused this large

variation (also represented by large unstable chromosomal count (section 6.2).

The suggestion is that the level of bebgeneity itself can be used as a-bmxarker for
treatment/progression as a more heterogeneous tumour may be more likely to contain a

resistant subpopulation Marusyk et al., 2012) This could be represented with the
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parental/rVincristine diect overlapobserved in panel Zxact aberrations detected in cells

of parental and rVincristine samples are the same. rVin.2D is found within both samples

and more interestingly Par.2E (in low frequency) exhibits the same chromosomal features

as rVin.2A the most aimdant population within rVincristine. This somewhat gives some

evidence that there may be resistant populations residing as low frequency populations
GAUGKAY GKS WLI NByGrf Gdzy2daNR GKIF G O02dZ R 6S a

selective pressures.

6.5.3. On the chromothripsis of chromosome 17

Chromosome 17 has mass aberrations within the parental and rCisplatin cell line (and
surprisingly not observed in rVincristing¢ationof p53. Within neuroblastomap53
mutations are rare at first diagnagtesting yet seen after a selective pressure, such as
chemotherapy, to be seen as a potential role in acquiring of drug resistXmeeet al.,
2007) Obviously there may be genetic manipulations within the gene that the study
presented here cannot detecbut the vast aberration of chromosome 17 within the
parental and rCisplatin is something of great interest. The suspected isochromosome
17(q), as determined from (tab®&8), would cause a lower dosage of P53 (as is located on
the p arm) regardless afiia W@Qeh&dumatBn-a G 1 SQ (2 AYyFSNI I KAIKS
of the cell. Isochromosome 17(q) specifically within neuroblastoma is seen as one of the
more frequent isochromosome aberration seen within neoplasia and also used as a marker
for poor patient survival Gilbert et al., 1984; Barbouti et al., 2004; Mendrzyk et al., 2006).
The presence of aientric chromosome seen consistently in both lines indicates an
AYKSNAGI yOS FNRBY GKS LI NByaGrt G2 N¥saLifldaay
been the selective initial cytotoxic drug resistant causing aberration. However, there is
variation within this dicentricchromosome across the two line$;K S NJ A aLJ I G Ay Qa ¢
almost twice the length of that in the parental (talBe8). The ratio bet® Sy WaS3IYSy i aQ:
described within the table are seemingly near equal between the cell lines, indicating a
post-branching duplicative event across the wholecdntric chromosome within rCisplatin.
The derivative chromosome 17 only seen within the rCisptstinbe smewhat explained
viathisstudy. KS WLIQ | N¥Y KlFa (GKS alFryYyS NBflFGADBS Wi Sy-:
with translocations from chromosome 13 or 15 yet this is presumed to be balanced. The
YySg QIjQ N¥Y F2N G§KAa fedypit&iols of the okiginal L§Bramdzy SR

amalgamation from something else entirely.
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Regardless of specific state/location of p53, both parental and rCisplatin halepinh
malformations of their chromosome 17 and derivatives. A plausible explanatiba is t
event of a single catastrophic process within the parental that catalyzed the ability for large
swathes of genomic instability seen explicitly within rCisplatit 12 & Sidgdar S Q
chromothriptic event regarding chromosome 17 within a-fdpulationof the parental
cell line allowed the onset of a possible rCisplatin precursor with higher levels of genomic
instability due to a lower dosage p53. This event must have happened after the
branching of rVincristine due to two apparently normal copiestobmosome 17 observed
in all cells and vastly less noted genomic instability indicated by lower aberration counts
and lower levels of heterogeneitpmewhat interesting as previous reports a loss of WT
p53 in these cellKotchetkoy 2005).Vincristineis thought to induce cellular death by p53
independentpathwaysas is a microtubule binding drug to prevent the expansion of mitotic
spindles thus cellular division. Bicristineresistant cells circumventing this requirement
the resistant cells must havalternative mechanisms to prevent the cytotoxic action of
vincristine Hientz,2017). The resistant cells therefore can maintain a relatively stable (as
compared to rCisplatin) genome as their mechanism(s) of resistance has little interaction
with direct DNA mutative events to cause instability and instead allows the correct
formation of spindle fibers for cellular replicatio@isplatin resistance can arise through
increase in DNA repair mechanisthin& Howell 2006 Heintz,2017) this somewhat
explans the large heterogeneity and large chromosome count/vairability (R2@8)
observed in the resistant cell line. With increased DNA repair, any breakages or replicative
errors (caused through the direct DNA damaging action cisplatin or alternative ntans)
be successfully repaired and not drive apoptopic factors to cause cellular death. With a
population of resistant cisplatin ceNgathe action of upregulated repamechanisms
(TP53 linked or not) would be subjected to mutations on the DNA at difféoeations
across the genome to be repaired independently of one another and not become
Wdzy a St SOGSRQ YR GKSNBF2NB LlJzaK (KAarhekA3IK S
incidence of chromothripsis is seen to be correlated with the lack of {f&uéch et al.,
2012;Cai et al., 20L4FernandeBanet et al., 2014; Bochtler et al., 2Qiwherethe lack of
activity to induce cell cycle arrest can explain the faster growth of rCisplatin observed from
previous personal observations of culture maintana Furthermore these
chromoanagenesis events are seen consistently in neuroblastoma and other childhood
cancers paired with poor prognosis most likely causethbycytotoxic drug resistance

(Molenaar et al., 2012; Luijten & Ting, 2018).
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One can presumthat the addition of the cytotoxic drug cisplatin during selective
ANRPGGK F2NI NI A&LXFTGAY OStfa KFER AYRSSR Ay RdzO0
chromoanagenesis like aberrations throughout its genome spawning many derivatives, as
represented by ithieterogenic state, which are resistant to the drug. The lack of
heterogeneity seen in the parental line, as compared to rCisplatin, can be explained by the
lack of a selective pressure to cause a resistantmpulation to become dominant
Furthermore this pairs with the fact that rVincristine has much lower levels of genome
reorganization and chromoanagenesis like events by the lower aberration and

heterogeneity level seen.

6.6 Conclusion

Analysif results providd by the use of the multilayer methodithin this study it is
notable that there has been a new perspective of already established cancer cell lines and
GKSANI Oeii2z2EAO RNHzZA NBaArAaldlyid RSNEE §ASSad
approach, whereby prospective oncogenic genes areyaerdlvia specific base pair
aS1ljdzSy0Sa F2NJ Ydzi I G A 2RR236 yI QY RO ACRALIBY Iy2dzYooSS NE2 yia AU
to look for aberrations first then investigate what it may specifically cause. It is plausible to
say that both methodologies are worthwhileto the investigation of cancer lines for
causative effects, treatment options, detection of heterogeneity, identification of bio
markers and possible evolutionary pathways taken. One must also be aware that genomic
aberrations may not be indicativaf phylogenetic attributes seen.nlthe example of the
rCisplatin cell line, a vast diversity in the genome across the population may not have a

reflection upon the characteristics of the cancer.

With reference to patient diagnostics and treatment optionse tturrent means is
dependent on specific tumour drivers presented, such as ALK, MYCN and TrkB. The current
focus is placed more so on therapeutic developments such as immunotherapy and targeted
delivery of drugs opposed to specific treatments for spebifid S Yy 2Ya&tdr & Mousa,

2019) Whilst it is true that initial biopsies of tumours yield invaluable genomic information
to refine treatments and prognosis, it is clearly evident that genomic evolutionary models
and modes of resistance be developed tdyfgrasp the idea of a personalised treatment

program.
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What this study has indicated is that there is an overabundance of future work that can
be proposed One such would be the idea of a probe specific to each human locus along a
chromosome or being taited to specific genes/aberrations of interest (e.g. MYCN). Here
GAOGKAY (GKA& addzRéxz AG ¢la 2yte LRRaaraotsS G2 d
N} GKSNI GKFYy | WYlyeéd LINRP6Sa (2 aArAydatsS OKNRY24A
due to reagentonstraints (hence why not every chromosome was assessed due to lack of
specific probe). However even with a limited pool of specific FISH probes it has
demonstrated the usefulness of the multilayer approach by efficiently and cheaply

providing a worthwhit insight into cancer genomics.
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7. General Discussion

7.1 Summary of accomplishments

In regards to the aims and themes set out within the opening chapbaijeve that

this thesis has been successful in demonstrating how each of thesawss accomplished.

1.

2.

a.

¢CKS ylrfeara 27T 0K siwkydridisaton, difitheJt 8 Q F2 N

testing of new reagents and current commercially available buffers, has

allowed an apt view in regards to the use of FISH to solve comparative genomic
quea iA2yad ¢KS &adzllll2aSR KAIK KNP dzAKLIdzd

YIENBAYFfte 0SGUSNI 0Ky UGKS OdzZNNBYy i

would reliably reduce hybridisation times for experiments. However, with

regard to a comparative genomicbléopposed to a time sensitive diagnostics
lab) the gain of output is vastly insignificant to the costs attained for this
alternative faster acting buffer. In light of this, a new means of increasing
effective output vs. cost was required and the refinedltiayer methodology
was devised. Further refinements and augmentation of this methodology can
only be of benefit to reliably use more layers (as demonstrated up to 10) for

further research.

Detection of intrachromasmal rearrangements within theaiform order

has been presented within this thesis; hypothesised to exist yet overlooked
due to the nature of this order and methodologies needed. The identification
2F y2@0St NBI NNI y3ISYSy i &hramosorkes ¢f thés& S
species has brouglight onto the fact that more may yet exist within this
order and are worthy of attention to further influence phylogenetic
assignments. One rearrangement within this order is to be of note and
relevant to recent reassignment oE.chinensifrom Coturnk to Excalafactoria
indicating a clear chromosomal event which may exist within other members
of both species to refine their assignments between these two genera.
Although only three of the five chromosomes studied were suitable enough to
analyse withiran intranuclei arrangement, the multilayer method was

sufficient at generating data to allow a preliminary insight into folding
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arrangementsasad®2 Y RSy aSR aidl iSo ¢KS 3ISYSNI GA
to computationally organise and path/fold has beafigreat benefit as it has

shown that there is somewhat of a distinctive conserved folding pattern of the

YI ONPOKNRY2a2YSa aGdzZRASR AYRAOFGSR o6& |
are obviously required to validate these findings and see if the sameijplén

occurs for other chromosomes in other species or an alternate arrangement is

found. This work also highlights that spatial modelling in a 2D environment is
fundamentally flawed in design, yet with some conclusions being drawn from

this study it showshat it may be worthwhile to adapt the multilayer method

into a 3D methodology. Furthermore, adapatation into 3D nuclei arrangement

would pair well with HC methodologies of current as a two angle approach to
determining arrangement of chromosomes, esiadly in speciesot

commonly researched upoMultilayer FISH could be performed rapidly and

fairly inexpensively on any species of choice, even those hard to source and

grow as only interphase stage cells are required whereas bespoke libraries for

Hi-C will have to be created.

3. Adapting an existing multiprobe device it was possible to use within context of
the multilayer method to refine and put forth an updated karyotypic
representation of the DT40 cell line. With comparison to previous research
using net generation sequencing techniques, it has been highlighted that
previously identified chromosomal aberrations exist in a different
conformation that previously thought or do not exist at all. Use of the two
combined methods allowed the quick classifioatbf this cell line to inform
researchers of genomic changers underpinning the features whaker®T40
a useful research tool. Understandalbityis clear that this could be adapted
further for other aberrated cell lines to assess the genomic state el bf

heterogeneity.

4. ' LI @Ay3a | w2yS LINRoOS G2 Ylryeée OKNRYz2az2y
allowed an easier system in order to classify vastly rearranged cancer lines and
their derivative cytotoxic daughter lines. As shown within chapter Ggetlaee
observable chromosomal differences between each cell line which may be

indicative of a means of cytotoxic resistance or a biomarker used for other
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neuroblastomas. Interestingly it is also seen that the level of heterogeneity
within these cell linesary considerably, with the parental and rVincristine
KE@Ay 3 I 1 $épulation ik llessex freuaizot alternative sub
populations with minor genomic structural changes, rCisplatin expresses the
opposite where there is no modal sygmpulation seerwith every cell
possessing an unique cytogenetic assignment. Further work is required to
assess the nature of other chromosomes within these cell lines, and the
possibility of sequential probes across chromosomes of interest (such as the
possible chromothipsis of 17) to understand the mechanisms of this cancer

better.

To summarise, this thesis has shown that the technique of FISH is suitable for modern
genomic studies across different fields via use of the multilayer methodology enabling
extensive datad be produced at anuchlow costcompared to previous FISH
methodologies (section 3.6.3Rightly so, the technique of FISH has been effectively
WNEFNBAaKSRQ FT2NJ dzAS Ay | Y2RSNY RF@& fFo2NF G2
cytogenetic studiesra; a means of testing new commercial or homemade buffers and the
creation of algorithms to determine chromosome probe order and assignment in
interphase nuclei. These technigues alongside the multilayer method have demonstrated
usefulness in a wide rap@f cytogenetic areas, such #® identification of
rearrangements that exist within previously studied species, an updated assignment of a
useful research cell line, and the exploration into human neuroblastoma cell lines which
have gained resistance toadern day cytotoxic drugs. These summarise a small area
within cytogenetics where the multilayer method could be a valuable tool for and many

more questions can be aided furthermore in respect to the work outlined in this thesis.

7.2 Impact of the Multil ayer Fluorescent in Situ Hybridisation

method

As previously stated the use of the multilayer method has enabled a variety of areas to
be investigated relating to multiple areas of genetics. The number of studies that exist
whereby the use of whole exonmsgquencing as compared to a single cell approach is
vastly increasing (Figudel6 Shi, 2018)it has been reported and seen in many
studies/cases that this wider approach can miss small yet significant events relating to a
multitude of issues, the key erbeing the development of resistant cancéBaca, 2013;

Navin et al., 2011Storchova& Pellman2004 Storchova& Kuffer,2008 International
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Cancer Genome Consortium, 2010; Allen et al., 20048 use of multilayer FISH can

increase the usefulness tfe cytogenetic s led research opposed to sole reliance on NGS
techniques to somewhat balance the scales between the two overarching approaches. The
reduction of cost as demonstrated in chaptefapproximately four times the difference

when performing lege studies, using the example from 3.6.3, applied to 23 chromosomes
of a human we would expect a cost of £210 for the multilayer method as compared to
£1,189 for traditional FISKould be an important factor in use of this methodology as

costs of multie fluorophores and a limitation of number of fluorophores used at any one
time is a major offputting reason to abstain from use of FISH technigiesi{mond et al.,

1995; Hasty & Montagna, 2014ow having established a technique that has been shown

to display useful results across multiple areas of study, one should hope that its application
has a positive effect across multiple genomic fields and allow the appreciation of FISH as a

suitable 2% century technique.

7.3 Future studies in light of this th esis
Presented throughout this thesis are many examples of areas of research that could be
further explored in light of results presented here, however here | wish to highlight some

key areas that are worthy of being singled out.

1. Reinvestigating intracldmosomal rearrangements within species of similar
order to reinforce phylogenetic assignment. As seen in chapter 4, there are
hidden intrachromosomal modifications which have been overlooked by
traditional painting methods to be detected using multilayé&s. These may
be of significant use in the classification of debatable existing assignment for
any organism with established sequences along their chromosomes to
generate probes. This would be a substantial aid, to be paired alongside NGS

techniques, forevolutionary cytogenetic areas of questionable assignment.

2. The generation of a standalone script or plago adapt methods represented
in chapter 4 to correctly assign and interpret signals within an interphase
nuclei. Far beyond the reach of this #ig the means to correctly identify
folding patterns of chromosomes within nuclei would be a tremendous factor
to better understand gene expression and control in any cell. In particular,
FAYRAY3I RAFFSNBYOSa 06Si6SSy Ilchdsyi NYI f Q

the event of a cancewithin an interphase state can only be of benefit to make
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links towards how a mutative event in the genome can induce observable
phenotypic changes across a cell. Furthermore, future work to follow on from
the expansion of ta current chromosome folding #ievare would be to adapt

its usage for a 3D environment, such as with a confocal microscope, which

would only benefit users further.

More work should be conducted on the NB3 cell line and its resistant

derivatives to closéinks between the phylogenetic trees proposed within

chapter 6. As limited by probe material in this study, the generation of varied

panels of probes for every chromosome can fully assess the genome at a single

cell level and reflect upon the heterogenedgross the cell line population. It

g2dz R 0SS 2F ANBI G NBgINR (2 aeyikSaaras
applied to future cell lines of interest (possibly in a similar fashion to the

chromoprobe device used in chapter 5) to assess the genoraeaihcerous

OStt tAYS FTNRBY | Wi2L) R26yQ LISNRALISOGADS

The excessive heterogeneity identified within chapter 6 can be used to
comment on the genomic instability cancers embrace, especially those with
poor prognosis and limited clinical choices. It is addlective of the state of
research cell lines used over many years, as they may have mutated to become
non-comparable as compared to when they were first isolated; iss dh
disadvantage of laboratorlgased research? | would propose that (with aid of
expat clinicians) when a primary tumour is identified within a patient the
genomic arrangement be tracked at this stage and at further biopsies during

the course of treatment. Here possible clinical events such as remission,
reoccurrence and resistance coudd identified throughout treatment rather
GKFY F aAy3dzZ F NI WwaylrLAK2GQ FNRY | aAiay3af
cancer progression) that may not be representative of the cancer at these key

events leading to false avenues being followed.
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7.5 Concluding remarks

The journey that this PhD and culmination into a thesis is one that will leave a lasting
effect upon me, which | shall look fondly upon in the future. The opportunity to be involved
in a field of vast progression and groundbreakingeaach where | have somewhat
contributed towards is an achievement | can be proud of. With the synthesis of the
multilayer method, | like to entertain the possibility that this is a means of giacy to
the scientific communityto further aid researclin a multitude of genetic fields for the
selflessness means to benefit society as a whole. | will treasure the fact that | have been
able to isolate myself in such a precise niche of scientific research by solving the problem of
modernising FISH to apgly many different yet interesting areas of biology where in

truthfulness each deserve a whole PhD project of their own to fully appreciate.

With such a deeper understanding of genomics at this time we shall soon expect vast
improvements within many aspea of everyday life.\'E2n now there are many products
that allow a level of personalised genomic information to be revealed such as ancestry and
a drive within the National Health Service to fully sequence multiple thousands of healthy
patients for medicaF 2 Odza SR NB &SI NOK® ¢KS Ww3aSy2YAO | 3SQ
extensive personalised medicine and tailored products we cannot even start to guess may
f221 tA1S® ¢2 O2YYSyid 2y GKS adrdsS 2F azO0AaAsid
is far too h-depth for me to comment on, however though understanding of biology and
genetics shall enable a prepared generation to exceed and flourish in this new age. This is
but a single reason of many to direct my own future endeavours; by pursuing a career in
education, to divulge the wonders of life (governed by genetics) to future generations we

can be proud of.
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