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Abstract

Frontotemporal dementia (FTD) and anyeovtarsotpahtiicn gl a
neurodegeneas¢ iwiet hdias hi gh degree of clinical, p
Theaeecurrently | ionptieagndd meoatkmdwin eiutrredh ed mopsas e
common genetHRTD/cAlu%.lsefaanuc!l eoti de repehé expan:
C9orgédnrrewith affected individual Bherag rarien gt hurpe d c
proposed mechani sms | eading to neurodegenerati on
haploinsufficiency, 2) formation oecfanoonxiiccalRNA f o
translation of the expansion to obBRsrE8RPpoLtwXIicC
PR, GA, AP Wmidl &Pal | three of these mechani sms m
have been identified as the most prominent dri ve
mechani sms under |l ying DPIRha oexmecrigiyn g egrean en/ eunnvcil reca
hypothesis implicates the combined effects of ge
and aging in cEausdienng edipsoeanstes. to a role of hypox
across the ALS shpaevcet rnuom, bbe@@ono rrl ki @nixk/ eAtlLeSt. e we
mod€E€DBorFTR/ ALDS oisnropkhi eapressing DPRs of a physi ol
l ength in the fUsyi nnge rpvroautese aerigimetsd m.e n-t nt gr BPRiI ng
protamecdsscreen them for modifiers of DPR toxicit
DrosopNei liadenti fy Exasoritntnerlac(tXiPnOgl )wi t h GR1000 an
toxicity and down sByrxepaons i magtx ghm é deesfi ina@jiotGR.YP0O0&i a by
incubation in a hypoxia chamber, we demonstrate
response to hypoxia in our model. Our findings i
t hzr osopbBrhaus syseeme Bnd/ or respond to hypoxia

provides a possible mechacbPemFBR/SAleur odegener at.
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1. I ntroducti on

1.1 Rational e

Neurodegenerative di seases are among some of the
patients and relatives. These relatively untreat

people worl dwide and are responsi blcea ofeccro nsoing nci f i

cost s. Neurodegenerative disease is characteri se
to functional i mpairments in the nervous system,
motor deficits. While there dsemvisrtarmmgntaasls ofcd att
many neurodegenerative diseases, the most common
Therefor e, as | ife expectancies increase worl dwi
is set to increase imostndembaDeyepteéeaalent heeur
di sease, is the seventh | eading cause of death v
death -incbmghcoWaoitlrd edeal th Orgami 28t05omnt WABO0 RS
that 651,000 individuals were currently living v
increase to 1.35 million by 2040. Accompanying t

increaseaoinmnilce costs of dementia (Womt &iBebgl | i
al.2020n 2019 dementia cost the gl obal economy ¢
cost attributed to family and (cWoorsled fHeiaelntdhs act i
Organi zat.i olntt 2928l)so i mportant to consider the

emotional costs of dementia on patients and thei

Eardrnyset neurodegenerative disease, affecting in
particularly devastating to society since it 1is
of an individual. Frontotempor alondefrnmoernm-ioaf (eFalrD)y
onset démMermitral2013and eofctceur scovi th amyotrophic | a
(ALS) which carries a part-#cyée(aMabeyi nseel@t &y sium vi v
many other neurodegenerative diseases, |imited u
has hindered the development of therapeutic agen
to management of symptoms and ALS vtirveadt nbeyn tas fteyw
mont(hFsaeg,al2018)

Study of FTD/ ALS revealed that the moisst s o08nmon g
hexanucl eotide r ep&Rdr dgedkipea,nsiinonwhiinc ht hpeat i ent s ca
GsCor epe(aDesd etbeursnarerdeanl2011; etRealRObhEXt ensi ve resear
surroundci9mg mMfri2at i on has identified dipeptide rer
by the bidir-assoponalApéGr eRrAN) transl ation of r epe

most promin€Abrt@@vaeredfneurodegeneration. These

NY



wi t hin

cells of the central nervous system (CNS)

neur ot oA&elti,tay2 01 3; Mordt, ,aAR@b®epgprte extensive r

DPR toxicity, exact mechanisms of toxicity remai
l ength between patients aWdsethea2iha@ples opeedaniBec
charact ®riosegbakd of physiol ogiepalalty DP&l ¢ waxmtci 1
whi ch we hope to better study and understand mec
Recently, a gene/environment/time model of FTD/ A
this model, the combined effects of genetic pred
cross a threshold of toxicity that tcoruss etsh ante ulraow
been Iinked to ALS include smoking, physical exe
and professi(ovmalaedtrl@ll2e0tledset J mll2i0a2n ; Wetstaeld@2 )
Hypoxia represents a common underl yi md amecolrasni s n
whi ch may form the molecul ar basis of their cont
hypoxia signalling have previously beG9orifnyp2l i cat
associat ed IHTel/vAal20 0 3 ; Lamba2O6Bghis research aim
identify and characterise mechani sms of DPR toxi
role of hypoxia and hypoxia signalling, at the ¢
be achieved using huad.,prehy viucll dg iecsalplbyd erhe lodv an't
DPR toxicity: the first ani mal model to model DF
patients (>1000 repeats).

1.2 Frontotempor al dementia and amyotrophic | at et

1. 20Verview

Frontotemporal dementia (FTD) and amyotrophic | a
neurodegenerative diseases with |Iimited treat men
characterised by degeneration of theirdgotha al and
cognhnitive i mpairment, belfdNeieatyrallandAld S niguage def
characterised by degeneration of wupper and | ower
cord, leading to a progr e sRoiwlea ndde c FIr9dD9e&)m ¢h Mo or
share a high degree of clinic@Ri,ngetd,ll@aaRl0ddgpi;c al , a
Mackeprti,al2007;;etBual2.0ell; -Heerdneasmudse al2011; etRealt on
2011; Btemad@M1Therefor e, they are now considered
single disease spectrum.

N &
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C2.inical characteristics
.FZr.D1

st ded®crcikbedn fdrgon2t ot empor al dementia (FTD) is

nically, pathologically and genetically heter
ntotempor al | obar degeneration (FTLD), which
nt ampamal tleobes. FTD is the t-timsat mdbesme Ttoimano n

etral20larcounting for up to 16 % of cases un
al | d e mehhd gesdin, @ ®2DelsdBPfen s et i s Helt weams4t n 60 %
i eBamrsg, Spina andoMielvieerr ,c a2sOels5 )have been repor
ng @Sndwden, Neary .anSurMainvna | 2t0i0n2e) from onset
ically fldnyesarfsromo@ever t hi s( Braanrg ,e sS pbientaw eaennd
l er., 2015)

front al and tempor al | obes function predomin
i al conduct, voluntary motor control, | anguag
rodegeneration in these regions causes symptoa
guage deficits, anNearmygall®dDWwWhi desfuopatiabnand
eneration is the common feature in FTD, a het
rodegeneration results in dibdeeerngtallc998n)i c al d
se have been categorised into behavioural var
asia (PPA), which is categorised f#@dtwueat into
iant PPA (nfvPPA) a(nGo meappédteindal20 PPA RaPPAYysky
201C) inical presentations vary even within tF

in regiob8sowdémct deddary .and Mann, 2002)

TD is the most commo 8 0s W toyf p e, | c EirdDthitdstatginrog et
2005;etHoagah1 ®YFTD initially presents as behayv
k of empathy, compul sive and( Rasaoaelts,kayli.c beha
1; Bang, Spina WYWhid Mibéeayi @a0d&) symptoms di s
hei mer 6s (dSnsoewadseen ,( ANDe)ar y ,a ntdh eMarn np,r e2s0edn2c)e i n
chiatric illnesses often |l eads to bvFTD patie
i zop(hWoeoneitee w120 1Ay the di sease progresses and
e widespread, patients may al so develop execu
ai fRamstc o,evts,kay2011; etLtaaRIOdYhese symptoms are nc

ri mental to the patient, but also particul ar/l

PPA patients initially (Gesleantpeéwi 2 dhdgtw, ef f
gressively declines (eGweheahpe trt jhac2 pO®MMh e f mut i
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symptoms include i nconsi(stoeTmetanpsepnej ead2h) 1sbofu nwih iecrhr o r
the patient remains unaware; and agrammati sm, I
but appearing more severely @6drTieanpemniiat2dm 41)angu
Comprehension remains generally unaffected, al th
understanding syntact i GakTregmpa@dnmm@ll2e0x0 4s)ent ence s

svPPA is characterised by asymmetric degeneratio
categories of initial symptoms: l i nguistic and &b
associated with 1 ingui sftiincd isnygnspctiobnisi, ¢ askueci he yassl ewnxoir
anomia for nouns; and | oss fThoenmpamtni, c Plan d wlr sdaqe
Hodges, 20@8; addIRywyht tempor al l obe variant (R
mild [inguistic symptoms, such as impaired word
with behavioural c¢changes, such as irritability,;

di srupted slaeaep | (iBopvplartededt ¢ all 997 ;etSexelR@e@Phrtient s

with both forms of svPPA can | ater develop new c
stemming from a heightening of the hemisphere in
(SeedteyalROOFpr exampl e, |l eft svPPA patients may
vi sual-verbabnsti muli such as painting, drawing a
however, tend towards verbal stimulii such as wri

(Edwalredest , all1997 ;etSexelRP@@i)YLY is estimated to be r
mor e common (tThhompRsTdn, Patterson and Hodges, 200

These distinct clinical classification criteria
based on the early or initial symptoms shown by
in these symptoms, patients ulETDhasemyt cmsaivaes gteh
di sease progresses and the primary focal atrophy

tempora(BamdpesSpi na andStMidlileesr ,0f2 0AlL5S) sympt oms i1
found that up to 13 % of FTD patients had concon
demonstrating some f of Imo mdnenrottho,r Adnydsefrusnocnt iaonnd Mi
Bureel,dl2011}Y was also found the bvFTD is the FT|
associated with(&omedgonmnmt2adnts )AL S

1. 2 .A2.52

Mot or neuron disease (MND) i-enaestedc drmodidteisems be s
characterised by progressive degeneration of mot
(ALS) is characterised by degeneration of both u
observed in 95R0%Ilocafn dc,ask9sE &) h ALS is now used t
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and MND. Theodfmesaeat aige typi681Il ygpabet WweenspOradic
cases of familial ALS onveecettar@a@@bhBYySS5Spyegnesear |
especially poor, witdh ye(amasdit aalO®d15Yyi val of 2

ALS is clinically heterogeneous, with difference
degree of upper and | ower Frad tdemra,naml2Q 2 Dppdegmonéepat
neuron (UMN) degeneration |l eads to reduced muscl
activation and spasticity. Lower motor neuron (L
fasciculations and | ©OlkeasBroafe hmuasllcd ®8)and af or ce

ALS cases are broadly categorised into spinal, b
upon the initial clinical presentation. The hal/l
weakness, associated with muscl e ateraodpshya s wiheh a
di sease progresses. This pattern of focal onset
the pattern of motor neuron degeneration. Spinal

and weakness is initially obsétewmddngntohdi 6tppeul

performing manual tasks | ike buttoning a shirt o
of ALS cases and weakness presents initially 1in
l eading to dysarthria, (MMasphadgi a nan d/lamr Déaynsngh o 12l
Respiratory onset is much rarer and is character
musc( Esl demma,nal2022% all forms of the disease prog

dysfunction and muscle weakness becomes more wid
respiratory f(@CHaur,ea l2a0nld5 )de at h

Whil e spinal, bulbar and respiratory onset ALS r
recent research is unmoveriogmposéeghi hddcthedfdiose
all ALS cases exhibit cognitive | mpaitnmerctr, twirti h

FTD Ri ngehto,laz2005; ePhakdni 2)

1. 2 Neuropathol ogy

Frontotempor al |l obar degeneration (FTLD) is the
mul tiple clinical di sorder s, including clinical
characterised by neuronal | os s, gliosilsi,n mi@s DV a
within and adjacent to t(hNeearryoanlt @9 Zphaedmapmpbtal o
FTLD cases, as i n ot er neurodegenerative disord

i ated with aberrant i ntrac

(@)

h
meaning they are asso
As such, FTLD cases ¢

QO

n be clnagdief ipgd siemtce DU b tsy



intracel |l ul ar (pMactkeentz,igeR Ol NEeiaony al | FTLD cases
DNAiIinding protein with mo4 2),ul mir casastioghh ualtee3d lpDat

tau ( MAPT)i,8sa@mrcdmaedFUS) inclusions and- are ther
TDP, RTalwD oOoFUSTLO®speac kKehty,iceRO1The few remainin
cases haveamndipadittiinve i neUPuSs)i oonrs, (eRvTelnD r ar er, no

at al Ini()MatBeentz,ieRO0O1l0here i®neooaseseciation bet we

pat hol ogical subtype of FTLD and clinical subt yr

FTLLDDP is the most common subtype of FTLD, accou
caseSiedbtenal201EZncoded by the TARDB®i ggnp+ ot BENnRN
43 belongs to the heterogeneous nuclear ribonucl
alternative splicing; regulation of mRNA stabil:i
(Barall e, Burat t.i Uaarddce r B graa lhlod ,0 g2-4c3a3 i) sc ornedli ot ci aot nesd,
the cytopl asm, hyperphosphoryl atedmi mlail qa@i @aigmamn ¢
which f er3miThkH Neumawnal20.06Bgsed on the intracell
| ocalisation, distribution, densiTtDyR paantdh onioorgpyh o |
can be categorised furthedA3innsubsypes aTabhetle
FTLD, they are also foupntdhien atlieodedenesstuéese ¢
sporadi(dNeAmanhnal2006a;etHiag2a®&hd; eMi, kall200s08y)

FTLDau i %moht Rommon sulftSy edtema2BIRBMDd is include
the wider group of ne\wrhadeagdreari steidv e yd idsegpaossd s i 0
hyper phosphopknydwant eads ttaauwwuopat hies. 44 mutations i
encodes tau, have -tbeenpdati€kledggy o TRELDs and Van E
201.2)These mutations account for -taastrahnighad@agnh | i
sporadic cataes afeFdaL®o common. MAPT can be alte
i soforms, containing either 3 (3R) drMah d(ed K)o wmi c
and Mandel kowitlafu 1p2a)t hol ogi es are classified as
predominant tau isoform contained within tau inc
associated with 3R tauopathy, al Dhaoliledgly mtl2n0elrle i s
Pickds disease is the pathology associated with
bvFTD in patients although svPPA and n(fGrPaPfAf phen
Radfer dal1990et Jalwob®pt hol ogi cal hall mar ks of Pi c
ball ooned neurons, known as Pickodés cell s, and | 3
bodi es, in the iOucaksadan, cYyOO@B)asm

FTLLPBPUS accounts for roughlWMat®edttzodkel2 @ainld) FELD cas
comprised of 3 pathol ogilkalla MIYLbr neeis onat y pind &Ir mk
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filament inclusion disease (NIFID) and basophili
( MacKeentz,iaeRO16GpN&si ti ve neuronal and gl i al incl us
subt y Maunetz, al200 9 ; Ne umannrt ,RRAAW0CEO®;k eNesy matnn, Roeb
al. 2009etVYraRIOM BOPDWever morphology, | ocalisation
bet ween subtypes (Table 1. 2). FUS belongs to the
along with Ewingds sar cobnangirrog epmot(€iWs) aanac iTATT
( TAFCBaw, Cann and Alilck3, FRDOBnoteins have been
positive i nciFWsKiNenusmainng al2ZTQLIDL padi ng to a proposed
FTLPUS to-FETMacKenzie and NebB@&sint i 2&® 12gur onal a
i nclusions have also been identified in ALS, h ow
ot her FET( Neruomteehinnas2 01 A) S cases demonstrating FUS
typically alBOUShaaatyohamiFWitalies RBlsDbci ated with
di sease, providing a potenti al explanation for t
(Snowaetenal2011)

FTLLOPS encompasses the few remaining cases of FT
protein remains unknown, butprtohtee aisnovnoel vseynsetnetm o(fU
apparent. These c-anas-ploveiwviei quict usvensort hat t e
TDHR 3, tau and FUS. Mo s t of theGdME2rBud satdroesgs s o
although spor adi(cUrcedtsnessl2 @dHBNDP 2eBxi ati ons have al so
reported in(RaEBkpasalRO0S5)

The pathol ogical hall marks of ALS are degenerat.
accompanied by surrounding astrogliosis. I n the
ubiquiti M8t ead eTBRen in surviving neuroonsteaerd gl
brainstem mot or nucMaecik exrtrzdiad2 p0OBabheoaot e prevaler
TDP pathology in ALS, it is widely considered a
clear disease #48l eman deAiRDIBHATPRan uncommon cause
(Kab&®gshial2008; Van,®260BP® inclusion morphol ogy i
compact and rloiukledke eogrh aslkk®ed Inh ALS asSODaaBWYWEH with
mut ati o8, pBbmol ogy is replaced with (S®Dditjom F U:
al . 1997; Md c, kad2n0z0i 7e;e t V,aanx(0e0 9¢t Bd 120 ¥ GOD1 and FUS

pathology has also been seen in other cases of A
genleFor sebteragl2018not her characteristic pathol ogi c:
presence of Bunina bodies Ii@OOkdamotse, nMil z cmo da ma o
200.8)These are small, round eosinophilic intrane

in number and can f ©8%abeett,ad2tO0elrIsh eoyr arheaimossi t i ve
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C and transferrin, but negative for proteins con
as TFDF, tau (SradeetppRl2015)

Table 1.1. SummBaPyswht yged and their associated patho

and gemest ircesvi Mweldebyi(a2l0.11); &t (&10.INFGle = neur onal
cytoplasmic inclusions, NIl .= neuronal intranucl ear i
Typ TDR3 pathology Associated Associ at e

syndr omes genetic

mutati ons

A Round/ c¢l a koee MitC | bvFTD, nf vFGRN
Short dystrophic r C9or f 72
Rare |l entiform NII
Present only in ug

B Less frequent NCI bvFTD, FTD/ C9or f 72
Dystrophic neurit e Chromoson
Present in all <cor

C Long tortuous dystsvPPA, bvFT
Few NCI

Presentuppéy caorti
D Frequent Il entiforrlnclusion bVCP
Short dystrophic rmyopathy wi

Rar e NCI Paget ds di s
Present in all corbone and FT
E Granul ofil amentousbvFTD

i nclusions
Findeglti ke neuropil

Present i n all cor

Il
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Tabl e 1.-RUS FSTULDt ypes and t he cphoasriatcitveer ijsnte bcuss Eouf h sFvEETd

byWMacKerzi@l0.INCI = neuronal cytoplasmic inclusions, G
NI'l = neuronal intranuclear inclusions
SubtyFET pathol ogy Clinical phe
aFTLLCROUDNOy,al or -l drkes cNeCnl t Early onset
U Ovoid oshdédpadeGCl
Long, thick filamentous
Bl BD Smal | , round NCI contai nsALS, f ALS,
Ovoid oshdédpadeGCl pure FTD
NI FI L Smal | , round NCI containsFTD with mo
Smal | , rouhdker GChngl e di sorder

Ver mi form NI I

1. 2.EHp.i demiology and aetiol ogy

Estimates of FTD prevalence range wi-t@0ypéet ween
100, 000, with no differe@Eegehptan2z®&hémeayv eam,d avd me
previously discussed, FTD cases are often missed
underesti mat e t heKntorpurea np raenvda | Reorbceerett s,,a [22001111;; Wo o | |
Landqgvi set Wal2@25; Lanata.amrdmMI ¥yl BFf st 20¥6) s obse
% of FTLD ca%exf, ovddes 1f0ol |l owi ng an autosomal do
i nheri(tChmeave, all 999 ;etRoan2@2098) S has an estimated gl
of 4.42 per 100,000, and is 50 9% Xeotr,ealpd2Z2W)al ent
Familial disease constitutes a | ower proportion
being classifBednaaliddihloiuagh evi dence does poin
potenti al mi sclassification Vamnh &I pettd,meol2stwi )k of s

111
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1. 2G®netic causes

While the majority of cases of FTD and ALS are s

strong familial association. There is a high deg
sporadic and familial cases, highlighbohh that ¢
sporadic and familial cases. A number of genetic
have been identified, including genes that are h
Sever al of these mutations (@be Bdrs, 0l ZMOIuAB)di Mpos pE
not e,atlhtahtough most of these mutations can be ide
prevalence does vary between regional popul ati on
Up to 40% of FTLD patients have a familial histo

autosomal dominant @ROhete nal»0 0 #Mmth & tMiIAE @FRcNe n
an@9ordd_ount for wup to 15, 22 and 25(Phubfohamil
et ,all998et Cal2109 6; -Heerdneasmdse A 12011 ; etReaalROd6h1)

Mut at i VWORT ARDBFPUSSQSTMILREMEZHMP 22Bn dBQL M2 € r ar er ,
each accoudtwngf fETLBaketasalR004; eSk,abl2.hWG%k;i Benaij.i
et ,al2009; eBr,a2sOtlallet FdlP 8 42 etCGedPOALEd; &Swealreiro
201.3)

Familial hi story is Il ess common in ALS, with fan
caseByrneal201Tp date over 40 genes have been i my
up to 50 % of fALS cases and even up to(Z4du % of
et ,al017; eGradRd®WDMmut ati ons represent the most

cause of ALS in Asian populations and the second
accounting for 30 and (Bt afl20clailghep r nFRpapECONVESY
the most common in European populations, account

up to 5 % ofl ZeeL, 2 ZEINVRADBMBEUMMULt ati ons are rarer
insignificant: they constitut&ceuo,uaghdy7)>5 % of al

Aut osomal domi nant , aut oebedl i nbeessameeapdt Xer n
observed in fALS, frequent( Andvdrtshe-@hoaw dhb fsle ax0el 1p)e
ALS mutations have been identified in sALS cases
identified in single ALS families. Altogether th

of ALS and potential for many s AlLV= nc aBsleistttteor sbhwei jr
al . 2012)

It is worth noting that the genetic mutations di
pat hol ogies and clinical presentations. This het
basis of the FTD/ ALS spectSODhMuf(Btgons$. arp. aBesocCe

T



with édpured ALS wi { Rbaitb, &F17.0vhP B ReNmutt yage o ns ar e
associated with 6pured FSDhwet haRDOD)Y dephenotype
mut ations, COwchmr&satilbe are associated with clini
the spéBoeeumal2ll?2)
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Semantic Variant PPA
Word-finding difficulty
Impaired word comprehension

Clinical Loss of semantic knowledge Behavioural Variant FTD
. Behavioural disinhibition
presentatlon Non-fluent Variant PPA Apathy Cognitive impairment
Slow, effortful speech Compulsive behaviour Behavioural disinhibition
Agrammatism Hyperorality Muscle weakness Muscle weakness
Speech sound errors Cognitive impairment Muscle atrophy Muscle atrophy
FTLD-TDP ALS-SOD1
Neuropathology
FTLD-tau  FTLD-FUS ALS-TDP ALS-FUS
Genetics MAPT GRN C9orf72 TARDBP FUS SODf1

CHMP2B VCP SQSTM1 UBQLNZ2

Figure 1. 1. Front ot e mp oarnayl o tdreonpehnitci al a(tFeTrDa)l asncdl er osi s (ALSYCIl exrnistalon a s

presentations, underlying neuropathology, associated gendédteidc Erewtmat i ons
and Huang (2017)
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gl e hexanucl eotide r e(®%oartd e2xep a nss itchne nmmuotsat ico
ic cause of (Detl btbebr$nDa mtheda R0 $§The Ga@omah7 2
is |located on the reverse strand of the shoc

mprised of over 27,000 base peaiordd.ngThe onen e

and 1b) and -10)cwHinb gkuvnasrie. tdaldi amtdi h g(

hortest transecroidpitn,g ienxcolnu dlian ga-Bodn | 8@ dneonnd & 8 o0
de codlilnguaxansf fer i ncodéeing emohgsilbnoof la
c(tDevleerbgpursn amd e 2201 A) t ernative splicing of t
ces two isoforms shotrthe(C2@r Bam2nprateds; €Y
(481 amino acids, 54 kbDa). While expressed
cul arly abamd ainmmu md Simey tC€aNis, Banchi and Lat

formatics studies revealed that C9o0orf 72 sho
ssed in nor mal and neoplasia) domain family
dary(tevetoeaul2 @1 ®PENN domain proteins tend to
otide exchange fact dryess hhEsad2 FloRalRab GTPas
es act as master regulators of membrane tra
sine triphosphate (GTP) and become inactiva
sine di ph(oadegrhiadle drGDOPNcBEFslear 00rldci al to
ion, as they facilitate the binding of GTP
ion to its homology to DENN domain proteins
r of Rab GTPases i nvolpvheadg yi na npda tehnwdaoysso nsaul ¢ ht

,al2014etSeall20 le6r; eWe md2tOelrét , SRI0O1&Por f 72 has

been shown to form a complex with-other DEN
i s chromosome r egi erne p8)ata ncdo NWDaR 4nli n(gWDp4rOo t e i
ex can act as a GEF and has beentistown to i
ex to cont r(dSlul deuttvoapthOalgtect Yal Akl 6)

72 has also been i mplicatM@T)tnhrnouucg he oicnytteorpal
| mpponrdt REPase at the nyUXliewra@dédmBhane ol e of

72 in autophagy pathways has been shown to
Maé&aet aaml2017; €hjakpi&Porf 72 has al so been
act with regulators of actin dynamics, such
vement in actin dynamics may explain axonal

been observed in s(tuidviaedsd spaai2 C26) f 72 functi o
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The cellular |l ocalisation of C9o0orf72 has been st
contrasting rexuwlitfs.c landfi drodd essgr evseadahed mosat a6
and shows diffuse, cytoplasmic | ocaliissatniddr awii tvh
of synaptic | ocal i-shdritonap pleoarvsertseellygc &€I9i se at t
( Xieato, al2015e¢et FalROk&Porf72 has also been observed
(Aoekti ,alR018rYress( Mamaeujlpead2 017 ; &hijialRpaLe) u
mitoché6WwWdmrega al2Olahld) mul ti ple compartments of the
( Faetg,al2014,; Ami-EkrgReonnaakl Fergesonl202®16;Fr$elk
et ,al2018t ,8RI018etWai2g 20)

1.3 Discover ¢9of &&XBansi on

For years it had been established that both FTD
majority of familial cases bore no association t
di scovered. This raised t-lhemdp @asSiolkrii laittteayt afe nper o mi
mutations that remained undiscovered. Al so, f ami
domi nant FTD/ ALS that could not be explained by

associated genetic mutations. Linkagé aeglpais i
on chromosome 9p21 as @Momeittaa I2ROTODB/;AtLVIanlco 6

This same genomic region had also been identifie
genowiede associati diwah6WArn2D0OLdi dataksd291 0t a

Shat ventoval2010Wwo independent research groups, usi
performed targeted sequencing of this region in
reveal iChlpexaanaducl eoti de repeat expansion in the i
t h@9ordéadre (F(@Peldetbdlrsnardeal2011;etReaRO0bDepspite
evidence implicating this genomic region in FTD/

of the mutation was del ayed dureepet iitrisvcehe p@Q@ ut iev
of the mutation causes itreenbphgeantebmosstkdr mat

making it h(iDgehpliye nenleu sainvde. Mandel , 2021)
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1.

1.

3. F2.at ur e sC9oofr EtXngea nsi on

3C2.inical

Clinical presentation<Loofri@Radinuicd ealt $s dearepiemad e

a

v
(
2
s
a
(
|

S

a

re relatively heterogeneous, although some c¢omn
ariation betwedOoohdRosj aré@d FTD (CO9FTD) prese
Sing8nckez al2012,; Stmpavideh2; 6Gal,ialdOer3t;i Kai,vadr.i nne
01.3)C9FTD patients are also much more I|ikely to
uch as psychosi s, del(uDsoibegbso @aen,da I2hGalI1@%waifri7a2t i on s
ssociated ALS (C9ALS), some -osntsuedki eAs Sh d vse nsolr ew Ic
RadttjalR012; et alRdnN2;, etDedPAYEPALS patients typioc
at ervofoanggseet , al though conflicting results have a
ur viGmad-ikroek ,al2012et Ral2012;etDedRABYBN studies of

nd AO,rligd2anucl eotide repeat expansion carrier s

more | ikely to devel o(pDotbhstd e eh,earl2 . loZ2ed oRa |2t @aln2t ;| y
Stewatr tal2012; Kd&i,wd2r0i1n3n)e

1.3.2.2Pathol ogy

|l €9orli@dR2anucl eotide repeat expansion carriers, ¢
with the degree of degeneration in respective re
of clinical phenotypes and topol ogyn otfhasegener at
individuals is relatively homogeneous .-4Affected
pat ho(l beglyetbeursnamrdeal2011 ;etBoadel?2; eSSt al2dni2)

p

p
e

n cases with clinical symptoms of FTD, there is
obes with greater aitnrsowlhayr ,i nt htahlea muisg, htc efrreobnetlol u
arietal regi on€9cofmpPpRl ealti hoRODENTIDD®P type B is t|
reval ent pathology (iaiéertngsa2®j0d reit B Xalirl 1c;a sHessi un g
t ,al2012; e6tal@dnnt2; Meatc Keelh@ 1 EJTIDD®P t ype B i s assoc

with the c¢clinical s y n(dMaocnkeesrt zQiae2 DM E AD | ameé AL S h wt

0
d
t

a

bser vCROdo riir2anucl eoti de repeat expansions carri ¢
i sease cases, often pure FTD rather t-hBR FTD/ AL
ype A pathology. However, type B pathology is b
ssoci alCOdr,wireiht h type A pathology possibly only

usceptible subset (@©OHs ipaatt gaelhQ s2)as t hey age

@)
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The pathology of C9ALS is almost entirely indist
characterised by dé48enechtusbpanandnTDODpPper and | ow
Cases presenting as clinically pure A[LBudemgnstr
et ,al2011; et ael@®n1 @) t h opuagyshi tpi6v2Ze neur onal cytopl asn
have been reported in the h{hpoactaypl20 bl;-aCderdred
Knoek ,al012} is also worth noting that, even in
dysfunct-#8®8npo3DPive neuronal cytoplasmic inclusi

| ower motor neur ons o(fMatchkoesnez iwei,t hF rd9c kd i asneda sNee u ma

Unl i ke ot her -TcDaPs easn do fALFSTLDR hose associated with
expansCoorlidive ubamdi-péediti veddunedgrdtPi ve incl usic
CNg Aarenjal201These inclusions primarily consi st
(DPRs), pr odcuacreadnibeyalnotnr ansl| a€C9 eomh &2 a nt theel extpiada e
repeat, which aggregate with Apetto,taeld hl ;0 mpeomdcernd rs
al . 2013; Meatc Kaelh@ i 2t Malk®13; Mordt,,aARe@beyrgklor i,

Weneget ,al2018pr the most part these inclusions ar
neur onal i ntranucl ear and dyNaclkkdeehz,iceel2nOlud)i t es ar
Il rrespective of <clinical phenotype, these inclus
tempor al |l obes, hippocSecnpepsp,ealR@® 1l&hregbalrleurml so f
at a much | ower frequency, i n mot or( GoembBrezms, Spi

et ,alR015; €ykawokD)

Anot her unique pathological feature of C9 diseas
GsCor epeat RNA transcripts athpogmedgageproogenise ( RBIP
(DeJdertbeursnamrdeal2011;-KRoebeal20O1Fdhese RNA foci ar e
up to 50 % of neurons in the frontal cortex, hip
frequency in the spinal cord and glia. RNA foci
i n the c(yDteolpetbaussmaed e al2.0 11 :Tolua génenrea 2.0 1 3 ; Mi ziel il
et ,al2013)

1.3. 2. 3Epidemiol ogy

Epi demi ol ogi cQ9o rdfartt?2aatamnt hes highly variable bet:
the region and geneal ogy of individuals studied.
found in European, especially Scandinavi an, popu
| ower fr equaenncpyopi(nl sAhsi ona and dsuyplRO1IXMerImR; Zou
anal ygZiomatb(W0hnhMar ogiean(adl0.1 @und tCOaotr mMrieat i on

was associated with 34 % of fALS and 5 % of sALS

0)o)



descent, but only 2.3 % of fALS and 0.3 % of sAL
FTD is Il ess commonly studied in epidemiological
field fOo9odihdtheaatti on carr i erbs?7 a¥% coofu nftFeTdL Of oarn dl1 5u p t
SFTLD patien(tlsshinurBauramde Hesmalies 2Wdrbhg found to he
hi gher prevalence of COHooAESrvedt i(ICukii fal@®r ence w
201.7)SNP analysis revealed a comfom mdilek i bapl oty
carriers, suggesting a possible single Scandinayv
prevalence i n Huramkeotva®Bdrt) s

1.303mpacC9wmff@peat | engt h

There is no definitive boundary bet ween what i s
pathogenic repeat | ength. Repeat |l engths under 2
(DeJdetbeursnamdeal2011l;etRealRPbh) t hough repeat | ength

not uncpohRawmtn,jal2012 -S8nicnedenz al20 122 such, there is
consensus that individuals carrying <30 repeats
these | i-m0tsepdat2dsd for O6healthyd control s, i ndi v

up to 400 repeats bubhosiBeietkg alzd 1@&Inidn ircegple agphd en
of -3200 have been associ(@@GedEanviteolis a@® 0dli3s e deshec 0angel
al.201While unaffected individuals typically car
typicall y-1€e@0s yo fi(OReseptie,aatlx013; -SbPobheoal2013)

Much of the variability and disparity in studies
of accurately quantifying higher repeat | engths.
di fficult to sequence owing to théiEbDbetddalda GC co
201.8)l-nmndiavi dual repeat variability is also obse

and repeat(viamns tBd hiattlt, etdsOwli3jekt Wa il2t0eL F hi s means t hat
l ength can vary between tissues and even within
found in blood and cerebel I(wmnc Brhpedtrt,eadl2sQwd 3j)tkh e f r

Evidence towards the association of repeat | engt
conflicted. Some studies have found that ALS pat
patiEebhdllssartdogal2014;t , U201 byt these findings have
replicated by( Beienki,lad2r0 1s3t;u dviaemst B lail2t0t1e3r; e tNjogrkd.i n

201.5)With regards to agevard BInistett earl2PWiBjhé& tN,0anlid.g me r
2018&nd |I|(oGuejrsetl i aRkRklemp)eat | ength have been | inked

onset . DWhxhedoaldiddund no association between re

on



survival, a reduced survival has been | inked to
| obevabny Bl i ¢t gaiOvhidjpko r édit n(a2l0.x1 s pecti vely.

1. 3.Mechani sms of di sease

After the diCOoocW&m®upnoft!| tlhei de expansion and its
FTD/ ALS, researchers set out to identify and cha
mut ation. Three mechanisms have been proposed as
seen in C9 FII.DZ)ALS1) F®%ournfc7t2i odnostshr ough hapl oi ns.
(Thererti,al2 01 LT, r@peatmeRdNAat ed toxicity, whereby ti
repeat produces RNA that for msi noixing (Predtesiwhs ¢ h
HernardealRO1B) -mbERated toxictcagwpniwhaltebyanehat:i
repeat RNA prodygtMesit olagte h®PIPEB mMportantly, there
evidence towards each of these three mechani sms
contribute towards neurodegeneration individual/l
as being the most promi nrecmde gern &Mt iodehtit,mastkhac i ty a
2014; eWenmnl201l4et Taladl5;;etMoaelh318; eSo,laodmdh®rspite
h
h
n

e establi shment of these three mechani sms and

—

em, their contribution to disease at the cel l u
clear. This highlights the neeadafcdarerfiwsret e s erae

processes dowrCQtorréi@maomfuct eeti de repeat expansi or

OoP



(GGGGCC), ATG TAA

o HHEH

1a 1b 2 345 67 8 910 11

Haploinsufficiency
of C9orf72 gene

r ‘ r \ ; N\ DGA
- '-“‘ GR%
= - MAP
i N PR m

QP g o

b N\ GGGGCCGGGGCT
RNA foci toxicity Dipeptide repeat

protein toxicity

Figure 1. 2. MechanC9msFoP/ ALISes@he xiamucl eoti de repeat
expansion between Qnmarrfodulla sanad :1bhapfl oi nsufficiency
C9orf 72 expression; transcription of the repeat to fo
repeat RNA to produce five toxic DPRs.

1.3.4.1lLoss of C9orf 72 function through haploins

Studies of patients carrying the exp&®oirdm2have
MRNA transcripts of up to 50 % acrogPDetlleessucsorti c
HernamrdealROllet Bal2Dill3; elo,nanzd 1 et Wai2t0el 4; v an

Bl ittetswlROUL5eptRaR2DULGhis reduction appears to a
reduction in V2 transcripts, whnudhhtdroem( £tago itelres
et ,al2015; vamrt Blail2tOtleébrestvwRigOu G hi s reduction in tr
|l evel s is thought to arise from episGemreteiac chanog
and surrounding CpG islands, WBekehiBlRppB/MHmSSsegene
met hyl ation is associated with haploinsufficienc
al so associated with reduced accumul ation of RNA
(Leu,al2014his may explain CBerm@R®hyptabponon: ef herct
met hyl ation i s assoeocomd(eEd jvwietl h ad2adirll5i;e rZ, haagneg

0z



2010gt al so associated with sl ower di cRaMiel pamgr
et ,al2015et RalRH15)

The decrCRaosrdf 7fi@mscri pts corresponds with a decr e:
protein | evel in the cortices and (Kieto, &210. % i n
2015; ekr,iad2k0 18 ;eSla.bz201i8hi s decrease is primarily
i n -IC®ng, t he most (awiueddeaanl2018pfdrsmcussed above,

points to a role of C9o0orf 72 in many biological 0
affected by a decrease in C9orf 72 expression and
haploinsufficiency haveoprbodecedntonbutconngfr ba

to C9 disease.

LossCOoofrff’d2cti on | eads to |l ocomotor defCcits and
el eg@hmlererti,an2.00lnxd) z e K rCa fait ol 2 0ABVBgrdFl2at i on caused
mild motor deficits in mice but was more promine

i mmune phdrKotpyse,sal2015; eAt,aanaGli®pti ents who ar e

homozygou€9bomor®R2aei on do not exhibit more severe
C9oréxR@ression and function a(rFer atottaal2D&8)t o di se
Addi ti onafoffy,ncrtd olno mBOtoartiido2res bieren reported i n as
FTD/ AlH:arems, alRO13hil e evidence points towards haj
insufficient for neurodegeneration, an emerging
by exacerbating the toxicity of RNA foci and DPF
found t hactonQ9oirbfu7t2ed t owards DPR cl e@®kRmincal via |
201.8)C90r f 72 expression has also been shown to b
RNA foci and (DsPhRasb ,ianl2 .Omli c)e

1.3.4.2RNA foci

RNA foci are a pathological hal-ttapat bdl €§dydi deB
throughout the frontal cortex, hi Peobesaumpus, cer e
Hernamrdeal011 :Toluagenenreal2.01 3 ; Mitz,iaeld 0 NnEFYXkay ar e

predominantly found within the nucleus but are a
frequesayw.pe@t sdiareecthiional |y transcribed to produ
repeat RNA that, because of its repetitive natur
hairpins, RNA dqupHbexdtgxedtea,dnlZ301 These RNA structu
aggregate into foci and-fE,I-équSJ,eshreRNH?sB,PsSI%SJR:Jh/ 2,s F
and nuc¢lFeeltt,ml201t ,XIB013;-KEfoebenl2014; eHa,ealls.l er

2014 ; €el, @aikad 17 ;etLeasdd k9 mportantl y, RNA foci have
oT
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inteddctSefPRestration of REBPRst dalBO LY sht heir
wnstream effects on RNA metabol i sm, nucl eocyto
nanfiXxes ,al013; edaecalldd B4)

udies of RNA toxicity report contrasting resul

opkemroek (a20.i®und that the presence of antisens:
urons of C9ALS patients was a&s3s paitatod d gwi.t Hoawo
cr earsteidsense RNA foci burden in the fro#ftal co
sebeJetseursnardeal201l7fn the same study, patient R
und to not correlate with clinical features su
del ssC;obxGcity have demonstrat ed Weex i @ai2tOyl 4i)n r &

dDrosopNXet aal2013;etZhadn0gl RBP expression was fou
dul abeoxsi city in some of the model s( Xeaatmpl i cat.
2013;etCed@Da7; eSwiann®ein8 h cDmen a(a2t0,5howe d
al,t@xicity correlated with DPRopopHTLdcai on but
|l ineate toxicity of RNA from DPRs, RNA only mo
monstrated toxXiSwibteyte,nan2 ey asuch toxicity was
0sopMikaeelti,naslk®ml 4 ;e tMaxnsB )

i sparity between these studies |ikely arise
i sms and repeat | Ong@tslogmhws déada.c KF cdhro moX amgplees, |
guential human RBPs in RNA toxicity, result
ombideads. While mandgmoedelds esoalsi sige®S t o con
ce of DPRs, difficulties in DPR detection n

> o d® S Q

tirely. Therefore, it becoimeistyidémiicueéltyttooaRN
r than the combined effects of RNA and DPRs

—
=y
D

i sease remains uncl ear.

.3.4. 3Di peptide repeat proteins (DPRs)

e -nanonical, repeAUGagE6RAN) atednabati on of repe

ch open reading frame of both sense and anti se

peptide repea@ltyqilmaéne inres .(gGRJdehiyngeloil ye P &Py, and

gl yeairgei ni ne (GR) are produced -dlroonprriodie neerf AdP) st

an

d poloyairgea ni ne (PR) are produced from the anti

DPRs are found i moirrntcelnu shircan sn ismanpdéasetsb it omhE€DBr pa;j

i n

C9 disease is somewhat uncl ear. DPR inclusi on

oY



unaffected regions of the b#¥@Bi madmdl dgynotr corr e
neur odege(nawitadtogal2014; Mac kad2n0zlisp wever, DPRs apj|
to be more prominent drivers ©Mi nieeertiodasXleInde;r at i C
Weret ,alR014et Talaml5;etMoaeh&E18; eSto,Jaol2nd8)Y i s al so

i mportant to note that soluble DPRs are also | ik
di fficulties visualising and quantifying their ©b
(Quaegehedal020OPR pathol ogv¥3pmpadcdadd DgyDRP n patien
have been propos4dl paot tBhusey i T®OIRO1TFD provide more
i nsight into the role of DPRs in C9 disease, nun

of the five individual DPRs in model systems.

- EI DI ES
D E D E D

5-'GGGGCCGGGGCCGGGGCC-3 Sense

—
44—

J-CCCCGGCCCLCGGCCCCEGG-5  Antisense

Gl Glycine: small, aliphatic, =) Proline: cyclic,
y uncharged, nonpolar ro uncharged, hydrophobic

Al Alanine: small, aliphatic, A Arginine: large, basic,
a uncharged, nonpolar rg positive charge, hydrophilic

Figure 1.-8ss®epeaebhUWGnoOmMAN) translation of sense and a

hexanucl eotide repeat RNA, in every reading frame, pr
proteins PolRRsedilnaeni ne (gGA)epirngeloil ye ( GRI)y enimmhei mo Inye ( GR)
are produced from t-diley epiennad ¢ n®t faHmpp rn@eloll ye ( AP) and po
protairgpd nine (PR) are produced from the antisense str,

oo



GA is the DPR seen most frequently in inclusions
GR which are foll (oMadkdryz iad2 OalldhiFBRR i s | i kely due
propensity to aggregate, arising from its compos
al so capable of spreaditgeudemonrnntdt @seéd oxy trereur o
transmi{KBoserta,val2020;etMaalzh2DPDue to its prevalence
GA has been studied extensively. I't has been sho
embryonic spinal cord, mo(uvsaeyt aal@0d d4te tg hadamgl 4/; n e u
Leet ,alRO1GA has been shown to sequester numer ous
including transport, proteasomal and nucl eocyt or
AP DPRARwaeyt ,al2014;t ,lad201 A a resul t, downstream di
as proteasomal i mpairment, ER stress and nucl eoc
TDR3 pathol ogy (aznhdeenagpaRD 4 ¢ i sekh,oasl2(alve;t ,lad2e0 17 ;
Nona&kta, al2 Q1F8)g . 1.4). However, this disruption i ¢
t oxidhleutd (21005 howed t hat GA expressed in mice fo
cord, brainstem and cerebsd8l patmhobhegpcaantenmotwodt hd
outright toxicityde@aAnadlesna smowhol emgtcml , mechar
effectsrtThepehot models discussed above show spt
the stel Hdatkee amcflaursn ons observed in patients an
mode(lGal leitstad2rO0 1 6et WeakRD2@Nduced3TpPRBthol ogy and G
spreading were associatedNwneékab@0ogdge8rOsMetpeat | en
al . 2019nhese observation may provide an explanat:i
repeabr @GAo mb d e(bMi z i eelti,naslktal 4et WalkD20)

Despite being one of the more prevalent DPRs in
This is partly due to difficulties in cloning it
(Cal leitstad2r01 &Y udi es that have examined GP toxici
Drosophikcaick embryohriei stpuanl20 1 2brldd2e01 Thi s i s

l' i kely in part due to its flexible coil structur
( Yamakeatw,aa 201 Hpwever, it is difficult to make co

contribution to disease without further study.

Studies have shownornthaitnitrhee BRRSI ni @GR and PR, ar e
DPRs i n HEK®93s ocpehliildada, pr i mary sfeuriored, caomrd iicR3C a
mot or neMir oineelti ,naslk®@1 4et Welh014; &r ealdl8lmt ,Bda

2015;etLexel2018pt h GR and PR have also proven neur
individually in mice, cdaZthssennggaPT DB AL 20p,Bagln€hgpes

2019;eHa@201%) mil ar results have also been report

nM



monkdXat ,al2023heir toxicity I|ikely arises from -
positive charge and high polarity.

Mechani sms of PR toxicity tend to centre on its
nucl ear processes. PR has been shown to interact
(Hartemanal2018; Suzuki and Maetts,uadk®m2 8)29r2upt Brad elnea
l amins and he(tZzhaoentdal@dtdind pr omot e phHMhsedt esepar af

al . 2019; eBtaleae@2RAhese al l contribute to the nucl
observed in modéMszoeEeltPRasiX@XT et Whyi2tQelF9 )g . 1.4).

However, it is important to note that these stud
which PR mostly |l ocalises to the nucleus. I n pat

found in both the 1 Mal&uwestz,aasddd0 Ic5;t e@d lalRifsltéer We st
et ,al2020)

GR is the only DPR that has been correlated with
patiE@®fdlwetr,ial2018;etSaakl2atel 8 ; Qeaegd®eNd i s gener a
regarded as the most toxic of all the DPRs. GR h
(SG) proteins and (iHapaiera n@@® 0dly8n;a Y, haaknOgl 8et Par k

al . 2Qq23)g. 1.4). GR binding of mitochondrial and

l eading to mitochondrial dysfuncti on,opheazve al so
Gonzaelte,zal2016et Chld@1IF9)g. 1. 4) . Di sruption of nucl
(Fig. 1.4), A8smisiaogal nsabPon, has also been id
GR toxMcizi gelti,naskkml 7et Cal®2@)though a direct 1ink
(Vannetst&2019nhterestingly, one study identified
in pati-deti v&Cmotor neurons that was replicated
mot or n(eluo gz z aelte,za 12 O IF6 )g . 1.4). Studies with shc

shown its localis@aHaonmtapakRhéeB®puuclcgdlopd asmi c | oc
more commonly seen in pati dmtas kaeand,idddhhe;r Calpleiad
et ,al2016et WakRD2Bpth PR and GR al slepekerdemgst it atxe cl
I n arép®avobsombided both DRBsrbadlparpression indt
to avoid | et hal i t(yMidzuireelhi gnastiké€ad édlud p mee fae alt0 0o d e |

both DPRs enemnurmenaddrny expressed t(Weetigh&®Wt20t)he f
I n this modedgntaieniamgi DF Re, esprecliamtldd GR, caus

neurodegeneration and decline in motor function.

AP is one of the least frequefhMhyk et 5 i@d2v0eld )DPRs
This infrequency, combined withDaolsaahdbdfaetl dxi ci
mode(IMi zi eelti ,naslk®l 4det Weld014; BeeyalkeOémé; Xu and Xu,

MN



201,8)has resulted in |Iimitedeptatdybmdd AmidHawev e
model s AP causes electrophysiological defects, n
neur odege(n@alaleii ptad2r0 1 6et Wa iR O 20 )g . 1.4).

Recent studies havdee pheingdhelnitg hetfefde cltesn gotfh DPRs i n m
Mor -Oml ectt (a2l00H@monstrated that GA200 spreads to a
t hroudh otstoehblia, while GA36 .Baeh rdtf excprse ddhvat a
been demonstrat edc owittahi ntihneg abrPgRsn,i nwehi ch cause ri
expressed at 101 repé¢&Radwalnuatl2 n20Q)-Idiu@iudi elp pdtas e

separation by PR has also been MWhientt etad2 0olc9c;ur on
Jafarinia, van der Gi &g srdefpC®éantds ,OnEA,, A2PQ2 P)R and
toxic and causes MDotosro phdaf iacibtrsa f (i 6vbh onto loexttl Isa n

al. 2018et WakD20@dpspite some of the DPRs previousl
in shorter repeat -dregdeenldse.ntT heefsfee cltesngtitk-el y ari se
dependent morphology and |l ocali €ati est(af0.1t6he DPF
and Wets (a2l0.20The disparity in DPR toxicity betwee
di fference in repeat | ength, but also from model
standardi sed models in future research. Common n
can sken between studies and there is clearly a |
GR, in ca48i pgthbPogy. However, translating thes
complicated by a number of factors: diaflf ecreelnlts DF
and can interactbawidti madadclPed tWaedrD 2@ hi mer i ¢ DPRs
be produced by frameshi(fMcEadatriimlz)0 RA;N th,aadalsll @t i o
202;3)and potenti al interpl ag€9obel &Rlemi MPWRIsT, i RINAN ¢

|
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1.4 Gene/ Environment/ Ti me hypothesis

Despite the clear genetic component of FTD/ ALS,
sporadic component | eaves many cases that cannot
(McLaughlin, Vajda.add SHhadi maso d@®rHm) shown to ¢
process, whereby di sgashdt,da2dll8@8pd Vian i0OstGahgeesse

findings support a gene/environment/time hypot he
interplay between genetic vul ner ab(i AGihtay ,a be nwainrdo n

Har di man, UNn0dled) t hi s -daypmdihetsé d ,aa@agemul ati on of (

environmental stressors of the CNS; and genetic
to reach a O0tipping pointébé, past which di sease ¢
occur .

Wit leembrging prominence of this hypothesis, rese
FTD/ ALS exposome. The exposome is defined as the
environment al andellidnmasna@RDe&@Ipbadabes environment a
such as high toxin pollution and bl ood metals ha
di sease risk and( Seéntoral2d e @; sedto wd I2n@b 9 ; -Fad ngeurea o a

et ,al2020;etPeatl20Xx1L) festyle factors such as smokin
| ow BMI have al so been( WesbeatahagldlO 2vE) the i &t r i s k
surprisingly, strenuous physical exercise has al
(Juletaml2021; Wetstae@edgpspecially in (pDaodfeshsvamal
et ,alR02Despite the identicfoindatiibarnt infg temesrd & odhimea:
|l i festyle factors, we have I imited understandi ng
susceptibility to disease. By developing our und
wecan better understand di sease pathogenesis and
mechani sm with potential to underly factors such
hypoxi a, awhrieddy alseen Ilmpnokretda nttd yALhSy.poxi a r el at e¢
(time) and environmental factors under the gene/
Environmental factors, such as occupational | ow
smoking, are the mostoxipgp.arkowe v ear ,c aauggiimg arnyd ge
al so play a causative role through i mpgiKiment of
et ,al2003; Wei | | 200 3; B e madnedr ri on car neda sbi annga nt rhae, |2 (klel
conditions such as ischemi(aCathpdal20aRypbsgsoal ead t
al so modul ate aging pathways, potentially accel e

gene/ environment(/KkiéegmmeaBO9p6) hesi s

mnmn



1.5 Hypoxi a

Oxygen is an essenti al mol ecul e in many biologic
respiration. As such, oxygen homeostasis is an i
Hypoxia is a state of | imited oxygemeawvtaatliabi | it

range of ((@Gaftarnad,s dimE6hOuymans, hypoxia can occur f ¢
including reduced environmental oxygen; i mpaireodc
breathing or vascular i mpairment; and in periods

such as phyes(itoapgkiemxse,r c2007; Cl o.utLiiemi taendd oTxhyrgael nl , s

di srupt xsomxswugreamg biol ogical processes, | eading f
ATP production; increased RGCG®ngmneduamnidomengmd t &
This cumul ates as an overall state of cellul ar s
appropriate cellular response to hypoxia to preyv
1.5 Physiological response to hypoxi a

The cellular response to hypoxia is mediated by
Factor 1 (HIF1). HIF1 is a highly conserved hete
constitutivel paedpcessiedudllFIFGenmrmansGasd emdarHi Fdnd
Wappner, BoO@6) subunits are required for transcri

cytoplasm under nor moxi cUmhoincdh tciaonn sb e Friegp. | alc.e5d) .i
compl ex Upy HIEFBet ,all99&t , &0 998 considered the
sensing subunit. Under normoxic conditions, prol
catalysdepbaed®nt hydroxylation of dwpepdehyl res
degradati on domaiUBr(udxkD)anodf MEtIKMl eht aRDOAD ; Eps
(Fig. 1.5). Hydroxyl ation of UheseontBndpelk pern
( VHL) a akekto,lJaal2 0 0dt, , &lRBQ00wWhich acts as part of a ub
compl ex (Fig. 1.5). Thbhisqg i midn aldi edaadd onfigi ktleof H st sp o |
degradati on by (Hobeentgraoli @2a8&pmkalllio® ; Maxwel |, Pat
Wi eseenterallQ9¥9)g. 1.5). However, undemedhyapsexdi,c O on
dependent hydr odbpylodtyilom esfi dWileE1l can no | onger o0cC
HI Fls continuous!|l Ynawamapiadley , adHd Frhul @Hweantg n t he
al. 1998%here it dimandsmevast hnt{oMatnkad orau2cOl 0Oe5u)s

I n the nucl eus, HI'F1 binds to hypoxia reactive e
promotes downstreamnm Weenrgea rt, r &nt 9 erhil p tain@hi Qa meln.i5s)c. h
This system of continuous degradation enabl es r &
the hypoxi@Huaesg anlsde9 8 ;e tJ,eavi2e0l Ol HY)aFlls o under goes O

ne



dependent inhibition: under nor moxi a, hydroxyl at
inhibitint) HoiFdargpt 8 HI F1 inter aadti iov(ataomaddoh t r an
al . 2002)

It is estimated that HIF1 regul ates (tNMenaircanscr i
al. 200bHpwever, the most well characterised are t
response to hypoxia. One major category is genes
glycolytic enzymes, pyruvate dehydrogenH)s,e ki nas
and glucose transporter 1 (GLUT1). Upregul ati on
anaerobic respiration over aerobic respiration,

ROS generation by the TCA cycle andsmshochondr ma

adaptation of cellular energy metabolism to the
adaptation, genes such as vascular endothelial g
promote vascularisation in ordeaoxito tiincgwea.se 00Xy
Ot her aspects of the cellular respons-entackdpoxi
transcript-ioducegpmiki achondr i al ROS production |

the ER and activation of multiplandi dawestr e¢éamgog
effects. Actliivkaee ieomd copf|l aPsknki ¢ reti culum kinase (P
protein tKomusneat,iad2n 0 Zp!l ci um rel ease and AMP kin
activation |l eads to endo’t KAToBad sse afnrdo m etghrea dcae li lo nm
(GusaebvalO1Bpth protein *tkAdPalset acn iavnd yNar e A’
demanding processes, so these cascades function

during the shift to anaerobic respiration.
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1. 5H¥poxia in neurodegenerative disease

The human brain constitutes only 2 % of the body
produtcKeown,, 1Inabnv)f esting as high glucose and oXxy
unsurprising that the brain [(€epMNasarcudaahyg susc
Di emer,. 1N9dk)ed, healthy individuals demonstrat e«
i n al-itnduwceed (hNyepl @sxoina 119 9 0 ; Ho r.n bHeyipno,x i1a9 9a2n)d hy p o x
signalling have also been |Iinked to neurodegener

Al zhei mer's disease, Huntingtonf{d<odieeeaRd,l3mul ti

MitroshialkO21)

Occupational exposure to hypoxia, as a firefight
identified as(BeélSIiriakdfHan ada grad2 0 0250;0 @ n@Hcio,r e
2010; edtuldlam21lnhterestingly, intermittent hypoxi a
accelerative role by aggravating motor neuronal

mi ¢(eKiemmh ,al2013)together, these findings point to

occupational/intermittent exposure to hypoxia in
gene/ environment/time hypothesi s, in that hypoxi
di seasreepgiogn in individuals who are g®ometeitcal |y
muscle weakness in the diaphragm | eads to intern
di sease progression | eads to chronidLyedpalratory
200.1)Therefore, hypoxic exposure may be an envir

patients at both presymptomatic and symptomatic

In addition to environmental hypoxia, there also appears to be a role of tissue-level hypoxia
in ALS. Vascular and blood flow changes in the spinal cord characterise ALS pathogenesis
and precede motor neuron degeneration (Zhong et al., 2008; Miyazaki et al., 2012; Pronto-
Laborinho, Pinto and De Carvalho, 2014). These changes have been linked to tissue-level
hypoxia in the spinal cord of SOD1 ALS mice (Sato et al., 2012). Similarly, hypoxic stress
has been observed in the spinal cord of ALS patients and was closely associated with
disease progression (Yamashita et al., 2021). When spinal cord hypoxic stress was treated
in SOD1 mice, ALS symptoms and survival were improved (Zheng et al., 2004; Tada et al.,
2019). These findings indicate that tissue-level hypoxia in affected tissues is detrimental and

likely plays a role in ALS disease progression.

Ti sdeeel hypoxia undoubtedl y-mead dad etdo pa ottiexcd ti iveel
response to hypoxia in aff ectHdd 1cUe Ihlass. bHoewe vi edre,n
ALSmodel systems and patient tissues. HI F1U expr ¢

in the motor neurons of ALS patients and mouse models, perhaps in response to tissue-level

ny



hypoxia (Sato et al., 2012; Nagara et al., 2013; Nomura et al., 2019). These studies also
demonstrate changes in HIF1U0 expression throughoc
is conflicting evidence towards the direction of these changes (Sato et al., 2012; Nomura et

al.,2019). Al ongside perturbed HIF1U expression, dysf
been demonstrated in ALS. Despite elevated HI F1L
HI F1U transcriptional targets, eryt(Batoepabi etin (E
2012). This suggests a disconnect between HIF1U ex
which may occur due to the impaired nuclear i mpo
by Nagara et al. (2013). Additionally, VEGF expression was not increased in response to

hypoxic exposure in SOD1 mice, sALS monocytes and sALS fibroblasts (Murakami et al.,

2003; Moreau et al., 2011; Raman et al., 2015).1l mport ant | vy, similar effect
demonstrated in hypoxic sALS patients, who exhib
VEGF in cerebr og pMormrreala yfall2udi 0dée;{ ClSuRs)xiotetestingly,

survival signalling pathways mediated by p-AKT and p-E R K, rather than HIF10,
shown to be sustained following exposure to hypoxia in SOD1 mice (llieva et al., 2003).
Altogether, these findings point towards dysregu

to hypoxia across the ALS spectrum.

Dysfunction in hypoxia signalling is particular/l
considering the neuHlopindbcedegenesi WEGF fifre cgasr toifcul ar
been demonstrated as neuroprotectf{iamhnedtchesrotr
al . 2003; VanetDeanR BoB)ed t o t hese effects, VEGF ha
treat ment for ALS, delaying di(sZehaesneg, pROGAessi on
|l smaet oalRO1#Hpwever, VEGF treat ment is yet to be
VEGF treat ment may hold promise for patients as
obser vemorptoesh i n mot or newrBornosc kaefin gAalldalped)t i ent s
VEGF expression has been shown to be positively
patiebitcksaqgma2019nterestingly, deletion of the HEF
been shown to be sufficient to cause motor neur o
mi eOost heuy,sad2 001} is therefore wasiuatpiromsiing VYBGE
ANG has been ass¢tambediciwva BHO0OABLeStCraolhd h8)

There is clear evidence for a |link between an at
however the role of hypoxia signalling in diseas
of this research has been performed in SOD1 mode

represent common features and mechanisms across |

no



1. 6.Drosophila melanogaster as a model organism

Drosophila mekammgasyeknown as the fruit fly, i S
the study of genetics and molDgowlogwk rkeiaaulscegdy ionf th
founding of the field of c¢| asDsriocsaop bgseenaertcihc sh asn t
been awarded six Nobel prizes for physiology anc
ma k@r osophi bBatractive model for scientific resea
and in high numbers, fathrioughipong whkipekrhane@tahtde
key in genetic studies. Their short |ife span an
adult fQ)y nedarnsZ®® pbskarch can progress much fast

mammal i an model s.

Drosophel aspecially useful for model l-9@gdagyur ode
|l i fespan permits the study of disease alongsi de
neurodegenerative disease. The adult fly nervous
bain alone contains 200,000 neurons, |l eading to
sl eep, aggression, (Rapinand BopihmemoBDAfL) ve ¢ omp
mak®s osophsbuatable model of the human nervous s\

Having been used in research for decades, an ext
devel opedsophThea fly genome has been completely
identifying roughly 14,000 genes. Many of these

to 75 % of hameaocidaseasgenes hlarvoes cap Rimietbdralgue i n
200.1)Flies also have high genetic tractability,
generated with endogenous mutations, transgenic

RNA intermRiNAtcemse ructs integrated into their genc

1. 6 UAS/ Gal 4

One of the most c¢commonDryo sucspekdi tgheen eGA lc4 /t WAS ss yant e
modul ar expression system endoglmosucphiol §@asiby F

Brand and, Pehrsmenwstem permits the expression of

specific manner. It is based upon tIGALHeneing th
binds to Upstream NApi aadi agtbequesceofwnstream
(Kakidani and Pt ashne,ll 91888 ;s oWehl sstaeirs ut i |l i sed b
gener 6BALMIgy | i nes, GRLAearserunacgr tthltee contr ol of

promoteladd iaared, by UASequéengetbpstream of trans
constructs. GCBALU4EmesOVAB8d na, the offspring wildl C ¢

P M



and
Il i br

expr

thuAStim&ked transgene will be expressed in tt}
aries of both GAL4 and UAS |ines have been ¢
ess GAL4 under ttslpecddntcr @lr oonfol &3t indduwéntyonal

carUA8lri ven RNAiIi constructUA®lon vegenenkngehodoawn ge

for overexpression. These extensive and widely a8
research carbinesophitl asing

1.6 Mbdelling neurodegenerative disease
Drosopbhhvkeabeen incredibly useful in generating n
neurodegenerative diseases,(Canoc|l a@DO@RAIKI Msiomérs b

di se@Beany and BenRkelest2 GARIBANM) AWStebdbnal2008)

Thes

mo d e

e models are especially wuseful for studying

l's do not recapitulate whole organism systen

posntortem and t hus rsapargees edrnts ecarsley eJsd agchhese mo

have
path

OwWi n

Dr os
have
gene
been
Shor

t o S

been able to develop our understanding of d
ogenesi s. FIl ies are particularly wuseful for
g to their robust genetic tool kit.

ombidebas ofgltunteanponley (pol yQ) disorders, spino
been used to identify molecular mechani s ms
tic eilpidnail20Ms8 ; eMc @RMOKR These model s have sub
used to ident-inguemedi dée@Ese v gloh yBQoni ni  an
terDr@afdapmbdebs of Parkinson6s;l,c éararsy ibrege nmuwtsa
tudy of interactions between genetic suscept

di se@dMeul etnegal2005, 20663t udMARMbPDdekkedn&TD used th

gene
(Shu
di so
mo d e
mo d i
gene
VCP,

tic cabrabsdpbilkdentfi fy -modiidtied sneodr ddagener
| man and .Fe&damwy,n 2H0k3)i nvol vement of tau i n mi
rders, findings faemcthhing $ tmpd y rmaa g ocopntsiv le aUfs a n
| of FTD CHMRBRZW MY attVileesatt (a210.Ww&)y e able to ide
f iCeHMP28Bft°®x i city and elucidate neuropathol og
tic causes of FTD/ ALSDhayv e, bieteal wd &g MOBIR | | €
and2(ARiateasionnal2010etEladkdMl1; et aakRodl)
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1.6 Mddel COagFTB/ ALS

Due to an aM®%cernficdedod fo daur e siorp hiitl ai s not possible t
study haploinsufficiency as a disease mechani sm.
model s must rely on transgenic constructs, rathe
date, there ar e DiriorsognbdatieOgpdrFiTdd AdIS: 1) pure r e
model s, caiiCryemagatt heands producing bot homRINA f oci a
model s, conGrepengsoi nGerspersed with stop codor
3) DPRy model s,cadbamiitschendy rodpeat constructs th
DPR species. While pure repeat models most accur
patients, the inabanid tByReRiicatded i ecffa¢ et KNIAi mi t s t h
we can developsfuadowm ther -drhd sblhR gs o deRNAwer e

established. To best develop our understanding o
key to utilise all three categoriesDopbsmpHdel afor
model &9 corfF YR/ ALS are summari sed in Table 1. 3.

Unt i | recemlty ymodd®rIRs have been | imited by their
limited to 100 repeats. The difhipvonkedenokedcl onigae
repeat models from Wesang(all®@dh@)n at @ dhesdoyDRiRI la
onimpdel s ofept@0qIFeggt Akbh to the | onger repeats
The |-drpgehdent properties of DPRs seen in this &
of whether short repeat models accurately repres
| mportantl-medikaettenddPg@agy may be missing in short
l100bepeat DPRs are extremedgpeéeaxi OPRsfdemonstert dataé
t oxi chDirtoys oipmiveeth , al2020hi s peremirtonaparexpression of
throughout the fly I|ifetime, without drastic reoc
i mportant for models of FTD/ ALS, given the key r
| mportantly, tdxei diitfff edcenrcets ami ge from changes
nature ofr etpheeatl ODOPORs t hemsel v-epis ot piomeinhiceé dgt i an:
novsoynt hes({ Wweetaht ®2020)

As a result, this Dprocjoedtd edCsQeod FtTHRi/ ALSo wéli ch ut il
the GAL4/ UAS system to expreasgpeciifdicvimbunalerDP R r i
the fly I|ifetime. Extensi-wepehtar BPRelti sasi andofh
associated distinct pa&kebetl ¢8l0.2aprophedesyparsexbygl

platform for the research of this project.

Rv)
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GALA4 driver line UAS-DPR1000 line

X

GAL4
protein

— O
== Promoter pe= GAL4 fem UAS

Fi

— © -
— - |

Figure 1. 6. Exp#aggiedr dfe @E G HIPR Pss oipuhsiilnag t he GAL4/ UAS

syst &mL4 driver |line expresses the transcriptional ac
specific proOMPltoedr0 IUASe-dec avreine BP®AMB,00nNot expressed in
absence of GAL4. Crossiimwhitcthe ®ex plriesess GArLdldu mesa K i s s U«

driving UAS expr eessGFHPon noft hDeP Rs1labnde0 manner .
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Tabl eDno8ophil a hoodrehhésd iodft ed frontotemporal dementi a

l ateral scalmenaos$s®admeal2021)

Dr o s o pnhoidl eal Repeat | ength Reference

Pure repeat

UA S$G4.Co 3, 36, 103 Mi zi eleit n(sk0al 4)
8, 28, 58 Fr ei beatu a210.15)
8, 29, 49 Goodmatn (a200.19)
UASG.C,(introni ¢5, 80, 160 Tr aen (a2l0.15)
UASGC-EGF P 3, 30 Xu and Xu (20:
UA Ds RexdC, 8, 32, 38, 56,Sol oman(a2l0.18)
UAS D§ &) 44 -GR 44 Go o d matn (a210.19)
GFP
RNA only (RO)
UASCRO 38, 108, 288 Mi zi eleit n(a2k0al 4)
48 Bur gwdt (@210.15)
800, 1000, >1(Moereg (a20.18)
UASGC,RO (intrc¢l106, 1152 Mo ereg (a2l0.18)
UASG:RO 107 Mo ereg (a2l0.18)
UASLG,RO (intrcl108 Mo ered (a2l0.18)
DPR only
AP
UASAP 36, 100 Mi zi eleit n(e%0al 4)
8, 64 Sol oma n(a2l0.1 8)
UAS LABGF-RP 50 Weret (a2l0.14)
UAS LASBP 25, 50 Boeynaetméa2l0.1 6
UAEGF-RP 50 Frei beatu a210.15)
36 Xu and Xu (20:
UASAREGFP 1024 We sett (a210.2 0)
PR
UASPR 36, 100 Mi zi eleit n(2k0al 4)
8, 614 Sol omad n(a2(0.1 8)
UAS LABGF-PR 50 Weret (a2l0.14)
UAS L ABR 25, 50 Boeynaetmga2l0.1 6
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UAEGFPR

UASP REGFP

GR
UASSR

UAS LABGF-BR
UAS L AGR

UASEGF-BR

UASSREGFP

GA
UASSA

UAS LABGF-BA
UAS L AGA

UAEGFBA

UASSAmMCherry
UASSAEGFP

GP
UAEGF-BP

80
50
36
1100

36, 100
8, 64
50

25, 50
80

50

36
1136

36, 100
8, 64
50

25, 50
80
50
36
36,
1020

100,

47

PP

200

Y a
Fr
Xu

Mi
So

Bo
Y a
Fr
X u

M i
So

Bo
Y a
Fr
Xu
Mo

Fr

negt (a210.15)
ei beatu @210.15)
and Xu (20:
sett (a210.20)

zi eleit n(e0al 4)
| ommd n(a2l0.1 8)
ret (a2l0.14)
ey naeetmga2l0.1 6
neggt (az2l0.15)
ei beatu @210.15)
and Xu (20
sett (a210.2 0)

zi eleit n(e%0al 4)
| omad n(a2l0.1 8)
ret (a2l0.14)
ey naeetmga2l0.1 6
negt (a210.15)
ei beatu @210.15)
and Xu (20:
r Ol ectt (a210.19°
sett (a210.20)

ei beatu (@210.15)



1.6 Mbdelling hypoxia

I n addition to the previ ousDry sdipshd thsasue do deedyveanretr aag
reseabrcors,ombideblas are well BBwpaoxidat odwse diddi estssh® ff a
are relatively resistant to hypoxi a. I n fact, fI
anoxia (complete @Ksie scote,aanlf9 OWYyigleen )t hi s i s a not
di fference from mammals, this faxridddsases wihteh se
Li ke humans, flies |live under n)o.stHoyweavtemmo, s pthheer i ¢
respiratory and circulatory systems of the fly o
Flies take in air through spiracles, small orifi
to the tracheal net workoriTbhegasasheal andt wopbk ti
epitHelkiealt ubes (trachea), and shares a number of
circulatdrChhrsywstosmeStaymealk@9Y&pbubl e nutrients are t
haemol ymph (6bloodé) which fills the entire body
by a .heart

Many of the signalling pathways involved in the
evenDrions op hillanlihave homolDogse®p hiamel y similar (s
tango((lLbghbksamds alROO0OFunctionally, sima is regul a
mol ecul ar mecHepesmhendof h@dr oxyl ation and degr adse
human pH{Waeipemteral2003;etl,rail2s00r&yidi ti onally, many o
transcriptional targets of siimdbuaedc deomodd .oghhawe
some cases their function Dmay o@ikfi fllear( VEIGFg h tdloy,s f
promote vascularisation because flies do not pos
WhiDreosopgdbi have some differences to humans t hat
hypoxia and its effect on the CNS, their similar
excellent model to study changes at the- cellul ar
i ndumewr ot oxicity and i mpaired hypoxia signallin
link between hPposomhhklkaaAs&itable model for stu
association.

1.7 Ai ms of research

The overall aim of this project is to identify &
with a particular focus on GR toxicity. From t hi
and processes as opportunities f oirmptraorvgee toiuntgc owm et

foO9o0or 7R/ ALS patients.
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S

an
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r me
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(XPO1) ,
hypot hes

clarify

The

gen

e

suscepti

bear sufficient physiol ogi cpaalt ireenltesv.anc e
e, we will wuse t hree pdytDirbfskgnbadelalsy imel ev
earch. Sequestration of proteins is argtu
di srupt biological pr oacte sbpPERet eTher ef or €
ions mediate disruption of biological pr
oinn todr aDdPtRi ng proteins may reveal modi fi e
are |ikely to be medihaet efd ecft sDRPR tt dixi Oil
ion on these mediating proteins, we may

di ation of DPR toxicity.

tly, previous research into mechanisms o
I role of a number of proteins. However,
evidence has been particularéey conflicti
ise that by modelling DPRs of a | ength s

the role of such proteins in DPR toxicit

/[ environment/time hypothesis highlights

bility, environmental stress and aging c

may be exacerbated by the interplay bedfwePRMRenvi
toxicity. We hypothesise that environment al risk
be Ilinked to underlying mechani sms of DPR toxici
The key aims of this research are to:

1.1l denti fyi nGQRe1r0a0cOt i ng proteins, such as XPO1, t
t oxiimi tvy vo
2.Characterise the eXKPOttsnbérabei GR1000XPO1 ph

.Investigate the effects of GR1000 expression

downstream of XPO1

. El

uci date the role of hypoxi doxndcihwypoxia sig
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2. Materials and Met hods

2. 1.Drosophhuislbaandr y

Drosophbk&as were pur chaskrdosfofmblBHd o@am tnrge o(nl ndi a
University, Bl oo AIPRg tsd m,c ksS Ave.r eUAS nWe setttedalpr evi
(2020Additional st ocks weDreo skoipnhdsl eya rgci hfetresd. bDye teaxit!
Drosophblké&s, including source, can be found in T

Unl ess ot heDwiosepdto&thesd were maintai-agdr omedt and:

at °@5wi th constant humidity and a 12h:12h | ight:
University of Sheffield Fly Facility (Sheffield,
cornmeal, 18 g/l dried yeast, 10 od/als se®y,a 8f Igddr ,

0.25 % nipagin, 0.4 % propionic acid). Adult f1i
days. Where necessary, meda aywaa®trs p@apglt emde¢ mt & ch cwie
l aying.

To determine genotype, ®HeprsaptfiViaegi wdoe® damde aatdh
a porous pad emittingz aMabestantd sirgam 6E&Em&@0es
establishing gen€tnewkyosskesedtf admal es wi l | ren
approxi mately 8 hours. Virgin females were selec
folded wings or having eclosed in the previous &

rosses were maame ac onreddi taitonsheassstesc kver eGeneti c

c
transferred to fresh mefditahevavegr 8gé¢ ogednamrygtsi. o At
f

ertilised egg to eclosed adul t, is 10 days. To
genotypes, F1 progeny were collected in a 9 day
of the first fly.
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Tabl eDR2odo0pshtiolcak s used i nOhhyspsetmdyy sourced stocks are |isted here. Stocks g

doubl e balanced stocks are not |listed for concision.

Stock ChromoscSource Description

Wil dtype | ines

CantonsS N/ A University of Wildtype
FIl'y Facility

OregonR N/ A University of Wildtype
FIl'y Facility

UASDPR | ines

UASSR10-EGFP/ TMEB,HtTrb e 3¢ Generatedeti nalEGF-Pagged GR1000 wunder
(2020)

UASPR10-BGFP/ TMEB,HtTrb e 3¢ Gener at edeti nal EGFPagged PR1000 wunder
(2020)

UASAP10-BGFP/ TMGB, HtTb e 3¢ Generat edeti nal EGFPagged AP1000 under
(2020)

UASGA10BGFP/ TM6EB,Htrb e 3¢ Generatedeti nal EGF-Pagged GA10O0 Opruonrdoetre
(2020)

UASNCDEGFP/ TM6E,B, HiT,b e 3rd RRI D: BDSC_321 Membrédwowmeal i sed EGFP wun

P



Gal 4 1lines
GMRGal 4 /-EGFR® 2nd Gift from Pro Glass multiegepeeipbirte:
Sweeney (Uni v
Yor k, UK)
GMRGal 4, - mCR& GF P/ GF® 2nd Generated in Eysepecific expresbkooal
EGFP
GMRGal 4/-€Gy®; -GR$0-00 Generated in Eysepecific eGRI@EGFBN
EGFP/ TMé&B,HiTrb e
nSybhal 4/-EGFDO 2nd Gift from Dr. Neuronal Synamteab romwail n
(University o
nSybhal 4/-EGFRD;, -HEDB8 2% nd?3 Generated in "Paimeuronal e xrpermbs saincen
EGFP/ TM6B, HiITb e | ocali sed EGFP
nSybhal 4/-EGyR; -GR$FO0-00 2"%And?3 Generated in "Pasmeuronal expr e sEsGFoPn
EGFP/ TME6B,HiTbGal 80
nSyBal 4/ TMeBHUTb e 3rd RRI D: BDSC_516 Neuronal Sy mpamteab rroaailn
OK&Gal 4 /-y 2nd RRI D: BDSC_641" RapGAP1, | arval saliva
RNAI l'i nes
UASNCh eRINWAI 3rd RRI D: BDSC 357 . dsRNA for RNAI of mCh e
in the VALI UM20 vector
UAS 11RNAi / Cy O 2nd RRI D: BDSC_612'dsRNA for RNAI of cll.
contr ol in the VALI UM2

M



UASSCSR2RNAI

UAS RRNAI

UASNS fRNAI

UASNO tRINA

UASL mMIRNAI

UASL mMIRNAI

UAS i ARRAN A

Ot her UAS

UAS i ma

UAS/ece mb

3rd

3rd

3rd

3rd

2nd

3rd

RRI D:

RRI D:

RRI D:

RRI D:

RRI D:

RRI D:

RRI D:

from

BDSC_ 343

BDSC 285

BDSC_ 3409

BDSC_286.

BDSC_340.

BDSC_313

BDSC_338

Professo

Bat eman (King

London)

RRI D: BDSC_ 958

ProfessoBaiem

Gi ft

from Dr.

(I'nstitut de

Fonctionell e

2N

RNA f
ntrol
RNA f
ntrol
RNA f
ntrol
RNA f
ntrol
RNA f
ntrol
RNA f
ntrol
RNA f

ntr ol

o w O un O uwW o uw o uw o uw o u

Wil dtypdl Efluma e ¢

Venusd (€ mitnaugsg)e d

r

R NJAG(A NoA B ) G QuSn2d

t he
RNAI
t he
RNAI
t he
RNAI
t he
RNAI
t he
RNAI
t he

VALI UM2
of Shi

VALI UM1
of Nsf 2
VALI UM2
of Not1l
VALI UM1
of emb

VALI UM2
of emb

VALI UM1

RNAiUrfderi mas

t he

UAS promoter

VALI UM2

UAS pr

emb ( XF



UASNOTI 3rd Gift from Pro Wildtype hECN&Th) Nohde ¢
Bodmer (Sanfo promoter
Prebys Medica
Il nstitute)

Bal ancer | ines
| f /| GF® 2nd University of
TM3, Sb, e}/ HW6B,e Thb 3rd University of

| f/ GF®; MKRS/ FM6H,, Teb 2"and?3 University of

Ot her lines

wgl[Ep/ CyYONupREP7 2"%And?3 RRI D: BDSC_355 RFRagged NuplO7 wunder
regul atory sequences

OK6&al 4/ Cy™DupRPRF/ THM6BHL2"%Qnd?Y3 Generated in RFRagged Nupl07 and Ra

1

e salivary gland driver

M
Il



2. 2.Generation of transgenic flies

UADPRIOCEPG®GFPIi nes wer e eMetsab |(8280hpeddi obry t o t his stud
brief, shortamdomssefl akmernative codons were ge
36 repeats of six bases/trtawnod cammiisneod aaclitdesr.n alsiivneg cs
DPR expression inC:RRNA, awsielheealosdo Greducing the r
DNA to enhance construct stability. Ndi vecwere r
in tandem, to form a final constr@uCal leibstadari ni ng
201.6)Thi s genetreartneidn affcaufGEW@Rr a P @&t DPR cdm2td4r,uct s:
PR1100 ,-11&3R6, alnod2 0GA Cl oning of GP was unsuccessfu
documented previously by other groups.-NConstruct
vector plhASt tBhevect JAANPRICOBDEEt PO NSt ruct s suitabl e
expresPODrosoiphmp VaaiSDPR1O0B®FP constructs were indivi
mi croinj ®&cobedpimbrgos, ffaci-rediadti endy iPrhd €r3tli on of
construct e ndendrhiec saimt e . Positive transfor mant s

and full repeat | ength of the DPRs.

For si mWpAIDRRIOHG®GFPonstructs will be retUAaBred to

GR10&GFRs GR1000) throughout. As a

expressi onUASChEGFeRialseen used as a control for
0

as GFP.

cdornit vr eon for t

constructs and will be referred t

2.3.Genetic interaction eye screens

Eye screen crosses Werteo manicrrteaaisnee da catti v2t y of th
and therefore DPR expression and phenotype sever
driven in tGiWMRRGely4éFusesgwere collected no | ater t
(dpe) awdreyesamined using a Stemi 305 light mic
phenotypes wer &9-psocionrte ds cuosruisnggd Wahpgestt ¢a0.2@a pt ed

fr ®Pmandety (a210.0R7 )t € 6 n(a210.1 0arhed t (2101 4D n short, flies

awarded 1 point for each of the following phenot
gross morphological disruptions, ommatidial di soc
i nterommati di al bristlematidnabhtbonsthbnpumbheer | n

pat chkisg. 29 1points are awarded for embryonic or
captured using an Axi©0fems208awcd!| demn Bamecaptur e

A minimum of 120 flies, combined from 3 separate

>0



Wildtype Size alteration Gross Ommatidial Pigmentation
morphological disorganisation defect
disruption

Ommatidial Abnormal Abnormal Melanised patches
fusion interommatidial interommatidial
bristle orientation bristle number

Figure 2.1. Cartoon repDrosangaaitdi asco refd wiyled tpyhpenot ype:

eye screen scoreilngwsystnem. represent the ommatidial ai
interommati di al bristles.
2. 4Behavioural assays

2.4 .St aritnlde°uced negative geotaxis (SING) assay

All SI NG assays weéC earmpd rwiotrhmend tahhe 2€0ame 30 mi nut
to eliminate circadian effects. Male flies were
boiling tubes in a custom climbing apparatus wi't

minute acacnd ipmartiicda,t ithe assay apparatus was bang
to elicit the SI NG response in the flies. Bangir
a manner consistent (Bbegwe & icéh¥prt puerrei, meurstisng a C920

webcam (Logitech) and Virtual Dub capture softwar

and continued for 60 seconds. Each climbing assa
succession in case of technecabngdrobeembr withide
where possible. A minimum of 20 flies per condi't

were assayed.

Climbing video analysis was performed in | magelJ.

was measured manually.

>n



Figure 2.2. Startle induc®dhemgtaitd vef gevsakxi spmpasatyus
di fferent conditions are assayed in separate boiling
banged down to knock flies to the bottom and induce t
webcam.

2.4 1Ldcomotor activity monitoring assay

Activity assays WE€renpeaeriadahmeédhati gbt: dax k cycl e
anaestheti

(7]

ed before being individually transfer
sucrose, 2 % aga(rFifgo.odZuaBBtg someereendseal ed with cot
|l oaded into DAMSBH activity monitors (Trikinetics
hours to r

D

cover from anaesthesia before data co

mi dni ght on the day of monitoring.
Data was collected using DAMSystem3 software (Tr
DAMFi |l eScanl1l1l3 sofAoquiesi(tTr®kkasiengicsgserval = 1
Acquire = AlIl, Save = Total, Beam

2P



o n -] “J IR emitter

é é é é IR detector
Figure 2. 3. Locomot or acStcihwimay i momift drliynd nasasaya.ct i vi

infrared (I R) beams passing through the tube. When a

DAMSystem3 activity monitoring software.
2.4S3 eep analysis

Sl eep analysis was per(fSamrmwed RWKXiMagt aRtfirvoint yl ovclo.n2o

activity assays was used for analysis. Sleep was
monitoring to 8 am the following day. For analys
l asting at | east 5 min.

2. 5Hypoxi a
2. 5 Hypoxic exposur e

Hypoxic exposure was performed using an H35 HEPA

UK). Conditions in hypoxic environi®@entt® Wer e con
humi dity, OX%g€O® | evels were maintained as stat e
control conditions were matched entirely to hypc

mai nt ai ned, at 21 % O

2. 5Hpoxic stupor assay

FI ies were transferred, without anaest héeé&i a, to
under normoxia. Cagesdwedewpl| awed hmasihap to allc
and |l eft for 15 minutes to allow flie6Ftg. accl in
2. 3)Petri dish lids were place over the mesh, pr
were moved ibenwi maoiméntd. Once all cages were pos
dish lids were removed, and caddsowgras lealchnmngdk
were filmed for 6 minutes using a phone camer a.

PAD



were recorded as fallen when they reached the bo

ascending.

“Er) ‘ 21% 0, 1% 0,

Figure 2.4 Hypox$Schemapioc akskypoxic stupor assay app

right: flies are transferredcohl ¢ot cageshandopedt e
are transfermnedvinbvomanti &n® fil med for 5 minutes as
fall to the bottom of the cage. Cages are balanced be

exchange through the mesh bott om, e X c e pets hwh esn ctorvaernr sefde

with a |Iid (not shown) to allow control over the init

2. 50Ihtermittent hypoxic exposure

FIlies were kept in tubes with standard°Cfood. Tub
conditions,(hgpaxic% ©@nvironment. After 5 minut es
hypoxic environment to ambient normoxic conditio
transferred back into the hypoxic environment. T
and 10 mihnamésent normoxic conditions was repeat
tubes back t%€ soaddai on35

2.5Chntinuous hypoxic exposure

FIlies were kept in tubes with standard°Cfood. Tub
conditions,(hgpaxbc¥% ®nvironment. After 24 hour i
tubes were either i mmediatel®® tobadstéeonsesdobatkit
processed for biochemical experiments.
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2.6.0 mmunohistochemistry (1 HC)

2.6S8SBIlivary gland dissection

39 nstar |l arvae were collected and placed in col
NaHP@ 1.8 Mm@ Kdin a -csoyaltgeadr d Si | i ¢ o nDeo wed oarsntirnogme r e |
USA) plate and dissected using-5&6iPE@)c,t inmddrora ep
St emi 305 light microscope . Larval salivary gl s

PBS for 7 minutes before washingithePBBfroEesedds
further by antigen retrieval and antibody staini
slides in VECTASHIELD Antifade mouh® 061009 nuenddieurm (

coverslips.

Antigen retrieval was performed by i mmersing fi X
(10 mM Trisodium citrate, 0.05 % Tween®°@0Of,orpH 6.
20 minutes and cooling at room temperature for 2
tot al before removing sodium citratTe (bTurfifteorn a d
100), before moving on to antibody staining.

In a 1.5 ml tube, salivary glands were i mmersed
PBY a%® 4a4nd rotating overnight. Primary antibody

rinsed 3 timeB bef Orréb ¥WmmMBrSsi ng in TwoPro3 (AAT
in 0.5-T% RBSroom temperature and rotating for 1°F
remod, and salivary glands-Triberfdeo®de3 i mmeesiing O .n5
antibody (Tabl e-T2.a3) riomnD .t% nPp eR BB ulr eh canrd. r Soet caat ni d
antibody was removed, and salivary glands were r

mi croscope slides as described above.

Mounted salivary glands wer e emmalgiede w, tihsiand Oxn a
M5000 f I u

(@)

rescence microscope (ThermoFisher). Mi

bet ween samples and conditions.

Zprojection images were generated from maxi mum i
was performed in | magelJd. I n brief, fluorescence
identify nucl ei and manually creatmre tnhue | feaatr lroedy

were excluded from analysis and nucl ear ROI were

fluorescence in the target channel (Fig. 2.5). N
calculated from corrected total nuclcedropfl lassani e€s ¢
fluorescence (CTCF):

>Y



l nt egmacticacdMedesnugietdr @4Maan background fl uor

CTNF

I ntegrat edrogd@mbinrbyt ggr atsedvadye ibintgy at endcid@nsi ty

Measur edyragi®aMeasuredd aiyMaasiyr echucadae)a

CTCF = 1 nt eggcpit@idsc Meganssu rteed: g aeMean background

fluorescence)

Nucl ear/ Cytoplasmic fluorescence = CTNF/ CTCF
|dentify and generate ROI Measure ROI on

on Cy5 channel (TwoPro3) RFP channel (target)

. > L
et

5
(@]
>
C
|dentify and generate ROI Measure ROI on
on GFP and Cy5 channels RFP channel (target)
b TR TR s T
2 A 7 - .7 ‘
©
C
WY
(@)
>
@®©
=
©
/2]

Figure 2.5 Nuclear/ Cytopl admagefsl weresaamdgsamdal yns il sns

measure nuclear and cytoplasmic RFP (target) fluoresc

ROl were generated based on the nuclear fluorescence
the RFP channlivarywhbaprdsaSG) ROI, excluding the fat
the GFP-HGH®D8'r GRBFPQO and TwoPro3d3 fluorescence and me
channel. Obtained measuut¢meret Nuweear i €gd opdbasai c f | uc

>0



2.6 Adul t brain dissections

FIl i esamwae®t heti sed and dissected i rdianiedu alllay ei n
using dissection forceps. FdJainease sftrhoem iasleld ebxepfeorrien
di ssection, except flies from experiments involyv

anaesthetised inbBhdadetdohgpokidaCODi ssected brain
FA in PBS at room temperature for 1Chbor.f&rxbdr
procegssin

2. 6. TUNEL Assay

Terminal deoxynucd&dti aylckt eadsiabaséing (TUNEL)
performed -uSMPhgsCTUBNEL ®WbexrRaAFbaprkit (lnvitroge

and adapted from manufacturero6s protocol. I n bri
Proteinase K?©° oflourt i1o5n naitn udt7es. permeabilised bra
PBS, foll owed by PBSBraanidn st hweenr edcH nTcduTb aReeadc tiino n5 OB L
at °@7for 10 minutes. TdT r eac€tli olhd T uofrd seait xwausr er e
(TdT reaction buffer, EdUTP nucleotide mixture a
i ncubat i‘@gf mat &0 minutes. TdT reaction mixture w
washed,O f odHowed by 3 % BSA-T n( TPlBeSe,n t2h0e)n tOh.eln % B
Brains were ieshc ChiP&kdsi TUNEL react-i ™Pl asecktail (

TUNEL reaction buffer, coppéerppcotegttabiPil@esAhaexdac
TUNEL reaction buCf éoradd®i mi wae) eadtiido/nd acrokcnketsasi.l F
removed, and brains were washed in 3 % BSA in PEB

washing, brains were mounted as described above.

Brains were imaged wi €tm sl i2des ,0 by icntdg ven BEWOD . M5
fluorescence microscope (ThermoFisher). Microscoa

samples and conditions.

Quanti fication was Ppeofecmedni hmhmageWler® gener ¢
maxi mum intensity of slice images. TUNEL signal

fluorescence -drCajBéggt iforom rdages.

CTBFI st egratédMdansred area of brain x Mean back

™M



2.6.0l4naging apparatus

Table 2.2. Filter cubes wused in this study.

Filter cubExcitationDyes used
study

DAPI 357/ 44nm; DAPI
447/ 60nm

GFP 482/ 25nm; EGFP
524/ 24nm

RFP 531/ 40nm; Cy 3
593/40nm

Texas Red 585/ 29nm; Al exa™519u4o0
628/ 32nm

Cy5 628/ 40nm; Cy5, Al €¥%a
692/ 40nm 647, TwoPr

2. 7Biochemistry
2. 7PXotein extraction

A minimum of 5iOn@mufnl oiperse c(ifpoirt actoi on) or 20 flies (
genotype were collected and flash frozen in 15 n
vortexing for 30s to remove heads fromoffltiex®d He
flies sequent-chli |l ¥y etdhi &) gshinegvreds2.5 Heads were tran
ml tubes on dry ice before beixwhihdmagepriss éa@st hd
were placed ebnofcBI BAdI si sClbi#if BeO, (10 mMMEDITAs 0
EGTA, 1 %100, tOnl1X% sodium deoxychol at e, 0.1 % S
added per head. Samples were vortexed to suspend
ice for 30 minutes, vortexinyg eemtodfi cqilny.f @debt

at 14, 00CC,r pamncatsulpernat ant was transferred to a

TN



2. 7P2o0otein quantification

Resulting protein concentration was quantified u
(Thermo Scienti fwel,| 2m@l2a2t5¢ f ocdlnmdl 8 tp@ddi dnatr,d 2c ur ve of
serum al bumin (BSA) was produced by esregiladaded ut
as 1:10 and 1: 20 dc&ilofi 864 TeaePRPA. waBOadded to
i ncubat i®‘@gf mant &0 mi nut es .n A bwaosr bnaenacseu raetd 5u6s2i ng a
pl atereader (BMG Labtech, Ger many)ne Meaaspulree ment s

protein concentration.

2. 7Western blotting

Protein samples were dilute@O00mMRIIPApEH06 P&&r and
GlycdmNo®®HS0. 05 % bromopbtehelt bbuae finadédl concentr
protein and 1x Laemmli. Dilute@ pPpootEO0Onmisampéeshb
stor i-&91C aftor | ater use.

SDPAGE gel s wasé Band mm thickness as 12 % reso
375 mMCITr$pH8, 0.001 % SDS, 0.0005 % TEMED, 0.000
(4 % acrylamidebi @H8126. N1 T%i SDS, 0.001 % TEME
APS) gel sswahd ae@omb. I ndividual elwePd géWeluesr | oaded
Prestained Protein Ladder (elfTheégdoprSepamaed fprcot €i6
sample. Gels wer-eROTBEANsTatgra Wemtii cal -REAdectroph
with running buffer (25 mM Tri¥,tABRQugM ghgcsnec
gel anwd t2hOrObough the resolving gel for approxi mat

reached the very bottom of the gel

Proteins in the gel matrix W&DE membradeolAMol | mpg
| PFLOOO 280¢)t,i vparteed i n met hanol for 60 seconds, by
Tri s, 192 mM glycineV 20r %1méohb#®#ROTEANt BT Gl s i

modul eRg dB,i oUSA) . Bl otted-dme mor dmneefWwgr dediore bl o
mi |l k ¥Tn (2BS mM Tr i s, 150 mM NacCl , 0.1 % Tween 20,
room temperature. Bd roec kreidn smeedmb3T atniendeosiviibng nTiBnSut e s
at room temperature before incubatiTngriohl pmigmary
overni gt Mdmbiranes were subsequdnthrypltimgedod3 6
mi hut es at room temperature before incublating in

rolling for 1 hour at room temperatur4d, Membit age

_|
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for 5 minutes before i magi ngCQR,i nyS Aa)n. Odleynsbsreayn exsF

were stained and i maged sequentially for individ
|l mages were analysed in Imaged using the Anal yse
normalised to at | east one of the followldng | oad

t ub ubtaicnt,i n, horh & mine CH3

2. 7CHL. mmunoprecipitation and taamdmlans spreparati on

spectrometry

Coi mmunopreci-pP) abboodemas@rect r oMM Ywas performed or

protein |ysates, generated as descr-Thap HKibtovfeor u
ARMS sample prepé@usgiioonpobdbt @FRsi $Thrfoonolt @ewki,ngttalk
manufacturerds instructions, swiwelr e omiex enb dti fd rcaau

pipettimctg ahdbé&&ds added to a clean 1. 5¢elml tube.
RI PA, centrifuged at 2,500 rcf fardedmiBeads 4w
washed agaiech ®B6h 660Atrifuged at 2,500 rcf for 2
di scarded. Protein |Ilysateselwerenodieldutaed tsd ot emg /e
ml of 1 mg/ ml protein sample was &Cddoevde rtno gthhte bre
following day samples were centrifuged at 2,500
removed and sthredgaé. 6Beaddvs wel e RieBRahed fwigteld %=Q
2,500 rcf for 2smperattdAC methovbhd and stored as
ced mmunoprecipitabeadostdepgesanoinowas performed f
manufacturerds instructi onsTrfaopr Ktihte elLtBhoef edhhreo nbo0T e
Chr omoTek -TirSalp GKFiPtr e afigl,eYynSEowas added to the washed
pl aced -heawegprleeating block (60 AC; 1,000 r pm; 1
al kyl ate proteins. ITheapCHKidmo MeDKME XKSTF ®GaFtReynd s iwma s
prepared as descr irbeerdds ni nshter umadnduefdast,tous5tOhe beads
incubated at 37 AC with 58L0 orfp nit STIOXPion g efaogre n2  hwoau
the fWéegedsti on and samples mixed at room temper at
were centrifuged, (2pdM0Otember2atmre) and the supe
ChromoTek -TirSalp GiPt purification cartridge, which
min at room temperature. The car®t rwadsghe bwiafsf ewass, h e
cri bebhoifrmcttiuemet 68cti ons. The cartridge was pl
e and the peptides eluted from the cartridge

collection tube was then placed in a speed Vv

nw ®© T O

uspemdicroghcetnt rati on of -LOADA lwsfifngr t(hreodkmttser

TO



50

O rpm, 5 min). Foll owing sample quality contra

MS/ MS using an Orbitrap Elite (ThermoFisher Scie

Ch
an
s e
as
t o
wa
Ma

Sc
vV a
ac
Pr
i d
an
Pr
an
pr
i d
St
co

| e

Fo

me

us
cu
b a

. 7P5otein identificati on

arge state deconvolution and deisotoping were

alysed using Mascot (Matrix Science, London, L
arch the SwissProt 2018 01 database (selected
uming the digestion enzyme trypsin. Mascot wa s
l erance of 0.015 Da and a parent ion tolerance
s specified in Mascot as a fixed moadi fiincati on.
scot as a variable modification.

affold (version Scaffold_5.2.0, Proteome Softw
|l idate MS/ MS based peptide and protein identif
cepted if they could be establishedeat greater
ophet 4dKgditietaH2ndM 2)h S c a fnfacslsd cdoerlrteact i on . Protei
entifications were accepted if they could be ¢
d contained at |l east 2 identified peptides. Pr
ot ein Pr ophNdas vaileghosil2totOn®y ot ei ns t hat contained
d couldi fnfoar ébret i at ed based on MS/ MS analysis a

inciples of parsi moamy.pPeoemrti nisn wareomrdiatsisen i

entified in at | east one of the biological rer

atistical testing was perfesmewi i hHdcehalffehrog di F
rrection was performed to identify proteins g

vel s between conditions.

.7.PBotein Ontology

r DPReracting prOtesonphbieldaertsi DOrbodsroi phhhi a na

| anogs tmeel anorgtatsadleags were i dent( Kuzndetusowng Ol
202PYy ot ei n o nitnotl eorgdyc toni@ gaPMporgaatseierrs was per f or

ing Shiny@ vOo2@8D0he foll owing settings were u

t off = 0. 05; mF n2 ;muma piambhmay 20 @@, remove red

ckground = all protein coding genes; select by

TN



2. 707 zol extraction of RNA

RNA was collected using TRI zol reagent (lnvitrog
t he manufact urdelr 6fsl.i eBsr ipeefrl ycomdi ti on were fl ash

were vortexed for 30 seconds to ateenb vfer drh ebh ad ihes

wings and | egs wmispgpevéd and d@8blected in 1.5 ml
mechanically homogeni sledT Rils i Riega gae npte swalse .a d2d0dedd a n
was vortexed before incubation Oalt atloowr dfeonrprer awal
added and the mixture shaken vigorously for 15 s
temperature for 5 minutes. The mixture was separ
mi hutes &tg RBQ., @BI®0of aqueous phase was transferrtr
without disturbinglthbhé TRWwWeRephgaseswaS0added anc

30l echl oroform was added and shaken vigorously f
mi hutes at room temperature. The mixture was sep
mi hutes &tg RBQ., @BI®0of aqueous phase was transferrtr
and d400f chloroform was added before shaking to
separate out for 30 sfecoaqueobefpmphasd8O0was transf e
RNA was perdecfirpoint atthe aqueous elphcacsled beyt haadndoi In ga n2d4 Oi
at2®C overnight. Precipitated RNA3@Wami pat keetatd by
rpm &t L he supernatant was removed, and the pell
in 70 % et hatnrodat@®@ih. ODWaPsChed RNA was pell eted by
mi nutes atmla&t.0@Oupernatant was removed without
before air drying for 15 minutes. RRNNMAer®dIdiHet s we
prrgar med °@.o BNMA was i mmedusaitmned P aA@Anh §Brednet er

(1 mpGrebnH, Ger m@mly samptesOd@fngM26l0d 2880 > 1.9 and
> 1.5 wer e-quPsCeRd. fRONA RVla8 €t boedf att her use.

2. 7DNase treatment and reverse transcription

RNA was DNase treated to remove any genomic DNA
performed using DNaseflee eCRmbh @,andg/ IRRNNR2a 0L ) . 2
added to a UubDHaswselt h10255 ncubat ix®dni eluss& etraland dH
reaction vol ume. ReactiCornorwerme mi mdu st ed betn I B
mi nutes to deacti-tvrad &t ©dNaRMA vwWadlsasssubsequently us
transcri pMLYNnrevehsdM transcriptase (klInvDNaoegen,
treatment reaction wast &M dreadn doom ah etxuabneea gsie h(hl n4

N8080127% aln0d mM dNTPs ( Meridian BiosciefQe, BI O

TP



for 5 minutes. Foll owing incubation, elt ubxe sFiwregte
Strand baf &0, mMO BT TDEBtRrGe a6t .©€6dwdHe added before
i ncubat i°@Ggf art 2B 7mli AMLtVe RT was added to tubes and
performed in a theri@odwyc!l d0 mimaitfegr, adbb2mi BUt es
7CC for 15 minutes.-26PONAowasaseoredeat

2.% RFTqPCR

Reactions ccechsi stDNg @lif | dlitliwtned 1gdr iDeePrCe mt & d 3

dHO and SBrilliant |1 SYBRE Green gPCR Master Mi x
individual wedlll g PCfR RhHG eML [ BB6B61) wi tRlmdgopti cal I
TCS0803) . Pl ates were set up with 3 i naxipe,ndent

GFP hypoxia, GR normoxia, GR hypoxia), with trip
and housekeeping gene (Fig. 2.6)00tdawoopl @&tkesdepe

replicates per condition amemplgat e Tcopliiocht ei new
was replaced rwiatt/©odDEIRIC e al so included for targe:
gene.

Pl ates were run™tnhea nal0 0Oy tMReuad h(neF XVy6s (Ram,) . Bi o

Pl ates for all target genes, except Pvfl, were r
plates, since primers for Pvfl had been previous
2 are outlined in Figure 2.6.

TX



m O O W >

M

GFP Normoxia| GFP Hypoxia

Repeat

GR Normoxia

GR Hypoxia

Repeat
1 2 3

11 12

10

No-template
control

Protocol 1

95 °C for 10 minutes
95 °C for 30 seconds
60 °C for 30 seconds
Plate read

72 °C for 1 minute
95 °C for 1 minutes
60 °C for 31 seconds
60 °C for 5 seconds
(+0.5 °C per cycle)
Plate read

45x

70x

No-template
control

Protocol 2

95 °C for 3 minutes
95 °C for 5 seconds
60 °C for 10 seconds
Plate read

72 °C for 30 minute
95 °C for 1 minutes
60 °C for 31 seconds
60 °C for 5 seconds
(+0.5 °C per cycle)
Plate read

45x

70x

Figure -RP®GR ReTxper i ment Schemadi ti of s plgRGR |eaxypoeurti nieonrt sR

three technical condition

1,

replicates are run per per

for all targets were run using protocol except Pvf

TT



2. TQRFTqPCR pri mer s

RTPCR primers were pur chaseQ)

concentratMoanofsygyOOhesi s

falredna ISt gana atn s ol u
scale of 25 nmol

Tabl e 29.PACR RBTri mers useBrimetéiweseudygitially

published use or computational design by Fly

validated for wuse in this study.

Target Primer SeqgB8éhces (5Dilu Source

Gene fact

Si ma F: AGCCCAATCTGCCGCC1/ 20 Bandeertr,aal20114
R: TCGGACACCTTCGAGC

dLdh F: CAGTTCGCAACGAACC1/ 10 Bandeertr,aal2014
R: CAGCTCGCCCTGCAGC

Pvifl F: AATCAACCGTGAGGAA1/ 10 Fly Primer Bes
R: GCACGCGGGCATATAG (PP26981)

Dor sal F: TGTTCAAATCGCGGGC1/ 40 Bandertr,aal2014
R: TCGGACACCTTCGAGC

Di f F: CGGACGTGAAGCGCCC1/ 40 Bandeertr,aal2014
R: CAGCCGCCTGTTTAGA

Rel i sh F: TGGATACCATCAAAAT 1/ 10 Fly Pri mer B e
R: CTTGTACCGAAAGCGC (PP2664)

dCYLD F: ATCGAGGTAGAAGACG1/ 40 Bandertr,aal2014
R: GCATCTGTTGGCTGGT

Di pter F: ACCGCAGTACCCACTC1/ 40 Bandeertr,aal2014
R: ACTTTCCAGCTCGGTT

DrosomF: GTTCGCCCTCTTCGCT1/ 40 Bandeertr,aal2014
R: CCTCCTCCTTGCACAC

Attaci F: AGGTTCCTTAACCTCC1/ 40 Bandertr,aal2014
R: CATGACCAGCATTGTT

TY
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2. LPXi mer optimisation

RFTPCR primers must be properly optimised to min
oftfarget binding, in order to accurately quantif

with c¢cDNA generated from RNA collected from wild

Each primer pair was testeM sattoctkh:r ele/ 1d0i,l ult/i200n sa na
Triplicate qPCR reactions were run for <€ach prin
templ ate control conditions. gPCR repctoitorm®| wer €
described above. Using -BRH) Maepti mabopt wamee ¢(Bno
were selected based on the presence of a single
and a Ct vadteenpr2d ei mebradixi 8hse/ Ddymrg € Plrmanekigrag

G1881) was ddcdned att@ ra;md cDNA reactions containir
concentration and reactions were run on 1 % agar
TAE atv T®¢ 1 hour. Gels were imaged using the Sy

i mages were used to confirm the presence of a si

whi ch i s nabenremltatien reacti ons.

Pri mer pairs were tested further, at their optin
efficiency. Pri mer efficiency should be comparab
housekeeping gene, as this is an assduenipttai)o,n amadd e

as close to 100 % as possible to ensure that res

concentration of target c¢cDNA. Optimal primer corn
curve of c¢cDNA concentrations, set wupiagdtoubhen
protocol described above. Mean Ct values were pl

det er mi Avaltlhe fRor each priwear upai>r0.. 9 miansi nmueny uR r

pri mer pair to be used in final gPCR experi ment s

2. 2Ahalysis

CFX Maestro software was used to extract raw Ct
wel | s, to identify any aberrant reactions to be
were used to calcul atedoeldlaed t ae mexhoessiAoal ggi AN

plates was perfor med sy€pad(adtaesleyl,i nbey) cfarlocnu ltahte nnge

values of all 3 technical replicates of the cont
Il ndi vi dual GFP Normoxia replicates were compared
i ntrerpeat variabilitynaanydsipser mit statistical a

TO



Double delta analysis:
qCtconcroiMean tiadnBl®)a €t housekeapbing Ct
QCtlexperimenMe@n tadpgre hMeGdn housekegdimg aGt

PRt S texperi mdtlaciont rol )

Rel ative ex®fession = 2

2. BAImp | ex Reads sHay

Ampl ex ®@adskHy was perf or me¥Reuds i thygd rtohgee Mmp | e x
Peroxide/ Peroxidase Assay kit (Invitrogen, A2218
protocol . I n brief, male flies were cold anaestHh
conditions. Fly brains were imd|IHda€ld, by mMsKEIct i
mM MgCIl10 mM3NaHIC®DO mM sucrose, 5 mM trehalose, 5
Ca@l on a-csoyaltgeadr ol at e. 3 brains pelr ocfoncdoiltdi oHL 3we
96we | | pl at e, kept on ice u®nhithal samengli atensaw
cur veOxovasH pr ep afroeldd bsye r2i a¢tM did.i mt Hao & . oof 5N61 0 O
Ampl ex Red and 0.2 U/ml HRP in HL3 was added to
The plate was wrapped in foil to pr°6@teot BHhe dye
hour s. Fl uorescence (544/ 600 Ex/ Em) was measur ed
pl atereader (BMG Labtech).

2.8. Generation of graphics, statistics and fi gu

Graphs were generated and corresponding statist:i
Prism 10 software. Mi croscopy i mages were proces

using BioRender and Inkscape. Figures were compi

YM



2.9. Antibodies
Table 2.5. Antibodies used in this study

Anti body Spec ConcentratSour ce

Pri mary

An-CRM1 Rabb WB: 1: 500(Proteint ebAP)(
| HC: 1: 251

Anitr AN Mous | HC: 1: 50(DSHB (8B12H9)

An-e ki d Mous | HC: 1:5 DSHB (B11M)

An-si ma Rabb WB: 1:500(Gi ft DfFromabl o

| HC: 1:10(Wappner
An-Al pha t Mous WB: 1: 50, (Proteint eklhg)(
1:5000
AnHi stone Rabb WB: 1: 500(Proteint ebAP)(
AnBeta aciMous WB: 1:100,Proteint&Xlhg)(
AnBet a Mous WB: 1: 500(Promega (2378
gal actosi t
Antami nC Mous WB: 1:100(DSHB (LC28. 26
| HC: 1: 20

Secondary

Antabbit "Goat WB: 1:500(LiICOR (-®2671)
Antabbit iGoat WB: 1:500(LICOR (-32311)
Anmbuse 71Goat WB: 1: 500(LICOR (®2G70)
Anmbuse 8iGoat WB: 1: 500(LICOR (-323B310)
Antabbit | HC: 1: 25(Jackson | mmun
(1411680 3)
Anmbuse C'Goat | HC: 1:25(Jackson | mmun
(11%-B8083)
Anmbuse C'Goat | HGQ: 250 Jackson | mmun

(115-546)

Nanobodi e
An-GFP ATT(CAl pa | HC: 1: 25(Chromotek-109DH

YN



3. Il dentification of DPR interpetaitng p
DPR model s

3.10ntroducti on

Sinceditshceovery that RANC:;tepeat atexgam gfoddends
DPRs, research has provided evidence pointing to
medi ated neur odegen(eMiazii eslni ,rasiddaldie s el® 1 4et Tr an
al . 2015;etMoaeh®18; eSto,laoldmdbh&Bpwever, there is confl
with regards to the degree of toxicity of each o
mol ecul ar mechanisms of their toxicity. This is
di sparity in DBRedepebatwefb MogQshestti ea2019; eRadwan
al . 2020; Kt i, akBOR&»M il e the majority of studi es w
repeat s, recent studies modellleer A NDPRD ODf reae pehayt si
cell s, zebrasopglinlakitls tad2r0 1 6 ; Swatm, anla® h &ent Wals t
2020)Theseep@e@ad® DPRs demonstrated patterns of DP
|l ocalisation of DPR inclusions that were differe
to what i s ogean vierd pgdtsisairet. However, study of <cel
mechani smsr eopfe altOOMPR toxicity hdRylmemem2ORBewhat
Bennett tal2028&) ven the observed danfdf elreemg ®ts DRR e e
it is possible that mechani sms odndPIRep@atcity a
DPRs. Therefore, we ¥Pbelpiceavte DPIRatmowd®il sgi 00 Omport e

mechasms of toxicity associated with the | onger

One key feature of DPRs is their propensity to a

posntort em (tMosrsiu,eetiWeal@O0l1l3perrant protein aggregat:i

range of neurodegenerative disease including Al z
FTD/ AlMaster,aall985; Spiabhaeavi ndeyaR 00 6hese

aggregated proteins can sequester physiological
|l eading to impairments in the biol 6@l zethmidocess
2011)This can | ead to negative effects on cell f
DPRs have been shown to interact with and seques

t oxi(dviagyty , al2 01 Hpweveprr,otleBFRM i nteractions have not
100r0epeat DPRs. Given the mechanistic role of pr
neurodegenerative diseaseepeanhd modiedsncerdbtemns s
by DPRs is aibmkelfy DR&c kpamite®iitny.i nDRR actions pr o

protein sequestration to DPR inclusions.
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Therefor e, the aims of this chapter are:

l.1ldentify proteins-rtehpaetati nDXPeRr ascpte cwietsh 1000
2.1ldentify biological propgretseisnli keeyaatfifecs e
3.1ldentify modifierGRi ot eGRct doxigciprypypti om

3.2 Results

3.2.1D0r0epeat-i MtPRr acting prot eitnasn daeraes si denti fi ed
spectrometry -iframdmmawp mgcicmi t ati on

DPR nteracting protei bhsndmeases i deerdtirf/faMsdtf rays | (NS n g
cad mmunopreci-pP}yavof onn¢rceopg edauta | DRARLDOf rom t-he heads
neuronally ex@akd4s{hbl I nhSybdi vi duhad a dsP Rfsr o nrifgl.i €3
pa-neuronally expr ¢agigreg DPRPRYd UB&PP), or a GFP

contr o-mCD&B&A®P), were | ysed anidmnrhunsoapreesc iupsietda tfiooan
chromot eTk a@FEP magnetic beads, as de&sb).i bEdI | awt h
cCo-i mmunopr e@ilpiAteaadd ocdhi gesti on was performed prior
interacting ptrHWMfeseesmeshodsME. 7. 6). Bi dMBatar mati
was performed using Scaffold)&adpblei pyéPaftaeceé oMe
Scaf f ol d aannadl ypsriost ei n ontol ogy wer e /pgM&amfdor med by
Mascot analysis WareepsrfprmedShgffield Faculty
Spectrometry Centre (University of Sheffield, U K

YO



Mass
Spectrometry
Fly head
lysate \ \Wash
# unique

Condition proteins

Total: 2055
. GFP 1540

Incubate Digest S %
- GA 1572
. % . {. . AP 1478
PR 1592

pre
GR 1439

B

GFP GA GFP AP GFP PR GFP GR

GA AP PR GR
'Significant DPR-interacting  ~~ __ i
|
llproteins (p < 0.05) 12 20 37 93 :
Non-significant interacting
proteins (p > 0.05) 2039 2016 2002 1912
Significant GFP-interacting 4 19 16 50

proteins (p < 0.05)

Figurdsd®.llation and i deinntidriaattiimfn) pFohDePiatsi c of co

i mmunopreci-pP)abf oBmMREeG®Eting protE&€iGF® asi bgi DPRL OO @
Bl ack cirtcrlaepE meaFgPnet i ¢ bead,ntYeerlacotw nogv apir o=t-eDPnR Gr ey
interacting protein, Orange/ blue ci r&)l e\e n=n DdF RalgOr0aOmsw i
illustrating the number of unique proteins identified
condiGQ)Tomdfleumbeuniodque prpoutteibnys Fi shersd Bebx @&dent n i

Hoc hbeceargrection (p < 0.05) of eaech DPRthgai sstud@FR.r eP

in red.
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A total of 2055 unigqgue proteins wer e -610d0e nbteiifniged

identified in each condition individually (Fig.
of the DPR conditions were also identified in th
these proteins |likely intermcadadviitihon hteo GtFiPe t BRR
t hemsel ves. Due to this overlap, two strands of
interacting proteins. First, proteins which inte

were identified by their omrdéedémames.i PRDPRtlutacn @t
t -@GFoPn i nt eracting proteins followed by GR, GA

mo s
proteins respectively (Fig. 3.1B, Appendix). The
0

proteinso.

Secondly, proteins which were detected at signif
GFP conditions Fwgr e 3i d €npFti Sthipe ddi{exS;xt aovti tth Benj ami
Hochberg correction, p < 0.05). I n addition to s
previous group, this also identified two other g
GFP tag, for whoinc hi st heen hianntceerda cbty t he DPR; and th
GFP tag and the DPR, wi tPiR. a GRi gla@r t&fef moisty sfigm i
interactions, foll owed bB3y7,PR,0 AaPndt hle2n pGAo twe itrhs O9r
(Appendix). These wil/l be-imefeerarce d ntgo padties ingmi. f
was overlap between the proteins produced by eac
to one or the other.

Results from both strands of analysis demonstrat
bet ween t hceo mtragiimiimge DPRs, PR and G&Rgntcaimpiamgd t
DPRs, GA and AP. -WbhnteaitbhhegabD®RBei g hirbdtteidn si mi |
interaction in the first strandprodt eainmliyrsti esr, a d thie
was mar kedly reduced compared to that of GR. The

similar | evels of protein interaction across bot

3.2.1D00epeat DPRs interactomes are enriched in d

processes

Foll owing idenitnfercacti iomgopr ®P&®i ns, we sought to
processes enr-HicthedadtwoirndPPRr ot eins, as those are
protein interactions. Proteimtemtaclt sgpyrwamobeée hf C
strands of analysis to identifiyntkiralcddingalprmpn ed e
each DPR i ndi-ivntdewrad dtyi, n@PRr ot ei ns were compared
GOBi ol ogi cal Processes database t o hiede ntoirf yDPaR | P
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interacting proteins. The 20 most significantly

through network analysis to identify shared gence

For the 179r®A+i@GBR a tot al of 63 biological pr
significantly enriched. Among the 20 most signif
number of overlapping organic metaboliixcmpwiotche s s €
ficellular amino acid catabolic processo, fdfal pha
amino acid metabol i c 8pnbd efeas|®dd ebneriincgh ed. Ir especti v
B). A separate cluster of eNAipghedepsiocgsamrd mer
with AncRNA processingo, fAncRNA metaboli c3.pdroces
and -f2al6d enriched respectivediygniFRsAgcnatretr 28t i B)y. F
proteins, 105 biological processes were signific
overl|l ap between the 20 most significantly enrich
fell into two categories: Kell s @ad c loargiahe sme ti amo I
D). Apart fr ornbcceystsoessk,elseitgani fpi cantly enriched pr
driven biyntwonaGAi mgupanatidhngyg)g (

177 AP+pIG&FtPei ns were identified and a total of 1
among t hem. One distinct cluster among the 20 n
modi fi cat i oamn,dfwiltdh ehQ.iTT hment i n Aplphoplydtaitdywlnion

and Alipid modificationd respectively (Fig. 3. 32
among the most significantly enriched, especiall
the 20 most significantly2@nsighedipnotesoaeser @€t
were identified in AP and among these-19@dr anmul t i
Myosin heavy chain, which constituted 7 of the 2
uni que si ginntfercamtts NPepeat ednsi gnificant enrichm
processes. 12 of the 20 most significantly enric
and transport processes (Fig. 3.3C). Cytoskeletoa
organell e tthosparty pasicle and mitochondrial t

to -la&ld 16Bd respectively (Fig. 3.3CGMmusdMgotiebt i

devel opment o formed an overlapping cluster with

Anal ysis of t hper a2t8€3i lPPsR+r eGFePal ed 199 significantl

processes. The most significant processes predon
the cell, -andI|fRdlédhge2r.i3chment in bracadmpldecad £es
| ocalisationd and Aintracellular transporto (Fiog
within these transport processes: protein transfg

secretion pathways (Fig. 3.4Bpif Btiamtt srPRctailnd est

Y 2
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, enriched in 97 biological processes. T
with more | imited overlap than in GA an
t and | ocalisation processef bivesVyappedi
s and membrane budding and fission proce
nrichment. This high enrichment is drive
thways are significant proteins in PR.

eins were i-dedtwéiedf asn&GRt+o GIFre® enri ched
s 17 of the 20 most significantly enric
s, with the broad processkbufimactomobpor
ablishment of | oeal2as8dtfRol8d wanrhiionhede |l | 0

vely (Fig. 3ré&dlAdtedmpngcedhesse, wSoeé gti he
, fTopdt § F1g9.6 5A) . Alesro ooff 4n obtreo awda se xao ccyl t uos
n procesSeFowthi ehr wehed4(Big. 3. 5A, B) .

ing proteins were identified in GR, assdc
al processes. Thaendg elnoecraalli stahteinoen opfr otcreasnss
among-i atgnattcagt pGRteins, although mul

s emerged in -ftcdlid egmroiuphmdrnth (Ui g.o 3.15C)
pr ofcoelsds eesn r iacnhanpelnitc isni ghinsdyloll idn gedn ra rcch nke.n3

| synaptic transmissionodo were observed.

ic vesicle cycleo, these formed a rel ati v

3.5i®dincAnothseted included, d&mdmg ot he

nt i n niiestmaablol!l incod peecoud ee8 sdd se nr i chment i n Af

ic processeso (Fig. 3.5C, D).
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3.2X3P0O1 and CNOT1l are potenti al modi fiers of GR:

I n an effort to study -ptrhoet emenc hianntiesrtaicct iroonlse aonfd IXF
bi ol ogical processes in further depth, we sought
GR is the only DPR that has been cnoircraell asteevde rwiittyh
patiE@®fdleetr,ial2018;etSaakacl8; Qereaeaqad®UWBR al so appea
to be the most toxic DPR in mesetpe@mRR DnPdRd e Il sy, mondc
which demonstrate a severe w+ellactidoneichi fhley i ni ine
functWeeait ,al2020n this model GR is also the only
43 mislo¢caVestani2®®20herefore, weprfootceui sns eidntoenr aGR i

and their related biological processes in our ir

To further focus -ontefaveshggptobei n&SRwere short

screening. 6 proteins (Table 3.1) were selected
processes; disease relevance; homaVaglhabnl huwmaats
reagents (e.g. antibodies, fly Ilines).

One of the most interesting processes enriched i
which are extremely important in neuronal functd.i
i mpairments in synaptic vesicle dynamics have Dbe

(Freidauam20l1l5;etZhadn®®ls5; ePeakRio”R4d). As such, two p

selected to represent synaptic vesicle processes

Shi (DNM1 in humans) was predominantly selected
processes identified from. DNM1 was also found t
significantly enriched pmoceascsdes nfyr pmogsiedg misf i ONA
rel in endocytosis, an important process in vesic
transmission. It is therefore unsurprising that
with paralysiBr pshephdlypas bheoaen studiaed oaxttdrsieve
phenotypes. With regardg Lted AdLISGRENBNNMDbcex prsad s iomn
(Ger sthmedit ,al2016) has been demonstrated to be pe
al so been identi fi ed3 atso(xB lcaetditatiqr Gd fr dThmaR and P

Nsf2 (NSF in humans) was also selected to repres
found to be present in 10 of the 20 most signifi
GRi nteracting proteins, so is alscelsi. kK&ISF to rep

functions in SNARE recycling, thus playing a key
and synaptic transmission. NSF is not widely 1 mp
di fferentially methyl ated and Léedeetzpal2@87 on dov
Mor alkanadQ09) .

©
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GCS2GANAB in humans) was selected to represent
GANAB is tHesubamalytifcthe Glucosidase 2 protein

c
h

r

ontrol . I nbsukshi ngWwgs aheo i denitntfdrealctaisng pria

owever we were unable to study this due to poor

GANAB function is associated with impairment
uUubsequent ER stress, bot hi mfs AvlhSed(h| dH2a@vQed ;b eMeans ii d

S

a

N
e

RNA processing f

P

p
2

p

nd Orlando, 2022).

otl (CNOT1 in h

Xpression throu

R/ GR interactio

of

mans) f uOTi cwroanp | &@x , p amt raefg utl tad

h mRNA deadenyl ation and trans]l

nction. RNA processing has been
s andettoxl2@22)y. bOhemeffoheyr eCNQT

u
g

ncluded under regul ation of biological tguality,
u
n
0

epresents pr
0 neurodevel pmeeaet abl2dRIDay , (Vindsermsing its

ystem.,

11.1 (mROH1 in humans) is a protein that has

usly identified RNA Dbpereonc elsisnekse d

mp

(

no

as not been fully elucidated. However, it has

b

ndosome/ early |l ysosome and accumul atedes, adt. | ysos

014). Additionally, mut ations i n -ImROHslo Mhhesa d

t o

Thomason, King and I nsall, 2017) . Al toget her,

t

ut ophagy and endol ysosomal pat hwayisc.h eWh-iilne GQRh e s

nteracting proteins, their dysfunction has beer
ncluding C9 ALS (Ot omo, P aent ,aanld0 HA)d.a nToh e r2e0fl1®@r; e ,E

elieve thaGRthet mROEL1i on was worth studying.

mb (XPOl1 in humans) is a key nuclear export pro
f protein and RNA targets from the nucleus into
nder the enriched | ocalisation anxtitemaalspobrtoapd
nd XPOl1l cannot truly represent them in their en
el ected based on previous studies implicating
i se@kreei dauym2015;etJoavli2013;etZB@AG) . I't is highly
ontended whether there is a role of XPO1 in GR
resenting evidenceeti aB6o/Mrnmasstt (&H0r1edi;b akbunt & B n

020; ®@makoO21; Jafarinia, Van der Giessen and C
articularly interesting target for wus to study
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Tabl eGRi.Mt.eracting proteins shortlistBdofopgpknpkaetic m
and the estimated human orthologue are shown. DI OPT v
homol ogy [bred svepmd|l Auman genes using data from multipl
a weighted ho(ntoelto gy2 0sickoyrhei gher score indicates greate
Dr o s o pgheinlea Human ortho DI OPT homcFuncti on
score (/1
Shibire (Sh Dynamin 1 ( 13 Vesicle
recyclin
Glucosillase Glucosillase 13 Protein
subuni tU)(GC subunit (GA and qual
contr ol
N-et hyl mal ei N-ethyl malei 14 SNARE
sensitive f sensitive f. recyclin
cll. 1 Maestro hea 12 Lysosoma
repeat f ami regul at.
( MROHL1)
CCRAOT CCRHMOT 14 MR N A
transcripti transcriptd.i degradat
subunit 1 ( subunit 1 (- transl at
i nhi biti
Embargoed ( Exportin 1 14 Nucl ear
Not aptoG®&i n interactions and related processes
relevant to disease. It is therefoprotieipmomrtant t
interactions mediate GR toxicityeimy fgemermaodadi fsice
GR toxicithrodHepkee!l ahevi des an excellent platfor
screening and has been used (EKkneindgtdwal2y1l5;n Bharmg
et ,al2015; Boeyald@oéméet WakRkRD20he genetic tractabil]
Drosophéeombi ned with the commerci al IDyr oasvoapihliabal e
genes, provide the necessary tools for robust sc
compound structure of the fly eye is disrupted b
defects which can be easily visualised. Commonly
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2020)all owing quantification of eye phenotype se
(GMR-Gald4 i ver, speciUAoasprescdsisom amnf be GAMIRi ven i n
Galwlas used to drive expredA8omsofr uUGR5000 &howr s

RNAi, or overexpress shortlistedA®Pproemenns .t Whfelni
it is Iimportant to use approprUaleememt s ot ¢ ovo n th
for titratdAmCheiRNGadd. used avra RNAnt I WIAETfs , whi | e
MCDE&EGF®Ras used as a control for overexpression |

at 9t o enhance activity of the Gal 4/ UAS system,
eye phenotype severity.

GR1000 expression was mildly toxic alongside con
Ssimult &kFPoespr es36AonB)Fi ¢FP expression with cont

conferred very mild toxicity, but | ess than was
DNM1 c asuismeidliagrn,i fp c<a nQl. &OWOI1lyg of | et hality both GF
expressing flies, with 61 % of36A,l iB)s. nTohto sseu rtvhiavti

survive demonstrated relatively severe ey-e phenc
expressing flies than B®ei B)GRIPf¢caamtlee tphaait iOt. 0 O
was al so seen with knockdown of NSF in GFP and C
dying before adult B6/d,d B)e.s pWicitliev etlhye (dcé ggr.ee of |
reducéR1060 compared to GFP flies, the eye pheno
across both genotypes. Krso gld ¢ o c<amr. eidROdHL) icaru sien a
eye phenotype severity of GR1000 flies, with nea
phenot y®36A,( FB)g.. Howe vseirg nitfhiec samtmé(fpe ct OnvaGO0 I )so s
GFP where 98 % of flies GANAWe k nrod kalyoawvnp tsa mpati yf p e .:
effect on eye phenotypesiaofl GFPr9%8sBp exR ifvieileys) (p =

Knockdown and overexpression |ines werse avail abl
CNOT1 and XPOl1l. The overexpr &a&liroinv elni nheu niaonr CONNGOTT
rather Dhasnoghiekea RNtAL. knockdowni gorfi f€iXoaatrktribyat e d
eye phenottrp£e0iD1GOGRHOOP > Of [9I99WHA Fi B). .
Overexpression ofi ghmu rmraecdagdi€ddylt he severity of eye
GFP f(lpi e0s. ppOubtBd no signiidf i GRNAQ@fHleedmpBd) ed

to GR1000 flies overexpr &65,i ng) .GFTPh ea sl ian ec ofnarr odv
of XPOUAW@ae mp whereby expre®sobeonpbot haembgpehef
XPOl1l) tagged ewintimatlhena@ f of t he HURA&Oorievsecne ntDuper o
to major differences in reported knockdown effic
were tested: BDSC: 34021 and BDS®@n3a1X®301 denoted
respecti Wehlayss aXPrelported knockdown efifd criemaxryt eod

P



at 400Kmzaki, Yamazoe akKiwindo clkndoouven 02f0 XOPOILT(Ip@aasstE d &
O. 00r0eluct i on -aisns 0&ER 1a0t0e0d ey e p h e naoptpyepaer esde ivset rriotnyg e\
the stronger kndtkamnmar dd hfdo KemMA@¥iemi | ar signific
effect was seEXPO®h pARANAXPREp 0. DOVRr exprodssi on
XPO1 was 100 % |l ethal alongside expression of GF
al so caused lethality in 76 % of GFP flies, t he
eye phendti ypB,e sB) .
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3.3.Discussion
3.301lHdentification ofelpivyaapindddeRi cal il yteracti ons

This chapter begins withibherb&atctshgi deetppelisat nc
DPR model . -Whi éea®fPiRng proteins have previously
met hods, as summarised in Table 3. 2at tlheensget hsst udi
<17(5Maeyt , al2014; &Eara28®&18 ;e tMoae®19,; eRa dawain? 0 ;

Bozetl ,al202€t ,®#B025B) ven deepehedregtheffects on toxi
mor phol ogy and |l ocalisation demonstrated in DPR
investi gatpiron edafn DMR eractions using repeat mode
|l onger repeated einmtpet iodbrstes.v However, it is impo
this experiment conferred by the €Ppeni wmaotl al se¢

Drosophbadal ysates exposes the bait DPRs to prot e

despntg being expressed in neurons. Thisi t€Mmay r es
viwhdo ch, while possimbl @uewad wl PRt neveur bei ng p
cell types. 8SePc osredluy, coauprt ucroes proteins which in

conditions of the |ysis buff ern ¥RdvPdAi,t iwdhn s hu mdhegr
which DPRs are found. The use of a stringent | vys
insoluble nature of the | ong oDP Rve,alphrdPdevienr may r
interactions. To couBbDedth da2l0tdBgesde Bd roa wb apor kosx,i mi t

|l abelling to | abel only thoseyvpvmttehaeascaealnlteriarctw
are expressed. While this method does have advan
of l'igating the BiolD biotin |igase to each of t
faced in the produchHAPRINO 0adn dc ocnl sotnri uncgt so,f tthheer e was
BiolD proximity |abelling in this project. A mor

the use -bifnadio®PRBipi oneer edXiiomtgzE@H0.210  ht dbryget Bi
to E66BRBged DPR1000 without the need for cloning

3.3D2stinct protein interaction profiles betweel

Previous studies haveonhndainthi fgedPRbeamarghei mest
terms of protein interactions. Our data demonstr
promiscuity of GR and PR, compar-addt ciAhidnd a®A,
DPR nteracti(mRadpwrdon alR®920pt BaRiOI2TZhi s increased pr
binding is Iikely facilitated by the positive ch
DPRs. The high toxicit((yMiodi e8lR ;astddnlRPIBt iWeldfdddel s

Frei beatumal201 %t ,Bd2001 ®;t ,lad2eQ0 1 6 p mbi ned with their p

oY



shown here and previously, supports the hypothes
potenti al mechani sm of toxicity. I nterestingly,

number -ionft eAPRAct i ng pr ot iHaY t adammd2rOelds ; & oM,0&R.s

2019; Reatd wald02®Here PR interacted with more prote
but GR had notably more proteins which were sign
di fference between our findings and those of pre
di sparityengthepeaween our models and those usec
repeats PR has been showrf Weait ball2hbadeetfIol2E1%han

Leet ,alRQ01®6ut at 1000 repeats GR appea(rWesstubst ant

al. 2020n accordance with interactome findings.
Previous studies have shown distinct DPR interac
parti al overl ap between DPRs that varies between

examining protei-inntoenrt @d toigryg offr OtPRi nenr Thkeediost s
processes demonstrate very Ilittle overlap bet wee
l ooking at the proteini ohéewmbdogiyngfpsogai fiscawit Ik
of overlap between protiennenmadmilsng yp kdetl HPRYeGE B

increased number of proteins included.

Table 3. 2. Summary of DPR interathbomeastoddeesi addnghe
summari sed for each DPR studied. I nteractome includes

proteins where such analysis was performed.

Study Model sysMethod of p DPRs I nteracton

identi ficat stud

Mayt Primary r MS foll dwi mm GAL49Ubi quitin
(2014)cortical DPR as bait proteasome
Cytoskel et

KanektNSC34 cel MS foll dwi mPRO Translati o
et al . DPR as bait Ri bosome a
(2016) MRNA splic
Hart mePrimary r MS foll dwi mwmPR75Ri bosome
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Bozdetl HEK2093
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3.3Ldcalisation of DPR interactomes aligns with

As noted above, one | imitation of our experi ment
exposed to complete headi hypabee,] nwhintclermay iloaad
occium vi®mwe artifact that may ari sei ftreomadthiirsg i s
proteins and processes from not just cell types,
not contannvDPRerefor e, it i s important to consi
identifiedMBypeoewuir mtist s i nurt hken ccwlnet degxete ooff PR | oc
doing this we can consi deprr otthee nl iiknetleirhaona dv oonf® tohce

| D r osopkulrans, AP1000 was observed with diffuse
and as perinuclear cytepl a®Mi2d )aggrheg &tRe sva(sWaente
wel | represented cellular compartments among pro

AP aggregat

e

While ER |l ocalisation has not been described, p e
es are IiEnR.f alchte lootchaelri sweed It or etphree sent e
s

compartment in the present i nméArPrhr-abdsedt in GFP
orgahes, mitochondri a, cytosol , nucl ear | umen ar

been previously describedprobmein istéi&etiyondhaar

the experimental protocol . Di ffuswelgr aneul ar cyt o
representative of the presence of AP1000 in the
AP10-pOotein interactions, therefore increasing o

Additionall vy, AP1000 was obs&revted otho acnal caecdlli sner
HelLa cell &t (, @#lI0l11li69t.erThi s aligns with the cytosk:
most well represented cellular compartments amon

present in AP but absent in GFP, respectively.

I n both HelbDa os@lpleasramd , GA1000 was observed as
and perinuclear cytopl @asmiaOdggt a\eRtDLD ) (. CaAlxloinsatl €

aggregation aligns with al monstteraalclt ionfg tphreo tseiignnsi f
cytoskeletal. A wider range of cellular compartn
present in GA but abseembrédho@REPaniendlesdi nimg tmoaermh or
cytosol, nucleus and vmemikriesendcCyomongadhelcl anpgr mtoe
highly | ikely to be exposed to GA1000 aggregates
Mi tochondri al , vesicul ar ae&md drewscacclrda dbre dGA LT W@Wd chaa v €
DPRrotein interactions mawWowetvebe otcusr pogsi bl
GA1000 aggregates observed in the cytoplasm al so

PR1000 was observed with al most entireky nBalbcl eol

2016), whegte.as{ 2Mex) observed nuclear and cytopl

NM=



doe

osopbufrans. However, nuclear and nucleol ar pr
s of-iAPReEO@@ting proteins. While the |l ack of

prise, given that ®©Ohiosophihprwadhame Hedmameal il r
nucl ear proteins is somewhat wunexpected. |t n
s not interact with nuclear proteins, despite

We sett 681 observation of mostlgl cwaopdrme mifc tPHRe 0@

S

0
0

t he
e
e a
f

N
® O O
- N O

nei
The

wh e

anbBr oso

i de

However

and
cyt
but

mpartments represented by proteins present in

mpartment most well repr es e nitnetde rbaecttwienegn pbroathe is

pl asma membrane. Whil e pllacarai sretnibam nsep ehaisf inc
cribed, pl asma membrane proteins would |ikely
ding us to believe that tihnesve Ninrtteagreasdti ingid s , ar
synaptic proteinPRWO-DABtaltaotodent Obsedvad cyt
alisation of PR1000 into the neureitt,easl .may wel
0), but synaptic |l ocalisation specifically ha

[ ul

QO

r compartments r-eprtreseaoatiedgampoogePRE0@OT €
ochondrion. While | ocalisation of PBHOOODOtt o t
wel | be the case that PR1000 is present in t

osol, |l eadiappetarandeffhroughout the cytopl as

HelL a
alisation, although some nucl eodtaralpO@é&6pnce v
pite ieg ,0603d (A2 OWels)t obser vati dr osfo prewd laenasr, GR
t her cleolar nor nuclear pr-ohteémacwiemg pudet
, it may be the case that GR1000 does n

cell s, GR1000 was observed to have a pre

—
>

c

refo

-

n pr nt in the nucl eus. Bevfefdu sien cbyottchp IHesLmi ©

Fans e€CahkhlIRiosltbet WaR D 20) , but cytosol W
as one of the cellulatecampangmpnosect

s i n PRZONOtOe r antotsitn gGRo1r0o0t0e i ns bel onged

synapse compartment s .coRmwrpoatretinmesn tisn weoiutl hde rb eo fe

= o
® ©® o O S
o - o

ntif

Q

oplasmic GR1000, |l eading us to belieaveitvlmat t
not as part of GRda&Ot0I0Ood oicraltilteads e omo mp a ratgrme ret

Similar to PR100O0, a number of ER, mi tochondri al

GR1
it
i nd

Al t

oODa@teractors. While specific localisation to
i s possi blce toMatditfHeal sper eGsRELM OO0 i n these compa

i stinguishable amongst diffuse cytoplasmic GF

oget hed nttemeacbPRg proteins identified in this:s

compartments -repeht cDPR806Gave been observed to ¢
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t h
nu
e X

no

ere are some notable exceptions to this. The i
clear proteins, despite there being no reports
peri ment al protocol. On the etbtetrahmanng DPRwpd
t interact with nuclear proteins, despite obse

DPRs. It is also worth notingreéepaat DRRs i sasibae

ob
co
fo
pr
Sy

served as diffuse cytoploxzamhicabhuitonhd®o maeatl | et @an
ntained with the cytoplasm, perhaps due to ins
r us to comment on the validity of our data wi
oteins in cels$uthrasompaotmendsi a, vesicl es, p

napse.

3.8.GA exhibits a lIlength dependent interactome

As
st
t o
me
i d
et
re
by
Th
p u
dr
i n
i d
k e
10
nu
i n

et

al .

pr
id
pr

t he DPR found most c(@Man®kderyz, iiaal QMa&tAi ehmmts thiessnu e
udied extensivepyotia@ai nel atéeoactioo®MPR Additi ona
aggregate makes it a particularly relevant in
chanism of DPR toxicihgrt Muépéat eGAtiunt esaof orr
entified enricimente aismo meh & § Mbegtqnu a([BUPIES) ; Radwan
,alk020pt BakRiOl2e8t ,aR0D2t ,#R02Whil e there were n
|l ated processes among the 20 most significant/
smal | protein removalod was signi-proamtilng.entr
is enrichment was darsiesermnhy rtelges| che Whi @uiottien ns
f. This was also one of the sigaLéucaBDPy)enri
iving the UPS:¢pgmrtiecltamedritRgetp (@BA.2Rpat i fied a di
teraction between GA and the proteasome via PS
entaiss i@Mhteracting protein in our study. Given
y -p&dAot easome interactions and | ack of enrichme
Or0epeat GA may not interact with the UPS in th
mber of-pobhei nGANnteractions identified in shor
our study: the  Maeyth anRod 1lodg;e t Zohha2nkpA B X Ma Yy
,alROoO1AY)Tean, al2023NVRPenstenal2020nRNPA3 (aNnidaeATM
200Me0)e not i deinnttiefriaecdt iansg QA ot ei ns her e. I n f a
ocesses significant!| y nareriachad gf @rr odied misf ihaaret
entified in prpervadtoaisn sitrutde reasc toif o rMGsA. Esri chment

edominantly driven by the GA interacti-on with

3bGEK3 )Y N human8bi.s GSKibi quitously express-ed, con:

di

rected serine/threonine kinase impliimmuread in f

regul ation, metabolism, microtubulSbkeypénactivitanr
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has been implicated in Tau hy@aewphosphlaecrcyimat admn c
neuroinfl amma43 otnoxindi tTY,P al | hall mamlos eof FTD a
wi dellyn®deeoed opbipgl @aas been shovdre pten dreetdt3d afitlex iagiet y
(Sreedétar@al@015Further mor e, -Bbehratsu rabl astoi obne eonf sGSOKwvn
di srupt neuronal s{OwehuaerdW&adk €,0g2@&03,;a ik OnG ;

Gobredahtal201dt ,&aRD14AsGSKKBblhas | ong been consider
promising therapeutic target for dementia and ot

Cytoskel et al processes were notiakleyr aecrntriincgh epd oa nec
driven by multiple protein interactions. While c
previously been &Msaepic,iaalz d4 Jwéy hatG& mor e commonly
with thecaoanrtgainninndga OwRRs al202 0 ;etShailodx2a%B) ven our
findings that cytoskel et al processes are heavily
GR, we provide evidence tcowmdradsia gr dIPRsofi nt e eal
di sruption that i s sedibaite h@9I2A0L1ST y)mod oma yn euur pooes t
al | DPRs are capable of perturbing cytoskeletal
mechani sms. Whether these pathways converge r ema
whet her each DPR species is mtrlesrentpri emvitdes seaved
suggests that DPRs may interact with each other
properties, which may | ead-i hbef gchtalré i ndil2f0f1e9r; e nc e
Wesett ,al202&) mil arl vy, the existence of chimeric D
di stingtotDPIRN i (MeEacttij w2820 ;etlL,aalni 2 D)

3. AP1000 exhibits a small but novel i nteract ome
As the | east preval ent and toxic DPR, AP i s rel a
DPRProtein interactions. Those studies that have

protein ihRsedwaen aRO20pt BaRRiOl2™Which is replicated
While this may be unsurprising given the apparen
( Mi zi eelti,naslk®l 4et Weld014; Betyakeémé; Xu andtXu, 20
does not explain the electrophysi ol egisceal mbdfoact
def i cDOrtoss oip(RpFrassi ngWaA®RLL DHRO2Despite the reduced
signiftHomaretrakKkR i ng proteins in our study, <clear |
proteins. Cytoskeletal organisation and transpor
significantly enricheplr pcosessiecyt dokelbetoamestt ga
included 7 of the 3ntuenriagcutei Rsg dgpne of t{ a2i@rgsh.s A P

identi fied cyt oskienteetraalc tpirnogt epirnost esisn sSAPi n N2A cel

NMP



observe enrichment in cytoskeletal processes. Th
AP in the disruption of cytoskeletal proteins an
di sruption and transport defects havenkeeewowmnsbser
(Saseatkjall990etSatkddhl 4 hi s may suggest a key rol e

The other cluster of significantly enr-iched proc
interacting proteins, was the regulation of the
signalling occurs in respons(eVitaoh cap onwlnobse ranod c el
Zoumpourlasd R&894heen shown to be hyperactivated
includingS&€&BahA&d Sand Zhbngervaad@it h(@egdemonstrated
PRmedi ated activation of JNK sigmalulcieldg and a ke

neurodegeneration. However, this study did not i
bet ween AP and JNK signalling, hi ghleingh tail n g otl ree «
JNK signalling in AP toxicity, especially since

in PR toxicity.

Some muscle cell processes were also-significant
interacting proteins. While this does not indica

to the previously mentioned drawbacksepbpésbungexryg

i mplications for disease. The identification of
demonstrated the potential fomebDPRS$ Coyeklolmds kpir e s e n
al. 2019 there is potential for the presence of

a mechanism through which AP could disrupt muscl

mechani sm of disease. I mportantly, enrichment in
i ntcetriaons with Myosin Heavy Chain (Mhc) which is
including muscl e(lei¢l, a2 02®d meswurroomss, myosin func

cytoskeletal dynamics (&EKmeumsmbr ame . WMTadhms pedro @1 3)

these processes may also be implicated in AP1000O

3.8 PR exhibits a |l ength dependent interactome

Studies of short repeat PR toxicity have identif
processes disrupted by PR to contiMbuzt eelti e s& ag e n
al . 2017etWhi2t0eL 9 n | i ne with this, short repeat P
with ribosome biogenesi s, chromatfiHar hinshn®ihe and
2018; Ratd wald026t ,aR02Hpwever, t his nucleol ar entr
seen in our PR1000 dat a. I nst eiant e wactshoge emot e€ih

transport and | ocalisation processes. These proc

NMZ



interacting proteins involved in the transport o

ot her molecules. Genes in ion and protein transpg
C9 ALS mot orSeneadrromiz01®ut effects on amino acid
have not been described. Although, disruptions i
patient tissue and models. By interacting with a
proteins, PR1A0OBrmayioausa wider | ipid metaboli s
C9 patient tigsieete, alBO02068@ed Slal0i2Zihi s di sruption w
demonstrated as detri ment al i n t hese -nsetduidateesd, hi
di sruption in the pathways as a mechanism of t oXx

A number of exocytic and synaptic vesicle proces

nteracting proteins. Synaptic dysfunction in va
FTD/ ALS, including perturbed synaptic proteome,
eudced act i(we ed dmmausn2015;etZhhangl5;etl eal@B680,; Per ki |
t ,alR021;etLaaslZd DT hese effects have been | inked t
xample GA149 was shown t o i n{plae nratesnyan2alp2t@)cr v e s i C

-

- O o

indings |Ilink PR to synaptic dysfunction, throug
synaptic vesicle processes. I f the interaction v
PR may i mpair synaptic vesiclbeedysgmbpsi cThns ma
a

ctivity, excitability, plasticity, and ultimate

Previous studies have identified strong PR inter
enrichment in translation processes and ri bosome
nucl eol ar |l ocalisa(Hant méneROolB8 ;etdpeladtl PR Radwan
al020pt BaRiOl2et ,aR022nMbdares ,(a20001dentified 64

osomal proteins as PR interactors. PR and GR

= o
— o+
- o -

ypeptide tunnelv edfanedi2lfa@ed) ntceassuse ri bosome st al
ir own (Krameh&tail2dm BBowever, our study with PR

—
o S O

e
entifi-edtenacPRng ri bosomal protein, RpL37A, a
significant. 3 proteins functioning in ribosome
PRinteractors, obenesi bopomeebses were not among
enriched processes in PR. While our data do supp
and their biogenesis, it appeatbamhai athyssuggec
by shorstudpesat especially with regards to the d
proteins. This is in Iine with PR1000 not demons

rather nuclear and cytopl as mi(cWeasth,oawh0 20) shorter
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3.8

Our

mo s

.GR1000 exhibits many, novel protein interact.i

data sho

t protein

combined wit

pro
has
pr
Th
pr
w h

® O @d O

For
ove
t wo
sho
rib
Rad
rib
nei
Wh i
tra
di s
gr o
pr o
wi t
rol
i mp
pr o
(Fr
wi t
dy s
and
be
exc

al s

w that GR hapr dthei mMmoisnt esri gmti ifdcsa nan o
interactions that are absent in GFF
h GR&6ds high levels ofthexstcudy, ofmaRle

tein interactions as a mechanism of DPR toxic
been observed in Maaempds(tadl ¢sntpireivedushlyy 12
teins as imnmtdOrasophsdomé &R which were identif
refore, our study not only demonstrates that
tein interactions as in most shobDtesombdéEhs,
re it had not been previously.

the most part, PpPreovieouws i stediaes i omsDPRve shi
riap between GR and PR. However, we show di st
DPRs, with some common proteins anuddiperso coefs s €
rt repeat GR identified ribosomal and transl a
osome biogenesi s p(rHoatretianasn ailn0 1t &h;e tMosed2iGeldl; u s
wah,alR020pt BaRiOl28t ,aRP02BR1000 did interact w
osomal proteins RpL37A and RpS12, although th
ther ribosomal nor ribosome biogenesis proces

l e GR1000O0

-einmti €rheedt pmecesses overl apped with |
d Il ocalisation processes, enrichment

000 interactome profile. ®Gotgbland s

up enri cihetdewad¢thi g proteins, such as Syt7 wh

nsport an
tinct GR1
teins, ha
h synapt.i
e of GR i
aired syn
vide a |
eidbtapal201
h ion tra

functi on

s been showWHarttomtamal20a8ph wombi GRL 49 r
c vesicle processes, enri chment in i
n synaptic dysfunction. As described

aptic vesicle dyedminsFhBVALBeeOuwi f

nk between GR and i mpairments i n syn
5;etZhaadn®@l5; ePeaRO2dhe interaction of
nsport proteins implicates another n

in DPR toxicity. Neur onal( VWayipnegreerx c i t

Cudkowj czncROdgnCre eG%eALNRO1EAnNnd has been sho

caused by
itotoxi ci

O been sh

t(hSee IC®Oa rrauj &L ipperexcitability and r
ty occurs thr(dedhedir@j2 th&mineh Ipave ur
own t(@Jabte, aclauzsZjde biyntPeRr act i on of GR1
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transport proteins may sequester them away from

perturbed neuronal excitability and potenti al ne
Oxidative phosphorylation is the mitochondri al o
produced and is parti ewlmarnldy nigmmerutreomts .i mMOxd rdert gy

phosphoryl ation was al-satenaicthad poot @ERASGFPXxIi c

phospwnloati on has been shown to be impaired in pa
f ALS, i ncl u(dDenbg¥ kCeBl hdditSear2 0 2 W) t h mi t ochondri al dy
bi oenergetic defects also bei 6@OnedtepalRbDiléed in CO
Al vaMerzat ,al2022nterestingly, mitochondrial and b
been shown to cause dysfunctional mot e heti@ ur on &
al.202WhidmedGRted di sruption of oxidative phospl
described previously, GR has been shown to bind
and cause disruption in mitochondr(iLao,petzhe sit es

Gonzaelte,zal016et Chld01Dur data al so demonstrate an
GR1000 with oxidative phosphoryl ation proteins,

mitochondri al function and downstream motor neur

3.8 DNM1 and NSF are key proteins but do not modi

One of the characteristic processes enriched in
processes, which are extremely important to neur
neurodegenerative diisndaga.ctTwag ofr otthed NnGR i nvol ve
shDNK1 in human) and Nsf2 (NSF in human), were t

DNM1 and NSF demonstrated parti cuilnmtrerraecteivmagnce a

proteins, being present in 8 and 10 of the 20 mo
respevel y. I'n addition to their key role in syna
been |l inked to ALS. NSF has been shown to be dif

downr egul at(elde dent espAZ B0 7; eMo,rah@h®NML expression
al so been shown to be reduced (lhed hall@d@BNMlIcor t e
has al so been identi f4i3edt odxdB fca nrye dhii at @i rafthaTDRNd
and has been observed to be misl ocal(iGerds hhovaiy fr
Emed&t ,al2016)

I n the toxicity modifier scr edsnub sktnaonctki dao wnt ooxfi ceii
l ethality in both &FxPprceosnstirnog falnide sGR1TOhOe0 % of f |
adul thood was consistent-ebpt eweeinn GFP| aeasd GRLOKOO
proteins, suggesting thadiheerhef ©BRADOEONtOKIi @i [
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this ffwuttwmher i nvestigation should | ook to examin:é
these genes has an impact of GR1000 phenotypes.

not currentlyDexsspheWhs!| at ppwer ful system for g
simple modifier screens this system can be | imit
phenotype seen. Much of the perturbation seen i
devel opmental stagegeawdtdoagenam.eBamisnuathi, o uac d

l ook to assess the effect of knockdown/ overexpre

in segepeens, for xampl a ytsifeu necg & orne laantde ch ermna toadre g e |

n nu u S u o

e
phenotype previously describtdseDespi phebhbt gpes
knockdown of thes

processes. While this does sDNMPdbFMNSFEhhientfearadtiors

severity of these phenot ympgess cionulsdu cphr osvtiuwdey .maj or

e two proteins highlights that

3. B . mMROH1 and GANAB represent novel GR @L6D6ractol
toxicity

MROH1, the human orDhobo,ghied ad rrcdllatli vemly unders
has been showni nt ovibiimmpd iRabt7 ng recruitment to th

endosome/ I(yGsidsldemeg,ad2n® 1 4 n f act , MROH1 was found t
|l ysosomal membranes and mROH1 mutant d4 yes)xlsiobmetse d
(Thomason, King.amdtlopsalgly, a2@l &2nhdol ysosomal dy:¢
previously been implicated in muOtombe Panmandf
Hadano, 201t ,Blzc2oeW®WRylse endol ysosomal processes Ww
GR100DO6Gteracting pmROGHILl nisnt etrhaec tGRON may prove suf
of said processes. I n our eye screen, kneckdown
induced eye pheenmrgt \Kkmesc.k dbowne v f mMROH1 atesyee reduc

phenotype obsexwprasginndgGFPl i es.

GCS2t hzr osopht hal ogue of GANAB, was identified a
interacting protein that was dbBsdumiitn oBFP.heGANA
Glucosidase 2 protein in the ER, functioning in
chaperoOoMasig and Or.l dmde,y edGadadb)ghyt bODheGl ucosi dase
PRKCSH, was al so a-isnitgenriafcitcianngg pGRd1t0e0iOn t hat was
relevant fly I|lines did nHoatr tsmeatnvfia2lOets 8iowe di st h at st u
GANAB interacts with PR149, but not GR14-9, whil €
and -iGRt eracting protein. Mut ations in GANAB are
polycystic (IPiovreatt hd29d duae di fferenti al GANAB expt

NNM



associated with multipl g Macslieramsdi Ord mehtdsog h i220@2R2h r
2023)In the ER, GANAB forms part of the UPR. Los
UPR i mpairment and subsequent ER witt&Is(SI,| ibeovtah of
et ,al2007; Ma s i and |@r Itéhn csomazhdh2d pd DPRquestrati ol
GANAB may cause | oss of function, | eading to UPF

toxicity.

Knockdown of GANAB caused a slight reduamnidon i n

GR10e@pressing flies. This was the smallest char
in the toxicity modifier screen. Thosbendi madiefti
of GR1000 toxicity, but manipul ation of iits expr
Drosophil a

3.1BACNOT1 is a potenti al modi fier of GR1000 toxi ¢

Not 1 ,Drtorseopht hal ogue of CNOT1l, was -idéeriatitedgas
protein that was absent in GFP. CNOT1 was al so i
Airegul ation of biological qgualityo, but, unl i ke
elwker e. CNOT1 f or msN(Tarcto nopfl etxh,e whdRdh f uncti ons
deadenyl ation and t(bate)] @al2OdWalI | eeBNAspionessing
previously been shown to be enr(ilcehtedal2h2d)hre GR a2
data do not replicate these findings. However, C
GR1000 and RNA processing. Depl et i-sotnr -posfd iCaNtCeTdl w a
apopt(olstites, al2®@Inld) bdsaasmncti on mutations in CNOT1 hav
cause neurodeve(VUYpsoewmtalROoOda@hayefore, CNOT1l was s

for screening.

In the screen for modifiers of GR1000 toxicity,
of toxicity although the results were not <clear.
phenotypes -eixnp rGRslsOionog f Il i es, al t houegcht awassi nsieleanr ,i
GFP control flies. Overexpda&lsmiooth md dywenamh €NDITY
GFRxpressing flies but caused a slight-increase
expressing flies. While these oavteer exNoOTels saisona r e s
modi fier of GR1000 toxicity, the effects are unc

proteins, such as XPO1.
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3. 3XPO1 is relevant to C9 disease and a potenti i

In 2015, three groups independently implicated n
C9 di qdFasedbdbtaual2015;etJoavli2 019 ;etZhadn0yl 5 ya nAd0 5 8
repeat pubDreo sroeppbedaketa s |, nucl eocytoplasmic transpor
were identifiedCtaexiididtefiibarusnl2d®fl 5Ge tZ had2n(gl BR

was identified as the most toxic species in thes
model s, toxicity may also arise from RNA foci an
identified nucleocytopl asmic tr aintsyp o rbtutg ennuecsl eaasr
export genes such as XP(QOJlo waelr,ied 12n0olt B uacm oenogec ytthoepm a s
transport encompasses a col |l ecdiiroec toifompalocmreswsernse
proteins and RNA between thlkenprodtaisn shreibnet dilev € ¢ t
processes can be broadly categorised as nucl ear
nucl ear pore compl ex -GINPaCs)e faaccttiovres ;t raannds-pRoarnt f ac
medi ated di sruption of nucleocytopbasmitegbriaaespi
affected remains uncilfeiaed mandCfimdr sittufdi @rs aldle n4

e
categories, with particular (ekhmraicdtanean20 1 5; nditd re@
et ,a
nucl ear import factorcHGayeets, iad2rOu2plt;e tHuuetl2é&a0 ; i mpor t
Jafarini a, Van der Gi eHsosweenv ear npdr @@neci kb, P R2n0t2e2r)a ct i o n
does not show any i ntreapaecati oDhPBsRsbh ead rde emu cll0eDa0r | mp

201%)nce then, research has shown that the :

The most notable nucleocytoplasmic transport proa
of emDr otstopht hal ogue of the nuclear export fact
and PR. XPO1l is a major transport protein which
proteins and( RNAmapeanaedsKutay, 2003; Xuet Grishin
al . 2013a)though some studies esti maKertX&01 t o exf
201.5)XP0O1 recognises cargo proteins through nucl
| eueriinceh (cl aé6Bo0rcaet) oallES9 Ran GTPase binds XPO1 al
cargo proteins, providing the energy required foc
(Kehl eabaaROO1Lmportantly, XPO1 is highly conser\
identity bet wRkreoms hpmabe aleldi ,earl2.0 00)

The XPO1l interaction is particular interesting,
di sruptmeXiP@ ed nu¢ Reaeasertc,eaxpOa2nll) XPO1l has been i dei
a modi fi-éri o&@) BRGL (kreidpruan20 1 HHpowv¥aeneestt eal

(20f9und that GR and PR20 dan@dn att eidntneircfl erae wixtplo
may be explained by the finding that s-KBOL repeas
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inter@duoieo@nal2020; Jafarinia, Van .delHowe\wesrs,eni tani

i mpor
may h
Gi ess
incre

i nter

XPO1

and si

t oxi ci

resul
was a
expre
was a
t owar
speci
wi t h

does

By i
XPO1

nucl e

>

Gi ven

di sru

t a
ayv
en
as
ac

- o —

—
=y

nHuttte¢e mat ¢ 023@)y vati on that XPO1l | evels i1

e been too |l ow to detectOabdarintaravanodenvw
and Onsce&kr (D 2&) increasing binding proba
ing repeat |l ength. These obser vlaARR ons may
tion where, previously, others have not.
s primarily shortlisted on the basis of i
ni ficantly higher in GR, and its relevanc
y modifier screen, XPOl1l shbwboagpotéeerti al
are unclear. Knockdown of XPO1l alleviate
o seen in GFP control flies. XPOl -overexp
ing flies, a noDRradbd oypyitirsacm g epmh e Hotweye ri, n |
O observed in GFP control flies, although
-mottokycngyeffect of XPO1l on GR1000, al th

c to GR1000, givermrmotnhe odfsf.e dMhd | ®b g éhri vse dl Oi
e OoObservXtiOdni ot ea aCGR1O@®GOt hat is not pres:c

t rule out the mechanistic potential of X

racti nYPoil trha \GRHLeD 0OPLequest ered to GR1000 i
ansport between the nucleus and cytopl asn
export protein, |l eading to nuclear accun
he hi gKP®umbergoes, this could | ead to to

ion in downstream processes.
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3.4 Conclusions

I n this chapter, we sought to ++eéeperetitf DPPRrepeich s
an effort to uncover potenti al mechani sms of DPF
demonstratedepbat DPR® possess diff erceanlti staotxiiocn t
to shorter repeat DPRs. Our data demonstrate t ha
the interactremesatofDPIREQO0 both in terms of which |
the promiscuity of their prldtgehitn iarst drna trieon .o u@u
i ndividual DPRs species possess unigue protein i
enriched with these interactomes. Despite these

h
bet ween DPRs, especi-abhyawnit hg nraamnteaianjiamg nEPRs .
0

Many f the biological processes enriched withir
neurodegenerative disease, including C9 FTD/ ALS.
demonse¢elravpr et emitreracti oe -caa mgti anii mieng DPRs, per hap

to their high toxi-cmntegradoi ndeptpofgi GR1@D00h a me
GR1000 toxicity, we shortl/iMd$ eTdh e6s ep rsohtoeritnlsi sitdeedn t
were screened for modifiers GR1000 toxicity in a
t hkr osopkhel aWe demonstrated that 2 of these prot
potenti al modi fiers of GR1000 toxicity and there
t oxicitiynn pXaPrGli cul ar warrants further study, due
model s of C9 FTD/ ALS.
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4. Characterisation ofi nXtPeOla catsi nag GRr1o0tO

4. 11 ntroduction

Having identified XPOl as a potenti al modi fier
characterise the-GRAtOWOe i oft erlaet XP@®1 and its role
Whil e CNOT1l was also identified as ahosoe etha i al n
focus our research on XPOl given the evidence toc
di sease. NCT disruption has been (iKdiennotsithfjiddad acr o
20009; Mdagearl2a0 1 3;etShaah@l 7et ChR20® 18;etAjaldmwa9)

i ncluding (OO ediibdacyand?e0 1 5;etJoavl20 1% ;etZhad2ngl =it Lee

al . 2016et ChRID18; eSto,JaolZnb&PO1 has beeALS empdi edt ec
NCT defhhéthwugh evidenchddismoodmd i xoengfr e RBRODN
and activity has been shown to modu( FRrtei &EBEmMp hen
al . 2015;etZhadn0gl5; Beeyald@oms; eAr,cahd®d1et Chbu

2018; Sdteyalr018®) th regards to XPO1l and DPRs, son
t hat XPO1l does not appear t(oHutktyesna®a®I210y iJratf errd mti
Van der Giessen aanmdd tOmadk ,DPRE2 A)omerdit ati engh am w ¢ IXEDrl
expévannetste@R01¥HpwRamiet (a21002Emonstrated-that arg
containing DPRs -nediditserdu mtucAR@ export, while o

reveals potential XPO1 icnotnetraaicntiinogn sDPnRst.h t he ar g

Data from our toxicity modifier screen reveals t
modi fies GR1000 toxicity -whpneXPO®d ®WNAh GRMHh660ar
eye. WhDrleesaphkeel as an excellent system for scree
does not permit the study of modifiers of more n
cellular processes without outright cytotoxicity
during development and, aseduchandesnottshewthge
to study XPO1l in relation to other phenotypes as
publ i(s\eesdt , al20a2n0d) unpubl i shed data from our group
that-neanonal expression of GR1000 causes-reduced
related motor decline; and reduced activity. The
cul mi nat iOcOntheodfi aGRld di sruption in multiple cellu
per hiaps!| WNCiTn g

I n order to develop our understanding of the mec
is also important to i nvesXtPiOdatientiemeaxitiBwwmr e of t
studying this interaction, we hope to character:i
affected by its interaction with GR1000. With th
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the effects of GR1000 expression on nuclear expo

provide further insight into molecular mechani sn
Therefore, in this chapter we aim to:

l1.Establish whembdrf XeOl-medG16080phenotypes
2.Characterise how XPO1l i-¥P@ifiectedadbdtyi timme GRI1I

4. 2 Resul ts
4. 2 Khockdown of XPOZ emMoadtiefd e&R1a0gle0 mot or def i cit

One of t her eMoesvtanfdtL Sphenotypesnebrsemaleldy ieexpgneéeesi |
GR1000 i s edmtegle decl i neWasatmaZlbhzh)weadtpoavi ousl )
t hat f-heesopahly expressing GRLOdI0ateexchi ha dl ian e iig
climbing ability starting at 14 days post ecl osi
fliesepaonnal-Gygl 4 nSlylb) ) e xOp rael sosnignsg d&ER 1aOn0 RNA i coni
mCherry RNAiIi) (Fig. 4.1).-eBpr28sdmeg, falimesstaral lur
at all. Whilenewmamall | ¥ | é »>arDeFsA n(gGRPAS al so exhi |
ageelated decreaseiti ni £lnonbiatdR1IsDNOd(RfidgyAess, 1 n

D).

Two indepenBBAt XPOG@BRNAXPQORRI D: BDSC_ 3 42RA D) and X
(RRI'D: BDSC_31353) were used-nteaureoxarhi iXe? Otlh &« nefcfkala
GR1000 toxneurtognad®aimndSybl )) RNAI knockdown of XP
on motor function. Kn{dRNAlowni nues,i nwghitchre hXePsOlpr ev i

reportsenbwasng ~85% knockdown efficiency, caused :
climbing in GFP control flies fromFA gdpR4 .olnwar ds
E). Flinesurparmixlpy esci ng GRI1ICBRBAWwWI deamxXPOtlr at ed

significantly increased cI(iRMNbAIing nabai IGFtPy cocommp arl €
background at 7 dpe bt gng@giBalrte slpaitteer tthiinse p otihnet sc
of f leixepsr ecsosi ng GR1O:BNAWwi was X®Odni ficantly reduc
thosexpoessing GR1000 with ®NARNAatC@nBl@ell ( mChe
XPOZRNAi, previously reported to show ~40 % knoc
expression of GR1000 caused a sigdpkicamparedr éeé
flieesxporoessing GR1000 wFitb.Bpa XEPRBENAiCoanltsmlidel ayec
ageelated decline in climbing abilit@##i gfA.GR1000
C,D). Fli-esupan&lxlpy essi ng GRI1IGBNAWwWI dtamxXPOtlr at ed

significantly reduced cl i rXiprege sal i @BINXP Oidomma 1GéE P
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contr ol backgroun@i @D, E,.11wahnedr e2 8a dspiegni fi cant r ed
from 14 dpe onwards in th(ehirgCRNAIiIl1l control count e
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Figur &Knb.ckdown of XP&leldeetleady smaatgoer de-nkbunenahl §yl erpr paaiQugnGRI0OE@@t i on of fly
throughout t@lei miailgndi fet wane measur ed raesa cthtrea finr tll0e ste cAiIBHts@)rn alBAS I2NE)aan&l8 » §
post ecdpyesiFon-e(supanal-Ggl 4nSyb)) expressing GFP or GR1000, alongside mCherry R
represent individual flies; bars represway ANAOVAZawik s roul thiaglse shome SEiIMe ¢ 52 @Gtt e
pairs. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. N = 3.
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4. 2 GR1000 motor activity deficits are not modi f |

Anot her motor phenot ympeuracsrrsalc i eaxt perde swd itchn pafn GR10

in motor activity. FI'y motbDroscocpbivi aytgamobiet me s
(DAM), whereby individual flies are housed in se
across the tube at points along the Il ength of th
recorded as a count. Tot al coumpts i ade ase@aomead ua

motor activity.

We have previousl! yhealroerav e ke xtplraets spaom of GR1000
decrease in activity compared to controls expres
observations are r epdduwradfeads@gelrdee(ilmr dd 9iersg p@GR100
alongside an RNAI control (Fig. 4.2).

At ear |l i er tniemeapmiant se,x pprehRNAoncaflusx¥x®BOh signific
reduction in activity in both GFP and GR1000 f i

(Fig. 4.2). There was no signifieapredisf hgrence
XPOERNAiIi and GFP and t hd35ReNAdx parneds sGR11GBROMER D 1XdPi Qdl
not rescue the activity deficits in GR1000 flies

activity of GHR of.l ides2 At 8dpe

NN®



Figure 4. 2.
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4. 2 XPO1 is a modifier of GR1000 sleep phenotype:

Sleep disturbances hdadvbve Ybodn FITOp pratt éed nits ahd ove
patiE@dntiskant h, Nagaraja and Ratnatvpdl20082005; Fe
Guar reite,rail2 01 2 ; PeveamlRmewt) are often overlooked in
di seases. DPRs have been identified in circadian
ALS patient s, perhaps mediati nffDeteetpeadl231 Uy banc
Sl eep phenotypes have al so been obrsesomhdBhngd ass
of FTDO/GoldSetewnl2028t , &R02Hprving observed reduced
pa-neuronally expressing GR1000, we sought to inyv
associated with sleep disturbances and whether t
| Dr osophslle@aep i s defined as a period (&€firiemdct iawnic
Bushey,. 2A08)uch, sl eep can be measured in flies

experiment s.

Pameur oneaxlprceos smRPOMAiIiofcoantr ol with GR1000 caused ¢
in total sleep eampasasdngothlei &NAcocontrol with
(Fi gA, 4B,3 Benor oneaxiprceossi on of GR1000 with RNAIi c
ageelated increase in dark sl eegx proaugs idrug aGH R nwic
RNAiIi contrbB,l Q,Filpi. gkt 4s|l eep bout duration remain
GR1000 expr esshloine sh Efuagro n &lxhpyp.e@qg GCFRPL 0OXO0 wi t h

XPOERNAiIi both demonstrated significantly increas

control counterparts, although this effBgct was |
C) . Howevergeglahedagecrease in total sleep obserwv
flies in an RNAI contr ol background was compl et e

using (MNAI (RAi,g.B,.,4.Chcreased total sleep in GR1O0
observed al oldRdAId ee XPrOels si onas ad rtlhy usgyihg rtihfiisc amt .
dpe (FA,9).D 4.n3t er est i Angeldyi,attehdel atgRA O O0OODNncrease i n d
bout duration was?RNAl agrgrbgsKB@®land was associ 8
increasght sl eep bollt )dDburation (Fig 4. 4
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4. 21 hteraction with GR1000 does not disrupt XPO:

Under the hypothesis of DPR toxicity via protein
altered protein function which caus¥BOl oxicity.
interaction conimeidhates toxGR10§0 andt phenotugptes,
understand how XPOl1 function is affected by this
XPOl1l constantly shuttles between the nucleus and
making XPO1l | ocalisa(tStomdkaego9dodByi i atevacti og wit

GR1000, XPO1l Il ocalisation is |likely to be disrupg
function. GR1000 | ocalises predominantly in the
(Mackenziad2015; eC€alall2iosltbert WakRD20Theref ore, we hypc
that GR1000 would cause a more cytoplasmic | ocal

i nvestigate this hbyapsoa dch easp psr ova cah easn,t i sbwecdly as i mmu
Western blotting.

To our knowledge only one antDbodypiRODBEROD&Eethen gene
al.2008pwever this antibody was wunavailable to
wi DhosopgPRPOlLlasharing 71 % sequence Codemniteartk y wi t h
200.0)Therefore, we were able to i deWRGOly, an ant.i
279-1-AP, Proteintech) thatDrhoasdo ftRhCll apst éht wals rails
agaiannstepi t bpghwsefguenc@t theormogroogwps have successf
antibodies raised agai Dsosh@gmROiLaPElH oatd yent i fy
al . 200@G) ven that this antbbhbosgphibBa@oti bhewas uismyg
for us to validdresio®POtlac ¥aghi diadon oof was perforr
bl otting of protein |Ilysates -mrxtnmra@amcdleldy fexmr ¢ hei m
XPOERNAI , (2RRA@I oXPWASand comparing XPO1l |l evels t
from-twipled ( wt YXPfA1li esst.aiAmitnig revealed a pattern of
consistent bet(WepemelddgnydAnioihogn st hese was a band at
kDa (Fig. 4.5A), the previous]!| yDrroespoofrF eesddemo | e c ul
al . 20@Qwagnti fication of this bamand eivbtye XsPlQdy 4 7 %
but a 16 ®WWPKCtrehdse i vteypeo (WHiIMWE. eX.pB)t.ethserve a

~130 kDa ban&XPiOld clhedUASon, thePOEspagge d-gwit oh tF
er mi nus whfi cenws overexpr Asbaeddi awda  LBWOd &krbvaed b u

—

it was observed in all conditions, i fdFigati ng tFh
4. 5A20 kDa banad itnhtéeM@®AStoyv er expression diype wer e
(Fig. 4.5B). I nterestkbPgl wasapbaséenat i nobghhy RNO®

n nei tthyepre wiiolrd over expressikFoing.x.o/ndliti ons (Appen



Despite confusing results in the antibody valida
GR1000 expression on the | ocwhiichltiiont md mdhset 112iC
XPO1l1denti f i-XRIO1lb.y Teonteixami ne | ocalisation by West
nucl ear/ cytoplasmic fractionati emreucfopmbBdtyei n f r o
Gal 4 eklprlessing either GFP XPOGR1MWO@r alcft itome dGR I (
l ocalisation then we woabdoekpeetd sbisetein BROODC
the cytoplasm and nucl eus. Welsardni ibltohe i agt oplva
fraction of both GFP and GR1000 flies (Fig. 4.5¢C
nucl ear fr acdtpipemFdddx) e7 Ther absence of a nucl ear ¢k
l ow tot al protein concentrations obtained by nuc
intensity of the band in the cytoplasmic fractio
Despite nottheelt2Ctk haupitferfaedtni wienssought to assess
nucl ear/ cytopl asrhiec plbopd agluiasta hickfyoyro paoyf ar santit ti conne .

Quantification reveal ed hreo i qnit gmisfi it ghmaotfd dbhhddaf vela2sm d
cyvopl afsrmaicct r AP and GRIRAP afolr-ieas tt, p = 0.55) (Fi
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paneur ofhas&GlIl 4 exlplrleys)si ng GFP or GR1000. D) Quantific:
represented in C. Individual ©points represent biologi

show SEM.



Next, we sought to study XPO1 |l ocalisation by in
facilitates better viswualisation of changes in >
guantification as Western blotting.siWe odfegaire wit
salivarybDgbasofdhrbae expressing either GFP or GRI1

OK&al 4which drives expression in | arval salivar
l arval salivary glands are notlidatneurddmsalastei $eUad
previous studies have demonstrated that their | a

visualisation of nuclear and( 8yt oepib,pasland I8 ;| oWead ti s
et , 2028 nhXPO4&taining revealed no clear localisati
expressing flies (FignKBOSIAQInad Qutainftii gd crad i soing noiff
di f feirrenciec!l ear scgbhapivaemi GFP and GRULO®Wst{ Fheg. 4
not edvadlhiadat iamiKP®OfL tame i bodwysfioag X&O©OAd RNAI
overexpression | ines, was not per The meefl caeree, i t wa
unable to coXPOIm ¢ hrda@emiRiOltcaa I MHCdrmordaf t o
assess GRWWOOCGX ed effects on XPO1 function, we al
are exported from the nuc¢lAdusa abry, XRPylo armMAdN Mandn ,e
Toot |l e, Lee andSRabhayng20@¥)aled nuclear and cyt
proteins in bbdo®GOGFPhaomdhGRucl ear signal was mor

wi ah-XPO1 (Fig. 4.6A). Quantification revealed a
of both proteins in GR1000 flies, although this
sought to quantify this increase morandgduiately

nucl ear/ cytoplasmic fractionation blwése mMHowever

suitable for Western blotting.
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Finally, vwexasmuhtebt atl og aXiPdil simgmn@maéur ons using

i mmunocyt ochenbirsotsroyp.h iBwaireyf Inneur ons were cul tured
neurophab&Gdl 4)e(xiplrley)ssi ng GFiPn owielclBd @0 @rii tnlgt i

XPO1l I'n both GFP and GR10a&KPO4p rgevasi pg edowmi @ t |

obserimed heyweth bome axonal presence. Due to a |
channel s, we were unable to stain f oan¥hPuxl ei ano
sighalthe cell body is nuclear, cytoplasmic or b

primary cultures prevented us from obtaining mor
t her eqfuarnet,i f ian&XtPiOdn sbfgmall i sati on

I'n their study of DNEGFommpehr mé n CBr dinteauan ¢

(2018entified nuclear envelope abnormalities in
(&)ss Given previous eviéarthazienifrog DMPRs adigs mu mtei n
proce@cMiesi eelti,naslkml wp sought to investigate such
expressing flies. The nucl ear eMwpepl ®pel iwae, Viirs uve
the nuclear envelope protein NuplO7 (Kaseleaéen enoc
al.2008n thé&irrei matdeR10.DHhserved a wrinkled appear
nucl ear envelope and ANucplledar7r. ilnnc Iluasrivoanls soafl | RIFaR y
expressing GFP or GR1000 we observed nuclei with
del amination of the nucleaQuenwviefopati( &ngof 4t Ba&,
abnor mal nucl ei in each condition revealed a tre

in GR1000, although this effect was not signific



Fi gur.dAndXiPfTO4i ghalcal i ses predominantly tont alkrtanssapphpinlada r ¢ e InReeudbroetisge.ntnat i ve fl uor e
microscopyDimagphimhry neur ons -Galp4 e(slsliln)g) (eniStybemn | 6FB&Gror i 6R5000 .
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