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bryophyystsdHosvevieese tsystems differences have
evolutionary and ¢ eBmaocnmidd oigimR2IReedanhi bnst here

been increasing evidence t hat somer isex ch
i ndependent | vy, anadott hsehsaa es pe ccioensmocho ancestor
(Bachetr.omgl 2(00FlLN manal 2020)

The prevailing theoretical mo d e | is that ap

therian X and Y chromosomes originated from
the emergence of SRY-dgeenree mdsnian gmd sotcairs . s €lxhi s
SRY fromombbso¥ue SOX3 occurred subseqguent t
from the eutherian @Hdl mbusdpéetbabspgRag@gRaB8) y
ma mmal i an s ex chr omosomes evol ved Vi a a S
chr omosome, each event-Y fued dhmlbi raitpipare sain agn
determining | ocus,-r exgpmmidninngg trheegi moan and al
di ffernentto ap{dceeddhn & P¥geosdEFIdngulrPE). 1. 1

Overall, there have been four major inversi
first major event occurred subsequent to t he
translocation of autosomal materi al into the
fmothe PAR i-né oomlhien giTomesg,i onhere are a numb.
(including ZFY) t hat ar e aut ocskbmihéd i nn 1
eut herSuabnssequent inversions primarily recrui.t

no-necombininfger ¥gilomadifng to successive str

the fourth event occurred during recent prim



events have been proposed to drive the evolu
di fferentiation fréeB. thahiX & hPhigecodmbOed)19)

addition to inversion events that drive XI/Y
materi al was recruited t o t he sex chror
mar supial/ eutherian split, via translocatio

foll owed by gwhgenepwmdentf rroenc t he ePARmbi ngorebeo

Thutshere are a number of genes (including ZF

but -Isieexked in eutherians.
Proto-sex Differentiated XX/X0 system
chromosomes Male-beneficial sex chromosomes
Pseudoautosomal
region
="

| ] |
@ W @ & @ @ \ 4 &
X Y X % X Y X Y X Y X

A q y antag Local loss Localized Extensive loss of Loss of the
sex-determining gene mutations ac I of ination degeneration of the Y, recombination, strata Y chromosome
partial P ) f , dosage
of the X, accumulation compensation of the X
of more sexually
antagonistic mutations

Figure 1. 1: The evolution of heVecosoyr pBD&9)
The ndaelteer mi ning gene (SRY), depicted as a da

|l ines indicate the evolution of sexwually ant
Pink regions are undergoing the process of
red regions are fully dosage compensated. The
ThecNromobsambdwos categories of genes: (1) ge
mal es, such as those involved i dosseequwliatiivreg
XY homol ogous genes, whose expression from b

somatic tissues of HEH | ma l&e sAf@ mld aad e B I0MY d i
20L8%ubrini & .Theser gedbE&xhyneesasi aheedsult of
gradual degradation of Y genes ovegenewvol ut
conferring sufafdivaindmrty agelred taii ne dt. h eC ommasjeaqruietnyt
of demren the gmogekhmadmosardreowmhi | e genes benef
to spermatogenesi s and maMer develt opareyntnavcelu
benefiting males will undergo strong selecti
i n me n , l eading t o t he-smaegqiufi isd¢ toifnaumtchodf o Mse w
chromosome as it di(Edrl g ess &f rAffrE atr me o O 0O Mp di
2018%ubrini & .Turner, 2021)
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1. S2x Chromosome Dosage Compensation

Whil e males inherit one X chromosome and one

copies of the X chr onad ame el e amdiand ett®@sarbet w

(Si doreegnkal 201M™hi s has |l ed to the evolution
mechani sms which randomly inactive one of th
embr ydreivel op(ntehrvtetestov al 2(03i8doreetnkal 201X)

chromosome inactivation serves to prevent th

n compar i s(aSm vteote dnvad 4e2s0 B&H)t h X chr omosomes ha:

chance of being silenced, and once silenced,
subsequent ce(Pageineg atThO@B8)gener ates a mosa
females in which either the maternally inher
Al t hough X chromosome inactivation is observ
studies primarily focusing on mice and hum
i nactivation, and marsupials exbEbcanpa2ethbhp
I n placent al ma mmal s, the triggarstwbr!|l & thir:
gene is not consdgrFwed ainn &maradiugkidgdi Xa 2 ) v e

specific transcript and one of the first I o
1990Q08oreanial 9@rlgc led o rafl f;(99ddda & He.drod, X2019)
hromosome i nactihXiagémea it torcxmugcri bed into
oattimeg entire X RahnrnoimogsXxda 9@ &)crui ts a pl eth
hr omaddinf yi ng factors l eading t o t he stru
hromosemal ting in the sil(elnocdian g& oHe. dihtdss >210,109
preading event | eads to the transformation

-

gserdi heterochromatic structHaove Kenfh;&#09%a2 t he

humannes do escapeangde naer es itlheerrceiffmogprat B x phes s

ctive and inactawd Areht bmaoagbmeto play a |
evel opment ancde pdiitheddae yampl e, human XO fem
urvive to term but are 6afbdat &dHb.garTohir R 6ild 3
ue taodeftihei ency of those X chr omosomal genes

- o nu o 99 O O »u o O o o
—

or which two copies are necessary for nor ma

ZFhas been pfloawnda trool e i n meiotic (SMSClc)hr omc
(sesection 1.7.2.1), and as a ZFadfsuuel tt, o aeror
chr omosomal abnormalities can | ead to sper ma
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1.Cd®
I n
of
Sy
de
Th
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nsequenSeecGhrofmos Armeupl oi dy

di vidual s with an XOdewebmpsamef emapé e mene
t hedetteesrtmisni ng gene &SRY.commomnl go rkdiotwino ma s
ndr ¢ wWwel son;( FWrm#®#n. al 202DYyr ner s syndr ome
scribed in 1938 as a conddyuecenece &f Yoauhagcek
e presentation of Turnero6s syndrome can b

ulthood with the main medical probl ems be

(Ranke & Sae@Qtgleer 2990¢s include |ymphatic a

Wi
re
mo
pr
t h
se
Iy
p h
S u
Ot
be
de
pr
ma
Sy
an
X
20
ap
ch
c |
20
ch
Th

r e

th >60% of patients presenting with | ymph
giaomds i s now used as a (kPetye bdniaga g2nDaisst)isc nionwd i
re common for Turner6s syndrome to be det e
egnancy by @Mualllteras&® utahu nTgu,r n1lex9 55)y ndr o me
e absence of SRY results in a female pheno
X chr omoms oaeé dietaidsen t o phenotypes such as
mphedema, and horseshoe kidney. This impli
enotyp&shamel ¥gous and are present on both
ggesting that the X copy veamadens X chromoso
her circumenstehaenrcaeslies or gain of sex chronm

en noted. Anot her common example is KIline
scribedMuel le42 & Yhoanfrpabpd3RDUANe faclletser m
esent with an additional X chromosome ( XXY
l es making it a relatively common conditi
ndrome include mibdithalalreri ntghan fdv erud gea .,esg

beiinmf grMuielled er & Youms@mylX95)k thddpale s@ance
chromoxXthhas been identifi ed Tam téatgllaof a
1.0) General ly, t hepkydinddlvi d bretssumhad laiothgi eisn
proxi in@ %e |loyf cases beKprgyg di agpponpagad.mi nor
aracteriepicanthaludel ds, hgpakpeékltaki 68ims s u
i nodactyl vy, overl apping digitdar peatg.l dld anus
l.However, due to the surplus of X chromos
romosome are more suscept{bbdaté& Heapdmmact
e upregXl sateiaads ofo the silencing of two X
sulting (ilhodeld& Heartch, 2019)

Mp



1.

1. S4ructuGeené& md ent Homan@¥r o mos o me

Th e human X and Y chr omosomes bot h cont a
pseudoautosornm®@ARFeguom:mnd. 2hese regions stil
during male meiosi¥ enslebobhgdeoskBaphabni &er
Page, .19T9h%) two pseudoaut osomal regions are |
behave as dwMangeme&s Morr PARL 2097k much | arc
spanning 2. 6Mb, whil st PAR2 only spans 320kt
essential for fertility and exhibits a much
However, many genes found i(nMaPPAgRslL & sMarprei sX, i
There are other regions on the X and Y chr om

i's suppressed, and these regions have become
(B. Lahn & .Palghd,s ha®B9) esulted in only a few
chr omosomes. M&'s tg emfe tplaeses Xdre | ocated on t|

chr omosome and ar e concentrated towdr ds t h
chromosomée genes act as singletons and ar
euchromatic Yochri ombOBdmikaoaken & .Page, 1999)

Pseudoautosomal Region 1
— \

~ Y-Specific Genes
X-Specific Genes <

—  » Pseudoautosomal Region 2

Figurz Al.schematic di agram demonstrating t
pseudoaut oregmalins on both t he X afdesye chrc
pseudoaut osomaltomegblgpetsween the X and Y chro
camecombaicnd ng i n an autebbmalhr 6 me 8§ 0 ma: | a
chr omosome, Right chromosoMet smabtaleY chro

The Y chromosome has been conserved across n
with only a few mbaeagfiddlos mbobhedd 28233 )Y he human



geno,mhee chihromosome is one of twetémal bese ohre
(Qui nMwumai & Fel.lPruesv,i o280 1papessr itheevde Y

chr omosaosmempy andutiwepidl y | ansdhgigkhaeg PARS
(Hol méundl 20RBer reetr.apal 20 B828%e events are caus
functions to shift tdédHalmbeaompphbPARBAY benosomeen
rate of deiclanposdsihkeirleity it may cease to e>»
yeafKBol métundl 2023 Wwas originally thought for
chromosome was a gene desert, wit(lQuihéeéanoaly
Mur ci & Fel(ltboulsmet2i@0I1d WN2¥)ert hel es s, advance
genomics have revealed that the Y chr omosome
for male reproduction. The functions of many
undi scovered and requi MTaée fehiahéenagesplgonr aitg
sper mat ogeni c -sfpuenccitfiiocn sg etnoe sY ari ses from t he
conventional met h odsOtf logmr of bu mecs soonc inmeatpepd nvgi.t h
highly memgeatintcievetructur e (oHoltnkdu.nvdl 2Wr2@mo s on
The AZF regions on the Y chromosome are crit
genes necessary f drNagpglomsmaat,o gRelhaensclhgal, h @ )
first paper to name phlel AZRedegi oiv®eSa i vghadri eo n
i nto migglrlodel eti ons associated with male stel
AZF |l ocus only in t(hWeetdi alt 8098 6&)gdatl mrAdfi on
regions, AZwfhZF ARZiIFdpu3).e 1.

100 Kb
AZFa deletion = 0.8 Mb
R
UsPSY  DDX3Y."
SRY < v
IFY ™ §¥E§ £Y134 :v;?’é
PAR1 | | PAR2

§ 8= £2 555 WESSI: 3 3 e § 833§ 8§
Cu® 2EEE 2 2
AZFb deletion = 6.23 Mb
AZFb + c deletion = 7.7 Mb
—] AZFc deletion = 3.5 Mb

TMb

Figurde Schematic diagram oAZFhee@inamsggemes om
conteaeaproducddcEsftrevmas, TBED&5)i gure highlights



Y chr omosome, consisting odandAhfec sudmae gs bomws A

genes |l ocated within each subregion.

Among t hese regions, compl et e del eti ons 0
demonstrated to have the most severe impact
Sertoonl gephémabhyy®l ekeal 282B8)oonl gesyndr ome
i sharacterised by azoosper mia i nl iwheidc ho ntl hye bs

Sertolriescudlnlissgpger mat og € Ga sehts iafl RiRIZERe cont ai ns
singbpy ¢gleSPPQayn BDX3Y whDX3e'ncodi ng-spec¢iefsit¢ sRNA
helicase. Functional dat abDXBthayst bdi eshes ukgeg
spermatogenesi s g(ehiecekvei ah i2MD2&8%Fa and col |l ea
identified four poofoncal opabBhX§gtdémnmri osu giha stsh e
sequencing of more than 1,600 infertidlee men,
novbesticul ar biopsy for three of these case:
patients suff il ¥y rphme etry meé .DDX3iaYs ¢t bef ke me
spermatogenic factor in AZFa and s h(ohildkée u:
et al .., 2023)

AZFb spans a tot al of @.42 FNMib a(iMatuted@prstt a 0 ~ 1
Pl anehaal 20ITth)e compl ete deletion of this ext
Y chromosome | eads to thenlcdaudi anfg-cmidmenngao ws eY
genand is linked (tVogmealo20®&)het esns of the A
account for 15% of the Y chromosome micr ode
resulting in spermatogenddiad ]l rlLdaeysmia nan d2 0al20
The sixcpdionhgi gené&s FADY,] udSRBMY RREB4a'nd
KDMDVogtt. al 2D21) hi KRBMNWessiodf, i nterest because
expression in male germ cell s, particularly
to functions in sper mat(@OVYogtte il20&2821d sper m mo
ThéeZkE region is | ocat edP3 nantdh ec opnasliisntdsr oonfe sg eF
for sperm(pRhatekupat 2033 i sgitde cause of genom
across the malgepopbkbatmapegmanhogsenesi s are
( Nav&Lrorsa a, Goen- allv@he®)AZFc and AZFb regions
proxi mal end of the AZFc region and the dis
indicates that AZFc deletions |l ead to signif
men with these del et i onoesn cheantirngt iao m eafu cleads s pt
sper m/ ml compared to the nor mal cofdaebt eatic
1. 1 Del etions regtbe AAKe up approximately 60
AZF del eti ons, under scNav#&£grsd daei Goatmpolv ¢ anc
201.0)

MYy



The emer ArFde refmai ns a sulfjKemhitr ef et(nvad oyvet$
et . al 201vhi l e some studies suggest t hat the
bet ween the AZFb and AZFc rewgvhodtehears <ctuudiea:
have reported deletions in(XdtFdal 220% &jl altli,on

when considering the structure of the Y chrol

Overall, the key spermatogenic genes are | oc
t he Y chr omosome, and del eti ons of t hese
spermatogetnkeméesbeahdrtility

Tabl e 11AZF mi crodeprotdoasd Doblesh . al 2018)
Mi crodel etion frequency in the different AZ
del etions.

Mutation Frequency Genes Prognosis
affected
AZFa Rare DDX3Y and  Sertoli only syndrome: no sperm
DBY or
USPYY
AZFb Rare RBMY1 PRY  Nosperm
AZFc 10% of men with nonobstructive ~ DAZ, gr/gr Rarely sperm in ejaculate, 71.4%
azoospermia, 1:4000 overall chance of finding sperm on
(Hotaling, 2014) mTESE. (Stahl et al., 2010)

Sper matogenesi s
Gi ven t he enri chment of spermht ogeseme s ge
understanding Y gene function it is importar

events occurring during spermatogenesi s.

OV er vi Brne noefi $pteircnat ogenesi s

Spermatogenesi s i s defined as t he process
spermatozoa and begins(#ugudghpulpeocegessncamal
split into three distinct phases: (1) t he
di vision), (2) the meiotic phase (genetic r e
(3) dtifd erentiation of round( BRypsgtaralali 1890 )nt o
This entire process takes hampensnet matlt 01 67Y 4
From the age of puberty, males produce mil i
spermatogenesis contin(®Reassel abyga@®90) adultho



Sper matogonia are the starting poiemtewbhg sp:¢

mitotic stem cell s |l ocated within the test
necessary for mal e r(eRuursasdeul gitl iL@OWaORdMdaF2001) it
I n mal es, t her e ar e t hree types of sper ma

proliferative spermatogoni a,( Runge &lli #Ifle9r9%0n)t i a
Both stem celll and proliferatiuwmedisfpfeed man toigat
sper mat.&penimat aglemdat ed within the seminifer
with Sertoldi cell s. Onc e, undi fferentiated
spermatogonia divide and enter the meiotic
spermatocytes, al so knewma tasq JRiueseséed d taolt e n e
1990¢Cannaertelalla&2 020)

55C Progenitor Differentiating PreLep Lep/Zyg Pachy Dipl/sec  Early Mid Late

P — — - .
AR O [ D -
)\j'_’ — - |\‘.-/.|_' .,.'_h'.__ !J—'_.. . ) ™ — — o, /“I
Spermatogonia Spermatocytes Round Spermatids  Elongating
P ’ P y P Spermatids

Figude A.schematic diagram showing the proces
spermatogoni &pteo mapeorgmnesi s is a | omgnheproces
cycle takes approximatelRegci7datdad 6 Gri mswhqulanmsers
201.6)

O ervi Mevi $i s
The main stages of meiosis include genetic r
t hen increasing germ cel/l numbegrFi gaesal tli. b9
(Russel A1 1L990)



Spermatogonial Stem Cell
(2N)

Self-Renewal (
Mitosis

Primary Spermatocyte
(2N)

Meiosis |~ Secondary Spermatocyte
(2N)

Meiosis Il
Spermatids

(N)

Differentiation

(] [} [l [ Spermatozoa (Sperm)
(N)

Figurb5e A. schematic diagram showing the sta
alongside the chromosome numBpeper maesgoni at e
cells continuously undergo mitosis to ensure
however, some of these stem cells undergo me
functional spermatozoa with half tthe msumrber
cells following two stages of meiosi s.

Prophase is the first-lmeitdtnigc diawitdinagn rarud hil
Cell size and nuclei size increase during pr
mor phol ogy are the basis of the stages of me
be divided into five further subsections; pr
and finall yfy Fidgwd)ot eéPree|l ept ot ene pesper snat ofcoyrt
approximately one day, while the meiamtdi c di v
t hespeersnat ocytes require close contact wi t h
(Cannaerte.ldla2z 02Th)e prel eptotene to | eptotene t
cells moving away from the tubule and for min
rounding. Homol ogous chr omosomes during Zy
synaptonemal compl exur eAat ttrhiepaendt eof ¢ hzeyugeott
chromosomes become fully paired @a@ndvethkiss (ge
Crossing over occurs which is the process of
final spermatids cont ai(ndincgk luenri q&u eK | ggbamkerit enrg, m
pachytene the nucleoli grow | arger and sex
di pl otene, t he synaptonemal compl ex di ssoc
separate except at (Zhekthkrag&m&t alchkeesger pdni 1p9l 908t ):



cells are also known as the |l argest primary

remai nder of t he first mei oti c di vision oc

met aphase, anaphase, and telophase to compl ¢
secongerynas Gy tl de r(tFi Rurfed.)15Secondary sper mat
are verlyi vsehdorctel I s and rapidly enter the sec

hapl oi d s(p@irimadaritd,s 2000)

O¥ervi Bperonii ogenesi s

Oncmei osi s is compkemati thaprarigemplthee. |t [
during this phase that the fl agelihudpidecvcel op
principal, arffdFi gudd Rheeelslal L99MYring fl agel
devel opment, mitochondria are recruited fori

and the outer dense fibres produce the midrg

Anot her vital feature of spermatids ikeggthe
penetration resulting in the (Bestratat i& nP ad fe
2011)This development is slow and is not ful
spermiogenesis. During these | ast stages of
undergo nucl ear shaping, nucl ear conidensat.i

ultimately resultscompfetecdéyn mhhaphalr@egistaldl y n
of the seminiferous tubul es. From there they
undergo final mat uroart ifoenr(tR ul si@steaktfiladirtad 0 )o n

Mitochondria Acrosome

Nucleus

Head

Mid plece

Microtubules

P

PO
y 7

entrioles

R

— " nucleus

Flagellum

Tall

Golgi apparatus
Acrosomal
vesicle

1 et 'l
Fi gulBie Mar phol ogic changeg Oathns pgremi &g&negis

The cytoskel et al net wor ks of Sertoli cell s
mor phol ogi cal changes that occur during sper



the acrosomal vesicle begins to form and thi
move from-Gohegitmrsdmxsks to the nucdppasmat(i2ds |
the acrosomal vesicle continues to develop a
initiating nucleus condensationit hife8r mhat ISP n
of t heaohaciald couplinghepphamitng @amdt he nucl eus
are al ssedotl ggampireparation for Ifoiabdriefs§, 6 ht dhe
el ongated spermatids display a distinct acr
excess cytOemhasmer & .Kruger, 2021)

Meiotic Sex Chr omo Do meMdinasitds vati on

Mei otic sex chromosome inactivation (MSCI) o
akey contani bheokpbont process which eliminat
sy nxips dmirgdancghy ( €@menet |, Ma h adeeta.i mlh2 0 WWS)CROoO0 i |
is a process of tramecnilpsommak hmehematcisagtilb
X and Y chr omohsseheod gir (-tXord y atntdex cl usi on of R
pol ymeasatsaet: @ etrtsatst s t hrough the reg¢fFigfurgach

17) (Turner., PWi0sy) compartmentalisation i s me
condensat i(oOl oceutenretrs &. TMBEGErjs2aaé06pssary for
compl etion of q PAd ramaetttd.cpantin 2 @ 2T2h)er ef or e, i f g e
during spermatogenesis fail to undergo MSCI
during phabhymede stage of meiosis and i s thei
(Vernet, Mahadevai ath,l 2ddBHRosoi pn o csensrse ways
concepteséemmphl es ctitmadmMmoesobm& silencing in femal
equalise X chromosome dosage (bPeathwd enrng, ma2l0eds8
However, it is mechanistically distinct in

during pachytene is the |l acdaxeé$ dadfynrmmEpekec pai

and Y chr dmosgydomas 20 MB)ClI i s thus seen speci fi
they carryhuomasoeds, unl i ke fcehnrad neoss ownetsh
Where chr omosomal rearrangements are presen
aut osomal segments may be sineecinadseids t hj ei thee
the silencing is known as mei(©M$ BCMa nteenrca lnag

et. al 2(0RPYPD. al 2010)

As mentioned2hbovéei parll.i est identifiabl e

sper matogoni al stem cell s, which wedewa@gd. mit
At this stage in spermatogenesi s, genes pres

are both transdrTiuptniea.n aT2hOg0 7get mveel | s enter
during this many events occur in which agai
transcriptionally acti,vseo aunndt i ¢ o natfitneure tthoe rz

pachytene transition when meiotic synapsi s



chromosome are silenced and compartmentalis

nucl ear s(ubidgpufae Rb.l | owi ng the formation of s
continuing through into pachytene and dipl ot
genes remain repressed whil st some are reac

(Turner., 2007)

Two meiotic
divisions
—_—

Prophase |
_

Early spermatocyte Pachytene spermatocyte Developing sperm
Current Biology

Figurife Meiotic sex chromosome(Chauotignt &oflus
201.Eprly spermatocytes contain homologous ct

to synapse (shown in green). At this early s
chromosomes are transcriptionally active. T
pachytene speamadtactyit ee, whilst the X and Y
at a small region of homology. This means th
subject to MSCI resulting in the formation o
resulting devehoipsihg efpeamtcanscriptionally

(Cloutier &. Turner, 2010)

E¥ ol ut Spear mdt olguenncitci on

Ther e i s rapofd oethhostourtpihoonl ogi cal r amd penotl £ c wff
spermat oigenma MM msat al 202Th)ese changes are pr
to evolutionary pressures on .hdn htas be emme (@roa

—

hat the rapid esvolsutaicocne | cefr attheed tbheystf i xati on

gene expression changes, ami no acildatseubsti
spermatogeniRammit aglk28014t) i s thought that the
have been pushed by haploid selection, chr
pleiotropic constraints. Genes across specie
expression changes whilst otbersoshowkdi ngna
sper matogenic processes. As a result of thes
as Best ze, sperm production rates, sperm mol
var(yRamet . al 201T4h)yi s i s still true between cl c
expression comparison has shows tlsi polsisgihl gv

H N



to purifying selection. lstp ewcai sf | &l seox py LlegEd DN
be enriched with genes under positive selec
evolution predominately in the testis both |
evol ut(iMumat al 202 3)

Looking specifically at chromatin remodell in
this process |l eads to leaky transcription wi
factor of transcription resultingxipmesbhedfr
gees and alternative exon splicing 2FW¥nts d
(Soumetl ah20MBBat al 2025F)x chromosomestiwere th
di fferentiation of ancestral aut osomes, an
emer gence of MS CI i n bot h (eTuurhreeri,a nB®ilabn)d

emer gemce etahgpeche copy number to substitute f
on t he X chr omosome durcihmgpp mmeome i § naoadiev a
compensate for dosagehr &mesno mei t o stalgies c¢cXo mp ¢

evolution has I|-exprteos sneadn yg etneesst itshcamed o ma t
(Mureat al 2023)
Not onl yanresotberenary change in the genome |

changes associated with the thper @lilnlcemee Imv e
function to fertilise an egg yet there is s
across makameits al 20h4se changes have been suc
result of sperm competition, which occurs v
fertilise a(Remm|l @ad20&dgyysbserved morphol ogic
in sperm across spddhdieegs uirs eqniperemell ema@tt h cwma roy
di fference is the envi rcourrgeKmtlert Whaelr2eGF2fter t i | i

i nstance, species with |l onger sperm typical./l
whil e species with nshhadritteraqumearim cofntvdam onmen
f esatiildn (oKka@trlsal 202 1)

Spermatogenesis is a complex and dynamic cel |

examining -delel stimagrnscri ptome throughout ma m
(Her matn.nal 20 1IT&)i si parnaafliylsed gene expression fr
stem cells through spermatidb, c&8hhgl g§ipe of
sper mat ogame/dvdaelsuabl e resources for i nvest.

testicular cancer, male infertility, and con

ZFYas been shown to be vital foor merermasogre’"
student i nEltlhies Fleamlh oindenti fied the-tpsdgisbl e

specZFYpl-vaerei ant in a head and neck cancer



hypot heZF3¥atah atav e a -scppencciefioiuct sriodee of t he t est

was investigated in this thesis

. TanceastAntsi gens

A cadeesnis antigen refers t oasa ociixttierdc tprma te
typically found in male germ cells but not i
expression across \&®rilmanenmapbd@Mbéypdse
canctestis antigens are encoded on the X chro
ter medT " to differentiate froXCThose e
genes) . (Eei @ah 2OMigrr & Demge 2023 heir natur al
expression profile, t hey ar e bleiiogariknevressta mgc

Xenes

targets for i mmun(oSahlemaangyn.egtia?d@tl é i e s
The humtandersti s antigen wadbdydiThceveyedoiomn
coll eagues wusi ng( vcaDbiNAd eerxepB.reasish@laled. al 201 6)

Initially categorised as a mel anovAaGREInt i gen
foll owed by the discovery MAGE®#oMAGHEBNIional

& Deng,.S2MZ3E) t hen, signi fitcharnotugphmpagr elGR ia
sequenméatntgodol ogi es has unveil-edstmos eanthiage |
However, t he mechani s ms underl ying t he act

tumorigenesis remai Ni po&r DgengndeogBdod

Comm@pmatterns are observed in both tumour pro
devel opmemdil uwdd snigon, migration, apoptosis res
and angi d dananmainginephd(OXE6 )elli. al 2C2a@)t esti s

antigens are cruci al for fertility in the m
showing impaLiads fbavel ibteeen made to functi
met abol i sm, sperm RNA regul ati on, sperm mov
however, #ahlegy aplsayers in tumour( Salvmaniome jaandd

et . al 20hb¥y o gt attri buted to the i mmune pr
regigener at ed btye stthies, bblaerardiienrg t o t he i mmune s
recogni s-eestainseantpgene¢bamnedte lafl 2(0J1adEy . al

202.1)When these antigens are expressed outsid
response, f ostseprecnigf i aoa&mcdrn on. Consequent |
justification for employing (tJlegm ad< 0t2dlr)get s

Mul tiple studies havestsihowmant ihq@e nscadrcieve m

pat hways |l eading to cancer phenotypes in hum
initiating or reactivbki gln.g&Mian | &naD e&iBg lod 2 C2ad)c
for instance, -nhesmersosusanTRh@kIesX 115 d32dCP 1/ 3



which play r,ml @ eidn crheaibdsi sassoci ation consi
the sole sic¢cel lofdimeiisoitarc. These genes have
mei osi s, including involvement in DNA damage

mei ot i ¢ mkiamiisnigont,hat aber paontenexpl éysilemdcdn

chr omosome segregation, aneuploidy, , genomi
characteristic features of cancer. Consequen
cells has been |Iinked to tumorigenesi s, canc

The MAGE family has demonapoptesdi s nvedwleameino
p53 promot &€ Meibi mdi2(00RI0ON & De.nglbn 2@RIBY)i pl e my ¢
MAGEWBas discovered to hinderdapopderst sBAXY. aT
further underscores -thstisnkxpeéesweeoncanden
hall mark: resis@MdMince&tDedpop2®B88)sher i mplies
involved in controlling meiotic chromosome
directing gametogeni c devel opment coul d p ot
causing effects if they avtepeRpgdwessedcdabbooc!
(Sammut al 2014)

Eg: MAGE, PRAME

Avoiding Tumor-
Eg: BORIS, CAGE, COXB2, CT5S, FSIP1, Plabldioria i o Eg: ACRBP, CEPS5, MPHOSPH1, HORMAD1/2,
LDH-C, MAGE, SEMG1/2, TFDP3 SPO11, SYCP1/3, TEX12/15, TTK
Deregulating Genome
cellular instability
energetics v & mutation
o < e
\a“\ 4@,:)'-"@ . IHI
W« 2. %
» % Eg: MAGE, SSX
Eg: TFDP3, ZNF165 « - 2 g: 4
. Sustained @ Q} Enabling
pr ative )0&( 3 & . 2= | replicative
signaling 5'} s? ‘a’) mmortality

Eg: CAGE, CASG, MAGE, PRAME

Evading

Inducing Activating

angiogenesis invasion and

metastasis
Eg: CAGE, CTAG, CT45, GAGE, HORMAD1,
MAGE, PRAME, SPANX, SSX

Eg: CAGE

Figurdh®k. Hal | mar kcENioh &abeBgampO_S38)bkstascer
antigwend roles assoanditmdd mairtkh each

Consequentl vy, due to the cl ose ciloamsgedcdeison be
and the hall mactkespiod aatniceati on of a ger mlir
cell s towards t umorp gteenretsii sslo| yavhip & a iccmofufl edr e n t
prevalence of certain cancers in me#feasndswom
antigens on the différharst hsgXl|l chghomogddmesne

i nvestigations inBesbbiateldapsoodokeinsmobor deve
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stis antigen aBs$peanakrysgraeegilks.| i mited
mpaoredlat iboentswheiepn mei ot i ¢ g e ne deexvperl eospsmaonnt a n
i ueslar o s@ese: mei otic genes activated | ate
e to the accumul ataond/ of DNAldadmage,] somupda

t idvreicwpencer advancement ?

f f erpernetviaallence of cancers between mal es an:i

ncer susceptibility and camrderf feuminiceal a
ve bepaoat bedhmdteatti onal bur den, DNA repair, €
mour suppressor activity, (cRUBDI nc,ylfdde=2ex)e g u l
x differences are differeafetoteekaat ude s
aries anditfdetreqnncaersd bet we e n( Geete sa Is2u0clh2 )a s
erefore, geneti c, epigenetic araamd sgxwmalda
fferentiations which can |l ead to differenc

thogdCowiks al 2Béa®ever, what these differenc
s k, treat ment response and pmraegmuosies faird h
vest i(Ratbhiicans 202 2)

il e bebambk&iang dholant hropometri c,s I(ibfoedsyt ymiae
hysical aanhdvidewmogr dpkett pvefeanc tmarl € s and f e me
en investigated arad ecpuledloenx mlamice G me at I
t eshese cannot be t(Hea cdestloan |f2alcRtRaprese pabti ad!l avy

pl anations to explain this predominance ar
@Pesible exphamat hen-ei megdbeukKour suppresso
cape X i ORuobiwmat iMUHIZe essenti al tumour S L
cated wi-phée agawthoes mnoanl region of rtehseul X icnhgr a
ck of generticomndquilibration .beBxwenmnrml emsal
c | Kbdvi A , ATRX,an@DXRIBX Wi t h a Iing lwermeldhoessee

nes have i mportant epigenetic and tumour s
rveill ance and cancienrdi calt i n ghlaitvieian g tvecanmer
otection co(npubried, Th2e0 2sle)t o n d ie xlpiY raknead i pprnot o
cogenes, i wheimeaH ysmpemtctiefi c and can only be a

mor i genessiusc hTi&RdaR8MWhi ch have both been f

ectopically ddixyaaswetad i K¢ e@lol & L&BBua.nc20lhlese

genes a@hhreonospmetifdyx could potentially infl u

progressi on amd lperuetdcoomersantoeisdo & LRiun.al2I0Q 5)

as

menti oned manl es egcetrinolni nle. 3genes wavwveghbhedénh ys.|

activated in cancdrestencahiusgeadawveangsitumor |

HY



(McFareltamée 201d)i nterest surrounding this cat
increased camaerst hected pr opfadtlen aimahkiednse ftilhca m |
cancer bi omar keyr prfoagrn asdids gsnwhssiespmmanbt her apy
(McFareltamd 2014)

. Prel i mbbnsaerryv a2k Yofat e ntAsaslolcy at €dnevét h

Gi velme above |l inks between cancer agrededpger ma
factors that could explain the excess mal e

sense tosfeacls namedsapemresssse,d agredeisngpanesi cul
that are known to have a role inThpoepttdseisd sa
focusagzioo fingZeFkMpbaotéiah] s within al.l t hr e
ZFYs -lai wkeanscr i pwtiitohn |fiancktsort o gemeni oaendd deve
apopt(osdes belioteskacbufuncti on remaiPmevpoasl!|y
wor k i n -Renet oEnl Iliasb at the UniversityzZpbY Kent
i n Human Pap(iHPIVO)manve grautsi ve oropharyngeal squ
(OPSCC) ceTtujliilnlessa,veda01T%h)e connection to apo
potengxp@lldaiyn the matheagdprewvédl eeacle squamous ce
(HNSCCs) .

.&inc Finger Proteins

The Zinc finger protein family has been id
sper mat og¥inelt aml|l 202T'h)i s group of transcripti
shown toa baveicalnprroollief erati on and di ffer
spermatogenesi s.

I n the | ate 1980s the first ZipcwasndescoVea
in XKbpropus (ICaeswiastdrail 201T/h)i s resulted in the
di scovery of a new group of transcriptional .
repeat regi o868 . t pzeishetconfg eyr proteidesi gapatede:
based on -ftihreger zd omma(i Gha ssstarnudcetiu2rOel 7 )

The cl| &Hs(iKradppele) zinc finger proteins forr
regulatory protein family making( lupc hi% oZ200Qamh
and al most half of the annotated t{EmescoOiNptIi
& Thomas.,.Th2009))ast presenc&33isf de&ramtNtAr at ed
identified infltukdeilZria®ie® 1dIngree proteins are i

of cellul ar activities, t hese, ainndc| ttdeoudev
suppression. Zinc fingers seem to have a vit
found in | ower euka(yotrchs., a2d@Opa)okaryotes

H ¢
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do

Zi

ruct( Crass andrail 2L ARGy pereal ly interesting n
pe: pl ant ahnodmetoydpbentalibthi,h saln 8. Me c

e Structure of Zinc Finger Proteins

e majority of zinc fintgermipraolt epmst ecionn siir
magamd -BeiCmi nal DNA KiDBdihnigc hdoinsaignener al | y
nc finger mdtEimes same &l dhdimad Nr hDABEr act s

ith othdarm prrateei no reguwwht esermheaCipégioan

DWIAt hi nt ¢ hmi mMNal domain around 40% of the
nt ai h eami Nal-a sKsro,cpipeetled box (KRAB) domai n.
nctions to repress transcr-lptiwbhchkhiaeghlet
romati n moadgiefniec astii(ddmea mdgn & T h o nkaisk,e 200t0h9e)r
oteins, the binding potenti al depends on
mai hdet €€r mamalal so the |linkeflsubri.welzhteO 1 h e
mber of zinc fingers in tandenlaarmiy ar2y 0flr)

|l conttast he-ZKRABmMi |l y of transoctrhieprt i D apr ateg

co

—
-

_‘
X o

nt ain acidic acti)ataipdgp madtoenairmg hdrAADsh an
ansc(tikEmpern ooan & ThAABBaveEOo®®den identified a
gions of transcription factors thatobind t
ampglhee, Med1l5 subu@%anltedr e @ORttLaeltl. earl 202 1)

general, there seems to be aAAasc&kt otf hesy qu
il manage t o meopk ot sipeciifniter pcoitens witth
anscriptionhMel cnhaecrh,i HBWG W ) r , there is cons

oposed tAADERde seaofch has demshepr atecchaai ¢ m
ereby activator trhmegisemblfyi gt thtei mulaatser i p
DNA, foll owed by overexpression of t he
hi bits their initial stimulatory effect



Therefore, the AAD region of transcription
necessary transcHiMetlichhral @OOBP)nery

It has been found that many mammalian transc
transcriptilohl)ddmnposed | ofbithtde nTQATIBNPo me@idn t h e

TBRssociated f@8toPsedAAERWOTHhin the ,AAD r e
nine amino acid transactivation domain (9aaT
are thought to be the specifi(cM.biPnidsiknaga érke gi ¢
2016)The 9aaTAD donmadnbyateansecogptional ma c |
to man, and there are many prediction algor
within a (sMquRinekacdk2®h@a)IADs have been four
required for tAMAeDfsfouneantainyn eafk atrlyet e transcrip
vital fori vattiuemraneacof many (tS3.anBicatigpakblon f
200.The vast majhirndiyngofmotNA s in eukaryotes
domai{ hseatnigal 20202 i nc finger domain consi sts
by cysteines and histidi(fFeéegulild Claasrsyrinrdgailc o mb i
201.7)This forms a c cmpdlexu @towrs & » mpmsghteodt st wo

and Omel i x which was identifi(ddebynigl82a@a)Il o

? @ ° @ o @

g " ‘ * g .~
'; . K3 S | X % I

Figure 1.10: A scheHpat nc @i ageamdomZCns in t
fingers consi st of the zinc ion core surrou
residues.

Gi veelmfeoc uZF¥mits proj ectthétb@ueep ofh zinc finge
The consensus sHe§uagee sCosk XLCEX%XH, consisting
hydrophobic residues contained within the co
histidinegXreetkialue0sAttg liiseved ;Hdatmat hem@t i f tar
a t Roraesee pair (Xeqthept @0 2T2h)r eeHasauibngr®@ups have
been identified via their number a-G.H,, patter
mul t-agjl @€4nt and s emarmrakdeidhger (plruwd heii,n §2h0e0 1)



vari eHisi €c finger subgroups have di fCHrent b
and muddiji pf€Hnstubgroups can bind multiple dif
t he seppaariaateedd fi ngers subgroup binds its tar
amino acid residues in the alpha helices of
to their taegées, DNAisbgimms their primary 71 ol ¢
control the transcription of target(lgemes al
200.1)

It has been suggested that the greater the n
the affinitylushf.on206gmido possible that p
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i n

rge number of tandem zinc fingers bind onl
rgets wusing different SUbEmMEr ®dn theTlhoma
009)esi ze and diversity of itder @iliresri gieg nregveern p
the ancestr al (sHnzeer sboeni n&g Tshnbamaels KRABOD) i ¢
main was identified to have fi(Esmersaonséeé&n
omas, ;(BeDbetr @il d(9ORilgt . eal 2WiI0OBGH this event
cognised as a key subjspxdcdaoffpaan& nmesbebi&at
omas,. 2009)

e zinc finger structure providesaltlhewifmag me

e zinc finger family group to have a diver

8i ol oFuocaltions of Zinc Finger Proteins

e functions of zinc finger proteins are re

they bind to target promoter regi ons, e
hibition(&Xfetth®l 2BRr@Hmtger proteins have a
|l es within the human body, including invol
fferentiati on,anemetiapoi o-smhnsamrd ptpiosrna l re
tivation, protein degr aTldmad ivoanr,i eadn dc osmbginnaal t i

nctions exhibited by these zinc finger pro
ol ogicélsS. £itstpd 2(0X.2)tL.i al 20129 hi., MOyl )not ed

inc finger protein functions relate to cell

ogression, tawmndo unretirsv aestiicanl 202 2)

me Zinc finger proteins have been identifi
c hKlak4 aH»tCCype transc(fCopss@emdmib20®dm) a mouse
udogc Kkinng down KLF4, a cruci al role in keraf
the absence of the protein rdsSelgrtedali n al
9.¥)L UG anotHh-eype transcription factor has

volved in adi pocwitteh dotfhfeerr eznitncatfiiomger tr a



to have important rol esndncehéul atestiemagegsm
(Cassaendpail 20Ant)oni MaP® eta@azal 2007)

Al t hough zinc finger proteins are vital for
an mporrtoalneti seasesch as cancer ofi€assamdr ipr o
al, 20DHiI7$ is because zinc fingamcgrotpeioms esdIse
pat hways ranging from car ci n obEveindeesnicse tsou gngeetse
thainc fingean@crotiet nehr omatflium cma dinf iaesr sst r u
proteins regulating canceForcedéx &Zmig-lgdd,asi on a
been identified as a major player inrdluemori g
in the DNA damage responsemesercecetsysmaadn dt rtahnes
(Cassendpl 2(0Ri7er atcpb20MaBy ot her zinc finger
been i daestcddireeMi ng.

. Zinc Fi-GhgreomoYs o ma | Protein

Zinc FiChgemoY¥YomalZF)r ot sai ren(c &deégde ntey |tolcemat ed o
t hechfr omosome (¥pXir.o2t)eiaondbel ongsype® f ami IKy ¢q
CH-t ype zinc fiHKagepetpmaltled dhish Xomobomel ® g

of the gene exists inZFX¥XmadmredFYYappears tko olwav
diverged from a commoinorantesthel dgaprent &l ca

mammal sas evidenced by their <d&odwnanctea vheo mol o

evol ved di stinct functional rol es based or
chr omosomes, rechrcChdeomky al LEZFX) s a highly
conserved tr ansxeprriepstsieadn ifnaicmaopry atesasaés mamma
has been suggested to have a role in spermat
yet been fully estabRbsheatd @ nZiOHohdhé usa@ddod
202.ZFWas previously thought adthedt esrungigneisntge dg etn
however, this was | ater disproveddetaemndni SRYIgw
genbPue to the | ack of s getxh2degteenremihnaast i wenr yf umu
di sappeared from pebkehcchntakedppr wiatblmokt sew
deca.ddd hoisgm oitt db & e s mk n,iZNFgh agse nkee e nsede @a®sg n i
pivot al in safeguardZBRWctbe a¥ c¢cIhromosame.er
surveillance, thusseromatriidnutdfngt teo Y hcehrpamo s
its potent(Wdt efkdiH&ct é oag( H2I10@AOY.n@l 202 3)

I n humans, two splice variahesgthlviEWYRiean i d

containing 8 exohisgUurielcledkipme@g sesxansabi quitousl

(7]

peci fispl s cedt(ZwVe)$saicokni ng t he third exion (sec



573 b(pDecar peetntali2e01T2h)i s short transcript was
transcription polymeRGR)Dechaipd nraglda2adtli2o)on ( RT

144bp 141bp

389bp 573bp 150bp | 153bp | 3697bp

8

C-X2-C-X12-H-X3/X5-H

DNA Binding
Domain

Figurlde 1A schemati c dHwmgamhy eorfe tthread5&¥r i pt
consists -obdbng eropgr amawrn/ icrodi ng eéXamrs sho
ZF4l so consi sttserorfi naall aarcgied MMpanwmiabhgngxdopma?i!
and -merCmi nal DNA bindi ng dfohnea iinn tlhobcgakt!eadg kit ne de
as a blak& tonal gene inclbdinghéenexomsl|l ésgt
5336kb.

Rol es of both wvariants have been specul ated
separate functions. PredictionzZFnied bodolkedgy
intracellularly within (Zk¥ Thhel dwhan aRdo thasicn
2024he exact function ofi gtehneesreald iyf fuenrkennotwnv, a re
variants seem to have different expression p
ZFYas bheoesnt cilmsedtyi gat ed iwh entoruos ep anroalleol gso u s
|l i nkEedi es have bhEfywhidd ¢(riHo lfmeetdn d| 2@ 2 § )Jis
similRaumahéYand produces bsohtohr t| &,nsgow Fednfldys 2
expreaglsmest exdleudiomgl v smdffawehnd f w2 ex pr essed
i n spermatocyt esodhalseapgtlonteeiinoet v ¢cd efréer net ,
Szoett,. al 201S4u)bsequentl yt hsatllrengeedeatande onse
this sibeassagtial for p&oEpt ah2Ahdpardeasrsyi on
surge in expredowiasn i gentFiofl il @dvi nZg yePxeh iobsiitss,
greatrpresisnomper matids Zédg@hparedt ,¢ t0Szaolt ,
201@4pecar peetnt ali 20OHR2I)mettindl 2028t)udi es i n mice
demonstrated a shiftf adlnl opwionngo tParaii wascitsiov aM3 @In,
expresgifemmAdfy 2 regul ated byZfipr@imothomo Hogve v s
after mei osi s, t his Zifeyguprae s ®©inoms wiig cdhesyemn|
spermapgedi ficppsembt gr expl aiZi iyaxgp rtehgeoissimi f t

mei aBAisplicing pattern similar to what has b
seen | nNfwWfcpel. anscri pts have been pitdemtsisfiinegd;
exon 4 and a |l ong trabhsacmridpti s ehamoiogoexon:

hum&frWwhich is alternatively spliced out to f



equi valent to t haZftorfa ntshcawiinmdhu sbeo tshh osaitsrot t r a
being contfesdmest(iBaccar maentad RORKhozZrftyt anscript
was most prominent in spermatocytes, whil st
A s hZofr 2 anscript was also identified but t he
very low |l evels combpanfdodl mbundeé2DBBpgumans,
nort hern bI-PGR haanvde RcTon f iZrFnYeSdo rtmh aits telxepr essed
mei otically, and i-$pecixfpire,sszwbind dins htdes th ese n
identified to b-me ieoxtdrcead d eyd sijpadt iid s ubeixgpuiets
(Decarmantarli2®A2$ splicing pattern has been i
such as sheep ZRhYyplisci mg tHhaa hi HdOlymctomd er v
al, 2023)

The -Ifeaudgntolusiesof orm has been shown to possess:s
within a yeast repor tseprl iscyesd evirer smihandl shta s hneo ss
abil ity Fsihgouwhe83( i Mer net , Mahadewdi.agh,20deé )iRooi j
suspected that Zt geamug otriit gt ioofn i n Zrhiy2e con
i sof or m.

Further wor k | odfkyiarsg ail rstoo Zriiaads@f tydatth tri gger
germ cell apoptosis and that Z$ yainsdefqya2 a't sil
necessary for pachyVeneetpeb8zals 20Maédr)net ,
Mahadevaiahgegtdal RODB]) ff eshbenaveen mouse and h
ZFYsuch as the exi st eanncde tohfeitrwor epparralcagesd t e

causes some downstream problems when | ookin
relevance therefore, t hroughout t hi szfwor k, t
forms as identifying iprostsivwdsesa |kienyi cailm.r el ev

ZFYt rucftallrleows t EZéncl &asaaigeal i psttirouncathudrcet,br i s

presumed to have major i mportance in the rol

The StruZfFWre of
The overallZktsuecnhaeref od transcription facto
termAARaind -aeCmbBRI Wi t IDIBDZFNKeas thirteen zinc

speci fitbeypeg L£inc fingers. Because of t hes
beli evEBYshat possi ble eukaryotic transcripti
Th&€FY¥Yinc finger X2C-%¥1-H-X%/A4-KMhpatCt er n, therefor
di ffering -X2CxXrh-PeXt3Herei €c fingers. I n this seq
an amino acid, and the number indicates the
cysteine residue and H ifdndecawuwimbgr aohi sami dio

bet ween t he Zhivsitnaifniesgdarns al t er faotaemibneot we e n



acids which is expected to be t-KeCXleHult of

X3H zinc finger pattern is <¢Fommoalhneormemdlelry ed
at |l east 4 zinc finger Zrmé&poenattasi nisn 1t3a nzdiennt hfo
t andleBmmer son & Thomas, 2009)
ZF¥Ms mentioned consists of ei ght exons, of
| arAgfed s | ocated within exDbBB stwoacbdedi by w@whis
exon, exohYmigbtal is 801 amino acids long (
predicted -1c6haarngde aonf i soel ect r5.c99poihHawebveetrwe €
shosrppl i ced variant which was identified via
reacti-BER),RTi meksecond coding exon which en
domain and ihtenicse rwehZyE Y@t g ulaeZ F1Y.iSs mi ssi ng
the 573bp second coding exon, which makes t h
shorter tthhe&aF YiLb gAn Ui &
A 0.389kb 0.089kb 0.573kb 0.150kb 0.153kb 3.697kb
—8
| I 0.144kb 0.141kb
SUTR Open Reading Frame J'UTR
B
| A0 . |BGI
ZFY-long variant ZFY-short spliced variant

Non-coding exon l Coding exon I 'ntron

Fi gurle2 Al . schematic comparing EZR¥A. Gwoolinsof or |
organi saAFEYoplnheoft wo ZFY transcri pt sZF-¥ohdrotwi ng
|l acks the third exon which ,i smaOk i5n7g3 ktbh e ntdad tca
|l ength 4. 753kb.

Aspreviously ment b.olhAD amd sPBDiiom dombinati on
of eukaryotic tmTaesAADpa&andMDBEecptairrast.ed by a s
basic nuclear lionc ad Mxiemept! vYyd nZdgsYitghma |l nucl ear pr
(Koopman al L9%®) AAD is thought to bind and
transcriptiochwmd tmaciht aiehiyghllyy neg aptrievseu metda rdg
these features iZrF ¥ccotnsb ilniaktei oan ctohnavte ihaico mal t |
andnteracts WIATA BBkIl Di wmda rmg sporcotaetiend (fTaBCR)o r
a known transcri(pst.i oRiatk ac@fkaxG®Or)pt et i n

interactions form bet9eamMADtshi si néafiadct oarg am

ocC



transcripti. GAl4, maac htirnaeerrsycr i pti on factor in ye
contain these 9aaTADs and it has been demons
GAl46s transactiExpéiiomenacsi vat ¥F ¥dc ioduitc wd arha itn
|l acki D@ htahvee s hown transactivation-DaBd®.i vity
cereviepaet er( SsysRieask a@éd R(ODe’gar peetn.tali 201 2)
Whi zs¥yShowed no transactivation activity pos
the acidic domain due to the splicing event,
therefore pEEWYSculed, hahata direct or compet:i
t hat BFUYftkmsct(iFomgalr3d MEBr donal LAY 03 1Zdoribh 6,

been designated as theFiYhactrimeegnasoft mem,acwh

i sof or m.

HowevZFY ransachagatyiedn t o be i nvneagnmad d taend w
expression model system, thed eventiss upnodsesri b
circumstances may differ from those seen in

hs_ZFY_long E '

hs_ZFY short IJ

mm_2Zfy1_long E‘

mm_Zfy1_short 1

mm_Zfy2_long =

mm_Zfy2_short I:'

sc_GAL4_AD L

pGBKT7-empty |

0 1 2 3 4 5 6 7

B-galactosidase activity
Figurle3 ZIFYTransactivati(o-Decacpetwi tape2 0bl 2)
gal actosidase activity was measured and comg

control and the fusioreac¢isdisi-BBRBophasnt f vemcon:
ZFYsoforms with |l ong or short acidic domain
were tested in duplicate from two independen
acidic domains consistently failed to transa



Located -atr mhmrealZ Fetnhde BdDf c onosfi stthsi rt een tande
fingers. Thi s region has demonstrakZBd¥ sighn
variants and Whenrekxamiohiogg .t he genetic si mi
ZFYand moaZuse aAHBY, there is a 9gné qu ennuane oif d e7n0t%
(Hol méw.na@l 202ZTH)i s similarityZFadltsoi odwdggdéotred
thisiBBbiZzzFRafluf ootri@inmé u.ng@l 202 3)

DecipheringZRYhe acohmmgl iodated by the existence

i soforms generated by alternative splicing,
component of this thesis will therefore exam
ZFYsoforms and potenti al gene/ s that may reg

KhowBi ol oguponat i ohlBY of

Al t h&Fdrhs expressed widely in many tissues i
functionstesnicrudmar ti ssues remailm dompPl, et €
researchers investigated the case of a human
ZF\Ygene, as it wAZABYWNhKdugihghtt hbaet associ ated w
syndr(oFrege et .alDespl?@@®0) EEYabbenicedioVvi dual s

somatic features of Turner syndr ome, rai sin
about the irmlsomdt Fapgieseteal . , 1990)

The studies that have been perfsesrmadttitpl adat
during spermatogenesi s. Thi s wor k ewmasalrece
(Hol méu.nal 203 )st udi es fall mehooitheandl gests
Firstly, evaarlky i2r0 OtOlse f ocused on chromosomal |y
or al | of t he Y cafrwanso stomen addewhilcehck as a

determine which function(s) W®Wéye Moerset orr eeade nbt
CRI SPR technology has allowed the use of g
knockoxnt pZifodf2 baortch characterise the testicula
Coll ectively, t hes et hsaibudddefysu nhca vi oenisesideadlgetse d
in sper maiwogdresifs c roles related to unpaire
of M&Cting meiosis |, progression of mei osi s
(Hol méwu.nal 202 3)

M2.i bRuincct i oARBY of

ZFYhas been suggested to have apoptotic cont

wel | as the |l ate spindle assembly (metaphase
(Vernet, Mahadeetai ah2 0 d@é)i Romepans that incorr
ofZFYcan cause germ <cell deat hZFYohe t enoYmi ¢

oy



chromosome i mplies a negative feedback 1|1 oo0p,
asdirect orchrnadmasaocme IYocation is a sensor fo
MSCIlI with jiuocvee n il lazef kgrimagwi n g del ayed onset o]
sper mat(oédegrtreest , Mahadeevtaiaa 2,0 IBdeYRooopi jr,esul t s

ZF
an

me

Yyenes repressing their expression during t
d then reactivating themsel ves ZiIFlY s pésmat

chanism i s not under stood. However, model s

oZFéxpression in |l agging cells could stimul:

t h
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di
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Fu
s u
20

e ceasFHYwrgarmdcription would allow for proph
er matogenesi s (Weulnekt ¢ orMaihrade veai.aghl, 2 0dle6 ) Ro c
wev &rF,éxipfression continues for a prolonged
l'l's would und@¥®egponetapopabadewvdiah,20dMn) Rooi
ample of MSCI | eakage is observed in XYY m
l encing | eadspatchhyaenestsoer matdtocytes that

opt(oRdwbd. al 2(00h0ar peetntarli2édOMe2r)net |, Mahadevai
oef.,al 2Mabper mice carryiZhgolaintZaansgemal wer e
und to wr ohfgi ureixrpg epadchyt ene, l eading to
optosi s. This affirmed t Zdlly Qemespaanhllutcerse
age |V bl ockRoigrb. XY 2a&al0&dssumingr ves t hree Kk
nctions in MSCIlI: (1) it acts as an MSCI ac
e to its Y chromosome |l ocationexpndsgead a
chytene stage cells (Mot mwueage2d 2@t hM8Ch efr
nctions |linked to quality control and mei o
ring the first meitohcatesmaetdaph asbdbei mfmalce £n
i mination of uni y¥éenéet. ahr2dvicllgoane st udi es
monstrate®Ww maatt XBExme wit hardnelgeetneeds Ye xpleorite
er matogoni al arrest. Hio fw2 sogwe,r ¢ ormeeisn t rtohd u
er matogonial arrest but does not result in
taphase spermatocytes i n Subspagqueat ty, tihte
scoveZég2bh&t pbtvas capable of restoring tF
X unival ence. ZTbhiizs magagesdrsy tthattri gger

ivalent chromosomes (aMtereneeitat2@1Inet aphase 1
rther research hafswhHAtm2revaalodd etdhatn f aci
ccessful transition intVertnkee , s Maehtmadlelnai ah

1.4)Bot h genes are expressed during the int

two meiotic divisions, a phase excl uzsfiyvle t o



and@f yh2e lpp omote the secon(dVemenieott,i cMaédhtavdigsdviao na h

201.4)

The r oZlIFe¥ plfi ce variation in regulating thes
uncl ear,,ihtoveavserbeenZEW®swne xphppe s 8 e chi pmraent | y
mei otically witZFViLs hexpreodedehi pvodsntdlilsgtt i cal | y
suggesting t hat t hese t wo variants have d

spermato@gbeesi gdntal 2OARYISEnhdeed a competitive
ofZFYdctivity, one possibility is bhatkthbhepl
activity foofrm huentlidng ts expression is requir

This is consistent with theZfgyedneprad mgt igmgeg adle

phenotypes outlined aboveword&ndbyi ndlakiaansautijd ul a
specifically knocked out the | ong splice var
unt ar g &l &destujail 2017)

To recapZfwbdR®Rpre pivot al in enhancing mei ot
pachytenz2fya2ddi hi onally influencing processe
met aphase. Mor eover, they are involved 1in

under scoring t & Ysni gvnairfiiocuasn cset aogfes of sper mat

Pd.sMdei oFuincct i ohKY of

As mention2KEH¢apoegsesion increases in germ cel
enter mei osi s, but then is silenced during N
t hat iZnf ynd creeacti vated strongly in spermatid
sper mat i d Dfeucnacrtmeonntarl i22 1 2)

Previous findings havaf wdigygestedol kBat nmaoahhee
spermatozoa from hapli&diammamobipd 291 &Tmiags | daper
therefore, i dent i fZifegikn a s pneorvnedt ogelhe s iod and
(Yamaethpl 2(0Meér)net |, Mahadevadtahal 2D0elEGa)r bewi n g «
the reactivationZBYd csecbihndaat i amp eamaitnadcyt e s
spermati ds wer e Zifddnmiinfadnrdd, wdasshdavdent i fi ed as
contributor to the transition of round sper
mor phogéméegius eand. Tu)nction duringYamsetshied f
al, 20Ménnet , Mahadevadtahg!| 2D0eItAfrywZ mit name¢ce i n
spermatids coudfdedet ai nensgisygp escfidrimnatpirdbmot er
from -BhnkKed CYPT genepeca fs$pgergfesheer died mill y
20LRYamaaethal 20Mésr)net, Mahadevaetahal 2@dlgpdr pent
| acks this upsatnrdesa ne xprrensocteadr astpéomatr THiesrel s

presence of-spespérmaprdmoter could therefore



oZf yw2anscripts in spermatids, ZKW®X@aiasnigon h
posntei otically in(bpeamepdopreil® 4R}

Ver redatfalrt her confi Zmgéh tslpeermolmorefthogenesi s
after addigrrgantshgeef¥&Srtyo mdal es in which the onl:
are Sry -aondalRiefd2(sXBeyr net , Mahadevadtahal 2D0elcéa)r p e

The introdiZé¢éyi2amsagfentechemdvanced spermiogenic
t he addi tzifoyhlr arfs gae ne had no di scernible i m
progression,t hreeosnulitniuregd ifrai |l ure Thfi ssgarmrmhelt

suggestZzg ythhreotu g Ip Wietrs veyd pr o mstpeer mat i d el onga
(Verentetal 2(0Mer)net , Ma hadevadatahg!| 2D0elcéa)r pentri e,
Botzhf ywvlndf ywaave been continuously proven to be
knockout experiments showi ngi nachlnuodrimmagl i d @ feesc t
mor phol ogy, motility, capacitation, acr osome
as chromosoma({ Nalb astu jatl i2@damaet hpl 202 2)

A3 t er nSptl i eRenggu | aitiRed mt i DAY t 0O

Splicing is theomn®& mbmRdh effforie t he exons are
transl ation i nt o( Baarfaulnlicet i & nHahriaplriper,e c280s0s5 )o ¢ ¢ U
the spliceosome and i s rRNAI afKeAdfadniyin @ rwd reii ent
protein interacitniomemnemawendl,u e« oindsiapaeréec i sel y

in the coHopwetvteogcdeiromr s omwtuat iaonnds can r es

complete exon skipping, intron ret(eBharialnl,e or
& Barall e, 2005)
ZFYndergoes splicingpecofduci sboat tesofer m, !

exohhe splZiFckesr caufrrent |tymiumk e spiwso poskBMY at
acts to prevent EZR¥oreclacsgidor mdosmialhtai negx oinn,

identi fied short i sof or m.

RBMLY an Overview

RNAinding métchr omRiBiM@ies | oc at ed roomotshoemeY i n
t he bAZFRgi on on t he Yqglelr-cnea-d fi e ephrEdtdecisn awi t h  f un
associated with(Speeimat2@Qaesi s

30 copREMYe®ries and pseudogenes have been ide

aret il | uni denti fied, but only a( Tfseew i haave be
2004Due to the mul tREMYef inrmitrug et tod speci fic
spermatogenesi s has( Bibrleamoensd i f& i cHiualitne s, 2
| mmunohi stochemi st RBMYAAY csthoiwm itdhel ocalised



nucl eus of humani mthil cea tgiensgm eictesf | tsRBtMiVisL,AL o n

2024)The expRBMY¥1lit mdér mal tissues is restri
t he medi an expression not edi gaugy ¢4 11..4Whi TBM
expression was not identifiedfietggdbdlrdmoa.in t
Al ongside its specific eRBpMYelsiisdi ohni gihnl ymacloen sgee
on the Y chromosome throughout evolution su

spermat ogBmnelsdingens & Haines, 2000)

Tumaor
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FigurnddGéne expressi &BMprca foislse ad fl tumour s amj
paired nor maGERI ABu ehsei ght of the bars repr
transcript per million (TPM) expression.

RBMYlatlructure c-oesmgnhal oprat€i n interaction
is eniinchkBedine, amgidnityedasgdpsd ae RItamdha,

201.0)This is probably the region RBMMlAlontro
RBMY1A4 | ocalised to denRdNiAnspdénrciialgpged oimpomrea

due to the RNA recognition moti fRBIMRVRIML1. |t
modul at-mBRNArsepl i cing regul atroelsatseud hp racst eSiRn sa,
modul ate splice site selection through thei

conf i RBoMM1AOLNnction in splicing and mMRNA met a
|l ooking tRBMYd#&mtierpwecbitrgns have shown poten
rolRBEMY1wads found to interact with BSWmARsteroi
protein, a mitochondri al protein,aedul dei ng
t esgiiggsnal transducti onTSMAJR Ppc toit watnhi. oM hefseRNA
suggestRBMNVaths also involved i n asnee ottd cof
regulation through the f drNmatdrasm ao f Rptraontcehian,
al, 2(09t0gcco., ThOedrlee has beennpadeRBMY$AMbgess
RNA t aRgsuishdix acempl ex system as the RRM doi
RNA with | ow a(nNdavh&Lrge aa,f f Relhd rad/l2®,JAQ)ongsi de t h



RBMYlallso di splays a unique complex RNA reco
two stde&EpBRBMYY¥YAdteracts wi-gphe cai fsiecq usintcee, and
foll owed by a conformational mo d icfoin@watrindm.g T
RNA partner s. Mur i ne studi es have indicate
RBMY1,Alwi t h many of them be(iNMagv®&uampde @ s sRldamnah a
et. al2010)

Over RBMM s a kédyomMosome gene with functions
devel opment specifically i n splicing regul
spermatogenesiRBME hgenenattk st liriesitingfhoa n d
this thesis | ooks into this relationship.

. 7 W .yRB MY

I n the paper thatZF¥Ylrsermnasicoeegpptiookedg at
human patients withDeaal gpd meil i@® lPe)ta rernets tAP OP ]
had no AZF desl etthieorne faonrde emx@renraBdME xtpog eSlsd wn
(Decar pentarli2e0 1T2h)i s DHRYSxmrtessi on was near no
(Figubé Dechrmpdntan 2@ PA) i ent St e363 mwdd caan AZF
i s known tFROBMYX pri msagieon, and was found to ha
ZFYBn t he( Riegsutrdeg Dle.clar peetn.tali 20 b2 p , although
hi stolpbginoalypme wdiami | ar i n ZbForeSk pp &tsisée mms j s m
| ower pian itelma &RiBnvgY

X 3
‘§ \@L’ d\@b dQ fo"z o‘@ d.Q
O ol £ e g L
’\?"}é,‘oo ,§’ s)"é O ‘\"'5?330 ‘;& o"’é O
ZFY exon 2/4 o s N S “ oy exon 2/4
(02880/02882) i (02880/02882)
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Figur® MRTIR anal ¥6Y s aof c(rDepctasr ped n tarl i2ed IRT)
anal yEZEF¥nohuman ti s ¢ AMMBORI2 (p&Jtdeed8r6t3. The prin
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were designed from exons( c2 danndg wia x otho 2ipn csl puldiec
out f or mi nZgF Yt shcef esRiblr t( Pr ot ami ne 1), TNP1 (Tr
are spermatid specific and were-mebeti togeponm:
cell s. HRPT = Housekeeping gene used as a po

Further circumstanti al evi den®8BM)s IZgrk/'esvi ded
i s tweppddasfd cis |l ocated in the nucleus of spel
but not spbrmatmadss.hes mlreaxppesnddiiafor e
mei osi ZF4masntei oism s speriareaawser , the phenotyrg
carrying an AZFb deletion on theiRBM)Y cihsr o mo
typigaatompleeé¢e omi d arumrlsitke Thhhes plenotype se
chromosome del et IAZird mstds it mihied pihreghb ot ype obs
in mice transgeni Zdlydryy 20w e ri e1>gp rpeadscBhiFryvitBesn e .

i ndeed -actiowiery a@atr$ ant Bhat@ftydgtome st sdloect |
deficienFcyyptofi ggered bRBMMsminglt ofesul t i n
phenot Zge&daser expressi on.

Me c hani sutnicctail dlnychiadisen ve stRBMX|lexld osely rel ated
t RBMYTh&BMXIlg2ne is |l ocated on clpromesomenlly
being expressé¢@Ehr math.hg@l 2Ms@3ie st udies knocki
RBMXIshowadbl ock in spermatogenesis, with adt
spermatids and no edwggead teiRBgy KtHIPadast ipdrsevent s
spepmodua@tnidon,hi s i s @dbdewdlbd pymelrutealt obl ock dur
I't was found that the mous asg enrer otsh ésh dwa wlud d
undergo cell death via . Wpboht ®@shsadRBtMXhBg di y
binding in both alternative exon segqguétpses a
as opposerdeguwl antoenddasvahs.d hrotse diRIBMXlhZas a

key role in meioti,c atnrda ntshcRBiMXtilodnges rcaodfnulrtoli n 1
infertilgieryn despgdaiyfpiec crytpitds cwap !l d¢ @améegr me d
ontol ogy analysis showing tRBMXIm2Zpdy cgageshad

functions in spermmanindodgearmi cel medevsébopment .
25/ IRBaMXLt2ar get genes were identified to resu
was delepedt anbhhgpbdbiohesi s, it REvdXlazs hewrmbyt ha

suppresbéngse of a specific subset of acece,q
skipping of specific exons in the RMYis. Th
(th€eNminal RRM i sREMXEZIhs mmininalr 2Md9) al so

act to block specifice.actceaptt ospesgpilfiice saxdirs
premeiotic mal e geRBMmWYc dlInl st hextpbrieeng seitxrt @ if s, w
pr oposepdr etnheaRBM¥éxX pression could trigger skip

ZFYn spermatogoni a



1.

7ZFX the X ChromosomEZFMomol ogue

ZFXs Xlhienhedolewd& Fd4nd hsaismial ar . ZR¥Xaucltauacaet ed o
the short @hmombsbme Xn the regi(oSchomfei Xp21.
Gadiekeal L98Y)i dence has suggested these two
a common ancestor due to their similarities
WithintehmebDBERbotZlFandFXncode a tot al of 13 zi
99% of zihred r@imhger aci ds ar e ifduemcttiicoan als usgigneislt
(Figure H4M¥KEFXinc fingers follow the same ge.l
of HC Due to thei ZF¥Wingh Asiikmeillyaacbitilyd same DN,
sequences and t arlgeextpser i Memttise ramiotdleint thyrman d
suggestZF¥XbanopesaXti vati on, asFXar angdhrirptl ® vw:
i denti fanndcwéa®i ng number (dfc hX &daldie eerkesad me s

198.9)

ZFXas been studied highly in relation to mt
i mplications in the initiation or progressi
colorectal, gl i oma, re@mal maay(cNedo.meal, 2 Op2rOo)st a

Specifically, ZiF gha se xopereens scioornr edfat ed with po
cancer patdiesnctobveeariyhi s 0 t h& Fidloiersk inrog tshkeatm t o
tumet ys@ecanfdoagene but rather it contributes
causedumgpr omothagges in the tranZEXihpt ome.
mechani sm X whiobnces these changeéNhastnot
al ., .2020)

Acidic | ..~ .| Zinc finger (ZF)
domain NLS domain
ZFX DDDDD{]DDDDDDD Similarity to ZFX

(805aa) 7111111111000 Overall ZF domain

e (OOOOOOOOT 9%  99%
(801aa) 2y Tam Treeed ° °

------

ZNF711 O-OOO-O0000E 67%  87%

(761aa)

Figur@Sdhématic diagram showing tZnFeYZEXnser va
and ZNENKaltl al 20BD% family of zinc finger pro
wi t h 96% overall sequUEZRXend R nNnThey sbgtuwpect
conservation is even higher in the zinc fi
approachi AYFIDD % more distant zinc finger p



| ower but still Zk¥gmABY nHdvadgME&RIldtck sb atwho of t
zinc fingers presenafFXFN the ZF domain of

Niet chlar setd erhe transcription factdbFE€p&hat bi
i sland promoter st ar ts esgueen c ipnrgesva gdd dnéitdbFPot h R
al, 20Zth)ese datasets are of interestZRHYi ven t
andFXYdespite their divergenZFXesotiahed Amaalay
provide i Z&i¥ghlatns cirritpd i onal regul ati on.

ZFY¥Rol e Chr ¥mosHBnel ut i on

As mentioned earlier, the Y chromosome has ¢
andul nerable due to the | o(skdolomé tgreghle2sD Ra3njd P A
is widely believed that meiosis plays a sign

the Y chr(oHmlsmémenal 202 3)

The continuous evolutionary pressure for thi
deemed totbetdHewaexi stence of Wat emes-d&i Rekeagecul
2020Hol mdwu.nal 20 R88)necessary criteria for this
(1) it must be encoded on the Y chr omosome,
(3c)ausleest hal ity at tHar paghiGI€mdeu.sala2gie? ¥ )

i's thear efopr ¢ onttleindderm& é out i oner Ewi cart die rfiramm
mi c(eVer net , Mahadeetai ah20 @y Ruaotz.j al 20 1p9i)g s
(Barats.cal 20lan)d rodents where the Y chromosom
transposition toZFMadX baeilesnoomoesroene ,t o be situ
X chr omosHomemleda nda!l 2 QRA2:)i ti onally, after seq
chr omosome of t he gi ant panda, researchers
conversion occurHoilng unrd | X0 &@rBh)i7s gene convers
further identotseadt har mammal i an | ineages.
mechani sm might serve to Z&Meg uadired Yt tteh r foumm et
i n mammhdIsmétu.ngl 2023 partigemleaconversion affec
binding domain would serve to homogenise thi:
ensuring that tbaortdgietc otnhte nsuiemitloar sets of dow
the acidic domain (controlling the strength

diverges betweee XopindsylyY

Z6Y sPassiPbrlo®oncogene
While extensive redé¢&schohas éerxamipmredat ogene

malsepeci fic functions, studiedFMavea landi dmdr
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neaersggeinse Thi s i s baseZddFYo1 éx mrde nngesd tihmtcer t

t dinmsoprleayhsi ghl yt hhdamn thtoe maé sttii S sues.

oncogene results in the uncontrollable d
nd@emrcog,enz02However, before the transition
tation, the geneonicsogkennoewna nads fau npcrtoitoons i n |
'l division.

peri ment sZ Fl¥oxopkriensgs iaoth, have shown ZRBR¥xpl ai
cancer cell FY¥lotulids ptolssleghst itnldat{ dci cohdc¢og

Bruce Br ackleme Zi9mci3)finger motifs have sho
e expression of other target genes which
vel opment .-PCRramd hn RTAM¥eom é&xamsl e was i de
of 31 prostate adenocarcimloanasl!, y aind 4 thewe
at cdhhreomfosome segm&frtvascsomtodi niorsg fr om a ma
mour cells. Unlike in b2hWga hgpergenstfrce
pressed. Thi sZFstug gleesc emde tthraanscri ptionally
mouesulting in the dysregulation of other
mal i gnan¢yrifoomat &o Br uclet Btrhaec kteinme 1t910i3g d
bl i s hzeRY,Sptliece variant had not been identif

cording to the Hb&Mars prowt eiamcatr|l agp,eci fici

tected in many cancer types with suggestio
d neck (ZcFayn ddéares Human ,Pr2o0¢2e4di)gu AOviesglh et ¢ t
an ongoing need to identify new cancer

rg2FE¥epresents a prtospgeéctleiavse dc amcerts r est

pression profile and evidence of expressi
search is reguFMedatpoteewratliualt edi agnostic n
rget in specific cancers.
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Figur&Géné expressi rF ¥perroofsisl ealof tumour s amg
paired nor maGERIL ABRebei ght of the bars repr
transcript per million (TPM) expression.

H@&.ad a n dC aNeccekr

Previouy workitudemEe®Edt 6nsl ab showed expressi
spliced WH#&Aieagnattoirnoe® har yngeal cancer Ssquamou
(OPsQCc el | | i ness,i nwhiighhexngemsasl eempr eovftad & c &
neck squamous cHNSCESEIrraijnd.rhas (2019)

Head and Neck cancer (HNC) as of 2022 is the
(Gor nmdteyal 20bh2) inci HhEdbasofri sen steadily, w
increase observed dqwWwérgutriee CpndB8ttndepadé¢ ecti or
this rising inc(idaematei wii | & GEHwimdedvaear,e 20h2e0 )mor t

rat e i s al so i ncreasing whil st survival r
approximately 90% of NHC are squamous cell C
arises from the epithelial I i ni(nCgo rodlt etydnle or a

202.Zwo very distinct oncogenic pathways hav
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regul ation at t he Gl1/ S amayo Gh/eMomhec k mait mt

accumul ation of chr omosomal aberrations, unc
eventual tumbdCr Eboma®i #aWwhsiolnsst, B70 2Wwogr ks by
binding to RB1, a cell eayscsl oec i raet geudl apteocart srient.i
tohe proteasomal destruction of RB1 resultin
commonly identified gene in oroph@iomgean t

et. al2020)
A hi phkted e malag i o of HNSCC prevalence has beel

exact mechanisms and causes remain generally

HN.SXC Mal e Prevalence

A study between 19950RNCEUC 290ME2wWweod oep a2 gl ence
mal ¢ 6 Soeutz.apl 2(03abhat i ni & CHowevitER\V 2v8XZ0)st i | |
identified to be a major dr62%rofofmaOlP&SLCandh
of females -pesiiiBgdaHPiVni & Chvamgcapot2hzad)a
suggestions have been made f orpogendere diufnfoaur
These idicflfuedreences i n sexual behaviour and |
gender s, such as smoking and alcohol cConsumg
hor monal sdakaestsr-rogleat ed and -rperloagteesdiwdfriaactiteo r s

could play a r ol es pencicfamccéele.imipmwesd erc,t iiotn i s | i

intrinsic bi ochemical and mol ecul ar di ffer
independent of sex hormone influences, may i |
and will therefore be aff ddcStadatbhyniviékr Che ®cicra
The Human ProteiZaFAsl asfhadenriabiliesprognostic
and neck squamous cell carci nomas. However,
caution, as the analysis does AWM ndéddegsatXel

chromosome ZIFXdmovMeogt ZEAEA6i agpot enttesatli sc aanncteirg e r

a focus of this thesis project.

. ®roject Outline & Ai ms

The current understanding of human ZFY variants is limited, leading to several

unanswered questions which form the basis of this research where we set out to

better understand the structure/function relationships that underpin ZFY gene
function and have scul pted i-dcae aealysed aithei o n . Us
genomic, transcriptional, transcriptomic and proteomic level we aimed to produce a

cohesive set of interlinked experiments that address multiple facets of the

structure/function relationships of this long-neglected gene and uncover novel

pn



insights into its evolutionary history and mechanism of action in the testis and
beyond. The progress of ZFY research over the past ~50 years (summarised in
Figure 1.19) has left numerous unanswered questions, which have largely shaped

the research aim of this thesis.

Do these two variants
have different
functions?
What are the DNA

targets and protein
partners?
Zfy1 and Zfy2 in
mouse play a
critical function in

spermatogenesis
and reproduction.

2020-2024
My project

1987 - ZFY identified
as a Y linked
transcription factor,
postulated to be
testis determining
1988 - ZFY shown to
be autosomal in
marsupials

1989 - ZFY excluded
as the testis
determining factor.

1987-
89

What is ZFY’s role
outside of the testes?

How is this splicing
regulated?

AN

Discovery of
human and

How has ZFY
evolved onthe Y
chromosome?
Do marsupials
have a testis- ¢——
specific variant
even though ZFY is
autosomal?

mouse ZFY
testis-specific
transcripts.

Mouse has two
gene copies: ZfiyT
and Zfy2, found to

be differentially

expressed in
mouse testis.

Zfy2 found to regulate sex
chromosome expression
in spermatocytes.
Zfy2 essential for sperm
head remodelling and
sperm tail development.

MSc student
in Fenton lab
showed
expression of
testis-specific
short ZFY in

head and neck

Y cancer.
Functional studies \

almost allin mouse: Could ZFY be a
little known in humans cancer-testis gene?

Figure 1.19: A timeline showing the scientific discoveries of ZFY over the last
~50 years summarised in this thesis introduction. The questions that have
remained unanswered are highlighted in purple and make up this research project.

To address this aim, the research has been broken down into specific objectives to:

1 Explore the evolutionary history of ZFY and how this relates to its predicted
functional domain organisation.

1 Investigate how ZFY splicing is regulated to produce the short and long structural
isoforms observed in testes, and whether this regulation is evolutionarily conserved.

1 Determine the downstream transcriptional targets of the short and long isoforms of
ZFY, and how disruption of this translational programme may relate to its putative role
as an oncogene.

1 Establish whether ZFYS and ZFYL have distinct interacting partners that co-
regulate distinct targets, or do they share a common interactome.

These four objectives are explored across 4 results chapters in this thesis as
described below.

Using evolutionary analysis Chapter 2 investigates how ZFY has evolved from an
autosomal gene to a sex chromosome gene at the point of the placental mammal
divergence. Using a wide range of animal species DNA and protein sequence
conservation was analysed to define portions of the ZFY open reading frame that are
undergoing positive versus negative selection and interpret this in relation to protein

structural features and to specific evolutionary transitions.
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2. Chapter Tracing th&FEwmwlnutainonAudafos ol

Gene YOhraomosome Gene

2. lntroducti on

2.1 Phyl ogenAgtiPewer f ul Scientific Field

|l denti fying and understanding the evolution

i nsight into a( Muemg@dsal f20MBHYylbogenetics i s &
scientific field used to uncoverfantdhehiesvtoolruitei:
ofspecies or specific genetic sequences. Due
sequencing technol ogi es anlduta noanlayrtyi chails tnoertyh o
can be reconstructed from comparisons of 0
Phyl ogenetic sequence analysis relies on th
sequences to buil d a phylogeny of seguence
dfferences between sp(eMurmtalad 2@illthhei nb aas issp eocfi
evolutionary mod-eEl kasstmastarérkprown as a 0fj
mo d e | widely used tOoOHex@n o& e Bhy gho tphheyll Bo8g6e)n e t
tree presents in a graphical (Fiogwmr((@Shcatht) s& or
Baum, .20TKeg tips of the tree represent the s

genes under investigation. The tips are |link
of genetic change that has occurred, with |
amount ocf cgheannegtei. A node is made when genet.
|l ineage split, giving rise to two or more ne
on one point, known as the root of the tree v
(Scott & B.aAuwcnt,uraQ 6)rooting of tree model s

interpretation of ancestral changes across s

very useful for showing tH«&KidcremnmteahZ@lbept ween
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can be either beneficial or catastrophic to
genome and among specibeosdi efdormaenmxnaamp | sep, e csineasl |1
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(Kumar & Subr agmMBmomma m,2 ODRI)D )i s potentially |

mammal s having more geneftBtowmham,pe®d uml)in aof
species genome, there are regions of mutat.i
mut ati onal hot spots benefitting from higher
responses to the ch&hgang &n\LiWwhomrmdnt)enes wi
mut ati onal cold spots require fdrChtueaantgi o&n Lfir,
2004)These mutational variations within the
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2.

1 D2tecting Selection Via Analysis of Mutation

Positive selection occurs when mutations at
associated with f(iAtgmeewsa laln2(0As0i)rsv imoarla & Li be
2012)This promotes the emergence of a hew b
phe

mutation wil|l give rise to a | arger number o

notype within a population will eventual!l

toremd through the popul at{bDaswit& EaBshengw?2
contrast, negative or purifying selection |
selection type is essenti al for retaining ge¢
sur v(iAmilsi mova & (Pobegtesl 221B&N)T) del et eri ous
selectively purged from the population and i
have fewer of fspri(mgapaeanphda2zaBy iealscul atir
mut ation rates between coding DNA sequences
i dent(iHEi edi m & Tak.enaka, 2000)

Mut ati ons can be subdi vi dseyn oinnytnoo usy nsounbysnt oi ut st
Synonymous substitutions result in a change
the encoded amino-sgaiody mwbsl subatinobmnti on i s
DNA sequedcestblange the enhAodle.debungth@d @a8) d
A higher r-aynonyrmoursonsubstitutions to synor
indicative of positive selection and infers
Over time this change becomes fi(XxedLanddugdhes

et. al2B0BYdence from yeast and bawitmegi aviwde kc

t hat synonymous mutations are |l ess selectiv
their |l ack of effect (©lbe bhhaeyfkeonr caol REOBDEFEMenyg o ac
al, 202%) has now been suggested that synonyr

in adaptation t héaBacwhtegil 280123lyn arhyonioguthst mut at i

proposed to modify mRNA structures, thereby

stability, or even protein foldi n(gKrtihsutso faifcfhe
et . al 2(0lle8hRauyfledr. al 20 1Whi | e most synonymous a
deemed neutral or only mildly harmful, their
selection pressure. This was shown by ident

required for arginine anndoys onhutnaet iba nss ywetrhee s
affect the growth both positively and negat:.
either disrupt t-heoptabilctyrefat shemstart
codon accessibility. Bot h si cnepnaacrti o & r awnosul | adt |
efficiency, |l eading to reduced mRNA stabilif
shield mRNA fr ¢HKr dedgto.bhdalahl 168&)i s has shown t he
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i mportance of synonymous mutations in evolut
undappreciated. Neverthel ess, since the sel
synonymous mutati ons ar e generally mu ¢ h S
synonymous mut dtoi omfsymamymoruast t o synonymous
(known as dN/dS comparison) can be used to

negative selection wit h(ikr yaamzyh igmsvkeiny gé& nRltd tck

Uhder st aZrFdBvnog uti on: Consequences of Y Linkac

Y chromosome evolution is special with pos
di fferently on this unigue chromosome. The Y
has been Iinked to the reduced recombinati ol
along the trmejiar(ilHeyggdlflst 2 dt dhj s20@&yds to the
effecto of deleterious mutations as the | ack
beneficial mut ations on the Y chromosome, bu
mutati ons at ot her |l ocil Emogeltshé diveAqylon :2:e@ 8 p
mechanism in which deleterious mutations ac
ter med Mull erés ratcheto. This process resu

i
mut ations due to the absence of recoYnbi nat.
ome( Eqgred st 2 d(tSeark,amd@ ®8 )& I nikFamal Y22}

accumul ation of del eterious mutations on the

chr omos

by a reduction in popul ati on si(zEn gbeel csatu?sdet ea
200.8) Background selection is more potent on t
recombinati on, |l eading to t he reducti on i
chromosome and the accumul ati on Wifl sbel etag/rriea
et. al2014his is further enhanced due to the
in the populoatsiyof ouamdd in males and thus fur
Wil soneBagpt 26 1A4)l of these affect the Y genc
xtremely | ow diversity of t Ne g etnutniigf/epi Img ma

el ection acts on the Y chromosome preservi
unctoadinng genes vVvital (fEonrgemasliteé dd e e lh®@OeBn) ti
was originally thought that the X and Y chr

inferred that the Y chromosome's permanent h
of recombination exchange between the X and
sbely t hrougMul mat;e€hlaxll8)swort hl,hi 2003)f I ect s

uni queness of the Y chromosome and its evolu
ZFYs a highly conserved gene | ocated on th
ma mmal s . However, i nZmArss U picalt eda mmalasn, aut o
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than the sex (Shmamagdmpedtd.881)200T3)i s indicat e:
after the evolutionary divergence &FY mar su
became -lai nskeexd gene in egt8hecli ailTmad@nt 8k
200.3)There is substantial sequence homology |
suggesting a history of either genetic reco
t heMmMPamil o & Bi.anHdhwevelr993genetic recombi na
chromosomes can only occur in pseudoaut osoma
homol ogous. I n -GOB9¢ckeSchmepadseed t hat gene c
humaZrFXdndF¥xpl ains their hi g(hScsheng&idhéceek éh o mo |
al, LOB®&mi |l o & Bianchi, 1993)

The evolution of the Y chromosomEdYhastbeeéenhss
role in meios(ikolsmeruwmedi|l 2 @234)e EB¥gmcti ons ar ¢
generallyZBEMWlhsowm,nti nued tYtocheomiesememrftlee
being noted as a fAfragiled chr dmMdsaackenodu &
Demut h,;( ROHLebr)reetr.aal 20 RB& )1 oss of genes has bee
its shrinking PARs, the accumul ation of del
recombinati on. These ar e further exagger at
chr omosroeneast i ve tion atuhe® sponews!| att lmerreemridsctetder e f
diversity. Thi EZF6sampoeonr v st itohneZ Fofost | e@as etnhtaita |
sur vfiowralr epracsdudt icoomtinues to evolve and per
removing any detriment al mut at(iHon sméeaumd | mai nt
202.3)

Uhder st aZrFdBvnogl uti on: Structur al Considerati ol
A transcription factor requires specific dom
its targets, these domai(nksi gunridBud.§2da h2 3 A®) an
The DBD is vital for binding specific target
are zinc finger domai ns-l o mie » d d(oRmain entszaen d &
Farnham, ZJ20%fl1)structure a DBD adopts deter mi
domains with targe@. DINA Gemaaeinz s i 0 1a6 )subcl
DBD similarities between transcriftiina@dnngact
specificities even if they totBveHdi Gébeorzalngz do
ZF&s DBD consists of thirteen zinc fingers
specific DNA sequences as the amino acids in
speci(fGacsistayhdpl 20IXCh)anges in these amino aci ds
sequence recognition of Cdcsaentdrraih 20 dTrhpitd oins f



possibly why during evolution in general the

negative selection to ensure the genebds func

L
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Acidic Activating l DNA Binding
Domain Domain
Nuclear
Localisation
Signal

—QaaTAD—9aaTAD

FiguregF2(r2anscri pti on f :aZcFtgyen ed oenxadm sbh.r eAa k d o wn
grebaoxes highlight the !l codibnogx ehziognhsl,i gahntds tthh

coding exon. The acidic activating-6damai n i
exon 7 (cod6)hgardkotntse 1IDNA binding domain is
exon 7). These two domains ar e adrmstoailninrkg dt He
nucl ear |l ocalBi ZRYromebshghalhnhcti on. The acidi

binds transcriptiensmacbineoysandedofaaTAD
DNA binding domain uses thirteen zinc finger
The proteinZB#tgs ucunurentolfy unknown.

The AAD binds coactivators required for trar
amino acid Cbhmpozséenb @By acltl.eBI520B1pgener al , t h
regions have been classified as having rich
t hr eo(nTirnieezenber gygnl l1O5) he DBD, the AAD are
| ack cong eVt athieanKo2 &0 )& St alhloewe,ve2(Q23)he 9a
regions of the AAD which have been identifie
seem to represent the more conserved regions
9aaTAD regions medi ate conseptvieadn ian¢Baatcarn ©
Pi skedeknl 26m@hasi sing the need for the 9aaT/
selection. Further anal ysisspeicritfd ct Zriee¥ge otnrsa ro:
necessary to understand its conservation and

This chapter aims to undé&dst &amdktelle geores énoV &

the eutherian/ marsupi al di vergence. By asses:s
aim is to explain the process of change f
chromosome gene and identify adywceampedrircchan

regions that hRY® awrsrudritedf umcti ons.
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2. Materials and Met hods

2. 2Nldcl eotide and Protein Sequence Collection
The National Centre for Biotechnology I nform
source f orZFctoodiencgt ichgmai n sequences (CDS). T
was used withZFNWMeahke y'woircthe d'monsgcemalY pr ot ei n”
available sequences from placent al ma mmal s .
sequences, as Y chromosome sequencing | ags |
The | ack oZdF¢egquuéeére¢es for many species and
parti al sequenceaexsesdsi ¢gmief isaantl ley sri ed, as 1inc
could not be included.

For species ZMiY¥Ydgecempeé et et heZ K¥o diersgp osnadd tnegn ¢ e
were retrieved from the NCBI geaAakX dand b"azsien cu
fingehr omosomal pEBXeiqmetnckf wabBenot avail abl
was removed. From the NCBI protein database,
were then collected. The search f ZFnéadndl8 pl a

ZF
Eq
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Y

20
ZF
Th
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An
i d

Annot astuipepd eMEah la&Tyalb 1)e. 2
uus céhatbey) was a mammal of ZmhYMeclesat i thew
d protein sequences waetr e hneo GTi&vehi | abl €Eoont
chromosome were obtained fromfmJaaeetkka and
1.8)TZhFe¢ oor di nates were extracted from the G
Yiucl eotide sequence from the whole horse
e EMBOSS tool kit was then wutilised to trar
rrespomhYi emtgei n sequence.

additional 4 specdiFXthowlodrog tilse amnd arsesna l

entified and, sequences from these were |

SuppleméablBey3Throughout the remainder of thi

ho
s e
ca
ru

e X

2. 2 .82
Th
Ge

mol ogs are rZdd*etro edndioc aatse fitbad Yhkzdyg. ar e
qguences from fishDaspeci(reew i rioan@al rauddhignrgo d o n
rchédGraat White Shark), Taeni oplagkiiaf uggwt t a
bri(Ppeapanese pufof eoni gwnenrael | g1 scol |l ect ed but

cluded due to difficulties with sequence a

qguence Alignment
e collected sequences were aligned wusing
netic Analysiso Tavke@GA, alVAM02 IMEGA was used

phyl ogenetic analysi s, as it i's an integrat

p &



manual sequence alignment, inferring phyl o

mol ecul ar evoluti on, and has many other feat
As aligning placent al mammal s with outgroup
pl acent al mammal s were aligned. I nitial prot

using Cluoubdoampe®Wonal 1I9® 4AMEGA ((VadmEt abal 2021)

with the default TpaarlaemeXZ .kl sresbhowni ng al i gnme
manually curated to i mprove accuracy. Separ a
gener atZekds dqpuencesFX¥adyences only,ZF#nFdX combi
sequences. Subsequentl vy, separate alignment
created. The alignments were then (cSonebvienresd u
et . al 201d9i ng t he def ault commands and t he

suppl emé@abbewgeBe seamlessly incorporated int
di sturbi-egishenpgralignment.

Table 2. 1: Def aul t Clustal W ProteiThhea&lei gnme
parameters are considered the default for th
Pairwise Alignment

Gap Opening Per 10. 00
Gap Extension P 0.10

Mul ti ple Alignment
Gap Opening Per 10.00
Gap Extension P 0.20

Wei ght
Protein Weight Gonnet
Residue specifig ON
Hydrophilic pel ON
Gap Separadtrii xn 4
End Gap separ a OFF
Nucl eotide alignment poses increased compl ex

the underlying triplet codon structure of th
|l eading to sequence misalignmeniMBILo (addry es
(Suyaema. al 200wWads employed to convert the pr
alignments into nucleotide sequence alignmen

appropriate codon sequences to the DNA seque

frames nucleotides are mostly moved in group
and indel s. By inputting the multiple protei
nucl eoqueéemcee coll ected from NCBI ,-tdai freor e
nucl eotide alignment was achieved.

Foll owing this, both aligned protein and nuc

were ready for subsequent analysis.
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2 Phyl ogene€ComstiTreeti on

Ma X i

evolutionary

constructi on,

pair wi

bootstrapping

muimnk el i hood

S e

tree construction followed s
hi story of the gene. I nitially,
due to its diverse arrdytof ph

di stance, and me ian mebkodt utnicom.po
technique with 1000 iteratior

robustness of the phylogenetic anal ys-i s. Hov
consumingl &fMREEt We b s-eQyEri f(iWeotp.oaull G 1w6a)s

chosen as a more suitable tool for the analy
| REE employs an ultrafast bootstrapping met
constructi QHoO éeit§ Bad At0,1 8Nhe al i gned FASTA fil e:
and a comprehensive report wdsg tgemwmaerdt ddd emne
through Bayesian I nformation Criterion (Bl C)
and a consensus tTREE plfdhrrsndesad | dTdaRtteakte@ i1
The -BE€tit model max i mwmelxiploe It ieldo d b tNreeveé ¢ k f
undweretdi ting on FigTree (vl1l. 4.4, http://tree

edits i n FidgrTa eetei nignvioHeretirea a&tpethes,desncol
bootstrapped V&RE&es ahdomdd®ng a scale bar.
adjustments, the tree was exported as an SVG
(v1l. 3.2, https://inkslca&8pe./grgadlrgeedpber/i ilkhsdd
i mage rendering. [ n I nkscape, additional
colouration, size adjustments, and species ¢
Table 2. 2: | QTREE default parameters used f
anal yUWlitsrraf ast bootstrapping techniqgues were
iterations made to enhance reliability. The
identify and -fapplmodtehe blehset al gorithm auton
opti mal mopdreolv ifdoerd tsheequences, facilitating tfF
tree based on the identified model This is

| gree OpProhsin
SubstitutidSequence typqgAmino acid

Find best angc
RatHet erogene|Create site 1
State FrequernEsti mated by
|l i keli hood

Brach SuppgBootstrap Ultrafast 10C¢
Tree searchPerturbation]|0.5

# of wunsuccegl00O0

iterations tq
ReconstructRoot tree None
ancestral STree Type Unrooted

| Jree OpNuohsotide
Substituti dSequence typdNucleotide
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Find best ang
Brach SuppgBootstrap Ultrafast 10(
Tree searchPerturdtatermoqt|{0. 5
# of unsucceglO0O
iterations tq
ReconstructRoot tree None
ancestral 9Tree Type Unrooted

2Chnserved Domains Analysis

After generating the sequence al iZdnedntnsg, c o
region were analysed, specmfnoal bpndt heaeAPBDa
terminus alongside the full CDS. These seq
Unconstrained Bayesian Ap MRo reetinb tail 0o B0 1@ UB £
https:// www. dat amonkey. org/ fubar) to test fo
nor mal forcing of sites to belong to one cl
which often skews inference due to model mis
hirear chi cal BayMsirete.l ane2 b O)i s all ows for the

of sites that are expgripaweifiyg ngposietliexce i and

faster and more reliable way. The speed adval
dat asets. FUBAR analysis is performed on nuc
for protein sddMueatrrddb2@lIysi s

FUBAR analysis was performed on the aligned

performed for a more comprehensive analysis.

tool (https://www.ncbi.nlm.nih.gov/ Structure
AAD daomrates i n &&&he queeaciees 'The NCBI def aul t
utilised andrFiagrue esbwn niuml eoti de FASTA fil es
the tool and the reported coordinates were

sequences in the aligned files. These alignm
web server. Further mor e, within the AAD, nir
(9aaTAD) are vital to their function. To ide
onki prediction tool (https:// www. med. muni . c:
stringent pattern sear ch wa s perfor med as
transcription factors. Based on the refined

with either E0O@YecdHrwtit daenad c h) or weaker con
100% supported.

The NCBI conserved domain database could n
coordinates. Therefor e, to anal yse t he C 0 mj
selected staend ngf atherprntéwviously identified

the coding sequence



—— OPTIONS

Search against database @: | CDD v3.19 - 58235 PSSMs v
Expect Value @ threshold: |0.010000

Apply low-complexity filter @ [

Composition based statistics adjustment &

Force live search @ [

Rescue borderline hits [J Suppress weak overlapping hits [J
Maximum number of hits 2 500

Result mode @Concise @ OStandard @ OFull @

Figure 2. 3: NCBI conserved domaThme ssee acdgthi d m<x

all ow for the collection of acidic transact.i
to allowdépthhenaiwnsi s.

Within thed®BDh amalwnwsis of the 13 zinc fing

zinc finger sequences were identifPedsiukowg
et. al 20POr)si kov &, Swhglkh 2et1d4)yns the top 13
finger motifs from a protein sequence. The z
sequences as the input and does not function

downstream FUBAR @&nalayfstiesr. iTnhpeurtetfionrg t he pr o
obtaining the predicted zinc finger motifs,

coding nucleotide sequences using TBLASTN. T
the nucleotide sequefnicreggere nccaoma inmgs tfher zd ancch

FUBAR analysis was performed on the full CL
fingers to assess selection. -sHUBAR aesvial,udtden
evidence for either pervasi veMdiaevteldsli2fOyli3ng o

This online tool utilises a Bayesian approac
in a coding sequence alignment. FUBAR provi
pressure analysis than overall dN/dS ratios.
to analyse | arge alignments extremely fast
(Muretl Al 201By) defaul t , a posterior probabil
strongly suggestive of positive selection.

The nucleotide FASTA files were uploaded for
Bayesian approach. The resulting data encorm
pressure, graphs illustratingpeostiecionf oamea
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econv Gene Conversion Tool

econva(vi.sl.a81lsoftware that identifies the
e conversion events occurring between ali
e conversions outsi de( Seafwytelre [Al9®dVeded eal i
ranked coynpmul sioml eeatuest@asdhdpare | isted
put . Predicted recombination between two
BLIAISKe statistics. This means ¢t haltari,f t we

y are considered as under(gSoaiwyge rpalsasgiaml)e ¢
al2023)

econv identifies regions exhibiting |arg
ver(sGaosredl .aal 201Th)ese sites are identified I
ntical fragment l engt hs against t he pr e
econv ut ivliailsuees nmewochops to support t he id

version; (1) a perhreutKaariloinn(nkatAnl ods caknudh | (t X)c

99t hod based on BLAST tools for DNA sequer

t
c
t

e

n
0]
S

hod has been said to b&Almecédubccsesr aoboempwhi

h faster. The permutation psrcooadduwgr & rfaigrmsetn
hingtnmendl bot h gl o(bSdwyye ra,n dl ®8®@QrOwipsead mut a
the standard for Geneconyv, meaning that
domly permuted 10,000 times. A maxi mum f |
m this permuted array globally abdepisr wi
ed on the number of permuted alignments
gi nal observeed aflr uagmeanrte, gtlhoebsad imed by mu
rections for all/l the sequence pair-s withi

mae® not corrected for multiple compari sor

orr ecatleudkesp can introduce bias as it means
tantly related sequences with a higher

ni fimcgtnt agailnest a background of more clo
re are normally fewer significant gl obal
servative( awvheoedol D9§9)

er excluddfs*e queneeesmadloimngndeadc mpuel eoti de F,
remaining sequences of the placent al m 8
er Z&daindgF- X equences. This arrangement faci
a by Geneconv. Subsequentl vy, the organi:
econv program (vl1l.Bilag vhaethaceomBpandef ¢
s N=10,000 permutatpononsedumr d.heTlperfmalt lad
e set: [/ wl23 initnaeresaednu@bME C@NeVn esr at or



guarantee that the program output wil!/l al way
The option /1 p tells GENECONV to produce | is
gl obal Il i sts. / b2 was used to make GENECONYV
caseZfFMemdFXairing system.

Executing this command triggers Geneconv to
FRAG file and a SUM file. The SUM file encom
about the inputted dat a, while the FRAG file
convegsi ohi s i nformati on includes species

S
coordinates wher e gene conversions have b e
n

coordinates were utilised to pinpoint the r
anal ysi s, t hese nucl eloth ed e c osnepgaureendc e wi tchout h e
numbers of associated species to identify t
process allows the determination of gene <cor
they occurDBvIi & diii oan .t he

A cestr al Sequence Reconstruction

The web server GRASP ((httipoled¢ygrad s20.2s26d b . u g
used to infer potential 2ZamvdedtrXalGRASRU ermme s
determine ancestral character states as well
potenti al insertions and del etions. The ali
generated dmnd mdd wiedkl m&xi mibmodF Y m I&y,3 nfl o,

and Zé&tdmAFX were incorporated into GRASP for
GRASP then generated the most probabl e ances

tree exported for closer analysis.



.Besul ts

ZFYsEvol vMonrgea pi dhgg @ FXParti cuRoadent s

Phyl ogenetic tree construction was perfor me
chang&FYacross placent al nZaFnyana & & Xs eFailelnacvei n g
alignment, phylogenetic trees<FWesr eevcod nvsi tnrgu coty
time for both protein sequences and nucl eoti
founSlupml emEngayg The aim was to examine the
ZFaendFXequences to identify geneticZEYhanges
over evolutionary timescales WlkXch have | ed
Ther ot ei n alaisggennneernatt ckwde pti @ tséi n sheeg emsé &g t 0O

wor k WWhd hcompl et e akibgnmBe&mt sddresi stn total, w
sites and 432 variable sites across alll S pe
fidhere were 37 gaps whn cthhe aaml iben mearutsed by

occurred during evolutiona®yppliemEwgahgnldif
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Figurehawd the pr ot eiZnF ¥rhdyH Xoegoeuneyn coX s ri tigu b
l aefiAd ri can clGawddisf (rgedi)lcl®We n) t hor hynchus an
(pl at ypMosno daenldp hi s( apaonesu mifaeiqgtuhbe nace as out gr

The treeatherooatgdoup African clawed frog wi

di vergence of birds, monotremesZfa&rednamassup
aut osomal . Wi t AF ¥ r eLootxhoedroinatnas(,ef ephbant) and
Artiodactyl ZaFrndp lCaarnitvoordi ver ge i mmedi atel y
radiati on, ZpguXiFoYspltiot.t hkowever, these wearly
supported by bootstrapping and are |ikely to
Al'l euZkh¥egaences included trace back to one
a strong bootstrZ&pgrsoaugriengo ff o1 d0OM%.s t he taxonc
with most orders of species grouping togethe
scrofa (pig) seems to diverge away from t he
break is not stromgl nosseppot yetbavwngha conf i
This separation i ZFX®etquepreas . foFort Z&Ele r e mq
sequence®s derbBe Primates, Rodenti a, and Carni

Perissodactyla and Proboscidea only having o
Compari algdhBAEYegions of the tree, the branch
foZrTFYh&ZWr X indicating accelerated evolution o
X homolog. This has be¢e&nocdteeavli2e0umssBl)ynagbdber dea e
to the reduced effective popul ation size of

observation is partdZkWwrd aRd demptri& ¥ aRacdamti o h

|l onger branch |l ength indicating a | arge numb
rodeznRYvery di stinct botrndédBYandt FE@aeXn( non

urtheMmometa mar mof Mammatmotias seen to diver
haMus muscmd wse Raahds ndrrvaedgi cwist h 84% branc

T

UFboot ) .l dT hd g gceosut t hat rat and mouse have

ncestor resulting in a separate rat/ mouse I

f—pmAr—f

he primates, however, with only 84% UFboot

=]

odes are >95% f o@v drhalslZ m&ttehgguernocdeesntappear t c
undergone accelerated evolutionary rates cor
Primates. A simil ar Za&cécveolleurtaitoind i Xwnr st g étehrfeoir n
Rodentia being | ondgeorr tohtahrert hoe derrssn cslueggsge st it

in the rodents. However,ZF¥Xssi tzsH @wmoidso nasl spor o n
not seen in mar mot .
At this leveliiok. campgni sagn pirtoties newswiedjairetn ctel

indi vi duZlFdsn@éXieggu'ences are not clustered to

cy



s would be expected from recurrent gene con

a
gene conversion events happening between the
small scale not to perturb the overall struc
s

ection)ZFendFdaogpear to be entirely distinct
he whole protein |level, di verging very ea

i fferentiation of X and Y nonrecombining r

t
d
constsr aplnaced on protein seguences by nega
evolutionary signatures may be obscured in t
n

ecessary to align the nucleotide sequences

2. 3. PossiGein€onver sldemsibfy Necdl e oRhiydeogeny

Foll owing the protein alignment described
generated specifically for t he mammal i an s
nonmammal i an relatives (frog and chicken) we

the outgroupidde cubty hen generating nucl eot
phyl ogenetic distances. Aligning the nucl eot
make wuse of information from synonymous ch
sequences withoutn-caldti emrgi nsgd dtereenager.l oetoetii de al i
compdi €€ 475 sites, including 1,203 conser Vvec
with 72 identified gaps.

This part of the thesis aimed to identify ge
resulting in t hzZzFYwinghX hBbymoll coogkyi nogf at t he nucl
hope is to see sequences of high homol ogy cl

identify s@g€E®Indd$ Hvahveer eu n dgeerngeo nceonver si ons.

c®
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Figureh®»ws the nucl eoti dieYapdyDsoeggeureyn cefs twh & F

pl atypus as an outgroup. The main differen
nucl eotide phylogenetic trees is the <cluste
nucl eotide | eveEARdndbhdheetlepdbtamted toget her,
may have been an early gene conversion in
supported, with a branch support value of 11

the elephants, the tr2EXnthhpnihaneaksand sepdan

remai aFmgdFYequences (94%), which is again
clustering and discordant with the known phy
di screpancies are indicative of further pot
gene conver si oenxsp)l.orTehde sfeuratrheer i n Section 2.

2. 3D&fini Aun dthiedomaali n ZF ¥ f
I nvestigations into individu&lF¥4ntdFwoctrwrsasl an
eut herian mammals compared to outgroup speci
under i nvestigation wer e t he 9aaTAD moti fs
transcriptional act(iM.at Piosnk aodaenkt,a t2pCe@ 92 g @ce & i
domains within the DBD (WG@r @ehte.thgil 2d 1t0he t ar get
The gener al understanding of this class of
generally more strongly conserved than AADs
poorer understanding of AAD structure/ funct
conservdtibenngnmore intr(iUdueaahl §0 2Hosvewvader, e d
specific interaction motifs within the AAD,
being more conserved across species suggest
i mportance in the functi(o$i nRi eokfa aterRAOMds7c)r i pt |
Pi skaedek!|l 201T®) demonstrate the high conserva
and zinc fiagEFXxcaosessa plethora of species

these regions were mappedigoares®.®6he exon sh



Transcript Name

Homo sapiens reference-ZFY 4 | Fl s T =01 5 T & 1 7 1
Homo sapiens-ZFY 4 oD . = - = - (—F—R—— NN N N NN NN
Pan troglodytes-ZFY 4 oo - oo - = - (= — RN NN NN
Gorilla gorilla gorilla-ZFY + oD e oo - = - O O oo e e = =
Macaca mulatta-ZFY - Som == - = - R R S
Papio anubis-ZFY 4 == .. - = - = - [ — N — NN NN N NN NN
Rhinopithecus roxellana-ZFY 4 oo - e - = - S B oo S e e B e e
Callithrix jacchus-ZFY 4 o . S = - = - [ — N — NN NN NN NN
Marmota marmota marmota-ZFY 4 = - = = - = - O e e e e e e =
Mus musculus-ZFY1 4 = - = = = SR B — N RN
Mus musculus-ZFY2 1 = .= = = @ = == = 0o eo 5 a0 a0 = = =
Rattus norvegicus-ZFY 4 = - = = = = [—F——— NN NN N —N—]
Bos taurus-ZFY 4 - - = = - = - SR N —R—R—R— RN}
Capra hircus-ZFY 4 - - - - = - [—F— I — N — N — N —N—N—N— N —N— N —N—]
Odocoileus virginianus-ZFY 4 ome mm o om - = - oD oo oo oo e D e e e
Sus scrofa-ZFY 4 - - - - - - - (== N R e B e Y e B e e Y e e R e Y e Y e I
Canis lupus familiaris-ZFY 4 Cmo - = = - L] - [—N— I — N N NN NN NN N——]
Mustela erminea-ZFY 4 Cmm - o = - - - [ I e R e e e e e Y e e I Y ]
Loxodonta africana-ZFY + e e e = - — X — N ¥ ¥ N _ N _§ _§F_N_§ __§
Equus caballus-ZFY < om o= =o - o o - S - - N—N—N——N]
Homo sapiens-ZFX 4 o= - - @ - o - - [— N —] [—H—E——F—N——K—K——K—]
Pan troglodytes-ZFX + ] - = - = BN RN NN
Gorilla gorilla gorilla-ZFX 4 - - - = - = - (I — N F NN N NN}
Macaca mulatta-ZFX + - - == - = - oS 0/ oo e e e e e
Papio anubis-ZFX 4 - === - = - S O e e S e S e = = =
Rhinopithecus roxellana-ZFX 4 ] - = - = - S RN RN NN ]
Callithrix jacchus-ZFX < - == - = - SO0 e S e S e = =
Marmota marmota marmota-ZFX 4 - - = = - = - N R R R R R R e R R
Mus musculus-ZFX 4 C N = = - = - L N R N N N R N R
Rattus norvegicus-ZFX 4 oo m o - = - o O S S e e e e
Bos taurus-ZFX 4 - - = = - = - . R N N N N N )
Capra hircus-ZFX < om s === - = - S oo e e e e e e
QOdocoileus virginianus-ZFX 4 e = = - = - =N — N NN NN NN
Sus scrofa-ZFX 4 oo - = = - = - = —— 11— — R — NN NN NN
Canis lupus familiaris-ZFX 4 e - L - e = - [N —] [— N —N— NN NN ]
Mustela erminea-ZFX 4 o - o = - = - O O e e e e e
Loxodonta africana-ZFX 4 o - = = - = - [—F—R—N— - 1 —N— N —N—N—N—N—]
EQUUBCaDa”US'ZFX‘ L - = - - - - [ = ——] [ = R e e e [ e [ e e s e e
Gallus gallus-Zf < o - E® = - DO oD D D D e
Ornithorhynchus anatinus-Zf 4 o - - = - oD £ oS eSS e e e e e e
Monodelphis domestica-Zf 4 —— - - = - - - - [N —] [— R —— N —— N N N —— N —— I —— N —— ]
Xenopus laevis ZFXL-Zf = - = = - oD O oo eSS D oD D B e e
Xenopus laevis ZFXS-Zf 4 = - = = - = R — NN R N —— N —]

- M T
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FigureA Dpledt showing the refZ&EXammes ciid ma q amide
exondg)lagainst the 9aaTAD motifs and zinc f
included in .1Ghe ceamallAVDs insot i fs that were ider
100% conbadlentGOaadAD moti fs t hat wer e i der
confidemcezi&nc finger domains. Exon 2 is th
spliced in testis.

As seEhguneh2ré is a great conservation of [
finger domains which correspondzsFMdmdRXeir v
activity. The majority of the 9aaTAD moti fs
the difference in transcZkY&nbmnyal nfcec Oam TAOt
motifs are vital for binding the transcripti
highly conserved 9aaTAD motif which is const
mouse and rat. This could be ZFdatmadudse 4drmce
raztfygr e testis specifiZfyhmRaraheemgr &j gmouwsan
ability degi tsecomeheof the | ower confidence 9
suggest that these ZnfoYS ftg aasachiov atkiegre tand
positive predictions. |t was al so Xeonto@di st hat
and are thus not hi g hWhye nc oairsreedr wtehde 1indmd agfesDe r a
betw&@&X and ZFY, only 13.5% ofd atalTéh®dppeé aiges e
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shoRingurnasVvh2 1 &t there i s a greater variati
ich is expected due to the |l ess organised
e constant throughout Zh(®e9 8% aocfe ntthad sapnedc iael
zinc fingierhdomai esteptZoywyaohhl bbee mahseh
ssing zinc finger 3. These zinc finger dom:
at they are under pressure to remain fixed

ecific Domain Selection Analysis
rther to phylogeneti-deptrheeamncalnysstirsucaefi ohhe
| ection pressur eZFofma se aicmv ersetgiigoant edalf. Sel ec

alysis was performed using FUBARNY whu< hv s
nonymous changes at the nucleotide | evel

ef ul for identifying sittiessn tihrma opriaontge igw 0é & i
d is much more advantageous to other exist
e to t hedastiatstbuodtedl dle2013)

ZIFXoding Domain Sequence Remains Under Neg

e alnwceleedsegdences of t heZEWekirreg i hraaitredo fi
e FUBAR software to obtain selection pre
otcenidn ng gene. An &rFadlnydsFi XsN A camipiagrnimmegnt s wa s

rf or med.

10
50
236 l
15.52
142
F2])
1
\FUBAR found evidence of .
Ppervasive positive/diversifying selection at: 1site | §““
S 01
\pervasive negative/purifying selection at: |533sites | Ew .
Total sites |23 | %, . 1
Total sequences 21 | fom .
*with a posterior probability of 0.9 g 0 .
2043 .
0.36 L]
02 c.
021 L]
014 . . . .
007 . . . .
[ - . .
- 0
IR EEEEE R IR RN N
Synonymous sul bstitution rate
Figure 2.7:-wiAZFgmemgumence selectioA pmrbbkeure
presenting the selection pressures identifie



domaB:®A. graph showing the posterior distribut

nNo-aynonymous substitution rat.efhacrdogs st sa z
correlates with the posterior weight assigne
the intensity of selection (ratio dN/dS). A
ensure reliability. A nuclempudnceesal npgumeetd ¢
the soft waurter.gsopidpei es i ncluded were platypus
eut heriansoexptamdpmigmat es.

PresenfFedura s$he7 anal ysis of 823 protein sit
FUBAR only found evidence of 1 site under po:
as being under negative selection. Wi th the
the evolutienamythree s £Anfakintiensy c20800 d not be ¢
classified as either positive or negative sSe€

dentified to be under positive selielcittiyonofi s

0. 98. Looking at the posteFiguraiBtTBbatear
that the synonymous substsiytnwtniyanmo ursa tseu besxt ¢ e eudt
i @aFY with DNA [ evel ZFR&sgpsoneinaséquenaog.
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Site 214 DNA Binding Domain

SyRsnyMos SUBABUNES Fite

Figur eAl2.g8niwe mdeF ¥ equence sel ecai oni PeSadtbadir e
214 posterior di stribution indBcRdahemataofc poc
diagram of sitaeaF&s48aDlocation in

Af ter the identification oFi dlurseistBeo &wn diehre p ¢
posterior distribution across the swiée |t i
di stribution plot, that this site is wunder g:¢

Ssite'ssynoonny mous substitution rabetiexecteiedrs 1 &
confirming the presence of positive selectic
| ocated in th2aFXADOD poer mioonwot hin a prcéadicted
are known regions of greater conservation dt
AAD Figure Xi8&8R) 214 aemicnoodAcdsaitdhree ( A) in the



except tmheme A i s repl aced wintihn oGdaysciddnkee i(ncg
present in other species such as the artio
encodes a@&imfi neor eancti bl snahewtencodi ng Serine (S),
encoding | soleucine (1) and rat encoding val
under differing pressures in these species t
species with an S at elia,e hRdrds & nand du dep gs sgu m.|
only species 2@WHereencoidtes Asparagine (N). Thoa
changes in damienenkteodealre not the only species
at this site.

ThgFd4ndFXodi ng Domain Sequences Show Similar

Foll owing an initial sedfFet e dquen pagxsisnuries alnat
ZFédndFXombined nucleotide alignment was i npu
to see if any significant distinctions betwe

their continuatdmmommsdrmhes Yr asigleXti vely.

A B . "
nx
|
14
FUBAR found evidence of and
pervasive positive/diversifying selection at: 1site
pervasive negative/purifying selection at: 592 sites fom
Total sites 825 i 0!
[Total sequences 39 { o
*with a posterior probability of 0.9 i oce4
l o
! ¢
H
0

............

Figure 2. 9:wiAdeFdmnem¥ equence sel ect AbAn pr ess
table presenting the selection pressures 1id
coding dBo Magirna.p h showi ng t he posterior di st

synonymoussymsonyomus substitution ratCe acros
Schematic diagram ofZFsYiSA®. 2A6pestechdbroprohbha
was selected to ensure reliabil i tsye.qufe nncuecsl e o
was inputted iSpoi ebeusellt warehis analysis i
monotremeopPesum as the matbupiuahespaonise expa
to primates.



The alignment wide opbFsYedFXmo mbiisnfidg 2u i on
highly rkeisgmbévb®8c8 | Zdkieidolaati on. Agai n, 0N e
was found to be under ZpFodsnd kX eanmd |telcitd oins i Ji
an amino acid | ocated in the acidic activat:i
Further inspection showed that Ftilgius €sigtmé& i s
t h2F¥pecific analysi sZRYWS Tihs ss glhiamegde dwnt siint
due to the addition of more sequences taend ha
in all thkeX pguenmates encodes G, al ongsiXde t he
rodentmar menec odes S, the mouse encodes N, an
di stinctZHYr @de nthse. Ho wafwa rt,e tchoer rresstponds t o t
ZF¥equences. mairmol pir g uwdtogl, a el ephamhX and
sequences encode S which is concordant with
mar mo

BotzlhéandFXppear to undergo evolutionary <chan
selection, aFsi giumr osv hcart®e dt hhen count of synonymo

surpass&gnomymous substitutions, signifying
shared identification of a specific site in
to positive <dé&ldendtFiXorGiivenbottls | ocation withi

region, this suggests a potentiaFZFXndtional

their ecvobssi garaous species.

The3 Anal ysdaBAwoifditdhheActi vating Domain and DNA
Evolution

Foll owi ng cevdidreg acharhgisi s of the se&lF&ntdi on pr
ZFX a |l ookhADmMDBMithEeEWwas carried out.
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selection. A posterior distribution of 0.9 w

Fubar anBi ggi es hikonwls0 t ha Z FWdBtbh atnlde AAD have 2
identified as being under positive selectior

probability greater than the | imit of O0.9. N\
under negative selection, e nrsoutreiinng stthreu cd aum <
function in thesasptrcamscrirgtgiiomsf adHtoawrever,
the AAD were identified as being under posit

be defined as wunder positivealor Sietgeat3 V,e iscekd
as undergoing positive selection, resides wi
by a tool refe2edckHowenmedspsthi anting that thi
9aaTAD region doesn't perfectly match the to

confirmation. Site 31 interestingly is most|l
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(mouse and rat) with the site encoding Aspal

are seen in the artiodactylma(rSMioN)cacCoihver ses
site 144 doesn't fall within a 9aaTAD but al
under went positive selection in the whole se

(111 & 112) identified as uinrdgbeBrproes iltocveet esde|i
the region between ZiFma ifmangegesr efhcaomde sAN Altl
and changes are seent3 nNN,hemaoauwsde nad ,sd (rmeatr no V

the ot her sequences encode variations of AN,

second protein, whil st others encode an alte
included in this rule and eedncsadeess .S S haotu gthh & &
undergoing positive selection, the selectior
for the primates. Zinc fingers and 9aaTADs

regi 6nshe DBD and AAD respectively, which wo
remain under negative selection to ensure th
EXon 7 is Subject to Gene Conversion and Rap

Given the =evidence for HRieqer eaoadbvmrcei ogie nxee e
conversions typically affect short regions o
th2FEFYequence in anyt hgiisveashaasppieetri ¢ 0, expl or «
further by |l ooking separately at the phyl og:¢
gene. Foll owing oe nfer oam atl lyess i ssh @lreesent ed a |
phyl ogenewére tcersbokchgd either at the tran

(coding-6xommrs DINA binding domain (coding exor
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Figure :NutleoAide phyl ogenet iZcF 4 adkienqg oexsdimrsuc
1-6, bfeis tt mocdkceolr di ng t o BI C = XK2P6&39 (BBl C s
Phyl ogenetic tre&F&mnds tnrgu etxtefemiatt7othodel accor d
Bl CTEM3e+( BGE€ slc7dr8e3:.).B®5&h trees are rooted a
standardi sation and the amount of genetic c¢h
each tree.

The accumul ation of DNA chawmwge@&fF¥Harosyg <cbdi
transition from an aluitmokseodnad e ngee naet ttoh ea msaerxs u
divergencaddcwmguird. 2TAhils phyl ogenetic tree emg
coding exons, w hti ecrhmiennucso d2eA DX haen dN mi rr or s t he
observed in the nucleotide phylogenetic tre
Figure RiZHuXieBl ustrates the DNA changes in c¢
encodes the DBD.

Separating the two functional domaFngupoé t he
2. 11Athere is a cleaZrFbredhbRrXaquemc detareent hat
t hAF¥ndFY¥Yubrees, there are no discordances w
of mammal i &t hasdewes can conclude that there

conversion events within this region of the
the nucl eoti deeodailnigg nerieingu rioef,i 2t heEB narrati ve t
di fferent trurems wift hpoa ese i al gene conversion
mar mot and stoat. These are identiZfFMedl by ¢t
ZFXequences togatmghey ,aiaeadhicahl y si miZIFarr i n t

andFXequemnce® | ongemggpaomupt el y but are inte
many of the individual spEvedg FXrequaxa es | U
toget her.

The overall picture is therefore one of recul
wi t hin exon 7, |l eading to t he di fferences
Figuresanr?d 111ABWHitchur eefr 8senting a confounded
of the signal across different regions of t hi
to exon 7 aligns with the imperabDBe and pre
furthermore suggests there may have been ev
and Yl pgsamaintain identical (or closely si
each specZ&EANdFWukely share a common set of
but their effects on those targets may di ffe
activation debtmaitnh a(te xhoanvse 1n ot been homogeni s
copi es. I nterestindliy,# Fh¥olweelviwetri, o ftihgee reeec c2er 4de r
anBi gurées2sbBen in both the activation domain



7, in each ZpFdfdF¢eneset(Pdrtially or wholly ho

of the pair by gene conversion), the foll owi

Genetic ExchangEYaBRetFrWE€eoul d Have Led to The

Homol ogy, but They Continue to Persist for
Respectively
I't is thought that the diZwvedarngdeFnxaolestp alid ed ovwro f

to X aehdoMosome conversions (or recombinatio

i ndependent separaftPami Fooé Biaahobltbwifag§3dn
the identification of recurrent gene conver ¢
i dentify the potenti al breakpoints for the
sequeriSavyer., G&BOJonv i s able to identify p
within and outside the alignment. l nner frag
conversion between ancestors of two given se
whil e an outementquemvcer §iramg i s when there i
gene conversion outside of the alignment or

| ater destroyed by continuous dé&mevtyiec., mdliO89Ii)

.G6 .ob all Fragment Analysis Reveals Possible Ge

ofZFEZF$%pecies

Gl obal fragment analysis r-eakbaks geneecbedef
the sequence | ength and sequesteingembér corBe
for gl obal analysis compared to pairwise an
detected. Geneconv only outputs suspected gece

one ofvalheesp for significance.

Table 2.3: Gtabmént nfilkkal yabke di splays potent
identified using Genewahuve RadmiBdrarfdeatmeodn $(i BnG
KA -vpal ues are Ilisted for Kamh Pdlwynt i=f iNeudnbe a
Pol ymor phi s ms, Num. Di f f St aNlumbiefr f sof = DT d tf aelr
di fferrencnedsi.cat esvasliugensi f<d0c.aOn5 hpi ghl i ghting th

Sequen Si m| BC K| Al'i gned OffNum Num| Tot { Mi smat
Names [Pval| Pval | . Di f | Di f Penal

BegiilEndiLeng|Pol

Rattus 0.08|0.0532353242(74 21 |0 437 |[None
norvegi (

ZF¥X;

Rattus
norvegi (

ZFX




odont{0. 03|0. 0531931218259 82 |0 123 |[None

i ZBM i

odont

i ZRX

telal|0.04|/0.079 20324227248 79 |0 123 [None

i AEM

el a

i DE X

Tabl est2oW8s the gl obal i nner fragments that

conversion making their DNA homol ogy signifi
identified three potent iZ&FlangdeFnXen croamtverasli emlsa
andustel a ésmioae a . A signi fviad auret (Pe rOM@uLtlgt i
calculated for a gl obfaggndffixa g médet olfhE42eak sinMBH L
the alignments which corresponds to a regi o
DBO Table ZhB¥% meards thel 1OytO0O® per mut ati ons
alignment had fragments as |l ong or longer th

similarity of 74 nucleotides with 21 polymor

sequences. Overall fi£37 toi bhes dwdferiedhéntbiet we
sequences. No internal mi smatches were iden
applied mismatch penalty. This is indicative

the evidence of t hi ssigemief iccoanrvte r fsvoard nuteh eb UBR © t
i ndi cates somet hi ng-Kéf-vpailnuteesr eat € u radmsdd ,2thi BC

tract is suggestive of a geweukdnbersiegmni ad
confirmatory purposes. However, when |l ooking
this fragment has a permutation score of p=
have a |l ong&Supfpld @agn@abiie wdhd pasvsadsueKA epsti ng,
as mentioned previously this kindompartiesomng
and only | ooks at the specific sequence pair
bias.

Anot her significantvagluebdgl0. P8rlm)t avaisonc ad c ul
nucl eotide global fr Zd§&MerdtF ¥dbte tt vheee no & Is8eft hsa nlt9
in the 4&dlTiagpnme@thB¥Y regi on encompasses zinc
the DBEBYoOf the 259 nucleotides, 82 polymorpl
the two elephant sequences. No internal mi s m
no applied mismatch penalty. This is indicat
the Irabhalg fragment, the conver siMdiwpal seno®d s

significant pairwalsee pe®0 Mm@ rhé&) omngval uei gni f
(0.00282) were identified for this fragment
as signi pacawi s & ySaunpapl | yesniebratb@d ey 4A-n2®O17eot i de

y o
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agment spanning zinc fingeus!| d®dt itdher ofurgahg r
anning zinc fingers 4 and 5 were also id
nversions through pairwise analysis, these
e not basedcbaeadt he glSulppll emBabh)me T hdgds e

nding of potenti al gene conversion in el e

yl ogeneFi gut easnet22i. bl B

inally, a gl obal i nner22f7r9% gimme ntth ea ts ttohaet oaflfis

gnificantvasiumi [(aOr.iOt4y3 0p identifying it as
spected of a gene conversion,. This identif
rgdhu 11, with 79 sites identified to be pc
entified as being different, but no intern
nalty was present. Like the elephant, ano
irwigei anapanning zinc fingers 6 through ¢
is identiSupd maabngenytsd (

erall, all three gl obal inner fragments ar
il i-kA-vlBCue si dbupssangethe more conservat
sting, whil st suggestive they cannot be
nfirmed as gene conversions. However, the
undergoing gene dcomuersi2ond Bas seen in
obalseogment fragment analysis was also perf
identify possible gene conversions that h
e hidden by a vast number of mut ations o
finedekynBeas a maxi mal DNA I ength where a
igue nucleotides at each polymorphic site
the alignment and is not shared with any

ne conveosi®ndérofm t he chr omosome.

bl e 2. 4: Gleglmafirtaogunteenrt dhal yaibse di spl ays
nversions identified usingalGanreanndv-.-BolRdrml
rrected-v(aBQ)esKAarp | isted for Newarth Piodents f
mber of Pol ymoMaghi sNusmbedNaoomonfi que sites wit
agmentWasb Total nomber gok sites.*f orndtihcaatt esse
gni fvialamas p<0. 05.

Seq

Names| Pval Pval. . Ma t Penal

uen Sim| BC K| Al i gned OffNumNun Tot {Mi s mal

BegiiEndlLeng|Pol Mlat

ta/0. 086/0. 000105010618 14 |0 842 |[None

N TN ®@
Mo |mo
<0|<n

ta/0. 06|0. 00*8/1035104/14 8 0 842 |[None




Two potenti adeg@rmermtalf rraagment s were pEZRBRNWoOi nt ec

as possible regions of gene TaolmverZdZhéeses awd

short fragments are | ocated in the AAD of th
to th2F¥ewuence, as these specific sequences
in the gl obal alignment . Both i-dehtuée$i eaddér
permutation and BC KA metrics indicating str

ZFYut eppially fromM ocobhresmdeDblmes tdheul d i ndicat
ZFYs sl owly developing natviedbndtume tAAD sr d shp on
for binding transcriptional machinery.
Pair wi s-eeqpwdmrae fragments were also identif
mar mot andF Yowlsiech corroborates with their r
Suppl eméabBey5Whi | ssyta,l] uleotmretp i cs provide sighn
these unique fragments between sequence pai
gl obal alignment and therefore are not reco
indicates thaZF¥Ywmhd | m&d shé&rvmeotshort uni que fr af
t heZiFrkhomol ogue, these fragmeZt&Faraemid gt Bi, C
whil e mar motZ Fadhids prlcauyseppecif €és accel erated ev
t heiFrXrt hol og, they do nadt ipubdsneasg) b gtuaemtei
globally.

Calabrating the Phyl ogeny Using Known Specie

Theext analysis delved fuZF¥epol unhtontha aode

computing the substitution rate per million
generating a time tregeKumatrt ap DOL2HE mru meer. o
years between each node giant hmirleldi. onfsheo fNewe &
contained the branch |l ength in substitutions
the number of substitutions per site per mi
branch. This would all ow conrfgaimag igrne atfe rwhg ¢

changes such as the rodents.

Table 2.5: ZFMeutcrleeeotofde coding domaboghi ve

Ti metree. or g, t he age of each node i n mi |
Substitutions per site for each branch wer
combining these data points, the substitut)]

cal cul atcehd bfroarn cena Substitution columns are
| ow {cloil phutr ed) awodolbugkd)(dasubst Euiuisocabatl ¢ s <
i s excludegdYsesquehee tdogrsounpo as expected ma
calculations difficult.

yp



Time

Time of End of .
Starting Node End Node Starting [ Starting govered Substitutions Sgrb:it;;utlgrns
9 Node Node B)r/anch per Site II?/Iyr P
(MYA) (MYA) (MYA)

Theria Monodelphis 160 0 160 0.0271 0.000169
domestica

Theria Eutheria 160 99.2 60.8 0.0663 0.00109

Eutheria Loxodonta 99.2 0 99.2 0.0498 0.000502
africana

Eutheria Boreoeutheria 99.2 94 5.2 0.0081 0.001558

Boreoeutheria SE“arChO”tog"re 04 87.2 6.8 0.0089 0.001309

Boreoeutheria | ~ruodactyl - 94 76 18 0.0038 0.000211
Caniformia

Euarchontoglires | Rodentia 87.2 68.8 18.4 0.0064 0.000348

Euarchontoglires | Simiiformes 87.2 42.9 44.3 0.0348 0.000786
Marmota

Rodentia marmota 68.8 0 68.8 0.0645 0.000938
marmota
Rattus

Rodentia norvegicus i 68.8 13.1 55.7 0.1859 0.003338
Mus musculus

Ratlus norvegicus | Rattus 13.1 0 13.1 0.0255 0.001947

I Mus musculus norvegicus

Rattus

Norvegicus i Mus | Mus musculus 13.1 0 13.1 0.0607 0.004634

musculus

Simiiformes Callithrix 42.9 0 42.9 0.0381 0.000888
jacchus

Simiiformes Catarrhini 42.9 28.82 14.08 0.0082 0.000582

Catarrhini Cercopithecidae 28.82 17.75 11.07 0.0035 0.000316




Rhinopithecus

Cercopithecidae 17.75 0 17.75 0.0056 0.000315
roxellana

Cercopithecidae | F2PI0 anubis i 17.75|  10.45 7.3 0.0018 0.000247
Macaca mulatta

Papio anubis | | 5 o anubis 10.45 o| 1045 0.0014 0.000134

Macaca mulatta

Papio anubis i Macaca mulatta 10.45 o| 1045 0.0015 0.000144

Macaca mulatta

Catarrhini Homininae 28.82 8.6 20.22 0.0102 0.000504

Homininae Gorilla gorilia 8.6 0 8.6 0.0034 0.000395
gorilla

Homininae Homo sapiens I 8.6 6.4 2.2 0.0013 0.000591
Pan troglodytes

Homo sapiens T | 0 saniens 6.4 0 6.4 0.0021 0.000328

Pan troglodytes

Homo sapiens i

Pan troglodytes Pan troglodytes 6.4 0 6.4 0.0026 0.000406

Artiodacty! - Caniformia 76 45.1 31 0.015 0.000484

Caniformia

Caniformia Canis lupus 451 0 45.1 0.0313 0.000694
familiaris

Caniformia Mustela erminea 45.1 0 451 0.0398 0.000882

Artiodactyl - Artiodactyl 76 61.8 14.2 0.0066 0.000465

Caniformia

Artiodactyl Sus scrofa 61.8 0 61.8 0.0268 0.000434
Odocoileus
virginianus

Artiodacty! texanus i Bos 61.8 22.79 39.01 0.0371 0.000951

taurus i Capra
hircus




Odocoileus

virginianus Odocoileus

texanus 1 Bos virginianus 22.79 0 22.79 0.0147 0.000645

taurus i Capra texanus

hircus

Odocoileus

virginianus Bos taurus i

texanus i Bos , 22.79 22 0.79 0.004 0.005063
N Capra hircus

taurus i Capra

hircus

Bos taurus | Bos taurus 22 0 22 0.012 0.000545

Capra hircus

Bos taurus i Capra hircus 22 0 22 0.0074 0.000336

Capra hircus

Tabl esf2ows the accumul ation of Ssubstitution
Figureh2.ch, highlights the rapid Rodentia evoao
substantial changes in substitution rates oc
they are accumulating a higher number of sub:
rapeivdol uti on away from other species. This cc
|l engths seen for this(HRBirgowmpanad . dbjoct|He iotghiedep r o
2. bgvel s.

Ahcestral RecohkEFRAotesnopos$

I n an attempt to determine the ancestral s
ZFXFXvoluti on, ancestral reconstruction was
The key nodes of interest for sequenZFRY T recon.

ancestor bef ore diver gZel)x et, het hlea sfti n&hR ¥ raendc ers
progenitor, and thEeNE¥Prlkidesespgoirmepraeicaldi ng s
GRASP performs the reconstruction analysis b
| abell ed nodes corresponding to an ancestral

the predictive sequences are | abelled with t

TrTaring Back t o t he Last ZFODFXoon | Awcagt orhe
Mar supi al / Eutherian Divergence

Ancestral reconstructed sequences at phyl oge
from the GRASP output. For thdRYFR@OmMmcsestuart i 0

was selected and compared agaisBd»r e¢éedbvedipnrgedi

yy



sexual differenti aZkhvequaesceel 6l bewi hg @i vet
Ychr omosome. This comparison would hopefull
genetic changes occurringFdodFadwi ndpetdiyeX di ve
chromosome respectively.

y ®



10 20 30 40 50 60
OO OO0 U OO0 OO0 OO 1OOOL O OO JOO0 Ot OO

N35_ZFYX_Ancestor MDEDGLELQPQEPNSFFDATGADAT HIMING/EVQ ENEVSBYWISDITVHNFVPDDP
NI8 _ZFY _ANCESIOr i
NL16 ZFX ANCESIOr i
70 80 90 100 110 120
SO PO Y VN PO PO N PO IO DU (U IO
N35_ZFYX_Ancestor CSYVIOBVIEDYVIE DV QCPDIMEEADVSETVIIPRVEDTDVTEEVSAHCTVPDVLA
N18 ZFY_Ancestor  .....cccocoiininns L
N16_ZFX_Ancestor
130 140 150 160 170 180
SO U U e [y U Y ) S B N O
N35_ZFYX_Ancestor SDITTATMSVPEHVLTSESMHVPDVGHVEH\NEEEREINADPL T TDVVSEEVLADC
N18 ZFY_ Ancestor ... Lo
NLI6_ZFX _ANCESIOr i e
190 200 210 220 230 240
................ R PO PO N N PO |
N35_ZFYX_Ancestor ASEAVIDANGIPVEQQDDDKSNDELMISLDIAGKIEHDGSSEMTMDAESEIDPCKVDG
N18 ZFY_ANCESIOr e
NL6_ZFX_ANCESIOr e
250 260 270 280 290 300
SRR Y U O N U ) PO O DU IO P
N35_ZFYX_Ancestor TCPEVIKVYIFKADPGEDDLGGTVDIVESEPENDHGVGLLDQSSSIRVPREKMVYMTV
NI8_ZFY_ANCESIOr i
NL16 ZFX ANCESIOr i
310 320 330 340 350 360
SRR Y PO U R ) P O DN IO P
N35_ZFYX_Ancestor SQQEDEDLNVAE BEVMIMEVIGEEDAAVAHEQQIDDTEIKTFMPIAWAAAYGNNTDGI
N18 ZFY_Ancestor .. M.
NL16_ZFX _ANCESIOr i
370 380 390 400 410 22/
SRR Y U O U O Y PO N BN e (|
N35_ZFYX_Ancestor ENRNGTASALLHIDESAGLGRLAKQKPKKRRRPDSRQYQTAIIGPDGHP IONIGES
N18_ZFY_Ancestor
N16_ZFX_Ancestor
430 440 450 460 470 480
SO PO N N PO PO N OV IO PO PN IO
N35_ZFYX_Ancestor  KKFKSRGFIKRHMKREHLTKKK Y RTDCDYITNKKISEHNHIES ! TNKAEKAIESD
NI8 ZFY_ANCESIOr i
N16_ZFX_ANCESIOr i
490 500 510 520 530 540
SRR Y PO R e ) P O DU IO PO
N35_ZFYX_Ancestor  ECGKHFSHAGALETHKNNEKGANKMHEKFCDYETAEQGEINRHIEEASKNFPHIEY
N18 ZFY ANCESIOr i
N16_ZFX_ANCESIOr e
550 560 570 580 590 600
SO U ) U Y O I O R IO
N35_ZFYX_Ancestor ~ ECGKGFRHPSELKKHMRIGEKPY GQYCEYRSADSSNIKTHVKIS«EMPFCEICH
NLI8 ZFY ANCESIOr i
NL16_ZFX _ANCESIOr i

ND



610 620 630 640 650 660

U OO O OO0 OO FOUSY OV OO OO TR OOt OO
N35_ZFYX_Ancestor  LTESDTKEVOQHALIRESKTHQLHCDHKSSNSSDEKRHIISYFK DY PHICDNMCDKGF

N18 ZFY_ANCESIOr oo
N16_ZFX_ANCESIOr oo

N35_ZFYX_Ancestor  HRPSEEKKFVAAGKKMHGRHCDFKIADPEVESRHIESVFDLPFRCKRRKGFRQQ
N18_ZFY_ANCESIOr i
N16 ZFX ANCESIOr oo

730 740 750 760 770 780

N35_ZFYX_Ancestor  NELKKHMKTSGRK\'Y QEYCEYSTTDASCEKRAVISIFKD Y PH@EYCKKGERRPSEK

NI8_ ZFY_ANCESIOr oo
NL16_ZFX_ANCESIOr  ooiiiiiiiieeee et e e

790

N35_ZFYX_Ancestor  NQHRIMRIHKDVGLP
N18_ZFY_Ancestor  .............
N16_ZFX_Ancestor .............

Key

Changes identified by ancestral reconstruction.

Nuclear localization motif

Acidic  Portion

l Zinc Finger Domain Portion

9aaTAD motif  (Not perfect match)

FigureA@cétr al reconstrakEFXancest ohef ol r swi
t he mar supi al / eut heN3iBARX_ _dincersg®emcei s t he p
progenitor odF@ahndFX¥oambeoganfoll owing the mar
spl it when l ooking at Z&YagnldZ B X$ e qaleingreme nt
N1&FYAncestor ZamxAnbdléstor describe t he t he.
resulting in the initiatheelxasthdzbwWmioZ@®drsealder i
variants prior to Y or X linkage respectivel
can be Sepml é mEingurrey 2.

The sequence d¢omuaret mpla2i eZ/sFXt hrencest or agai n:
N18 and N16 ZrbrsegfxXener genki qqwrdeds2l.yl 2s hows 3

G ™M



protein substitutions (M¥X, aWekstoZMntet We
specific ancestor. I n contrast ,ZFXo amnwlesttiotrut
and Zmkm¥pecific anZcFespeoai.f iAd lcBanges are | oca

mor e vari abHYeatAlA®Or otf han t he more conserved DE

unchanged. The substitutions although in the
conserved 9aaTAD regions of the domai n. Al t
changes i n t heencper octaeni nh asveegqumaj or changes in
function. However, t hese c B & Mhgoevse dwetnbe tthoel e

chr omo.s ome

The negligible divergence seen between the
further examination as more variation bet wee
duringitvleeigre nee coonmbniommi ng sex Acdhhomghome i den
su

gge&F¥¥d under negative selection further n
would I ead to the&FraonldeF Xd iHoeregainde , ofboy compa
d

nodes in the reconstruction wil/ l ead to the
Further i nZskpgeecgu eomces at vital nodes of dive
the rapid 2FWIiubhiontbé& rodent l' i neage. Speci
sequences at these divergent points; the rod

mar mot ancestor and the ©primate ancestor W
selected for a s theep wiosdee na n ad iyvse rsg eanfc et as m
diverge away from the other rodents in the

pri mate species.
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pri maRE¥equences. The phyl ogenetic tree and
suppl eméeingareg 3.

The rapid diver gencz2£fspefqutehnec ersati s& ni d umesut 2 ealt3e d
The first rodent ancestor sequence exhibits

with a more noticeable number of substituti

divergence of the mouse and rat |lineage is e
are svble wi t hin bot h the AAD and DBD, but
Substitutions are visible in the 9aaTAD and
which are typically regions of greater conse
have changeise wiitnhci nf i nger s, al though the zin

persist due to the consistent presence of C
potential structural and ZRWicdat omakK e cihta ndQyiesst i
ot her species. The mar mot ancestor shares s
providing evidence for the marmot's divergen
This rapid rodent di ver gZefne e c e sst rlad s sr eecwindsé n
anal ysi s, with fewer substiZBEWXinerest®eemnie tt

rat/ mouse ancestor.
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Figure 2.14: AncestralZFkecesstorsctiodh owli ntgh e
to t@kr Xmosbhfthe RodemMMAncestor: The | ast shar ec
mouse, rat Zamvd NBarRmaot Mouse_ Ancestor: The | as
prior to the divergR¥eNDfMaramhotaan dAAnm@eisd ®r :
mar moZFY variant before becoming an i nd
N6 Pri mate_ Ancestor: The most recent evol ut |
pri maE¥equences. The phylogenetic tree and r
Suppl eméEhgarg 4

Depi ctFedyuirrei $2hel4mor e conserZfkXdcreoos uthent axc
compar£2EY tTohi s emplZ&diiasse actqudtred a uni que fu
tFXr that ZREY¥Xhuansc tTiloeutggh t he mar mot has di
from the remaining rodent clade in this ana
which indicates that there is weak evidence
the marmot and rat/ mouserarsaldgtiinl tdhreramatvieec g
order ta»xonZtFgr Sihmei Ilmaj ority oEZFXhe svibéhiint ath
AAD, with the 9aaTAD and nuclear |l ocalisatio
The DBD remains highly conserved across al/l
substitutions identified across t hien sae gzuienncc e
finger. This further hi ghlights the maintai
ZFEZFXdncestors.
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2. 4Di scussi on

The Y chromosome has an unusual evolutionar
the genome har bowuwiithngh tdhenenarseaeui red for mal
i s abundant i n -ssppeecri nhai tcd ggeeimgessio@B. 2D.& 8l) gah n

200.1)Sex chromosomes have evolved independen
across many |l ineages, with the atrhbeurnid@ @ s e x
million years ago following the split from
chromosomes of species |ike Dbirds and snak:¢

-

i ginal autosomes responsible for the mamma
rtdedaaBachtrofg). 2B13Hughes . & DRagda,o0 2Z2tl5)r u

nction i n sex determination, t he s ex ch

-~ T O

o O ¢ ©€¢ T o 00 T < < ¢

olutionary forces, and they therefore play
olutionary processes. Although t hte, Yt lcehr or
romosome is stildl targeted for degradati or
ing |l ost over evolutionary time. This is e
own that some speciesbdb Y chromosomes harhb
ecsi6 have completely |l ost their Y chromosor
man Y chromosome is consi stZdénpterysitsarsg eitne dt
man genome emphasising the fdtenteitdleaHyn vit
OlBachtro@d. 2P.13Hughes. &SiZargiea s 2d0i1ls5p)r oved

e -Oseetxer mi ni ng gene, its research interest

N OO O T O o O

—

opped. Therefore, t hi sZEMNse sp asr saii snteedn cteo oinr
romosome and its importance in male develo

evolutiondFyYvterajtadeBfphAgmoRDDon years sug

e

en subject to negative selection pressures
vel opmental function, such as the AAD and
e

cific areas atoinfé r mebdedthieomemressures on

w vw o T 4 o0 u
> o ©o o T T ~

owing the importance of maintaining- sequen
inding targeZtFsYse ssgaedtre¢ i mil nitrog functi ons. Wi t

o

DBD, t hfeD QaamadlT zi nc finger domains respective
ar e |l argely under negative selection to en
functioning motifs. Positive selection on th
coding sequenfceer eaandpottehnetrbea hdy ngl set e ®ODNAeces
ZF&¥s nuaelteer mi ning fOReviobms i oWhimobstl y aligns
taxonomic patterns, Rodentia, particularly r
suggesting potnentoi mlewadapteat wot hin the roden
by the high s ubTsatb2i4ecti conl ataeédsin the rodent

afed



contrasZbBXwolkhti on, whi ¢ h, whil e also evolyv
changes, indicating potentially dif fZéryent ev
andFXn rodHewesterijsi well established that I c
hi ghest mutation rates among mammal s, so | on
are typica(Ngblkealpeceée.edal ., 2008)

The high homolbeynwdb¥tawesern the possibility of
event s. A gene conversion arises bet ween p
reshuffling and homogenisation of their DNA
genes becomi ng( Mamgsdiy & ilmndléan,s ZX0IN0O)cause dow
probl ems i n t he inference of bot h duplica
evolutionary history. Geneconv detects recen
of sequences in a pairwise mannet hewiahdobme
shuffling of wvariable sites within the align
gene conversions via Geneconv due to the | in
rate per giMae sias I&arl.gvenTahni,s 2i0sl0juggested to |
frequent homogeni sation reducing the number
of the configurati o(nManastait h& |vnanfahng b | 2e0elaln)s e & |
t h detection of few gene conversions could

not very active in this region or (2) 0

mi

e
e

Constant gene conversion repeats wowanmyrdew t
smat(cMarss ai & |I.€CoaseqRenod)y, gene conver si
n

Ge

combined with phylogenetic tree analysis thi

econv possibly do not reflect real conver

gene conversions.

While the-wadiegmmenteoti de phyl ogenetic tree
conversion event s, t heFvendBXegigegt el el ppbka
gene conversion during their evolutionary sj
only coding exon 7 which encodes the DBD mul
events were identified, whi | st t-6.i s Fwratsh enro t
investigation by Geneconv wuncovered three p
and stoat, supfpocratnetd pbeyrarsuitgat, i ahhopgh t-hey f el
KA -vpal ue threshpledsnut@htdlbmeagghand tract analy
gene conversion, additional evidence 4 s need
fragment analysis detected aZFRYotberctkieadl bgye rsd r
per mut ati &M ameptdrBC€Cs, possibly orihgiomatsiomg .f r
Both phylogenetic tree construction and gene

gene conversions across rat s, el ephant s, an

Man



argument that the hZMnEA&EX®lud gly bleetawden but ec
conversions. It has further been suggested t
to the DBD (coding exon 7) potentially due
emphasising the continued need ifver steHesd i o1
Despite these findings, the anticipated numb
as expected, i ndzZeE¥darnddXsthlaate WwWwhiglhe homol ogy
di vergence mi ghitr acdcicsotuinnti tf offrsi ntahtes ons mpor t ant
that the high similarity between these gene:
meaning the present sequence similarities me
not gene conversions

After aligning ancestral sequences, few chan
ZFAnAFY unexpected given their relocation to
further ancestr al node anal yZsFiYs e grueevnecael se do fm
subsequent | ineages, particularly in key fun
and 9aaTAD in the AAD. Mut ati ondiindi hgeset e
and downstream tarhdgketbowddatang mbaekFXhanges
potentially agplanalndivbegtnce between t hem
accelerated Rodentia evolution, evidenced b\
Zfyandfy2suggesting completely different fun
predictive anal ysi s remai ns inconclusive w
ancestr al nodes and sequences.

| n concdRYieosj stence on t he Y chr omosome i
selection pressure acting on the key functio
of a unique functidhRhdh tbkeXdichfemosgmer am ¢
hi gh honoHYh@y, maint ai nsepdec af imal Buncti on Vi
determination. Changes throughout the |ineag

and functional di vergence of the two homol og
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3 ChapteunraveIFsngSplicing Mechani sm;
t he RORBeMYo f

3.1lntroducti on
3.1 A1ternati vlencSrpdascasngGenome Compl exity
HumaznF¥éxi sts in two forms regul-aeedthyispfbci
ZFY,L and -apeesfis shortZRER¥SOSTowomtgeest e spl i

(1) constitutive splicing is the removal of
in which they appear in the gene and (2) alt
from the preferred sequemcerkynovf@@®@. oWwWamregamge
al, 2(09thgentm. al 2009 )t ernati ve splicing was fir
in 1978, accounting for the discrempananiges b
genes and proteins in humans. This concept

geneo®ne RbBDAe protei mfo hwintaln QPe%hes i denti fied
splicing at some po( @t Waindan gOMawgleil mp2n@hi )

Alternative splicing pl ays a major rol e i n
devel opment due to increasing (tG.e Waamgallexi t
2015)A higher complexity and quantity of alte
hi gher eukaryotic ospeaoaibims, switbhi specomrsery
species differentiati( &n ¥eatd gagle2ndolnbe) ev ol ut i on
Through the emergence of microatrmrnaygedatdat an

analysis has revealed five main types of a

exons, cassette alternative exons, alternat.i
andtron r gtFe mtuir@rc.3. MAtn.gal 2(0Ji59gng & CHaen, 202
vertebrates and invertebrates, 30% of the al
as exbinpping, whil st in | ower metazdg&ns t he

Wangt. al 2(0B.5 ekti.nral 2006)
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Figure 3.1: The five main AgypastbofuaBverspti
mutually excConabssetteroabt Oranlatteirvnea teixvoen s3,6 s p |

E:alternative 5Bisiglrione reitteent i @amd GTakdatmgdi r e
al, 2015)

Splicing consists of t wo major processes: S

splicingnRbNAYL @.re Wahg al 201Bhe spliceosome,

ri bonucl eoprotein consists of smal/l nucl ear
core unit upon splicing signals at the 506 a
conservedt DEx BERINAe ndent ATPases/lheloinc atshees caosr:
and execute splicing steps resulting in a va
Alternative splicing is controlled by a wide
componéBt s Walng al 2(0O0Mabteti.nal 20051t ernative spl
inhibited by negative factors including he:
(hnRNPs) bi ndisngl itco ngxaenilencer s and i ntror
However, alternative spliciarcdgiing datcitwatsedil

exonic splicing enhancers (aGhd Véamtga lohd T5h)s pl i ¢

alternative splicing system is a key part of
embryonic stem and precursor cell s during
epi t melsieamnlchymal transitions, adult organ dev

(Ule & Bl encowe, 2019)
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3.

1 A2ternativeZlBPbr msng-Spéestiifs ¢ Short Vari ant

As discussed.ti7Th. @t Bdres i ntroductZdFoflend he ma
is located on the Y chromosome and Z&EKY unt il
protein had been identi fied. etHoiadkevretri,f iierd 2
secondar-gpecedftfiecsanscri pt encoZdFRYmigotaeitnr umictah e
shorter ac(lde cadmpdanmatami2d IF2)rt her analysis indi

transcript encoded a protein | acking the el
alternative splicing (Ehgesegteatdlowciinggfeven
to express two splice variants. Moreover, th
expressed and functionally di st isnpcetc,i fwict ha ntdl

having greatly reduced traaosdddtei viadn g nf carbm |
i ntroduct ilotrds & cftir@nfsur It (hCeerc adrepean tarl i2® 1 2)

| mportantl y,ZFmhonena!| nan appear to produce a
equi vakZENS Tthoe occurgpaacief iod iasoff orm excl usi v
the testis poses an evolutionary mystery: wh
Zfgene also expspesedia sepsice i sodgmeaifitchen
ZFY$Sepresents an -ameeisftiral exX persead si on patter
retained foll owianngd X/nYd eceidv etrhgee nrceeg-aip € @imeine  f
splice form could haveedrewint Bee ¥ tnatootf otrh ed rn ovn
recombining portion of the eutherian sex <c¢ch
aut osdfafeild not produce the shortsp@ddfMdMes f or m,

represents neofifanabivehaleixpateisen on pattern tl

X/'Y divergence. While we cannot directly obs
we can infer the splice r &gbyl altoiookni nogft aatn ctehset
of aut daFimeall ati ves in mar ssupei alts reendai misr dst,s
autosomal genomic | ocation.

A further unresolZ¥F&gplmyestngr y whe elyayanedor ge
act to trigger the skipping of the cassette

I n this study, based on a range of cli.r7fcBmst a!
tol. 7.8f. 2t he iintroducti on,RBM& chyyspottchebi sedr
i ncorpor atZiFnorecef atchedi ¢ domain exon, |l eading
observed short isoform. Specifically:

ABased on expiZé¥Ssoontdgtaxpressed in cell ty
RB MY

AThe phenotype for human AZFb deficiency (i
mouse phenotype forZFdkLehegspwessidomRBNY edi ct
triggers ZPYilvdeFYsS on

MAan



AA cl ose rReB MaYt | RvBeM Xd.f2 , acts to suppress the
acceptor sites, suggesRBMY st hadts ot he kel ygcttio
suppressing the inclusion of specific exons
This chaptteor asdetthse sosqttensot;i drss t-hhpetiesit ¢ sform s
in ancestral aut oRBMdhuspagi &b eZaFedx dgprp i 2n.g Toof
address theseticong this chapt,rfipsbtsipys,hedi n

crospecies data wild hetubed mar sdeepgiealnsi nand
pr oduce -sap etcd sftiZck ¥sphloircte f or m. Secondl vy, repl
Fenton/Ellis | ab demonstEBvY&EmBBMYe twprheado

and neck sqgquamous celdsa amammalmaasn plniadil ryg
system to quantRBMYXmree sesfifoenctonofex ohFYski ppi
cassette exon ZR¥ES6 is omitted in
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3.

3.8aterials and Met hods
2 RNASeq Data Analysis Looking into Splicing Ve

Card&Msoennd team investigated the evolutio
expression in mammalian organs, a-Bdgt ey ahayv
for numer ous mammaé iCar dosioe etr @ ahs201B9gt h t he
unprocessed and-Serqo deadsaed aRNAe accessed on
mammal s examined for sMTABI76d | arhiiMTtiABO) , wer
6798 (moMBAB814£E£ ( humaMHAB &3 (EoposSem) daRKEA

was gat herhed tfersdamst brain, cerebel |l um, i v
Al t hough data from al/l these organs were col
the analysis due tsopetchd ifcocabsgpeacn smalMany t i
devel opment werbee taweaelny seeadc,h bsupteci es, t hese ti
t he number of replicates also varied, with t
were selected to r oumehiloysisshho vwa nfdb ifirmahtou,r el naiddu
poss{bakle 3.1, 3.2, 3.3 & 3.4)

Tabl e 3. 1: AvSaeiql adad tech iRiNkKAe n at -meirodi, s mand
adul t hSoioxd .or gans have available data each wi
(days-habsh) , 10wph -Hdat0c we e&krsd paodsul t i s when
mei otic and mature sperm are the most advanc

Organ 0O dph 10 wph Adul t
Testis 2 2 2
Br ain 2 2 2
Heart 2 2 2
Kidney 2 2 2
Liver 2 2 2
Cerebell um|2 2 2

Table 3.2: A%agl damiac Rbdla#at bmeaitdhsi smialnd adul t h

Six organs have available data each with 2
weeks -midiimo &s swa8 highest) and 9 weeks (fAmat ul
Organ 0 days 2 weeks 9 weeksgd
Testis 2 2 2
Brain 2 2 2
Heart 2 2 2
Kidney 2 2 2
Liver 2 2 2
Cerebell um]|2 2 2

Tabl e 3. 3: AvSeeiql adad teru RENAS at b-meit hsi smi and

adul t Sdaxd.organs have available data each wit
Organ 4-8 1317 (259 ye 46 ye 546 0
mont hf year ¢ year §
Testis 2 2 2 1 1

M C



Br ain 2 1 1 0 2
Heart 2 1 1 0 1
Kidney 2 0 0 0 0
Liver 2 1 1 0 2
Cerebel |l |2 2 2 0 2

Table 3. 4: AySaiql adbd tep oORENALI M a't bmeri tohs,i s miadn d

adul t hSosioxd .or gans have available data each wi
days (fAbirthomei o680 tsdteay8s h(ifignhiedst ) and 180 days
Organ 28 days 60 days 180 day
Testis 2 2 2
Brain 2 1 1
Heart 0 1 2
Kidney 1 2 1
Liver 1 2 2
Cerebell uml 2 0
BAM files were deposited, and these files we
originally annotated these files using the E
for uniquely mapped reads. Using the wget f

down!l oardtead t he HPCSasnytsotoelns was used to sort,

each BAM file with the corresponding-coordi
5000bp. These coordinates were identified us
for each( BegpklSi &dowever, for chicken, this w
Ensembl 69 annotation did not have ZF annot a

files had to be remapped t o t(hTeabllagt e8sotb ) Eerds, e n

i ndexed and then flanked with the correspond

Table 3.5: Genes anal yTsheed Efnosre mghd ¢ ha nsnpd cit @ 0.n

version 69 except for chicken, where an upda
Zf genes missing from the original version.
Speci es Gendsmnal yse Ensembl Anno
Human ZF®ZFX 69
Mouse ZflyZ f2yZ f &Zf a 69
Opossum Zf 69
Chicken Zf 1009
Using the flanked bam files and the indexed
identify gene expression and splicing events

were produced using the py#MadMhnmCopachkggef (mn

wasppl i ed to establish thresholds on the numb
l imits set to include junctions supported b
code can be found i n tth s p Ifioclidnegr AChhaal pytseir

https://github. cen/dlezzy Garci al/ Thesi s

MAIT


https://github.com/IzzyGarcia/Thesis-code

3.

2 Cancer Cell Line Maintenance

Two head and neck squamous cell carci noma
endogedbBY¥&xpression and RBhvY ni nsfdluieeBioreg .e f PaC |
HPWegative or al tongue squamouygedbdcimadma d

UMSCE€ 04 i s-pasHPVve oral cavity sgveae@ambuwus car
mal e that wuni qukl yarcd ndxapmes HPsv E6/ E7 oncopr
Both celll lines were cultured at 37ACh under
Gi bco Dul beccobés Modi fied Eagle Medium (DMEN
wi t h l0BovWeéetna&l Serum (FBS, Gibcegl uL AiMr0e16)
Peni tStlrleipnt o my ¢cAlnd r(iSd hg,maG6 78 4 ) . For passagi nc
twicelywhodep-battktered saline (PBRSd (Oxabédt eBROV
trygEDTA ( Gi bco, 0. 25 %, 11560626) at 37AC fo

detached. The trypsinised ce208686 wegef acol 4 emit |
and resuspended in fresh media. A logarithi
mai nt ained by passaging the cell s.

Trypan blue was wused to assess the viabili:Ht
bi osystems, #T13001, O0.4%) was wused and does

cel l me mbr ane. The cell mi xture was mixed ir
10uLYd was mixed gently. A haemocytometer was
viability percentage and cell count could be

R2verse TrahRseslcymptaoe Chain Reaction

Reverse trmanlskxmaeampadsenchaP@RY ewad i pear il RMmed t ¢
ZFRBM¥Xxpression in the Head and Neck Cancer s
Foll owing the <collection of cel l pell et s, F
Qi agen Rneasy mini kit ( QI AGEN, 74104) , us i
RNA extraction, the RNA concentrati-b®O@as gL
Spectr ophtod odreetteerrmi ne t he concentration and |
was <convert edadonbpacekmeinn taxoDWN)ADSNAI g( t he LunaScr.i
Supermi x Ki't ( New BreEg®lOalmd Bvihdlcehbshas been op
strand c¢cDNA synthesis. The protocol foll owe
Tabl ead®bl e 3Al7lngsi d€ etmhi at e ac omMTr dluf &vd n
control were set up.

The thermocycl er used waPsCR hlen eMarsotceyrcd yecr| & rE pX
cat no. 6313000042) .

My



Table 3. 6: Lunascript RT supermix reaction

200L total volume reactions were set up for
sampl e.

Component s Vol ume Fi nal concen

5x RT supermix |40l 1 x

RNA sampl e Vari abl e 10g¢g

Wat er Makeup to Z2-

Table 3.7: Thermocycl er ConTdhdad e ncsorfdirt icdmMA @
standard stated pirmtolee®l Lumasarsi petxpected t he
converted to 1000ng of c¢cDNA using this setup

Cycle step |Temperatur|Ti me (miCycl es
Pri mer anng25 02:00 1
cDNA synthegb5 10: 00

Heat inacti/95 01:00

After cBNAtwaesised from the caAdAnc®ONAcellacRNA/
were diluted teh woobpHKHiung sobumgbn for use in
Successful cDNA synthesis was validated by
housekeepi(iigbhgewm®i d®)GoTaq G2 FIl exi DNA poly
M7801) ¢li nr elact i ons. The component cDalcleemtr at
3..8

Table 3. 8: GoTaqE G2 FIl exi DNATH® | ymacasen

components and concentrations are stated, a

chapters. The concentrations were optimised

Component Fi nal concentratio

5x GoTaqgq green Flexi|lx

Mg G| 3 mM

dNTP 0.2mM each dNTP (d
dTTP)

GoTaqE G2 mlodxyimeDMNAs (1. 25u

Forward pri mer l1uM

Reverse primer l1uM

Water Makeup to the fina

A standardised ther mdaptkewras Sedad fsdrowtnhe nGo

FIl exi pol ymer ase wi t h many of t he condi ti
experiments. The annealing temperature was o0
melting temperature (Tm). Changes tpobpdthg ext
to the expected product l engt h, with | onger

required. Finally, the number o0f35P Q@R pceyncdliensg

on the amplification yield required.



Table 3.9: Standardised GoTAQ G2 FIl exi Pol ym
This table states the standard conditions us
made where necessary based on the primer pai
Phase TemperatugTi me (m|Cycl e Numb

Il nitial den94 02:00 1

Denaturati 94 00:15 2535

Annealing Vari abl e 00:15

Extension 72 00:-3p0L: 0

Final exten7?2 05: 00 1

Hol d 4 I nfinit]1l

After PCR, the amplified products were anal
Agarose gel s (2% w/ v) were prepared by mea
Bi ol aboratories, MB1200) -mowrd&t@d A s@TBE)Ngbuftf
solution. Theprlne&XpalrBed ways di |l uting a 10X st
Bi oreagent s, 181X ™MBiEQHwiBtPaLr3.33Thi s was t hen mi
fully di ssol ve t he agarose. After compl et e
S33102) was introduceddaggentlly mbredntThei ag
was then poured into a tank tray and all owe
gently removed, and 1x TBE was poured to cov
(Fisher Scientific, Il nvittbgemag#Aa1ib5628Q0t9)s wa
the PCR products. After |l oading samples, the
To identify tBEYeRBM&Fasitcthresef cancer cell s,

were desi dhr¥di meEhese dEeablgewd! Ldproduce two ba
depending afrYluEEtYIBerexpressed. The forward p
the first cZoFkdi nwmghidxan tohfe reverse primer is

exon. These primers therefore surround the s

RBMYri mers were also designedptressddninfygan
al ongsH.de
Table 3.10: Primer sequenced ¥dxepsriegsnseido nf oirn dHeel
and Neck Tchaen cHauznFaynr i mer s wer e t aken diertect | y
al(l2012)RBMghrei mer s were designed by (d@&rpjevVviou.
201.9)TBP was used as a |l oading control to en:
Pri mer N Accessi (Primer Sequence|Tm (|Pr odu(
Number Lengtt
(bp)
Hu maznF Y NM_0034 |For : 57.2|ZFY.L 7
GAATTGCAGCCACAA(52 . 9|ZFY:S 1
Rev:
CACCTTGATGACTTC|
Hu man NM_0050|For : 51.0(473
RBMY1lAl GAAACCAATGAGAAG 56 3




Rev:
TTGCTTCTTGCCACA|

TBP NM_0031|For: CCCATGACTC{(55. 2|108
Rev: 53. 4
TTTACAACCAAGATT(

GG

3.2GFP Splicing Construct
A luciferase repoYrotueti sy MWd®d) adamt ed t o a G
vector by Dr. Fl orian Heyd at tH{é&Nekmmad&anUni ve
al, 2020 )cassette conb@l obing/ iammumiorgd roibau | i n
inserted into the middle of teénxeorGFtPr greqcr i fgtu
twexon transcript. This change all ows the in
of theerepfpBitgmre 3. 2)

3.2 L4sbgeny Broth Media and Agar
Lysogeny Broth (LB) was prepared using 1% Ba
0.5% Bacto VYeast Extract (GIBCO, REF 212750)
Scientific, 10418420) . The LB medium was st e
LB agar was made with the same composition e
with the addition of 1.2% agar ( GI BCO, REF

autocl aved before use to sterilise it.

3. 2DNA2 Transformati on
The reporter construct was generously pr o
subsequently tranafphaedobnp edbelNEsB (BNEB, #C29
foll owing the manufacturer' s -cpornottaoicnoiln ga n,dB pal
plates (final concentration 50ug/ mL) .

3.2P4.a3mid DNA Miniprep & Reporter Cloning

Foll owing the transformati olB. o, ottohleo nri epEo rweel
i noculated in 5mL LB overnight <cultures supf
50 Og/mL kanamycin. These were incubated ove
The following morning, mini preps using the C

No. /| D: 27104) were performed following the
overnight cul t ur els0.0 OA SN\aencatDroopph oD met er was
quanti fic&d®Ai oancé&herBtion, 260/ 280 and 260/ 2



Subsequently, the sZeFcYon d ged dciemrg wa ¥ cn ~df00bp f
sequence was commercially synthesised by Ge
reporter vector using the Xmal/ XHo®@xosni tes
sequences provided fogupmlsemBaihodae yon ea d thiotwin o m
the GFP reporter clones, BBM®Chepgopnasltsacgynto
use ftoramcsofection experiments alongside the

ZFY ex2 Splice ZFY ex2
Splice Site Xmal Acceptor splice Donor ~ XhO/ splice site

1 2 L} L : 2 1 ! |
— I - invon Micmamen >

L I T cesn o

expressed

NO RBMY i i

— G — T
Figure 3. 2: Luci ferase reporter adapted t
demonstrating the addition ofZFtYibe sseeoodd ca
coding &€¥d&ns oafl ternatively spliced in males,
sugge RBIM¥gs t he splicing factor. I f the addi
signal wi || be produced, whil st the inclusi
signal since GFP is broken.

Upon receivbphbi thegGAEBMMCEleear rayndconstruct s,

transfor med -ail ptha NBHp & tacemilitii s ( New Engl and |
C2987H) and plated on LB agar plates with tF
The GFP reporter vector | sREMWEMgCcipn censsbta
in the pcDNA3.1 backbo(nfei nasl acropncceanntlriant ircens i ls
Overnight cultures were prepared, and pl asmi
Spin Miniprep Kit (Qiagen, Cat. No. 27104) a

. 2GFPRBplicing Reporter Mammalian Cell Transfect

To moZiFtéoprl i cing i n a maymialkhet@inc slylsyt ednesi gne
(Figurwermrde 2)ransfected into mammalian cell s

detect cEZ&wW@es aini expression.



3.

2 HEKRP 93 Cel | Mai ntenance

Human embryonic kidney 293 cells (HEK293), a
derived from a foet al ki dney, waZsF Wwpleidc iarsg .t h
This adherent celll ' ine was selected based o
high transfection efficiency. HEK293 <cell s
Garrett Lab.

HEK293 cells were cultured at 37AC muansder hu
described in Asdootgiacn tBdm2c2 growth phase of t
mai ntained by passafingayshe Douel t® e¢ewher el s
the cells were detached fTroynp gihrei §4dtaiskn vwas tp
on these adherent cells as described in sect

L5 pdDfectamine 3000 Transfection

Lipofectamine 3000 Transfection (Ther moFi she
transfection of nucleic acids into eukaryoti
Experimental conditions in®&BM&eCh:eraogntomdly ((m
fluorescence pPoixteimvteamtontgroden fl uorescence
ZF¥xon oniSswl(i@Gkmhg ,camrsexoaottmMChetigi OGFPoONSst I
cotransfected windhF¥mCREBMY(YGR®Pp !l i ci ng constr
cotransf eRBtMerC hweirtrhy ) .

On day zero HEK293 cehlned Iweprleatsee exd e ch itrhteo ogpt
density (no transfection = 300,000 cells pert
well ), topping up to a 6mL total media volum
i mubat edCfaotr 3274A hour s .

On day 1, the cells were transfecteldabwiet h t h

3.11 A diluted DNA master mix and diluted I|ip
separately and combined in a 1:115% ami mutaeg. t
To note: 20g of each construct was transfect
transhfsscadmsi sting of 20g of both individual
then added to the corresponding wells. The ¢
Foll owing the incubation period, the cell s
stated, collected, and then pelleted.

Tabl d: 3Lilpofectamine 3000 reaction c2@gponent
of the desired DNA construct was added to ea

Component 6-we | | pl ate v
well)
OpiMEM Medi um 1250L




3.

Diluted Lipofectamine |[5.50L

Li pofecta

Reagent

Diluted D|OpiMEM Medi um 1250L
DNA 20g
P3000 Reagent |[40L
DNA)

1:1 ratio|lAdd diluted DNA to diluted I
rati o)
|l ncubate a5 Rnii fwtresl0
2500DNATfi pid complex added t(

2C®2l13 Fixing and Harvesting

48 houtrtsr amessftect i on, the cell media was rr emo’
t wi ce wiotlhd ilcXe PBS. The <cells were then fin»
temperature using 4% paraformaldehyde (PFA)
again washed with cold 1X PBS, collected in

up to several days.

S3.i4e Preparation and Fluorescence Microscop

Once the cells were collected, slides for fI
of fixed cell suspension was ©placed onto a
Scientific, 11562203) and | eft to dry on a
VECTASHI BbbEfade Mounting Medium with DAPI
120100) was placed on top of the cells and a c
slight pressure.

Prepared slides were then visualised using
mi croscope and SmartCapture 3 software. I ma

Red, FI TC, and DAPI filters at a x20 magni fi

F6 ow Cytometry

FIl ow cytometry analysis was performed using

|l aser (522/30 nm filter) was wused to detect
(670 nm |l ong pass filter) detected mCherry
setup, |l theunel was set to 10,000, and cell s v
side scatter to remove any debris. Gating thi
using control sampl es. Using the analysis
alignment waGFBeand omChethy signal peaks usi
(Figur.e S3.nX)e multiple i mmunofluorescent | ab:¢
there was a potential for a given fluorochro



Consequentl vy, a compensation factor of 4% wa
overl ap between fluorochr omes.
To prevent sample carryover between runs, tr

with water between sampl es.

! A01 Control . AD1 Control /  AD1 Control
~  Gate: [Mo Gating) = Gate: E1 = Gate: E1
"3 = 2
g 2
= £
UE_ Ug_
= = ==
PO R [N . TR T T e L R e
FSC-4 GFP-A miherry-A
5 Al Control
" Gate: E1

C-GFP- mCh+GFP

10 [09%

- . T S S R [
miCharryA

Figure 3.3: Flow cytometry gating strategy u
cel Al ot A s howss ctahtetr era IS Padx i s ) asnada tsti edre

ar gaSSA)( axihsi)ghl itghhet ignagt ed cel | popul Btion hi
Gating and alignment of the GFRE:Gatginmd armsd n
alignment of the mCherry sigbaQuawsiamg tohet
indicating percentages of cells positive for
right), double positive (Top right), or nega

GFFRBplicing Reporter Polymerase Chain Reactic
RNA extraction and c¢cDNA synthesis were perfo
this chapter.

To det e RBiMYee giufl at es al terZrFattd vge reprEd&ttes nigh eo f
i sof or m, PCR was performedabsieng.ltblBve amrdi mehre:
GoTag G2 FIl exi DNA polymerase kit (Promega,
descr i bel €1M3.t9ni s chapter. The thermocycler
be foulmdlieh 3Td contr ol for even sample | oad
housekeeping gene TBP was examined iTBPparal/l
is 108bplm® 3.1



The primebls2tarhbet sequences flanking the al
and will produce either a short 167 bp ampl:i
amplicon containing the exon. Successful spl

the short PCRrpteducbon whithe exon gives the

Tabl & 3GEPlicing reportefMhegetemi meir mewer e d
and taken diNreamealihywafl 206 &N)d work by binding to

and downstream of the inserted intron. | DT s
Pri mer N|Accessi|Pri mer Sequence|Tm Produc
Number Length
(bp)
GFP Spl- For : 55. 9Long:
Reporter CACATGAAGCAGCAC|C Short:
Rev: 56 . 3
TCCTTGAAGTCGATG|C

Tabl e3: 3Thermocycl er conditions f &intlkee bGFR ¢
(

short and | ong amplicons were expected in s
ti me was used during PCR to ensure efficient
Phase Temper at Ti me (m Cycl e Numb
(AC)

Il nitial d(94 02:00 1

Denaturati94 00:15 30

Annealing|60 00: 15

Extension|72 00: 45

Final ext(72 05: 00 1

Hol d 4 I nfinite]ll




3.

3.Besults
3 Human and Mouse Splriecinmg HBvertcs |l y Detected

RNASeq

Using t hoer gmuplelcRNASeq data for both humans an
devel opment stages, reads weZEBEYMh| amlee Entse mo
genome. Reads across the exons could then be
however, a complication in mapping was not ef
mappingspabhnong reads were identifiea towm bot

the presence of both X and Y copfiyd2n mhdespe
which causes the mapDuengt ocotnhpel ihciagthi esn mi | ar it
Y homol ogues, uni que mapping is more diffic

humans and mice are already known from publii
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rjsmaminoamg reads | inking specific exons
ght -Reov elresfet-Bxogmand 9, Coding exons: 7. DBD:
S: Nucl ear |l ocalisation signal, * alternat

seéhgunes 3. 4he3e5 a&ed3.ldw read numbers a

e human pl ot s, reads can be seen in all or
e read numbers are too |low to identify the
humans and mace. nWhi eepeetadd in the mice
sti s, the read information is stil!/l l i mite
copies complicates mapping, which explain
pipn g #ksnptarnonni hg reads in these species. Due
pported at dFnyugievseB. 4dée Splhayd pPBo®dl ed r eac
cision was made to enhance the number of
anning regions by pooling the data for e e
pefully improve the visibilityeaof dwoy pdt
man and mouse data this stildl resulted in
wever , Zf‘doueei ntgo aut os omal in both chicken an
ditional mapping complication as there are

ch breeadermapping across the organs.

e EutherisSaeciTéswciZF¥Bs o€Conserved in Opossum
ing puisleigc dRNopossoam across a variety of de
ads were flanked Ztfidn tthlee chbrosa@ammlat gsn @ome. R
e exons could then be ploFitgudr guBmdiicad¢dy
pped transcript Zédiarse troe dihci g osHs ugndhir @ MO S (
dl early shows 12 reads indicative of an e
clusion of the second codiakY$&pxloinc,e if.oer.m ci
rsupial s. |l mportantly, tamiys od xhenmr Jtdhsesnuevyer
rebell um where there is a similar absolute
caaonbHdtuldaet the genesptcohiof sdaoréstranscri
kely represents the ance&ftralt lsd ae¢ et tberfioan
romosomes, and that subsequ£zmh) |llyad hree tealit e
i s -stpeesctiifsi c functionZ®WKi he tbeg¥rcpppdgcees

rm.
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3.

3. A3 Potential Al ZfSrpnlatcieveFoShmorits Observed in CF

Foll owing the marsupi al wor k, -Begnsesatiaptwama
conducted to investigate whether the observe

distantly relBitgdreeBpbsianheby does not vali

of a -stpeesciifsi c splicing pattern as seen in eu:
an unexpected finding. I n al l examined orga
ENSGALT00010007123 wheg,e anxdo nn o6t aibsl ymi sexiom 6
i ncludedi.ngRetghaer dspl i ced second coding exon,

testis without exclusion. However, numer ous
are discernible in the testis which are not

t

-

anscr i ppesd atroe rneagpi ons bet ween these-sites.
specific splicizmign evteinackeams.ol §pegi fically, t
read counts shown by the sashi mi pl ot indic:
|l abell ed AfFiBuardBE&8se are each | inked to e
NL®&ontaining -expmotrttyedvedpl i ce junctions speq
are howevesupnpoorweldl splice j u50cteinansofl ienxkoend
suggesting that this may be an alternative t

exons i mpbpeaitesttsanscript starting with e
foll owed by the NLS anZdF YDNA ebirrediundg idogmanionv ed
therefore entirely omit the acidic domain, a

mammaldRWS ad&FdE¥orm t hat retains DNA binding
transactivation ability. | f so, h tgenmeprlatees
ftransadeadBYiaonant s, but via different me c h
did not have ti me (or access to chicken t

observations in the scope of this PhD.
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Figure 3.8: Sashimi plot oHi dkeamsgBhheaepnrese anda p p

count for-spanmnchgonreads l'inking speci fic
ENSGALTO0O001000ZEX2®Lli g ramscript (Note that tI
| efitReverse Strand: 7 exons, 6 codi ng) art

ENSGALTOOO0O1000ZIFA®@2 i tsr amecr i pt (Note that t he
TReverse Strand: 9 exons, 7 coding) annotat e



right t o left . DBD: DNA binding domai n,
alternatively spliced exon.

ZFEFYSn &@®BMYre Expressed in a Head and Neck squ
Pri mer 2F iver e designed t o surround t he secc
undergadeer sptieceng. The forward primer was

coding 2kK@Wnwhifl e the reverse primer was situ

AsRBMY s tsepmpdadisfi c in humans (and all mammal s)
it becomeprmssed i n ZEWceriamellss wleirleet her ef c
to determi nBBMMe | evel of

PCR was performed and visualised on a 2% aga
of t hessepetceisftiics genes in two head and neck

SCC104 and PCIl 30.

MH P
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Figure 3. 09: 2% agazZb¥eLRgalmpfl ofli cwitmgen i n SC
PCIl 3Tth.r ee replicates for SCC104 and PCI 30 ar

sampl es. HEK293 negative control: aZ FfYemal e
expression, cDNA synthesis negative control
CDNA synthesisnocdc¢emnupekndttreanld. aTBP was used as
of equal l oadi ng. ZPAYeld i7Qt9ddp Mhamgd bd ighke d r byw

andFYS 125bp hightedhanedotwy the

Clear bBhdsesr@an@t 9t he expeZF¥W7 X39kzpe) faoar oss [
SSC104 and PCI 30 which is not seen in the th
at the expeegdtysd2s6bpé ofs al so evident across
replicates which is not seen in the control

This suggests that these head and neck squami
ofZFY,S a +®seetiic gene. The band at ~270bp i
including the female control-spelEKR2O88)cantdami

band. The identity of this band was not fur



RBMYCR amplification was performed in SCC1

presence.

SCC104 PCI30

0o cDNA synthesis -ve

W NT control

o
=]
~
p°4
uJ
e =
7

1500bp
1000bp

900bp

800bp
700bp

600bp

S00bp
400bp

RBMY

300bp

200bp

100bp

200bp

TBP

100bp

Figure 3.10: 2% ag&BM¥PeLCRg almpflalflicvaitigpn i n S
PCI 3Tch.r ee replicates for SCC104 and PCI 30 ar

sampl es. HEK293 negative control: RBMY¥Ymal e
expression, cDNA synthesis negative control
CDNA synthesisnocdc¢emnupekndttreaanld. aTBP was used as
of equal |l oading. RBM&didadt3dwidgg blainglhlsle deelsgr t b e

The expr eRBMYmM BECI 30 but insots hdAwPWICY 0.yl

di stinctive band at REM&ekkpreP€I 86 arbdi Wietmodns
hi gher abunda&ndandFiignlhee Sup@Pporting the hypo
RBMYhay i mpede the inclusion of the second cc
generatsperori c bands in | anes corresponding
prominently at approximately 400bp. The ide
visi bihlei tHyEKi2M 3t | ane suggests a potenti al en

f emal es.



These results -expmfeisrsmonhhespede wbi ZEFE&maS ;
RBMY n PCIlI 30ne@atHPMe or al tongue sguamous Cz¢&
evident in SCC104, but potentially the | evel

D rect T&&BMRegudfatdBploifci ng in a Model Syst
Using a modi fied GFP splicing reporter SY S

designed to contain the second coding exon a

site mutations. The principlexoh2 theparstsery
transfectfiedzhexdohswl | | be included in the ma
the GFP open reading frame and resulting in
control with splice site mutations was const

of Zméxon,treguin the GFP open reading frame
signal would be detectabl eRBHMWaal cptramemhemC
with tkeo@BRPrepmwmimadckirct e@BMWatul dheri gger t he e
of ZTh¥xon, resulting in a detectable GFP si
tags changes in fluorescence could be monito
Subsequd®#CtRsRTould also be used to | ook at th

MHY
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mCherry and GFP signal percentage in HEK293 cells following transfection
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Figure 3.11: Micrgsomeitc yamdafllyesws of the sp
following transfect iAcbhad mtoa HEIKE 98a £ ed d &l.y s e (

magni fication and flow cytometry. FIl ow cyt om
= no signal, mCherry+ = Red signal, GFP+ =
green sign&lampéescteop. panel RBMYNCheor rryi grl:y,c
ZF&¥xemut adFYkon with splice site mutations

Samples bottom pZR&XodnFR¥¢Xxon oidmsignttttoe t he r epc
const rauFAx)oRBMY(ZF&X o n cotransRBRY&ZdF&xwin h

mCherZRi&x(on cotransf ectoend BWGrtahp hmCrheeprrreysent i n
combined repeats data adrZdsem®@imer ty amsiectio

Gating was set based on three sampl es. The
fluorescence was used as a negative&kBdlentr ol 1
mCherry was used as a positiveFgxteimntgarftor t |
was used as a positive for the GFP filter. By
were standardi sed.

| Fi gure, 3udttAansfected cell s aree qduieapdircatnad i onl
bottom | eft corner, indicating the absence

the trans R&8BMMChrerwiyt,h t here was a significant

with 60.6% now residing in the mCherry +ve
60. 6% of the RBMNTKKEXxpmetsasnt i s anticipated
hi ghest GFP signal due to splice site mutat



absen®®8M&f This restoration of the GFP open r
fluorescence si dgnalur eAdc3drld®idm goft ot he cel |l s e

signal, with an additional 4% | eaking into
compensating factor, thever iisntsoidilf fsomentvdrl
mi nor .

ThéeF&xon wWRBMyutl ds only 10.4% of <cells fl uc
to the 37. 8% odFsdexromne dnuitmantthe Thi s 10. 4% di s

attributed to a |Iimited | evel RBMM xtHonwesvkeirp, pi
it i s evident ZRaéhxaotn whse nc otthreaRnBsMYe ctt leel gvri @ én
fluorescence increases. In this cotransfect

highlighting cells emitting both green and
cells exhibit cheahi iguobhasceneeral | RBBEIY the c
70% al so emit a green signalZFduxeont of rtohme tshpe
construct. This shi fRi gur esw3gala®B ti lse al sl iseatn
combined. There is a pattZédmoshicbmpahed f o
ZF&xon cotr anRBMX tWhde wictoht r ansf ect2&xdrme GFF
mat ches t hZaR& x ennu t talne with a GFP meaAn fol d ¢
additional cotransfectdlosiomcduwmdirmd ZiEWgopeni ment
construct alongside sadciommer meé dit fatge s HOwkew ey |,
the intermediary consRBWVMMChesedg icronst eatcing !
be unstable, as indicated by the poor transf
obsercwarpbar edRBMMEHher ry +r(Feidg sriggm3a.ll) 1B



Whi | st t hese wengrtomilsirnggsul RGR confirmati on
performed to determine theintdatiposiamferGFP oazmd

GFP regions surrounding the inserted exon.

Figure 3.12: 2% PCR agarose gel wusilngdd&RP sp
l:untransfect2e:chCrtemrty d:RBIMMCherd .Y F&¥Xo0b;
ZF¥XO0OMRBMYY ZF&xon + nmChEMutya8dhZEMut a RB MM :
ZFMut ant + InDCHDNrAr ys,ynt hesi s té&@aTdq eNTc oond mrtorl g
Expected bands: GFP = 167bp, GFP+exon = 740D

| Fi gure 3 .ahzxs 7, 8 ,ZFaxdbm@t & mto wsdhimsed leasy,i ng on
a single band at the anticipated GFP size.

coding exon with mutated splice sites from t
the product eogtbaf anfaktlerrupted e&FP., Neqga3t,i vl
and 11) show no bands, as both GFP or a GFP

However, | anes 4, 5ZFamon6, revnabhi mAngat hen:
and | ower band ratio across the | aZ&EX)L The
and | WeYS fands was quantitated wusing | mag:
comparing signal intensity between selected

first removed and-othhley noepatni oghr awa sv asledeect ed. |

tool the backgrlobuamldasédnahdwaesbtrmacted from
Each | ane waosr oauntalliynseids and t he data was pl ot
signal . Finally, using the |line tool, the si

could be used to determine the amount of si
i nvestigati ont.heTnhiuss edda ttao wdaestZeFrYithidrFeY.St he r at i «



I'n | afnE&xdon expression alone yiel dlsenigtdr eat
construct, with La Sireetpireeseft @dF ig@uarpehi Cal3d y i
transfecRBMWClwéethy shifts this ratio to 39:
presence of t he expected shorter band aft e
transfection with mCherry alone results in

spli-citngof the exoonfi mChkerpratsenee This rai

di mini shes comkeipdenee isystbm design, althouq
change is observedRB MY tihe hmrse sad nscoe boefen sugg
mCherry was produced in an intermediate st
potentially | ess stable.

Bar graph showingthe ratio of ZFYS and ZFYL expression
across the experimental conditions

ZFYL ZFYS ZFYL ZFYS ZFYL ZFYS

Expression Percentage (%)
N R A . B
(=) (=) [=) [=] [=] (=) (=) (=)

o

ZFYexon ZFY¥exon + mCherry ZFYexon + RBMY

Construct

Figure 3.13: A bar gr &dphWsasdewWdnpgr ¢ehei oataor o
the experciomdarnttdleraXi s shows the &&i¥abhduct a

ZFYSplit, with the expression per cexnitsage ( %)
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is plays a crucial role in enhancing the <c
|l owing a single gene to produce multiple d

ver se mMRNA( Taczaingt 20BNy 2012, eleicable pteinftire & &
ort spestfF3ariant arising from an alternat
cluded the secondryendereg ae yeam taol fR 8tIDBEAS pi t e

is finding, the reasoning behind this even
researZbhdarodhdd after it wdhest arimipmrionvg dg en
t hi sRBMWwpseexplored as a potZdnt ipalomppleidc i
suggestive evidence hinting at-speciofrirel a
nes.

Il owing investigation into the possibility
ossum ZF al so udsnpdeecrigfoiecs sap Itiecsitnigs event t ha
her organs. Although most transcrifpilsl mai n
ngth form, there is a discernibl-seppatfecn

oZfi*sof orm pointing to a potential IZyFYsplici
toYtdhler o moskuret her more, when investtgdting
sspesci fic phenomenon was identified. I n th
ad mapping emerges in contrast to the ot he
at is occurring proves <challenging. The

pmi dataFY & mibteecause the | ow number of 71 ea
ne renders the interpretation of the data
e to tmhepinmigt ireads being dPCGR aedieden o wk a
eviousl yedlembesterxdatst e-specioffi £& Ystheodrtaing i n
acent al mammal s .

validate the previous findiZngyssniBBdMiYcati ng
head and neck cancer cell |l i nes, PCR anal
ve been identifiedF¥apexiishionmn,uhexpgl aigneé d

ZFYay possess some indirect oncogenic act
stis. Due to pr evHeonutsorf ilnadbi,n gesc tionp itch ee xEg rl & s

|l iced variO®®BtCCi teHPVIines was suggested
eval eneECdsor THhe data pr e ZeéniSesd eixmpdiecasteas |
th SCC184 anHbPVPCI)30at( HPVw | e RBIMM,s wohrelrye a s
tectable in PClI30.ZF@&IxX30 ea sl icdx panedshdcigdhre r o f

RBMY suggRBMYsngi nvol XEWiehi ci ng. However, t he
RBM¥xpression in SCC104 contradictsRBMYi s hyp



|l evel s in SCC104 were below detect i iRBIMY hr esh
variant may be pZrFegspelnitc,i nfgacaitl iIROBRRERN thraky si s T
f oORBMY eveal ed an unexpected band, KRBIMYht !l y s
band, present in all | anes; SCC104, PCI 30, a
suggests the expression of an endogenous ge
potenti al candi dat eRBMX tthhdhsX mMaswdme olud mo lbegu
RBMY Given its locati oRBMXstberp&Xctbdomosbmep

both male and female cell |-i @ @ @tga wiRtBeMoYtt he t h
pri mers. It has beRBMXIsZmpmps esattsad at lspteci fi c
acceptor splice sites, |l eading to the skip
( Ehr matn.nal 20 Ho)wever, when | ooking at the des
pri mer shows 7 6RB Mi{oN_| 000g2yl 3t90. 4 ) . I n comparis
primer is only 26% homologous, -sBggesbhngit|
the reverse primer. FurtheRBMMpe,odiulte prse di7dil

which is | arger than the Fdagrutreamiddateny bamd,l
to t RBMYoThe potential wunintended @RBM¥uct co
RBMYD which is predictregth oofhaa%0bap pwiotdhu ctth d
pri mers. However, again this seems to be to
band causes mor e Zinydarctogiemt ¥ irml tehe

To monitor taAaFRYd&bhuanndgaensc ei ni n (RIBMYp ae-SEIRicei o §
reporter system was utilised. Foll owing HEK?2
was determined RBMYisnwvepltiigiang tihe sB2EY¥Ynd cood
The results provide some support as an 1inc
following tReMadHHowevBF&dXdrmeal one produced

background GFP signal than expected (~11%).
Al ongd transcripZF¥Whormrhhaetabobonsottheg potent
targetadndenesdcki at ed decay. Thi s means t hat
detecting a small fraction of tZRWsemni@ivanth
in the aBBMY ckl toHough som¢rédegl a¢e i omapostodi f
expected to occur in cells, the observed re
with the reporter system itself. However, ap

RBMYal s o exhibited t he spliced GFP version,
hypot hesi s. NeverhihgHers sh a cdkuger otuon dt hsei gn al ob
warranted in interpreting the results. The F
hi gh abundanecseploifc etedh eb aGiFdP was observed in al
GFP band signal was mdreegipnte&ZfF®a ginnRaBrifitle s a m



compar ed R¥x otnhecontrol s, and matched the GFP
results alone do not provide conclusive evid
While the aims of this chapter wer &BMa&rgely
as a spkF¥efurtther modi fications to the refg

confi dentRBMA&so nfFailremher t o this, changes to t

be useful. For exampl e, the nor mal i mmort al
used as they express only the | ong form, al
short and long formel ThRBMYsamgf &chteiscens ¢ ou
performedrtohmongéesoin the ratio of the | ong
oRBMY the potential splicer of the second co
Furthermore, a more extensive actdheeanakbVybibki
ZFY®ncogenic activity. However, t he presen
complicate analysis and subsequent gPCR acro

means the devel opmentZFoYfiSsa nlkeectetsesrar as shaeyf ofr e@r
throughput analysis of a potenti al role in c



4 Chapter 4: OveE&Faxnp rHeEKs2ion3g cel | s t o

Transcriptomic Analysis

.M Introducti on

1T hle Growing Transcriptomic Field

Transcriptomic technologies play a cruci al r
transcriptome, whi ch encompasses the total
messenger RNA ( mRNA) , transfer RNA (t RNA),
noonoding RNAX Lome&RMI| 2(00o0/ng & ChenT,hi2s01d3)sci pl
first emerged in the early 1990s when a part
wi t h 609 MRNA sequences from the brain. S
advancement s have driven an explosion in t
approacihhe two main transcriptomic technol o
sequenci#®@eq) RNAiSely RNAN at (bew€oak20Dbhn}k
Transcriptomic analysis has facilitated the
across diverse organisms, enhancing our wunde
cancétLoeowde . al 2008wpelti.tatl 2021l t he field of o |
devel opment and application of transcri ptome
identification of cancer bi omar ker s, gene si

and targecanderr tamdriapi esdg€oaxpamneidok nwiwll le f
genomic background and pathogenesis of spec

enhance persondlISiuped imd@i0Rilne

RNASeq investigations have been driven by s
generation sequencing (NGS) capabilities, wi
and qualitative aspects of the transcriptor

organ{®msol ak & .MIiN®S ,dewelllgpments have el im
often seen in micseoequeragisngdd apphigulcihrelsa &

Mont gomer.y, A20M pipeqg!| wRNAfilgauw st &r t19 wi th i so
RNA from a biological materi al of choice (i
reverse transcribed to produce c¢DNA. Subsequ
or amplified through primed cDNAf mpéquehebng
adaptor s. The c¢cDNA is used to prepare a seq
performed on an NGS platform and the current
Foll owing NGS, trasspeirpoomed Bboabwpal gsé& gen
under st and t he gl obal transcr i ptSieqnadatlaand

gener atess oFARTQ fil es containing sequenced r



(Lowe. al20TTh)ese reads are then aligned to a
reads can be assembled into transcripts. Gen
software packages such as DESeqg2. Using DES
objective of mamy exereag i meptessaiions to ident
exhibit di fferenti al e x pr ¢ sksuikounr ban d&e r Modit fgfoen
201L6h)oete. a1l 2015)

Reference genome

cDNA reverse

RNA isolation from e mapping and
. . - transcription - L
biological mgterlal RNA library lllumina platform . allgnlmg
(e.g., cells or tissues) reparation Differential gene
prep expression

CDNA

l Library Preparation

= =
Long ncRNA = =

o\

"L \RA

e\ 1. g
rr’;n_allncRNA N S i- ﬁ é‘

wm.&.& )

MRNA

Figure 4.1: Over-8egwwof REARAORNAextracted and i
a biological material, for example, cells. T
transcription and sequence adaptors are | ige

these ahedgRNA brary is madeccand Aeglbkehuomhgac
is normally the NGS technol eéSeyg, ofbi ohoif oe ma
analysis can be performed following the ali:
reference genome.

1G2€ne Overexpression System

A commonly employed method for investigating
gene of interest is to induce dWered X grhe s 2i0d
This system has been exploited since the d
techniques and has beePr edvi ccjh\Biempgp sls2i) A &t &id)i hne n
this chapter, 2DOW¥BnedxFpYilessoboaduct ed i n a mamma
to identify potenti al pat hway inter@ZEXYions a

MO Y



Foll owing overexpression, RN-Segwas oi sobaegdea
i nvestigate the differential GENSZEX.pressi on
For the past 25 years, the HEK cell l i ne has
topThomas & Smaberi 2685Jrom the transformati
exposure to sheared fragments of human adeno
is commonly referred t(ol haosmatsh e& HHKa2HDO3IVeReBIONIS )|
following transictrbgwamm$ ecegpaotfed i nigat HEK293

li kely to be derived from embryonic adrena

i nadvertently collected alongside( ¥Che Léambr yoc
et. al 201HE)K293 cell s are extensively wutilisec
relative ease of transfection making them a
(Puktx al 202TMhese reasons justify the select
experiment, including the addition&lFYfsactor
encoded Yorc hrlvenasdmeé s consequently absent in
Utilising a female cell l'ine | ike HHEKY293 en
expression, witBFYeiynwgt paeskeattedhis means t
in gene expression will be AFXonsequence of

1TBe CUuUEZF¥mhctional Knowl edge

Foll owing the ZHNssconvoetr yitetehrdné i ng gene, i nt
function and significance has diminished. Co
ofZF'Ys rol es remains el usi ve, but studi es
sper mat ogZzéEmesi i ghly unusual in that it i s
chr omosomal gene content across al/l mammal s
genes that evade the gener al processes of (
(Waters-H&r Rera., DRWeO03urviwoad onds otmee r¥el i es
functions i n spermatogenesi s and s ex det el

chromosome genes provspgcbehnef d(eWaetleorpsamen tiRauli ez
Herrera, T2h0i2s0)i ndF¥hasés behamportant for mal e
it continues to persist throughout evolution
I niti al studi es ZWFRaWwleayssugagersoled itmasper mat oge
l'inked t o MSCI , mei osi s progression and g
(Hol meundl 202M0use studies ZIF&véusbowonshan s
devel opmMennet , Mahadevadta.hg!| 2DClata)ddPEM t ahn k& ,

ZFY have been shown to be vital f(owrer attici
Mahadevai ah, Becal ROMAGRd ef i ci ent mi ce testes
pogtartum, a combination of MSCI |l eakage i n e

MO



cel | deat { Vwasnerngt eMhhadevaeatahg!| 2elcGa)Ziridae r i e,

genes have demonstrated executor functions

nfluenced by their g e nconmiocmop @sniet. i AArdidrig | @om a

ocation i mpli es a plausiblezZbh¥egagtuil ad e ee d|
expression during the pachytene trZRY¥Yition.
expression advances MS C I to i ts coZ&ENusi on,
transcription and allowing prophakBdctoviptrypgr
prevents MSCli tcaeamml| é teiae@lnt o MSCI failure and
(Vernet, Mahadevadtaha!l 2D0elc6a)r pentr i e,

Nakasuj delmonstrated that mi ce ZWi¥t mag@dubl e k

exhibited significant sperm abnormalities,
motility, capacitation, acr osome reacti on,
aber r gtNiakmsstu.jal 20 1T/h)i s s ugge/skt¥s atdld&t pbay h a
role in many spermatogenesi s processes. Spel
been | i k¥ dagBY. With previous r &FddKiOs s howi
ZFXKO, ZF&/-2KO sperm sampl es, the occurrenc
abnor mal sperm was noted at rates of 4. 5%,
further s uwgrd¥e dtognitntadtes sperm devel Zpgrirent , b
andFY is needed for successful sperm@Fd&devel opl
andFY are indispensable for spermiogenesi s,
that wunderlie this is required to shed Ilight
fai ([ MNakaestujail 2017)

A constraint inZRYmersecuds gptésanstZFY utnlcdt osnt u
rely on mouse model s, while studies of i ts
carried out in yea&dgtex hGibvietns tshoanie nhoodrod ogy t
similar functions are expected, but variati c

evolved to ploissskeBsernedssYYannldY. This chapter a
under stand t heFiYnupnocrttiaonncael loyf i n humdRY¥S By o
andFYLndividually into HEK293 <cells the ainm
potenZik¥vdat hways and funcitSiegnsanudsi dgwnRNA e
transcriptomic anal ysi s.

This work wildl also confirm ZR¥&maHFMlini vae tr a
mammal i an cell system and see i f ZMWYiISs raecapi
far weaker transcription f actFoysendlFiydpareéi cul
a common DNA binding domain and thus I|ikely
gene promoters, it is important to understan
From the yeast data tweor epoitdeanttii@iriddidyy ob deses

Mnn



a transcriptional i nhibitor ZrFartbhsera tWwaak earn
transcriptionZaHY.lathi ek b¥Wdwbladheact as a net a2
t@FYdctivity, eitheredutatitbywp bw byvppothesis
via competitive inhibition in hypothesis (b)



4 .

Materials and Met hods
2DNA Constructs and Transformations
To examine thkeveéfexpseodsi on in mammalian ce
were produced containing the gene of interes
eithesteamiMal HAroi ndiFiGEP.e Bdo.t2h)yl emgthulflor m
and the altegmlaitd e®ZIFywesrmneooétl oned i nto the vecd
HAor &FuPsi on proteins using theé¢ TXhbH/skbkka) si
suppl emdataryequence A and Sequence B). The
commer ci aelsliys esdy nbtyh GenScri pt and provided as
! f J 2/27’/ f J Nhe |
g pcDNA3.1+N-eGFP /|g,”"g, «é pPcDNA3.1+N-HA Fm;”,’
6.1kb Ry S i
- AGC TGG CTA GCG TTT AAA cwi%g-dEurl—chc ACC ATGTACCCAP:%
Nhe | Aflll Kozak seq M Y P Y D \
i CCAGAHTA%GGT ACC GAG CTC GGA TCC GAA TTC TGC AGA TAT CCA GCA CAG
- AGC TGG CTA GCG TTT AAA CTT AAG CTT GCC ACC ATG AGC AAG GGC ... 684bp ... ATG GAC GAG CTG TAC AAG P D Y A Kpn 1 BamH|  EcoR| EcoRV
Nhe | Aflll Kozak seq M S K G ..228aa M D | -G SO N Nk
%GAG CTCGBGGATLCfG?:j;T‘C TGC AG?“;_:TV_CCAGCA CAG Tsm% %GGAGD%GW T:O:AC——— TGG CGG CCG CTf(h?TG TC)T(bl;?A GGfp:lcc GTT ;l:/‘\’
Figure 4. 2: pcDNA3. 1(+) Pl asmc DNMa-pG#F® om Sn
pl asmiBdc DNA3-HA+ NIl asmi d. pcDNA3.1(+) is a coml
i n mammal i an expression, wi t h a CMV promot
pcDNA3. 1 i g eampitainltl.i n
Tabl e Z&YpalL asmi d constructs pr odluinceesce WOYNA Gen
constructs were specifically designed for wus
pcDNA3. 1(+) pl askFmigdurbeacdk b2one i n
Vector ba l nsert Tag Anti bi ot
Resi st an,
pcDNA3. 1(+hZFYong (fuNterminaAmpircil I
tag
pcDNA3. 1(+hZF¥hort (i|Ntermina Ampicillin
tag
pcDNA3. 1(+hzZFYong (fuN-terminaAmpicil lin
e GFPag
pcDNA3. 1(+hZF¥hort (i|Ntermina Ampicillin
e GFPag
On arrival of the construct s, the tubes wer ¢
4AC. 200L of sterilised water was added to d
MM H



The plasmids were t henaltphaan scf odnprestdelnitst ¢ NNEBB

#C2988J) following the manufacturer's protoc
ampicillin (Melford, A0104) containing LB ag

see 3.2.4.1 to 3.2.4.2 in Chapter 3.

. 2PRasmid DNA Miniprep
Foll owi ng t he transfor mat i ocEn xcfotbhe n i DNA wel

i noculated in 5mL LB overnight <cultures supf
1000g/ mL ampicillin. These were incubated ov
The following morning, mini preps using the C

No. /| D: 27104) were performed following the
overnight cul t ur els0.0 0A S\aencatDroopph oD met er was
guanti fic&d®Ai oancé&herBtion, 260/280 and 260/ 2

.2M8mmal i an Cel | Line

HEK293 cells were used as described in Chapt

.2.3.1Lipofectamine 3000 Transfection

For this &Fyy&ndm¥fbdarrm DNA constructs were tr
cell s with eerinihnearl aF BNetrang naarl a&HMA N ag. Two f or
were uséad:anasfreocti on control and an eMpty GFF

(Addgenel) ,6085 tranmhgcthiaomr iatnselnfpact on th

samples preparddbheedsated in
Table 4. 2: The experiment al sampl es prepar e
experimeatopti mal seeding density was determ

confluence at the time of harvest for RNA ex
slightly inhibited growth, requiring a highi

reachandet tconfluence. *Control group.
Sampl e Name DNA constri|y Seeding dgé
transfect g (cell s/ w
Contr ol 1 * - 300,000
Control 2 * - 300,000
Control 3 * - 300,000
Empty pMEGFP * Empty pMGFP 450,000
Empty pNMEGFP * Empty pMIGFP 450,000
Empty pNEGFP * Empty pMIGFP 450,000
ZF¥Bhort GFP 1 ZF¥BhortterNmi na|{450, 000
ZF¥Bhort GFP 2 ZFBShorterNmi na|{450, 000
ZF¥Bhort GFP 3 ZFBShorterNmi na|450, 000
ZFXY ong GFP 1 ZFX ongt eN minall450, 000
ZFYXYong GFP 2 ZFX ongt ek mMinal450, 000
ZFXYong GFP 3 ZFX ongt eNN mMinal450, 000

=
3
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ZF¥hort HA 1 ZFBhortterMNmi na|{450, 000
ZFBhort HA 2 ZFE¥BhortterNmi na|450, 000
ZF¥Bhort HA 3 ZF¥XhortterNmi na|{450, 000
ZFXYong HA 1 ZFXongt eN mMinal450, 000
ZFXong HA 2 ZFX ongt eN mMinal450, 000
ZFXong HA 3 ZFX ongt eN mMinal450, 000

The | ipofectamine protocol utilised is outldi
. 2.3.Zel | Mi croscopy

The transfection efficiency was assessed to |
(>50&d incorporated the DNA construct s. Cel
and -tprreated with-D-Lyngi/ mé -APSdrginarB) At o ai d ce
adhesi oohagGEB® DNA constructs were transfecte
due to thefpraeddmnoeaescent tag. Foll owing tr:
was performed as described in section 3.2.5
adding a drop of the Antifade Mourlt2i0Mg Meodi u
a Superfrostlinmdiecr(oFsicsohpeer sSci enti fic) and gent
cel l side down onto the Superfrost slide.
These slides were then ready for visualisat:i
Mi croscope using the software Smart Capture3.
(385nm) and FITC (475nm) channel s, all owing
upt akhee oGtF&g Zd&d sof orms. Microscope slides wert
at 4AC-pirmtleicdhitng boxes.

.2.3.Flow Cytometry

Transfection efficiency was also -hesesgead us

time point of transfection, the cells were
BR0014G) . Using the BD Accuri C6 Pl us, 10, 00
the Flnlnedha(l aser 488nm) was selected to de
particular experiment set, the no transfecti
for no GFP signalGFPwhetsortwasempeyg as a GFI
control . Ussmpnlgest,hesgeatsi ng was set on the sele
the transfection efficiency of the construc:
quantification of transfection efficiency. Al
sampl es i ¥ Fslgawies ede. 3Resul t s section for furt



AD1 Control no GFP / A01 Control no GFP
4+ Gate: (P2in E1)

' AD1 Confrol no GFP
<+ _Gale: [No Gating]

2,130,441

B "3 WGFF - GFP +
o
< q J1000% 0.0%
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“ 2 ]
Ed e a
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Figure 4. 3: FIl ow cytometry gr aphs(sfereoni itghuer en
4.7 for results). This sample set was wused

sigmMmaAl .graph displaying the-Aj opwatxt ess daantdt e rh e
side scatteA) aorfeat h(eSSHEK 2 9a3x icse.l ITsheonc etlHe pYop L
interest is highlighted using this plot and
excl odhesdebris ouB:Bhide plhet ciigcdeaet.ed based or
identified insdtotterA. h-BThhehts i @8 Gd eids oand hteh &
SSAA is plot-ardsoantdhel Yows for the identific
from cell doubl et s. P2 is selected as the si
C:This plot shows the GFP signAlisnpltdatet PR a@n
X-axis anAd iSSSCpl ot t-axdi so.n Tthhee fYocus iin this p
quadrants, whichamadeGFRbel TRas &F®Puadr ant pos
basedhencdntrol populations.

4. 2. ANesternmniBlgot

Foll owing transfection, cells were -dOL) ected
600mM NacCl , 4% Sodium deoxychol at e, 4% SDS &
i ce f300 nmMiS5nut es. Centrifugation foll owed at

The i nopelldkelte was then discarded whilst the

this, protein |levels were determined using t
kit (Thermo Scientific, 23235) along with st
(BSA) at nkceowm add ons (2000g/ mL, 40 Og/ mL, 20
2.5 O0g/mL, 1 Og/mL, 0.5 Og/mL, 0 Og/mL). Th
mi xing 25 -p@Atrseagento A ( MB)CA 24L& amgamtts Bmi( aviiBg
lpart -BhCAroeagent &€ fdrMCt)ei nThsampl es and st
combined 1:1 with the working reagent, mi x ed
1 hoear .0f2 each sample wasDthpnplpapett Ede coabse
was measured at 562ammlugi Reaadn m@ldteiver e t hen
corrected by subtracting the absorbance read
constructed {fcroometchedbladbslor bance values of

then used to estimate the concentration of t

Mnp
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transfer, t he

bromophenol ue, and
These
at
vitrogen,
or e P ol wevsitndyrloit dreenneg r BRlIneor i d
03010040001) activated 100%
buffer (25mM Tri s, 192mM Glycine,
alongside thRADel #2and3DBb)erThapepr |
t he and the
gel ng the transfer |
gel d hesimegnidmans &miot tBdrot ( SIDBn$ e mi
ctrophoreti c-RadamiOve0r) . Cellhle, cBimponent s
fi paper, PVDF gel ,
h |l ayer, they twereen scuaree fnwl Iby brbd lelse dver e
The

t hepecahstebjndong was

c he, was i n n
nsfer
ut es,
idgwbration of

components remo

Fol |l owi soaking in
t o
we r
l ter membr ane,

| ows ; a

pr
1
b

wi t

rupt transfer. transfer occurred at
l owi ng prevented
5% BSA (Fisher S0i0gntiinfbi dkcfxf eRrREREL 6s0a0l i n e
ST) (20mM Tri s 150mM NacCl, 0.1% Twe
mat ypodmpt i After bl ocking, t he
( diTlawbtl e8d 4i.ocF bl olkckumgatb uRT ea
weakl y

XX 1O0B&TnsFolnl dwi

Base,
ncubati on.
antibody
Unbound
3

mary

4AC. bound ant

ng

or pri mary

washing, t he m

in a secondary antibodyTdlli d u#feod& iln hboluac kaitn
overnight at 4AC. Like before, the membrane
mins in 1x TBST. The membranes were then inc
(ECL) Western Blotting Substrateu(®lser hef®aie
i maging the membrane on the Syngene G: BOX CI
capture software, for chetnmeiilhusmi nescent detec

Table 4.3: AntibodiestiusAgsdofconmntWdstcommeblt oft

dilutions used for each antibody are include
Anti bjCompany|Pri mar YC| ona|SpeciTarge|Conc. [Dil ut
Name Second i
AnGFP|Sant a Pri maryMonoc|Mous¢{(GFR adq200ug/1: 10,
() Bi ot ech al

[ s*996]
AnHA |Sant a Pri maryMonoc|{Mous¢(HAt ag|200ug/1:1,0
(H) Bi ot ech al
MM C



[ s392]
AnBet|Sant a Pri maryMonoc|{Mous¢(Beta (200ug/1:100
actinBiotech al Actin 0
4) [ s4&7 77 8]
m-l gG |[Sant a Secondi{Pol yc|Mous¢gl gG 100ug/1: 10,
BRHRP |Bi ot ech I HRP
[ s5c25 40 { Conju
e
4. 2RNA Extraction
Following the collection of the mammalian ce
using the Qiagen Rneasy mini kit (QlI AGEN, 74
3.2.3 in Chapter 3). After obtaining the RN
Novogehor sequencing.
4 . RNASeqg Data Collection and Preparation
RNA sequencing was carried out-ebhdeBDdsoganeanu
I'l'lumina sequencing platform. The foll owing
analysis; Python (3.6.10), Conda (4.10.3), F
and Samtools (1.14) (Table 4. 4SeqTlhemaéyacts q
this chapter can be f oiunTdr anisncr | @h aopnti ers
https://github. ceno/dlezzy Garci al/ Thesi s

Table 4. 4: Required Programmes and respectiyv

Tool and Ref erence

Resources

Pyt hon https:// www. python. org/

Conda https://docs.conda.io/projects/ cgq
https://anaconda. or g/

Fast QC https://www. bioinformatics. babr al

HI SAT?2 Ki m, D. , Paggiet. AGMagpshdd rke n €me a
genotyping with He8AT¥pand NALt SBT
915 (2019) https://0d®i2064r g/ 10. 1(

R R Core Team (2021). R: A | angua
computing. R Foundation for Stat:i
https: fp/lrvowwe.cR . or g/ .

Rstudio RStudio Team (2019) . RStudi o: | nt
Il nc. , Bost on, MA URL: https:/ /] wwy

Samt ool s http:// www. htslib.orgl/

FeatureColhttps://www. rdocumentation. org/ pé¢
pics/ featureCounts

The rawhhioglghput sequencing data produced b

FASTQ files containing the sequenced reads.

and transferred t opaéarhfeorUma nvceer sd dmp ust ihnigg hcl us

and verimdédumsichgcksums.


https://github.com/IzzyGarcia/Thesis-code
https://docs.conda.io/projects/conda/en/stable/

Quality <control (QC) anal ysis of the raw se

Fast QC software. Fast QC calcul ates a range o
of raw reads, including e¢yBigatéeéolBS€4aPbnsenqu
(Figure d4ndb)i brary cfoamrpmetxtigdy.r éAp HiTtMLi s pr o

FASTQ file.

Quality scores across all bases (Sanger / lllumina 1.8 encoding) 5C distribution over all sequences

count per read

1000000
Theoretical Distribution

800000

600000

400000

200000

o

123456789 1519 3034 4549 6064 7579 90-94 105109 120124 135139 150 02468 11 15 10 23 27 31 35 36 43 47 51 55 59 63 67 71 75 79 83 &7 Ol 05 69

Position in read (bp) Mean GC content (%)

Figure 4.4. An example of FastQC metBraircs on
chart depicting the Phred quality score dist
the sequenced reads. The Phred -gxasi apdstbe
nucl eotide position in the seawiésn.eeGoordeads :
Qual®Otynpeasonabl Be dpwalri tgy,:&Pll iotty .di spl aying t
content distribution across all/l sequenced r e
central peak correspondsaxios trhep reexspesrctt se dt hGeC.
sequences, -axhiisl es htochves xt he mean G@Gec bhtuentl i me
represents the theoretical GC content expec

nputted data GC content.

Foll owiQkghé bbkes, the raw reads were aligned t
HI SAT?2. The human reference genome sequence
chromosome GTF annotation files were obtaine
as the referencenignwgle. aHIl AME@ni ndexi ng was

t

he hbwialtdpt b0l added to increase the number ¢

human reference files. The raw reads were t
genome using HEBGAEACe®heesned greciardesd t her ef or e,
t hat the input files were not interchanged
alignment files produced from HI SAT2 were un
SAM files and convefbrtbbemsequBAM feamatr e co
Feature counts (2. 0. nd urmenead s saeerdd tchoeu mptae o etd
to produce a count matrix containing al/l of
feature coudeéli mist ead tteaext file containing t
corromdp ng count of reads mapped to that gene

MMy



4 .

2 DEBQ

The differexngrieadsigenneanal ysis was conducted
matri x usbBe@2 tshef tDEar e, and this analysis w
(4.212.2). Once in R studio the following | itk

ggplot2 (3.4.0),-3RCotatil®r,awneenrhabnlcield vol cano
tidyverse (b.ndb2) ,( 1AmBotoadt iand Tarbd .eHsA..e69g. db (

Table 4.5: RStudi o Packages and respective r
Package N{Reference
DESeq?2 Love, M. IW. , Andbder s, S. (2014)
fold change and d-$eqped9|tcan wii
Genome Biology 15(12):550.
URL https:// bioconductor. org/
ggpl ot 2 H. Wi ¢c k ham. ggpl ot 2: El egant
Spriieget ag New Yor k,
https://ggplot2.tidyverse.org
RCol orBreyhttps://rdocumentation.org/ pac
3
calibrate|Graffel man, J. and v a € a | B eburwai
mul tivariate scatter plots for
and between sets of variables
Journal, -&&79.6), 863
URL : https://doi.org/10.12002/ 1
EnhancedV({(Kevin Bl i ghe, Shar mi |l a Rana
EnhancedVol canoea®uybVolcaanonpl
colouring and |l abeling. R p
https://github. com/ kevinblighege
tidyverse|Wicklramal (2019). Welcome to th
Sour ce Softwar e, 4(43),
https://doi.org/10.21105/j oss.
AnnotatiolHerv® Pag s, Marc Carl son, Set
AnnotationDbi : Ma n ibmwsleat i @amn od
Bi oconductor. R package \
https://bioconductor.org/ packa
Org. Hs. eg|/Marc Carlson (2021). org. Hs. eg
annotation for Human. R packag
dpl yr Hadl ey Wi ckham, Romain Fran-oi
(2022). dplyr: A GrammRapackabDa
1.0. 8.
URL : htt pspr/djCRAIN.. Rr g/ packages=
hmi sc https://hbiostat.org/r/ hmisc/

DESeqg2 is a widely wused aSeqrdadthan flotr aansdy
relationship between variance and mean in hi
differenti al expression using a negative bir
i mporatnedd ,condi ti ons were assigned to produce
containing the metadata about each sampl e.

only entries -wathesdi{padjed ¢ 0. 05, all owi n¢

Mn g



contrasts between conditions. Subsequently,

org. Hs.eg.db package to incorporate standard
chromosome | ocations.
Using DESeq2, QC <checks on t he sampl es we

Component Analysis (PCA) and correlation hea
sample clustering. The heatmap was generat ec

Verifying thaltugther sampdredi ng to their respe

After examining sample clustering, speci fic
volcano plots were generated to visualise d
bet ween groups. An MA plot compares the gene
with thehlaomgef ILFC) paxoitst eadndont hteneovyer al | e x|
X-axis. The MA plot was produced using the pl
highlight genes with padj <0.05. A volcano pl
changes twiiet hidat aset. The vol cano pl ot W a S
enhancedVol cano |ibrary, applying filters t
absolute |l og2 fold changes (L2FC) exceeding
The gene lists from DESeq2 avremaet amheerdge@S Wi ft|
Duplicate entodiesg apdotheinns were then remove
occur due to annotation errors on the sex ch
to retain only those genes exhi Hietsisn hams ol
representing significant di fferentially e X
expression |l evels was attempted using DESeq
across samples. However, no clear corgelatio
a rational cutoff for baseline expression fi
functions were wutilised to identifyZEYMmMmona
short and |l ong i soform compari sons. Thi s d
downstream anal ysi s.

ZF i fferenti al Expression Dat a

ZFXs the X chromosome homol cfenadf hadhebgeme
i mplicated in the initiation or progression
HowevelZFYlhiekaander |l ying mEKahi semnicgswhiramscr
regulation is yet to be determined.

A previous study fblcuWeidy anNicharacterising t
influeaé&&k nofHEK293T <cell s usi ng a -lCRdI PR k
approach, -Swigg hdaRNA available in the suppler
GSE145160t). al 202ThFr RNASeqgq data was obtained t

MPp



commonal it izéed awiatstett,hedespi te being perfor med
HEK293 cells. The HEK293T Iline is derived fr
an SV40 origin plasmid and was therefore con
anal ysi s.

The data fretmwalei yar Né d -vimd sueed <dOn O but not f

was altered to match the fettaghr2®OaO).n Thhe st itd
functions anti _join and inner _join were util
genes f iZémlatthaes et ofet Weil ytahd\ssie i dentified in
assess similarities and differences between

G®&ne Ontol ogy

After differential expression analysis with
out wusing the Reactome database. React ome i s
containing curated biological pathway data f
anabye®if pathway interactions. The filtered d
the Reactome analysis tool. Options were s¢

u
o
n
h
nteractors to expand the analysis backgroun
n
h
o
a

anal ysestitfoyiplat hways overrepresented among
the genome background. The pathway enri chmel
compiled in an Excel document . Filters were
values <0.05 r ediagddwsrsy ofatfeal sEDR) , as wel l
filtered pat hwalysesi ¢t+0. 095t dng FDR <0.05. It

pat hways failing to meet thewasueni<fOi O&naeadt |

<0.05 cannot be gdiseanrfiicalbddy. consi der

PrOmbeesi gn and Selection

Foll owing the downstr eSaemygl aatnaa,| ygd rse so f wetrhee sReN
produce a bioinformatics validation panel . P
up PCRs for gene expression analysis. PCR pr

to more than one sequencenidfuird argt laympil mg a acta t fi
and reliability of the -BleA3Ttiss WwWiheel \\CBUus ad
pri mer design and is what we used to desighn
Using the accession number of the desired g
Table 4.06ward and reverse primers were outopu
subsequently selected for testing. These pri
by I ntegrated DNA Technologies (I DT) wusing t
purificdesahtTeadb) ¢ 4. 7)

MpPp M



Tabl e 4.
selected

6 :
as necess

ary o

NCBIl atsdolp aP&inmedearsd par ameters we

n the NCBI t ool

Product

/| Ampl i con

10050 bp Il ong (for e

Number

of pri mers

10 primers

Mel tti emmgper at ur e

t he

mel t i

Mi ni mum of 60AC and
(with a maximum diff

pri mers) .

deal pri mer mel

ng temperatur es

Exon/ in

tron sel ec

Pri mer must -span pOon

GC cont

ent

406 0%

to ensure maxi m

Advance

d settings

Repeat -Nohe efonly f-q
because snoRNAs have
the genome and get) f

Table 4. 7: Pri mers designed f or v RINIAGatqi ocha w
Pri mers wer e designed usi RJLAST he t odICBI
https://www. ncbi . nlbm. ansith/..gov/ t ool s/ pri mer
Gene name |AccessionPrimer Sequence Tm|Pr od|
Number (AdLengt
(bp)
WNT a NM_004625For: CTCCGGATCGGT|59./149
ReVWGGCCCATTTGTGAGg .
TMPRSS2 NM_005656For: GGGGATACAAGC|60./113
Rev: GATTAGCCGTCT[gg4
FGF3 NM_005247For : 60./126
GGAGAACAGCGCCTACA59
Rev: TGCTCCGAAGCA '
I FI T2 NM_001547For: 60./149
ACTGCAACCATGAGTGA60
Rev: ’
CGATTCTGAAACTCAGT
RBMXL 2 NM_014469For: GTTTGGCCAACC59. 141
Rev: AAGCCATTACGG[g-
ZFX NM_003410For: TGTTCCCTGAGC59. 150
Rev:
TCATCAGTCACAGCTCC|®9.
FRMPD?2 NM_001018For: CCGCCACATCAG60.118
Rev:
GAACCCGACAAGCTTC(CS0.
SNORA7B NR_002992For: TCCTGGGATCGC|60./90
Rev: GGAATGGAATGG[gg.
SNORD3D NR_006882FodT GAACGTGTAGAGCAI59./108
( Necnodi ng, Rev: ATCAATGGCTGA[g0.
ENSG0OO00002
CPN2 NM_001080For: TCGGCCCTCACG®62./107
Rev: 60
TGGACGAAGCAGTCACA '
FOGCCTTCATGTAGAGG|57./140

MPp H



ENSGOOOOO2ENSGOO0OO0OO0OORev: GCCCAGCCTTTC(C5T7.
(NeQodi ng 02
Lnc RNA)

Housekeeping genes are necessary for qPCR no
expression analysis and pf(ilTamkers Thh&)it helses we
these housekeeping genes also known as refe
samptla®eampl e variation therefore i mproving t
(Adeol a, 2018)

Table 4.8: Housekeeping genes. uASAecde § 0ir o PrClRmt

and primer nucleotide sequence included.
Gene |AccessionPrimer Sequence Tm Pr odud
name Number (AC)|Lengtk
(bp)
GAPDH/ NM_00128¢For : 52.8[136
GTCATCCATGACAACT
Re GGATGATGTTCTGG|22 7
TBP NM_003194FoCCCATGACTCCCAT(55.2|108
Rev: 53 2
TTTACAACCAAGATTCH :
ACTB |[NM_001101FoCGCCGCCAGCTCAC|60.6(120
Rev:
CACGATGGAGGGGAAG/2> 7 -7
.2.Px1I mer Checking and c¢cDNA Synthesis
Foll owing the arrival of the designed pri mer

corresponding -ymddenewadtf etPCRFrom this stock,
was prepared an#@0ABen stored at

cDNA synthesis was carried out wusing the rem

the original sequencing and the protocol fol
3.2.3 of Chapter 3. A second set of RNA samg
wer eo adisbhsequently used for further validati

After c¢cDNA was synthesisedcetrobbNAIlted8t isampl
diluted to EbLowockimag 5e#gluti on for use i n s
Successful cDNA synthesis was validated by
housekeeping Geiequ&RnFIl exi DNA pol ymerase
10le reactions. The component dabkem8rcéhtaipdrres
3.

A standardised ther moalpk e(ecBh agpetteurp 3s)h owens iuns e

GoTag G2 FIl exi pol ymerase with many of the ¢

Mp O


https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1519311456

experiments. After PCR, the amplified prodt

el ectrophoresi s.

PGEN Easy Vector Ligation and Transformati on
To clone PCR produedsy thectpdGrEMsystem ( Pr ome

utilised due to the convenient reduced incub
buffer provided. The |l igatiTaarblwas4.Qet up as
Table 4. 9. emGEMvector | Lggttoonreaatcitoons w
foll owmagut aeturer' s protocol using the prov
and a background control without an insert.
that will |l i gdt e eichtoo , t wai p6EMhe background

and widdteot | i

Reaction ComgStandard |[Positiv¢(Backgr oun
Rgaction antrol antrol

2x Rapid | igdgbOl 50l 50l

DNA |l igase

p GEM Easy 10l 101 10l

(50ng) _

PCR product?* | XOI - -

Control Inser- 2 Ol -

T4 DNA Ligas 101 101 101

uni t/ Ol )

Nucl efarseee wat{100l 100l 100l

final vol ume

*Mol ar ratio of PCR product optimised based

The reactions were mixed by pipetting, and s

Then following ligation, 20L of the ligation

5-al pha coBEnpedelnits ( NEB, #C2988J), and the pr

mentioned previously wusing ampicillin as th

dozen colonies were selected for a colony PC]|
the GoTaq G2 flex.i PEORAI pdli ymepavwducts were al
w/ v agalroskrgm the s@enpdi i eg PCiRdioleleirnrnL Bh & mp
cultures were sent up for DNA extraction to

bands.

Quanti Revevileanscri ption Polymerase Chain Rea
Quanti RavedieanscrPQRRP CR) was perfor med u
Power Up SYBR green master mi x (Applied Bios

Reactions were set up in 100L volumes for ea
as out|Tabelde .idn10OL/ wel | reactions weelel prep
reaction plates (Applied Biosystems, Ther moF

Mpn



sealed with adhesive plate seals (Ther mo Sci
thoroughly mixed and briefly centrifuged to
bubbl es. The PCR instrumentation used was t
anal ysirsmeperbfyo the comparative Ct ( ®eeCt ) m e
thermocycler uses preset, optimised conditi
default cycling pflTfabltamdlwa £)hwetcikl ifoed pri mer ¢
net empl ate wat er raonntfroal awerr pri mer pair on
was normalised to the ACTB endogenous contro

were performed in duplicates to check for <co

Table 4. 10: Power Up SYBRiIi &r pent Mafsotrentusl Mitkeed p
and optimised setup for the 2X master mix de

accurate gene expression analysis. The tot e
including the desired primer pairs and DNA.
Reaction Component |[Final Concentration
Power Up SYBR green|1xX

Forward Pri mer 300nM

Reverse Primer 300nM

DNA 10ng

Wat er Makeup t o vioolQimef i nal

Table 4.11: qPCR exper i nlemits tchyecrineo ciysc |tehre cdyecf
for the Quant Studi o3 system when using the S

Cycle SitTemper atfTi me l ncremen Number of
(AC) (min) |(AC/ s)
Hol d St {50 02:00][1.6 1
95 10: 00|1.6
PCR Sta(¢95 00:15[1.6 40
60 01: 00][1.6
Me | t ga9s 00:15]1.6 1
St age 60 01: 00 ]1. 6
95 00:01]0.15

Chhcer Dataset and Cancer Correlation Anal ys
Correlation analysis is a statistical techni
related. I n this case, it was applied to as
genes assocfZfRYoevcer wkphession show any rel at
correl atzé&de xwirtelssi on | evel s across cancer C €
evaluate if the geneszZa&N&n@dBYhwaryesx prl & sesiean
HEK293 <cells reflect prockZk¥eprésokend itom ea

contexts.

MpPp



To further analyse pot @fFrfeixgplr ecsasri rosl atnido ncsa nlre

from cancer cel | l ines in the Cancer Cel | L
DEPMAP dat abase wa s exami ned. The CCLE con
phar macologic profiling data on aehargteg@ane

startingFigu2@0g.5)
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Figure 4.5: CCLECdmasiastciohggect i D829 cancer da
| ymphoma t o breast cancer. Taken from the
Dependency Map Project at Broad Institute.

The CCLE contains expression data for 1,392
including 614 femal es, 770 mal es, and 445 of
with expression dat a, 56 were derived from h
I n RStudio the following |libraries were | oa
Hmi sc-O(5abl e Thé&)datasets were | oaded and pr
was filtered to only ZRYS&ludrekend!| eOtethel 7h@sr
699 had wusable expression data. The DepMap_

dat aset
I i
corel ati
The
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significant | ack of overlap between the two
an increase in the detectable overlZ&py bet we
dataset. This weak <correlation of N10% | i mi
indicates only a modest relationship between
ZF¥Yverexpression Aalhdxpndesgieoonukbevel s in canc
Using this correlation dat a, Leukaemia cell

confirmati on.

Leukaemia Cell Lines

Three Leukaemia cell l'ines were selected froc
cel | |l i-hes§ DSMECde) is a chronic B cell | euka
the peripher alyelollododlToHPATaCCG Ior g) is an acut

| euk aeenhila Icine derived fr om-ytehael do ema lpeh.er Ril n &
U937 (DSMzZ.de) is a histiocytic |lymphoma est

3% earl d man. U937 was used as a control, as
ZF¥Xxpr esshiiosn nman et cel | l'i ne.

All Leukaemia cells were cultured at 237AC wun
Unl i ke HEK293 cells, these cell l'ines were g

THR and UP37 were cdl6t4d0r enccdiim & 15i g, # RO088
FBS, 1% pen/ strepglamtda mi%n e(,2-vhwalbs tc uMBQir ed i
| MDM medi-gl wt ami 8¢ o¢ Pa h2 0 1#5P00)4 suppl ement ed w
FBS and 1% penffsthepe Betdhaoare widely used
growth. As with HEK293 cell s, a logarithmic
cells being p&8&sdagesd dewemyizhg on the cell C
are not adherent cetdl sTheorecogmme mdavih ss aleas ki |
ranged from 100,000 to 150, 000 <cell s/ mL. Tr

viability of cells as described in 3.2.2.

RNA Extraction Part 2

Cell pellets %coenltlasi nmienrge ~c2oxI110ect ed f or RNA e
extraction, the MonarchE Total RNA Miniprep
was used, and the additional steps for Leuko
compl eted. The coRNAenwasatdetneronii ntehde by nanod
RNA extraction, the RNA was converted back
Supermi x Kit (New England BiolLabslTab#E3 ®1®) .
The thermocycler conditionsowsbaibic®©NA. 8ynt hes

MPT



4 .

2 Chhcer Cerli mer se

Pri mers were selected from the correlation a

l ong f oZrtFmserod al so devel opaedl eadPbhmevms i wer

purchased from | DT.
Table 4. 12: Pri mers designed from the correl
f oZFYdndFY®det ecPiromers were designed as previ
t he NCBI prTiarhd re t4a &l i n
Gene AccessionForward Pri mer Tm Produc
Name Number (AC)lLength
TI CAMINM_021649For : 58. 5140
CGCTCGCCTGCAGATT (57 ¢
Rev:
ACACTGTGCCTTTTAC(
ZBED6 [NM_001395For : 56.8119
GCTGCTGCGAATCACC 57 d
Rev: " Y
TGGTCTCACCTGAAGC
RASALINM_022904For : 57. 17150
GCCCCACTGCTTTCAG(57 3
Rev:
ACGCTCAGCCATGTCT(
LONRFINM_152271For: AGAAGTGGTTT(59.4131
Rev: 58 1
CAAGTCACTGGGTTCT :
ZFYS NM_003411For: GATGGAATAGT(50. 7126
Rev: 55. 1
GTACACCTTGATGACTI
ZFYL NM 003411For: 53.41614
AGCAAGATAATGACAA
Rev: SaznfeYisesver se|°° - ]
ZFYBO|NM_003411For: 57. 2ZFY$S 1
Short GAATTGCAGCCACAAG/ ZFY4 7
Long) Rev: SazheYiSesver se|[55. 1
PXx8 mer Opti migsPlCCR on & RT
Using the GoTagq G2 FIl exi DNA Pol ymerase (Pr
tested for specificity. The concentration of
descri Baedl ¢ n3Th& standardi sed GoTAQ2 ther moc
foundabhewi3t® sl ight alterations made to th
temperatur es, cycle numbers and DNA/templ at

pri mer pair used.

Mpy



PCR products wer e | oaded ont o a 2% (w/v)
Bi ol aboratories Ltd, MB1200) for 45 minutes
100bp DNA |l adder (Il nvitrogen, 15628019) was
RTgPCR was carried out usi ng -Wehlel @Q@u. a2nLSthulda c
i nstrument . Comparative Ct was <carried out
(Applied Bi osystems, 4309155) . 10ulL reactio
descri fat!| ¢ nath.d1 0t he met hodol ogy (dabltdedthE)
remai ned the same, wi ZRY,ZEky8ptCIAEBRE BIEWDGS! udi n
where the annealing temperatures were altere
Using the data provided by Quant Studi o3, the
graph pad. During these <calculations, t he
housekeeping g¢hfeermalde themt t @l c evlaly IAINOD&/ A HE]
test can be carried out on graph pad using t
deviation (SD) and the number of repeats. T
STDV. P. To further ademiifipltheompagmni Sioonacoaeal

where within each column the rows were compa



4 Besul ts

4. 3Ndcl ear Local i-Baaggeodn @dns@GFPuct s
To determine the | ocalisation of the constr

capable of -biokbdinggtoné&Tof DNA, resulting in

uondajsuel] oN
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DAPI FITC MERGED

Figure 4s6ai DbABI HEK293 <cell s containing the
DAPI binds to nuclear DNA and is highlighted

is seen in all cell types. The green fluores
the GFP constructs and is thereforetmolt. ide
I ndi vi dual channels were taken and the Smart
i mage overl agohgurtehde dgiwpnal s. | magexOwer e ¢

magni ficati on.



DARdt ained cel |li A/nwalredi s4d.m® ibd tueen't with DAPI ' s
ATrich ddaulminheled DNA regions. Green fluoresc
transfected HEK293 cells, verifying agfgfeedct i v
constructs. As aldFYonpgazrehortotdhondhteructs | o
the nucleus, aligning 2FYhl n heonmterpagtt,e df fae cl

pPEGFN1L control transfection is found in both

of green fl uor estcrenrcsef eicn e Eontonolt he | ack
expression. Unli ke the directitywgyedualoinsdlblu
does not intrinsically fluoresce, preventin
| ocalisation and expression via microscopy.

. 3H2gh Transfection Efficiency Achieved

FIl ow cytometry was used to score the <cells
determine the transfection efficiency. The g
by the flemmstcywpgométe FL1 | aser {tlraasesrf ed 88dn

HEK293 cells were used as a nedateimpa yc osretcrt ool
was used as Pposi anyfeecwoindmol
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negative controN1l andan hfee PptEeGFPcel | A:Ths sa po

<
pl ot il lustrahA ef@xhew &hd@iSLC) were used to
desired cell popul ation and therefore, remo\
cel l poBiLCledtli llubl ets were removed from the
is now the wante@Thkel pl pophl ghl bghts the ce
signal. The top right quadrant | abelled as 0!
fluoemse signal highlighting that these cell

The top |l eft quadraont babel bked fiBGEPCcel |l s wit

The plbitggurighemmonstrate the higher transfectd.i
empty GFP vector (92%) Zd&eokpPa rfeuds itoon st, h ea sl aerxqg
HoweverZF¥bbhtZFa¥halng achieved tr ansf5a0c%,i on e
meeting the target ai m. Bod fhf icoinesrttr ,ucwist twea re

di fference noted but this could just be done

. 3W8stern Blot Confirmation of Successful Tra
Protein |lysates from transfected-Paimaalnidan c
western blotting. Me mbr a@EeR ardidamptnio bhdoddwe s
(Tabl et o4 .v3a)l i date successful transf &dtYi on an

constructs at the expected sizes.
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Figur eWeds.t&:rn bl ots of the tArWestiercn eldl catonst
HAt agged construct l-ysahgebectCodt HEKZ9S noal |
HA ZF¥B HAagged transfect @@ XLHEHKREB kMlglgse d&
transfected BEBER@&tcel lannti body used Cas a |
Western blotagfgetdtheoGEPruct Ityrsaantsefse ¢ tCeodh tH EOK 2
cell |l ysaNl,= p&EwGptPy GFP tZRSBs Cé&tFe®l GFRR | s,
tagged transfect &dFYHEKRPRBBY c GFRgg&d transfec
HEK293 xBétaatin anti body used as a | oading c
wei ght s ;-N1p EEGF®PR DAF Y-GFP = ~9&F3¥&bBb®, ~117. 5KDa,
ZFY-BA ~70.24K¥YHA ~91. 6 KDAct&i et a42KDa.

ShownFiigur e s4ddédteecti on of the transfected col
at the expected mol ecul ar wei ght s by weste
demonstrates efficient transafnedct®FaR) oZd&ddrd expr

isoforms in the mammalian cell s. The protei



expected molecul ar weighZEX¥whtahniagl hkghiyyt
regions which could prevendFMWEFPPditmrgnasff oS DAL |
consistently gave | ower signal by Western bl
or translation efficiency of the |l onger con
weaker GFP fluorescence Fseeur ef dBrol71 bws ngo mst |
confirmations of successful transformati on,

sequencing

.3Gdod QC Analysis and Alignment Rates

Foll owing RNA sequencing data collection, g L
Reports were produced by Fast QC (version O
alignment rate anfdaithed nuenbeds. offt Q€as al so n
adapter atoindrm.mi n

Table 4.13: QC analysis of the FRXEMP & irl easd p

number, alignmeretsurl dtse farmdn @G e Fast QC anal ys
table bel ow.
Sampl e NamgNumber Al i gnment [QCfail ed

Reads

R7 ZFYSGFP _|59298530(95. 28%
R8ZFYSGFP_2|76739990|95. 27 %
ROZFYSGFP _3|49949802|95. 46 %

R13 ZIFYSHA 171574319|95. 68%

RIZFYSHA 2 |57479841(96.08%
R15 ZIFYSHA 363091116 |95. 99%
RI&ZFYIHA 1 |65338642|96. 44%
RLIZFYIHA 2 |[65031044(96.62%
RI&ZFYIHA 3 |[65074987|96.54%

oO| O] O] O] ©of ©

MC p



| deal alignment rates are >80% but generally

Tabl e, 4allB samples displayed good alignment
failing QC checks. The totZFYraeadfecocteds swaenp
compared to control sampl es. No adapter co

trimming was not necessary.

.3ZBOveaxpression does Not Silence the X Chror
Chromosome counting was performed by quantif
t o eval uat e t he potentiaiwi dai ggeérBEFngpf by
overexpression. X chromosome inactivation d
' inked expression to-wild®e. eWhfielcet sc hweorneo snoome e x
celdrYs i nfl ueinlcenominng i n meiotic contexts pr
analysis. A substhanmnnkeld «&&adsaandsai eict edd cel |l s
ndi cate ectopiindaicivreidiulkoeni einf ed¢ t .

CHANGED RELATIVE TO UNTRANSFECTED CONTROL

RELATIVE CHANGE

Figure 4. 9: Graph showing the relative chan
he differ elfotr seaamphl ecsonstruct a chr omosome c¢
the relative changeawias. pTlodg t eldr owmo stohnee Yn u m
corresponding colour are noted as a key in t

—

| #Fi gur ¢é hér @ evs drace of X chromosome&Fsil enci

overexpression, as t hel ime&leat irveea dpr oipsord¢ o i
sampl es. The mo st pronounced change i s an
representation in the GFP empty vector cont
vi si bZFeY-GFdr The reason for this is unknown,
one specific gene giving a false read. Ther
ectopincacX i vati oAF¥bYveggerpedsbiyon.



.3DEBQ@ Differenti al Gene Expression Analysis
DESeq2 takes countthrdoautgah pfutrons elgiuglmci ng t o t e

gene expression across sampl es. DES8g8 st an:i
anal ysi s, of fering an extensive perspective
various nspndiitsito ngui shing itsel(fLokeeaml al te

201(4Doewte. al 201B5) using negative binomilkd di st
it acfcairhret di spersion across the entire dat a
values and FDRoets.tzalnMéd)este. al 2015)

. 3. 6. Dataset Dispersion

To ensure that the sequencing data is accur a
for each gene. DESeq2 calculates the variat:i
|l evel via the fAshrinkageodo model. The disper s
expression | evel using estimated maxi mum | i Kk
value for each gene is then plotted.

Dispersion plot
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1e-06

* gene-est
* fitted
. — . * final
T T T T T T T
le-01 le+00 le+01 le+02 le+03 le+04 1e+05
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Figure 4.10: DAsgpiespénosni mnopl ot shows-the ge
axis and the mean -axpsesEmphyoGFPhwaX used
sample. Created using the bfigplot®@spEsts p

The desired decreasing di spiesy ss emingautrneh i4g. h1elr

enabled by the multiple biological replicate
follows the red fitted | ine which plots the
given expression strength. Greater nnkuangbeer s o
and power for estimating variati on, facili
expression. The inclusion of three biologica



expression changes across conditions and | ea
Il i ne. It is vital that the dispersion is acc
is vital for detecting differentiall sexpres

di scovery.

.3.6.83ample Clustering

To explore the similarities and differences
was performed using DESeq?2. Sample clusteri:H
cluster together and will show any major sou
clestng was accessed using PrincHipadr eCodnploln)
and Hierarchical (Fligutrer BCd 2heghmapghts the v

dat aset -dinmean stivwan al way. The greatest wvariat
compoth,enPC1. A heatmap worKks similarly to
expression correlation across the samples in

conducted by comparing the-ttrrasdfeedcteald coaltl
However, seRsaegunanhi on suggested that transf

MC Yy
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effects to NhabuoftpEGPEB2 effect could be du
ZFYdonstructs which are harder to incorporat

Anot her graphical representation of sample c

Sample Distance Matrix

(T 1 [T T T

ARy LEFP2
AR LGEFPA
ARy LEFPA
ZFyY LHAZ
IR LHAS
ZFY LHA

AR 5 HA2
ZF 5 HA
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Ty 52
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TFYSHAA
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Trareformed oorfral 3
Trarelrmasd coda 1

FigureAd4sdadmple distance matrix ot herAwi sve tkno
the previous plots the empty GFP was used a
denotes simirkeadaendoyesandi ssimilarity between s
branches showing the dlrhceudiimdtofr tththee sgamemeine &
di fference in (The threansmami 2t pmmec.kage was use
produce the plot.

Based on the prregaenteerdbiddlortes 4 hl1Z2an be asser
confidence that the replicates exhibit cohes
in both experimental and informatics met hods



exhibit clear grouping in both the ZhersSt map e
samples cluster toget her ZEHYksammlcdas val gp wkh
cohesive grouping. We ca-+andondfRARigned hwdr sii nrcs

each construct cluster together the tag is
from this we can answerZPh&ndoHYdli hsetkRypotolged é
they must regulate the same genes in the sar

—

hzFYBasiaedt ant agoZnFYsLt Howeg ¥ EBtcit|l It omay comp «

—

or binding and coul d be a weaker activat c

conclusiomlhYst gatficantly influences gene e X
mammal i an cel |l s.

Subsequentl vy, using the unfiltered dat a, t he
value set to <0.05. This |l ooked at the entir

no-protein coding Z&VYaommarntes tama ttvimeir effect

expression.
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Figure 4.13: L2FC pl ots comparing Zh¥ tran
variants and t he di ffer ethAt a g g d n yter B¢ to n ¢
compari son, 2fwiltdh cthEaénYglsee giart i ve-Ntlo cmBGF B | pl ot
on t-ahei X ahdl HoghZafmYle lian i ve-Ntlo copBEGF B | pl ott
theax¥i s. Only genes found tovdoleusighi@® camd @m
B.GFR aggdd onstruct compasfisloh,c hZaFivgse tiarei ¥ e g
to pEMFPcontr olt hpdaoXitse dxhan O og hamYlee liat i ve t o
PEGFNL contr ol plact sed Fom tHle hYgraphs, the ¢
gene expression was cHioahgedwrbilt ogateespbase

construct s, to one individual construct or n
|l i near r egrzZkYdiesm onfs eZ vsSetstpeonse for all poi
The red dashed | ine indicates a 1:1 relatio

change were the ZFarshedFN&SbHwe hi meret s .

FiguredeimdmBstrategFY&maadFWiogchul ate many of th
genes in the same direction. However, i's it
(right hand side of the chart) l argely fall
upregul aZtFiYdarh amg ®Y¥S Conver sel vy, negatively re€
below the 1:1 1|ine, i ndi c aZ & \hilgh a&# Y. 9 nlghearr ed o w
seem to be very few gZeYeSs wt ahgebéeensobheély hy
sol elzyYAyHowgvern how close this graph fall
suggests that there are no genes thadt esel ec!
every gene ©Z&Yyibs ankdobyegul at edFtYé®®nslomeée caegr
versa. The only things that fal/l outside thi
origin that are |l ocated within the fAnoiseodo s
is very I|little diff er etnacgeg ebde tevsenesnn tuhcea tGFnPg atnt

tag is nog dmpgrediuackine bias to the study.

While it is clear fromMFtYhasowresbadlrbngeateéfep
downstream tZarYgSet et magni tude of this differ
directly from the graph and wil!/ be furthe
exper iFfnegnur)e AhBwed t hat -amd @®RR hex pher HAent s,
ZFYdonstruct was expressgBY®omet pootrl y Thasn,
RNASeq expressiZe#nwiLsiaeaeseeting a | arger downst

being priesment cioppy numbers per cell

To attempt to quantify this, we examined the
GFP portion of each construct, in order to c
of the transfected construct in each <case.
exession that i s not biased by the differe

experi ment .



Tabl e 4. LHuntGFPor each transfection t o det

transgene transcripts in each transfection.
Sampl e NamTransfection NgGFHMit
R1 Control 0

R2 Control 0

R3 Control 0

R4 1 p E GFNP1 5966700
R5 p EGFNL 4548180
R6 p EGFNL 37544914
R7 _1 ZFYGFP 425511
R8 ZFYGFP 584082
R9 ZFYGFP 408822
R10_1 ZFYGFP 166502
R11 _ 1 ZFYGFP 262579
R12 ZFYGFP 132234
R13_1 ZFYIBA 27

R14 ZFYIBA 23

R15 _1 ZFYIBA 27

R16 ZFYHA 0

R17 ZFYHA 0

R18 ZFYHA 0

| Tabl ead4dl Aa4ger number of GFP transdgdrneé trans
GFP samples compw@GFeRl staomptlhees, wi th the aver ac
in ZR¥&xperi ment being 2.53 times RZiF¥her th
experilmenwas al so noNledt rtahnastg epnEeGFePx pr es si on

hi gher (as Bigormseémdstin | i kely due to it b
construZzRY-BATheex peri ment did have a few reads
not expected. Howeev esro s mel Inu(mbbeawst ar0, 000 t
is most |ikely due to be a result of index h

Thi s-l Powl-conbasmi nati on of the sequencing dat
a problem in downstream anal ysi s.

Returningi gowe t el hote that the absolute mag
changes is compressed by the log2 transform
back to absolute fold changes, t he mo s t S 1
approxi mapbpedy upregZiHYag a offodldy i ncrease rel at
PEGFN1 contr otfolachdu mr €g B VY(aa i@l dhyi ncrease r e
to the-NNEGFOPhWtTrol ). TRFs¥doasthoaoghi shenly ex



approxi mately oneZFYhSiornds t(rTuebtllee vAa.Itl da)fever t hel

produced an approximately ~3x higher effect
genes, i ndicating tZhFaYth s f oarl mbbé slel @g e neefsf i ci €
transcriptionalmoalcetciuwlaet obra soins.a per

Overall, we conZFY@®es hatot whlii Ir e ZtFIYWwi ant ago
transcriptional repriems svaismoa idcdompew i f umet iin

competing for target binding sites and havin

3.6.BifferentEixplreGsneon Contrasts

To understand the variations in gene express
utilising MA plots and volcano plots is an e
MA plots graphically present the average of
change for all genes. MA plots colour the s
making it a very efficient way to illustrat:
fishrinkagebo. While a volcano pl ot pl ots and
genes identified in the contrast

ZIYL.GI RS, Transformed ZFYLHAvs Transformed

frwan of seanaieed courts mean of narmasaed coure

ZYFS.GFRvs. Transformed

Figure 4. 14: MA pl ot sc hsahnogwei n(gL R)e pll-oogtitkeodl do n
and the overall exapre3dBYA®MP ows tTreaBXZ F oL med,

MT P



HA vs Tr aCsZfFoy¥SrdPd vs Tr an sDi:OF WA vasndlir ansf or me
Bl dots denote significant changes.

Hi ghl i oFh tgaud ei 4 s1eni f i cant number of differei
across all samples in comparison to the empt

the blue colouration. Further interpretation

ZFYL.HA.vs.Transformed
EnhancedVolcano

! ZFYL.GFP.vs.Transformed

EnhancedVolcano
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300 EXOL | rsent wara
3 EXOL +25% 22 BBEDE | |
300 RN SNHG1H o émsl
DL ot AP
PEBPY i 3 +BIN1
CBY FmMEMS2 ' » SAPCD2
- CIQLL i
A C124903825 "
_ L O R 2004 ZNF6 541 o WAL
200 oce HMEB3 Frasp meral | IBANZ WNTIA
a F P VReoA a FOXP4
> < PpMs EFR I8
& & Amty, " |
o o
T =
100 1001
zFY zFY
0 [ R Y ———
-10 0 10 20 -10 0 10 20
Log, fold change Log, fold change
total = 12073 variables total = 11602 variables
/ ZYFS.GFP.vs.Transformed 5 ZYFS.HA.vs.Transformed
EnhancedVolcano EnhancedVolcano
® pvalue ® p-value and log; FC @ pvalue ® p-value and log, FC
| OFSGNL « Ex0] AT
SNHG1S
GFPT2 200
i L MafA
e nehF7 | oIt IFSENL
MAI 1l i
con b 150 o
C2603 MAREHF7 |
a ? a
o = c2efi3 :62:151
> ' :
3 g ok
T 100 3
1004
zFY
zFY
31 50
LING01447
CO4A
BNER:
Q e L LY S
-10 0 10 20 0 10 20

Log, fold change Log, fold change
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Figure 4. 15: srwdwiamgp tPhetdsi fferenti al gene e
constrlheta%.i s shows the Ond@pagt-oadleudaeaspkitshe X
depicts the | ogarithmic fold change, -1l i mi t ec
highlightdedFY&GFP vs Tr aB2ZfFoudmed s Tr arCsf or med
ZFY-SFP vs TransD:dFmBA wandTransfor med. Genes
pval ue and L2FC are highlighted in red.

Based on these results, further investigatic
proceeded. Subsequent analysdBXxGBpteamploed oicn
comparison to the empty contr ol GFP as tran

changes in the genome. Moreover, when | ookin



not seem to be a significant-and &®RMHeged s u/

constructs are showing similar gene expressi

.3.6.Differenti al Gene Lists

After opting to AFoYBRR samell s oinn thempari son
control GFP, analg@®i dabbdsether evaavalDedSs a subst

di fferentially expressed genes, numbering il
was mor e pr ohY®FcPe d wiint h 12, 057 di fferenti al
compared ta@FYGF@®27However, these genes were

solelywvahua g 0.05 in DESeq2. To refine the

additional filtering was appl ile)d. bGon snd g wdarutcl
t his f il tehrei ngge nree dcuocuendZF Mkon &b , 37,0BF X. Bfror

The subsequent steps invol vedcodiistgi ngrud shon
pr otceoidn ng genes, gi Vvenotdhengf ogcense san Tprr otugihn
with Uni Prot | Ds and-ciodémigi fgiemzZ&BY h ndo,tdda 3pr ot

coding geneZFi@Pdoteidd™M hg genes remained. Bef c
any analysis, a final data sorting step wa:
resultingFYaondd,2Z806Ri fferentially expressed ¢
After completing the data sofbingfpnotéesss
empl oyed to identify shared gehdk¥s&SntdhFartL mi ght

as well as to identify wuniqgue genes potenti
variants. |t wazskF Y &ngderk Wi xd h i tbh ate d 2,090 di f
expressed coding genes in common, indicating
of shared genesdFYtledgduiltaitoendaldry, extra 1, 950 c

-

egul aZkeYdS Hyr acsothYlsad only 272 wuniquely diffe

enes, suggesting a comparatively |ZoRwelr r egl

«Q

functions as the more active transcription f



Subsequently, ZeHMXimfi fneart @ mtgi alnlyy exprWesisyea gen
Niet emalabl ed an examination focusedZ&éMnglenes e
noZFX given the assumption of their binding
filtering process, out of tZFeY 82 2 FY,Q 1g,e8nbebs
were not concur rZelmX ILyi kreewg uZl Eadefd Irluyg ihvee genes,
count decreased fromzZFY®5i0t toredyds8egd,fraomd 202
observed pattern suggests a IZiIFMintdeFdX oavseral ap
considerable number of the differentially e
di fferemdsgiadziFelxyphi s mi ght elucidate the reas
oZF4ndFY as their functions appear to signif
t &i gur ef odr. 1t6he presented dat a.

A/

1,866

Figure 4.16: A Venn diagram showingTheése di ff
genes were i dghRWiEfSiQe danianl ytsh es &lIFothgtsa dfer arh e
Wei yaetNiddt. al 2020)

It was observed that a significant majority

predominantly upregulated, indicating a L2FC
i nfl uenceddF Yo®n dbFovthlmt ZnFgXt 58. 4% (1, 090) exhi bi
exceeding 1. Further mor e, of the ZF&TL9 gen
(excl dBXmegul ated genes), 64.6% (1,213) were

MTY



contrast, whé&fkVY&aobudevengeZé&xX e(geux caltueddi ngge n e ¢

the majority displayed downregulati on, wi t h
upregul Meeg.aetiNmah similar observation was me
genes identified to be differentially expre

upregu(lNetecal 20200)gene validation panel was ¢

l i sts.

. 3Bi7foi nformatics Validation

To validate the bioinformatic analysis empl
di fferentially expressed were seleqP€R for

analysis to confirm whether they are in fac
genéTFabl ewelrd5ysed in this confirmatory expel
pri mers were designed but, after primer test
were proven to not wor k specifically. Al ong

sel eprrednewer e also designed from housekeepin

Table 4.15: Gene name of the selected genes
changes (L2FZKEY&nidF Mtthreansf ecti ons respectivel
Gene Name ZFYIS2 FC ZFYL2FC

WNT A 8. 58 9.93

TMPRSS?2 6. 30 8.99

FGF3 5.98 8. 72

I FI T2 5.26 6. 92

RBMXL 2 3. 76 4. 27

ZFX -1.13 1,47

SNORATB 5.39 0
ENSG000002892043. 74 0

SNORD3D 0 0

Listdabie a4.elB2hFeC f o4F Yo8ontdhF YLr om t he transf e
dataset s, representgM@R trhees ud x pecitfedprRolper |y
selected upregul ated geneZF¥dkatiad, tf wrrtehaetre ri n
t hzZFEYiLs a more active transcriptionZF#d8tor de
This pattern holds for the downregul ated gel
di fferentially expr esFsYerdan sefsepcetceidal I iyneisn, tahle
unknown regul atory rol e. Notabl vy, snoRNAs

anal ysescoadsi rngpnpr ot eins were removed. While t

MT ¢



ddCt

no changzersY,lwi wén of t he snoRWASNORDr3darsveedd wi t
as a control since both datasets showed no €
RNA set s: Transfection Set 1 was submitted f

Transfection Set 2 was nhot sequenced.

Transfection Set 1 Transfection Set 2
e k% * % %k
10— * k¥ * * N rax
W ZFYS-GFP 107 W ZFYSGFP
W ZFYL-GFP 1 W ZFYL-GFP
5+ ]
5_
0+ 5
0-]
-5 1
I 1 I | I | 1 | 1 -5 I I 1 1 T T T T T
o £ F R &
Q\é\z@a’mé} g& N ,\%QS;,_,O@@'L Q\é\ & & «*‘e-&- 130‘23’»\0‘29"’ r&&“
«§ Qg 6\\0 geo QQQ‘L A < éé 9& QQQQ
GQ“ 900
&9
Q}\ Q}‘
Gene Name Gene Name

Figure 49PIC’/R dRRt a using the designed primers
selected fr8eqt araRNAIiddGatakkews .t he L2FC of
when normalised to the housekeeping gene, AC
0.001, **** P O 0.0001.

Hi ghl i gFitgeuwdr eii ®4hdt/ both sets of transfection
ot her and show very similar results. Al t h
including the snoRNARYdr eamschomomeg ghilsy and t
WNT7T A TMPRS@2CGI.3 Again, the downregul ated gene
to be more greatlzyFYdownrceondliameldighot Wi s. Wit
regards to the snoRNAssi,lanchot § e iS:NOIR®DEBAS en ot th e

expressedhienteiansérecti on | ine &amPACRL hibsuti s he
remai ning snoRNAs do not CENORBATGBRUE t he
ENSG00000289202 wunfortunately are showing a
ZFYWhich is wunexpected but the same is seer
Genomically, most SNORA and SNORD genes are

pr otceoidn ng (Zemdtsa al 20 2TOh)i s means they wusually

own foltyi | and are instead released from th
splicing. So, the signal seen for any given
snoRNAs, potentially palrdo ad | yo ptrroiclkestsiean "fthroa

MYy n



BiologicalProcess

may vary depending on how the RNA and c¢cDNA
selecti oA RNA @ol whether the cDNA sdylntohresi s
random he(xZaneettrasal 202T0h)i s coul d provide some

why there is a |l ack of confirmation through

3G8ne Ontology and Enrichment Analysi s

Enrichment analysis was performed using Reac
were used in t buipsplaeneelmtisdifesy.r S eéhee genes associ
the highlighted enriched pat hways mentioned
The first analysis | ooked at theZrhY&rdul at e
ZFYhut ZnFoXx TahakRX i fferentially expressed dat a
anal ysi s. This means genes with a L2FC >1

activated pat hways.

ZFYLAZFYS top upregulated pathways

sma membrane - L]

TP receplor -

ate IQGAPs -

har Is - .
@ pValue
= i
;i @ 0.02
@
olubule~de r L] 0.01
L
@
@
@® s
. EntitiesRatio
Defective EXT1 cau °
Defective B. ° ® 00025
Defective BAGAL ° @ 00050
= @ o.0075
® @ o000
®
o
* Assembly of collagen fibrils and ¢ [}
0.0 ;JFvU 0 U:\)/‘J 0 L'.' 00
EntitiesRatio
Figure 4.18: Enri chment analysis plot showi
ZFY&SndFYWwpregul at eTdhigse npelsoot only shows the p
withval pe <0.05, the * represents the pathwa

FigureshMows8 t hat although many of ZFY¥&ndenes
ZFYdct on many biological pvaat| huwea, y st hweiyt hd oa nsoi
the FDR significance. This means they cann«

pat hwaysFYoflThe significant pat hwagsodinatl aadl e

bi ol ogi cal processes and extracellular matr.i
these pathways are coll agen type proteins, m
related genebBlls whh cahs isDAN enzyme involved i

MY M



maturati on acr(oPsacseé®Rnaé a00CHOYU N agen serves as
protein within th(eSieuxt& aCheg rbgu,ll a0 Ot r Clxen g,

a)

I n adul t mammal i an testes, the Sertoldi and ¢
modi fied form of extracellular matrix known
has shown the vital i mportance of the extra
Sertamldi germ cell s within the seminiferous e

spermato@8ines&sYan Chdadhgs 20Q0g8psts a potent.
to why <¢e@llladgeln pat hways are being activated.
Foll owi ng sZeFlyad fiemrqg ejduggtenes, the enrichment
agai n.

«&2Z>LINB 3 dz + G SR KN @RaY Sy

Figure 4.19: Enrichment analysis plot showin
ZFYlupregul at elddhigse nglsa't only shows the- pat hwa
value <0.05dembesitaakesf that none of the hig
FDR < 0.05.

As seen FalgaveshMaows® t hat many pathwaZyfrsyLare t .
di fferexprieaggdeydds wi t h avasliugeni fbiuctanntonpe of t he
pass the FDR significance. Many of the pathw
pogtransl ation modification & G alpha signall
to sperm phleystiooltohgeyi rducel Esdi hf spentmi ati on a
motility activation, chemotaxis towards the
(Pinart.,, P0X2a2s)si um regulati on has been I i nKk
regul ation which fert(iBartfgitedalp26adsddon i gnaht
research has demonstrated thecoiupV @ldv erneecnetp t
(GPCR) superfamilwatienr rbeaglud mcte nign itome epi di d

devel opment of efferent deupcit duil deysma | f obranri rnige |
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