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Chapllemtroducti on

Downstream open r eaardel ngge mferlarre@®sud (atht @RFo® N o0
gene eXxipasessednti@rmlbt my d ggincd lioom aamud mi v al
Intricate machinery, including Frsbosomes,
r e q uti ercecdu rpa toedpuycoe({ élenshey, Sonenberg and M
Regul atacocautrc d n f f eorfjeennte setxapgnoeexsasn pol ne
transcription, which is theupiDiNgfuctd on 01
t emp | aotre transl ation, pvhowcdimRNAtshea produc

t empRagel attr amsplédatyismpaor t ant r olresipmndies e a

toell stress.
Thi s rfecsceuastersa nosnl at i onal regul ation. Ther
postanscriptional, regulators, including

i nternal ri bosome ent rRINAsse g ma rtNsAs() |. REESse)s
regulaattord®e monstr riaablry giuhmdritngntgene expres

—+

he significance of tranheslVastbobaebedegul a

ccupanmndcypossi ble transl| atispd®®R,i tahi n 36 u

> O

oncodi mgd mMmRRfNidcsim®s a recently reported t

-~

egul ator, dORFs, characteri seORBY the pi
withins(3WetUTaRR Q2 Oridiospe @l oi nf or mati c tool s
publicly available datasets, evidencing I

I mportaatce dhaailadhear ch

1.1 mRINAgenesi s

Trans| at ioocncousraea mMRN®X has been transcri bec
transdriitpteildn t i,g hnRNA sr eugnudl eartgeod )s ev er al pr
MRNAs are capped at the 56 end and pol yac
modi fi cati onsanaglet hy nRtNSAp h iscdatnrgainndgelde s e q u €
of nuctkekati destai ns both coMiitrug,e arRANAn o n ¢
consoifsta 56 cap preceding the 5 COBR, f ol
before the 36 UTR and pdhgab8ényghbptned t mpt
thheni ti ation of transl atotmalhnh miawdgdr y® c 0 g
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prevemgtradati onThé 5heUMmMRNALga omomed dirreg t
CDS tt haeracts wathi nebypsraarmgakl at ory el emen
can influence mMRNA .Tshea blB Stthye agadinmg hs | at
MRNA that i s mandds up anfs | ad talthlsbey prriobtoesionme
30 WTRoOo contains reguliasoaynehemenng.rdo
foll owsandieen CDiSf | uence mMRNA .TSheabpdlayt(fyA)and
iI's I mporeaRiNtdegr adatli ahso to support nuc
transliaatliommarntisintaldy, ti on to transcriptioc

po sttr anscriptional mechanisms involving i
ot her aRBAsaffect the quantis{ Mi antdebhtt and:
Par ker, 2014; | vanov, Keedte rasPhOal @aRiNA Ander

processing steps and modifications can il
can have varyihBi setasaf0dOi;onh ngat ¢ |, Hus s
Wei ssman, ARDé®Bhati ve promoters and splici
transwirvibprtised tr ansl,athiiognhalli gehftfiincg etnhce eisn |
MRNA processing and(TaainslBakloonad. ardudtad

These procceasmsipgtsaB@ppTRegul at ors present

1. Composi 3o obdTRIT

The ompositi onbaankdmde Mgt dlFfidkdssm dozens t o s
t housand (hRiecd ®lod igdtesal ., 2001ln Mimaomne 22d
(often over a0@O0Ousual tgti dagpu2®DWanos5o U’
nucl e¢gtPedes p et Waen, cgugPrdib)engnd cytosi ne
compositishmag el c@WR GC composi tsiPesobmpar
et al ., 2001, Lari zza dtncal&&s edOnDp2o;s i Mii gomi
often ass@prce amgedndartyyuet Cwucdcmepad edi M

(AiUr at),daqei nbgavi ng gr enattehr isntcarbeialsietdy hy dr
bond(ithhgabal i na, Ogurt s,ovs wqgle sSgmaryy d8sEva@EyT R
reduced secondary stgsutbugerc mpoafntdedn5 6 o U
associated with reducé®e&CGl pyucBeonnddi cal
1999; Pesole et al., 2001; Mignone et al



Transcrpmpe mastvipipélscan be tar get edonfsoern sdeegr
medi ated decay (NMD), preven(tGhnagn gt,r alnnsa na
and Wil kinson, 2007 ; Silva and Rom«o, 2 0 (
Schwei regr, maReOrl-Bi n Wopp and Maquat, 2013;
2016 )NMD al so regul ates gene expression t
spli(cLieg s, Green and BteaBO04;20Me&E] i Walyl
Smith, 2008; Ge and PorseNMBPOhds VZmpdeha:
i n healthy celylsdluarctfi omatli NMDand dd&ssoci a
di sorders(RBmidsclamegers and ebDi,eaPz0 0 41;9 9KOh, a j Hx
l noue and Lupski, 2006;NZalhaethi chen dc Crap onz il
suggested to trigger NMD throbghBioacreas
around t hg uscthonpg scecadsoend p Gt d e @assni dopy ctohdeo n
(Zahdeh and. Carmel, 2016)

Cytosines preceding guanine resibdNAs (Cp!
met hyl ation i 0QPomammbhhi amdc @kl ®alPI0HxyG) 2010
di nucl embr des o&mme BiTIRaa Y(TRewol, @all 997,
200DNA met hyl tme a meClpesbt assneasEaM A e fi fth car bo
the pyrimfdcypeosi(dgemesichhuasnd Bird, 2003
Jacobsen, 2010; Smitet aaBdMbe)hy OELHIGON201 3 ;
di nucsiesotiindpeonet £&pmth des goes ,daeasnitm@t € on

mut atwihomed orwvedudesnet h€EpGndi deodae@mdrhide
regions that are not sub(Ebtl tohsanonygarmg
1981; Karlin andeMr 8R&VEet)hlyd Ad;i oTha koadt aCp G
both promote and riedr asenhsgdocd geFgornteeslsa o n
and Estelletr, aRddypsdraingti on can be reduc
or enhancers contain methylated CpG site:
activ&&soesl er, 2008pt KakRO00O8,; £4t0,8plv.er apa
2010; Portela andtEsatkelllleetr,, & 200310), e Shedk | a
GC coinb@ndfiTR ompar egimayoe [3adt dJ TIROCEBG 1 sl anc
i sl anddesf ianwdece rees Cp G di nuc |(eEcsttied d,se raamr d2 @r&o) L
genomagiodwvnd h: 50% or more GC nucl eoti des.
occumbiong the expedtPeod t@p G farmmaQpEasrney | er ,



i sl andsrefgi@glmsCpG content dewha@ltutairenarey air

pr es(sAiurteequera and Bird, 1999; Ant.equer a,

1.C3onserva8di @mRof

This research whetlweompapeXmBdsrWTaR i on has
reported sindd&otuleehi @dOlo9yd ;1 KOs, Pitcher
1994; Silverman,. 1Mi9dh| y3igpowesi® 1 dedd 7goul d
i nvol ved i n r egRINA toorr ¥pirport oeqf gBsassens g sud d a h
Cooperstock and Lipshitz, 1998; Conne, Si
Wil czynska and Siedadladl0il,; edM) @20 0Re s Slha b a
et,akR008mandil c AUe(l fRteaggesssoci at ed with mRNA
degradatiodnen seend3d nUTeRKé&os vald9d9os5,;

Li pman, ARBOMe)susghconsesvdad tvlean esbD®Rt es, 3¢
mo eons drhvaend 5O0SiUERRe B R0O005; elti, atldrli@an
vertebr &aee, cB80sEBTved basdodinatded ed @mpene nd
with | ower GC composition, al {®Dugedn in
Dor kel d and Gauteitera,R 010939 3el i,Santbadbrlar® gi nn a
zebrafish embryos, MRNA dcCsi atwni UTRati on i
el ements and 306 UTR sequef ®abeawiatPhO 1g7r;e at e
LittetmaR0lDhéaéa&kt ween GC coRNAL irtuica mr a&nd
suggests 3IhaBTR eaidaiuedci ated with effectiv
pr odu(cltiitoteetr,maabn0 1 9)

The nucl eotides i mmediately before and af
c ons er(\Sataibearl ,i ankaD OWH etrheea s3,0 or so nucl eoti
t hset op codon, in parvgredndber UGG aodt JAG, a
conservati oni n3dgda i TSkhhaeearl gankad OUGEA 1 s t he mo
common stop co(dloaned hna BEngnna S h aRDIOEn d

thi s i nfcdraen&€Sendgont eaft plmagys esarnidb psrcemeent f ur
scanmh$mabeatl ,iankallb d ) 281l gseat er conservation |
poly(A) t-@aDl nuchebohed&®6 f ol | whviiicHgp utnhde AA|
i n the polyadenyB@p ddd R asvimagyRed A

pol yade(nRrnaudfomot and Brownl ee, 1976; Ti a
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nl ey, and0 )i s region of { 8h ahbeatk,iagPalela4t)e r
mans have the | ongest 36 UTRs drhce as s|
ngth of 30 UTRs reducesntonaeraebrages:i

cl eoti dlePsesionl epleatntasl ., 2002; Sood et al
19; Hong and Jeong, 2023)

4 Current Understanding of Tr

ansl ation can be described in four st ai
bosome recycling. The major eukaryotic
bosomal subunits, whi c(hHecrosnnbeiyn e Stoon emebref
t hews.,, T201%)gin translation, the ternar
t hiionnyli at ost RINANAGTRIletand eukaryotic in
Il F2) (FRegmuz,e Malldi vi a Fr.ankalal ocawmidn ¢S eTn@l o
rrmat i §mr, eitrhiet i48t i on complex (PI C) for ms
bunit, el Fs 1, 1A, 3(Reannzd, 5V,aladn dvitah eF r Ta
ndoel , TBe2®) C is recruited to the 5086 U
ntaining elfFSodeEatbdaGh9 adh,d AAshi , Yan an

94; Haghabhéaabet Mal®@®5; Jackson, Hel | en
rshey, Sonenberg aed, D hBlwes ,PI120 1®8s s Bail
th the 56 cap, before scanning the 5Nj I
dioMer rick and Pavitt, 2018; RenZheVal di
art codon bage&ekNaaiti £ owdionh pPhevikat i ng f
anning and triggering release of many |
bosomal subunit to join, forming the 8
ongation st Mgrri(dk gam@&hRadidltanki 21 &p z al
nsensugsAGEGAUGE@A)ceounds the start codon

Itfrozadak, AYWBT7i)s over whel mingly the mos
wevehAGntomansl ation start codons, incl.
i ti at el Itnrgaonisilaa, t iLoanr e au aentd, aVel 1s2s;maAnr, r i 2b0¢
d Gil bertet28@ZPRBlentS eahbddolesl; Renz, Valdivi

Sendoel, ZBR2O0OKozak consensus phalyG bse amdr e
codons, stabilizing the (PNe@ ,ia2t0elr8act i on |



Once the initiation comRNAEAX thhaes & 0S nreidh o s
peptidyl (P) site, another tRNA is sel ect
ri bosomal ami noacyl (A) site. The ribosol
transfer framNiAme t AesiAt si Met t RNA, formin:
bond. The ribosome moves al ot ®RNAhé&r mRNA ht
A site, into the P site, known as transil c
with the mMREAAcedoer, i nobhhi nubenge mp,r odDien ma n
and GreenEl @afag¢g8)i on factors stuBpbNATrt the |
binding, peptide bond fODemnaern onDi mmantarma

2018)
T2NXYl a2y

@b®—¢

T2NNI a2y

b
o

Translation initiation bl 20

5’ cap

elFAF
recruits PIC 57 yTR
to 5 cap

CDS 80S

- Ribosome
Start codon recognition by

PIC and 60S subunit binding

Figure 1.1: Model oftranslationinitiation. The ternary complex (TC) fosfrom
methionyinitiator tRNA (MettRNAI) and eukaryotic initiation factor 2 (elF2)he

43S preinitiation complex (PIG»rmsby combining the 40S ribosomal subunit with

the TC and elFs 1, 1A, 3, and 5. The PIC binds tartR&AS 6ap, through

interaction withthe elF4Fcomplexand scanshe5 6 untransl ated regi
56 to 36 direction, wuntil a start codon |
many initiation factors release from the REllowing the 60S ribosomal subunit to

combine to form the 80S ribosome ready to translate the coding sequence (CDS).
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Ter mi pagtcuos at one of the three stop cod
(Mccawdhal 9 J6)When a stop cedbobe ent ehe
ri bosome, a protein release factor binds
protein(Bght BEReic»@Nd) i on of a stop codon
mul tiple processes, including conformat.i
eukaryotic releasé¢éomnagsRiEIE dr i( e@Hal) hanmg ¢ $
Mi nogtuealP008et Wokh@®1l 2,; kkny aRkDKSRE&E1L and eRF
hel p to medi(dAt &« ad meabbd @6 RO us-eer mnnaimi nc
domain to rielkogoma eApt friBtedeoenr aanR 0 0&N d a

mi ddl e domairmttedlnpasemptesgrig odtoS&NI MB ) i f
The eRF DoC)er mi naal ldl@mwrad inng tAd el A3 nagn d
cassefaoeai $ybE ABLCE{LS oenty, gR000; etandlsy zov
2010)RF1 can i npreoptecatheaskey bhbiwewer, eRF3
f unc(tAloknad ta,eavPaD 0 BHh e me prhatreeidnme agfai res f urt
I nvesti haoawieomrr, an ext emmadyesde etRiFel GG fnoortm
assist cleavageebd®RNeAe chynildhr o &R reeatit,sap .
2014; eBr,oann0 1 5¢t ,MauPhOsl 5)

Af tteerr mi nat i @anmreg d Ybolseodne sthesgddpheoacti ons w
addi ti onal proteins dissocshaetf ®os eteRBRNAd oasrmdn
arber oken down into subunit(s$elkeowAR®EBY)Ii b
i nduces reegyalmimptdfonpastbosomaernsd staaxlaling d
ri bosomal el ongation compl exes(,Pifsedtrl eowi n
al . 2010; Franckenber g, Becker and Beckmai
2012)Recycl-i agmionhapiosh compl exes by ABCE]1
the APS seate,eavkR 0 1AMBCE1 has -bwhdingcHemti ds

( NBDs) with -diwodinrig bsendttasdeopen state whil
free or boBadtdteol ahd®P07, 2011; Karcher, Sc
2008)ransitioning to 4 Heleesa®O0dCZygtceéei wheo
ATP Binding Cassette (ABC) proteins bet we
cause conformational changes, |l eading to
macr omo( Reeas esJohnson .anbhiLe we ynsloinng 20®1©I)
ri bosomal s ABICEtoinnfgo rtrmhartoiuognha lss ncgn dwg ® snadl e s
I nsebuni t( HerlildegeH@WdB8eér, the recycling m
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further uofdet ecxcamfdd mmgat i onal changes and
ABCE1l NBE$!l en, 2018)

1.TShe Cl osed L ba3pb6 Mondteelr aacntdi o n

The 36 UTR is hardly menti onprdevino ushley ;t r :
however, translation is compilreworhRAS UTR ¢
struxndird UTR interactions with RNA bind
i nteractions between t heobNmBNd& p3oN eedn dtso |
be involved in determining MhBEAItrandlO®tli
We ldts, all 998; eKamwRDj0iS5an Amrani, Sachs and .
Amr a&ri, aR008; Chen.Tamad &dhlyause 2 0lldgp model
include: 5N cap binding to the cap bindi.
el F4G, el F4G binding to the poly(A) bindi
the 3N pol yl(2A)Vitceeinls ,( Kiiggurte afide Rctilsss aad d],
all ows close 3Ny exidmi,t proeoimo5SNjng transfer
from the 36 end, into reg8Natompmueftatt sl
(Vicens, Ki eft.Téhred cRiossel Bpor dgxidi3i@y)emfds co
pr omoutei Iriezati on of terminating ri bosomes
( Thompson and Gilbert, 2017; Vicens, Kief
2019; Pell eti er. aGdn &okaylepnoptehregshi s2 0ils9 )accep
however, it haexpewemebetahl|l pyrodee to diff
i ndi vidua(Alrd lelbisrm@ne 2 0)

5M8Nfj communi cation is iIimportant in contro
poly(A) tail I's i mportant in mMRNA transl
associated Wieplengeaat ¢ér a@dipadn so,n Kind ftti aar

Ri ssl and,Duz20h&) early embryonic devel opme

have shortened poly(A) tails, which on f
poly(A) ta{(Gebengabhe@@4ngBar kof f, Bal |l ant )
1998)Shortening of the poly(A) tail decre

MRNAs for decay through 506 decabphhgadall
Decker and Parketr, alOO0@BRNAadmacdhy tlmegi ns w

deadenyl ation, where 306 exonucl ease r emo\
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removal ofDddhaker5 NorcchpPaekeall 9999e3tB°adlo.at he
20Q7)el FAE is suggest e(dSdamhwerrtezv eenntd cRagr kel
meaning stabilization of el F4E, through 1

hydrol ysi s.

Extended mRNA

CK/\ 2
5" UTR
5’ Cap AAAAAAAA

Poly A
Tail

Closed Loop mRNA interactions

Figure 1.2: Representation oéxtended mRNA structure and interactions forming the
closedloop modelThe extended structureghlight mMRNAregionsand showseparated

50 and 306 ends. The cl| onkEAENdd idoocipse proxindyl
through a series of interactiancluding:5 Nj cap binding to th
eukaryotic initiation factor 4E (elF4E), elF4E interacting with elF4G, elF4G binding

the poly(A) binding protein (PABP), a

Al t hough widely accepted, there are some
model . Abtkeatughlity T emar b s hRRN)A naonwdn pirfot e i
i nteracaiimensnuni cati on (b\Witcweenesn, tkiiee fetn dasn d
2018B9acsetl | s cdnssupthreBPIOF 4 G | ntkeersad teiron
and Sachsetla®®1d4ippd FRMGA recognddmi omd M@BNf |

UTRs, forming a Ili@elop4 @i it ft®eertdkddhRe® HAAPB P

unexplained is whether closed | oop inter:
MRNA(sVi cens, Kieft.apidc &I s dniReNpalhaoyud @d 8 )
change, instead of homRANAntrakhhiurrkeds bwi t h

i ncl.udReNdA i s struct ur iedeidnuge a ol e viea yp aiurc |



alongside a flexible RNA backbone and mul
(Vicens, Kieft. aRNARstsstlamndrid®o0d&80!l d supr
communi cati oadl omap hionuft¥irceleonsseo nKi ef t. and Ri
Howewpyeotein binding, heli case activity a
conf ormati on i(sLimogdeilfbiaecdh ianndv iDvoob ber st ei n
Hi ckerson and Nol |l er,. 2T0hOess;e QGuroo caensds eBsa rlt e
removal of secondary struct wnrReN,Annidnkcarieas i |
et ,akPMb8puanti hatsi ®essvigthleee c | otsheen eesnsd so for
duration of thialtbwsemesgViosens | okipetf o
Ri ssl anThe 20 lo&)e delxbiosotp t ransiently, where
together and separate mult(hilege, mst zvd i ¢
Wahl e,. 2RON2AOsy equwil rde51djNjf peo g pmb be haaomd

RNA could significantly change the conf ot
structure coul d vsarnyd dreepgeunl daitrogZi @ ran rviR N/AC ime
and Ri s s |Daensdp,i t2e0 1c8)mes i dleo e d olnsoptstructu
the probabl e stirncrgBadeilnm® otrrt aamsleat i on,

1.6 Transl ational Regul ati on

The compl exi py osmuletr amlsvdh ey ®iomteggaud cautri on cC
Transiraitgoaffected by the number woai chi bos
can be inf poenoctoafdiabept itviee® SneRMAsh, i ni ti at.
and el ondlae i @nom@dtei. onerhtbkrei snusuati gnfeE
which i s gener alkliymicto(r3@ Idsetirdepr t 9,7 ;t. eMor

2016 etWakR0l1lét , ¥BAfMHoBve Y &rei, bosome need t o m
from the mRNA initiation region to allow
when el ongation rates are veHegr daevy, i ni t i
Sonenberg and. MRd heavesd &l0dmMgati on rates ¢

phosphoryl ation of el ongabteiveerr ,f &d tnamwasn a@rn
Gr een, 2018.; TPrreorudl, a t2i0adlma | control me c h an
initiation, which when regulated, quickI:

compared to trans clrheiysg liiasinrad a rr & tgiud hae o fo n

10



transcription, RNA processingpoaerdttabhyg]
required for tr ansgcerniepteix¢parsstipmne gGbatnbi

Mat hews., nPBRONLAs) can affect transl ation 1ini
secondary structures which influence iInt
machiSevwegral factors, including proteins

MRNAs to prevent eocr pir(tBmeetatk erri, b 20d e rMDuc
Fabi an., 2019)

I nitiation factors are essentiasl to tran:
under gtor apnossitat i onal modi ficédMeons cksaold a
Pavitt, 2018; Wek,t h2e0ilr8 ;a cPtriowildtiyc RcOaln9 )b e a
I nflesenna i ati amtrewtaecH-t RBAFR2Ii ng transl atio
howeekpPpRosphopryd snd hhtoins ,i nalelraawitngnr egul at
i nit{Men oinck and Pav.i tetlsk420dr8t;s WaRNA 296189
and mMRNA scanning using ibtisrndRMNA MpPaloited nes
BPs) downr e(gMdrartiec ke laFMdE Pavi tt, @018l . Pro
201l19¢9adi ng t o mi xeddud ftea ttsh eo nv arryainmsg artea
el FAE dbeirei bye a rangef ooufnndr #¥GRkat bay eh
regul ate the tramnlR&tsi,od oufndiah @ tHhec HSS P
i n more det aiSlecitn osneclt.i6ons 1c.on.t3ai ns furth

whiarned UTeRul at ost Wael ementr egul ate transcr

1.6.1 Transl ational @Reelglul&ttrieosns i n L

The i mpootrrtaamscleat i onal r e giutlsag li ioma tiiso rhiigrh |
gr owi ngsofumbesreases, i ncl uRliionagitriaii0dédef i
Lucets, ak01l®mét abol(iMordiitssa@d&®é&sur ol ogi cal d
(Buffington, -Mauanigola ncdg d@aeksdthav i r al i nfect
maj or signalling pathways, i ncluding mami
( MTOR), mitogen activated protein kinase:
(I SR) , tragusdlymteoonnver gi ng on the initiatio
varextder nal and (Welkrnabdl&,; nkDidsuod ;de2rOsl 9 )
associated with translation can involve

ri bosomopathies, deregul ation of the | SR
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el ements, and deregul(dahmasebhPDA&8) MTOR p
Transcriptional and translational targets
cruci al roles i,antdRNA Db omionhal dahdbentvdagaetale s i s
2012)

1.6.2 Short Open Reading Frames (s

The prcwotdeg ncapacity of current gein® annot
under esTfthentagicaidsasi ng di scovery and charac
protEe$inavio fafR013;etBaRDilevi;, alklD19; ewvnaMHees:«
2019;eChak020; @us mmMOs2k0gi akeui,za POWReLV) a s

al ongsusted sSlkeeebasedmieshnol ogies, especi
(RP)Yngolia, Lareau &mdyWeinsadmarn,r anGl 1a)t e d
found in UTRs, through ribosomal and pr ol

( S| aevto,fafR 013 ;etBaRDilMGi nSotsesranr and I ngol i a,
Calvee) apP016; Couso and Patraquim, 2017;
Bruaeet aR0O18l)t houfgihmoRPdtan®REs( s ORFst)hi s i s n
necessarily enough( Pesvpedeecna®® 1figert Bteadan 1li at |
2014e;t ,JaiP015; eCpakR0&6] oganakMeets e Weadv.er

2019; ebte@Rdiz2a)nssDRFedcan encode functiona
myoregulin, a conserved reguhiaat mesgnpept i
muscl e pegrAfnodreentesyoan20 189 wseQRF ,t r agseshat abhyi
consitdavreelgul at o Bafbaosaj oRei xeiro and R
and Patr adue mpr ®A@REA t r adnosecsr inpotts guar ant
bi ol ogic@Gutfemaalk0b8PRFs may be randomly
geneM@ouso and PatRialgas onme 2@l dfdslpiencg edsat a
suggwisdtespread sORF ri bosomal associati on
RNAs (I ncRNAs) (Clomgal nanhgLasaO&®R&s$s and Wei ss
et ,akR013etAaRdelm ;etBa2DilMi; Couso and Patr
Regul ation ibyvelOBRdEs magpsence CDS owi tdlown s
detri ment al effects on translation or i ni
pressure against, and ¢glliamiomat,i dmh gmnfo neO Rl
Pesole, 2005; Neafsey and Galagan, 2007,
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RuiOz era and. ATbarbagée9ipwomkeesdiRiFaf, however,
further underisnwmiddi mgaries tnreeerdsldat ed.

A 3’ UTR
5’ UTR
5 Cap AAAAAAAA
SORF polv_{A)
3’ UTR Tail
5’ UTR
B 5 Cap AAAAAAAA
sORF poly(A)
Tail
C CD\/\ —
5 UTR \
5 Cap <ORF AAAAAAAA
poly(A)
Tail
5 Cap SORF AAAAAAAA
LncRNA pOT':i{lA)

Figure 1.3: Common locations of short open reading frames (SORPsand Bi 5 6
untranslated region (UTRBORFs, known as upstream open reading frames (uOF
Founde nt i r el y w(A)tohovenapimdthe tbdirg sequence (CDS) (B)iC
3 0 UWORRs, known as downstream open reading frames (dORIFd)obg
noncoding RNA (IncRNAORFs.

Noncoding ORFs can be:s suORRFFss woirt hd R FBsNj o |
respectively, ORFs encoded wi(Mhr®itnemcod:i
al . 2020et Z&@RMBYdYyt of frame overl apping OF
canonical -fC@xSne awdkrilmppithrgu OR&Etse d porodaixti
protei n( FviagrBifaehatrselt ngPk 0 0elt;, alRion0 3; Kr i shna |
Vattem and Wek, 2004; JohnstemneabPBaDzini
Wuet , abbD20ednpl@®P2di cpr or@iod @R FRogf t en
depends on rigorous principl(#8s winredaludi ng.
2018)AUG stsaBtghadBf21i9 over l(aBpplinmmg ORFs
Lomsadze and Borodovsky, 202 @;nadwBbDht , M
nucl eloec g @elsedoua01B89)wehveessre parriencnioptl e s
requirements, such as using a CUG start ¢
( Haemtn, all 988, Kear se &SmdneWislpuescz ,f i 2c0 IsTORF s
RNA transcUTiRst shaavned iSmijport ant functi ons,

i mmundlINeegnty, aR020grSc eertWwy aR Bt abpli sinee
et,akR015; €huabkbod9hpn
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Asi de from sORFs,-o®RRInec avn t v enminafihaayetd C
can be nfsauwned t he anRPoLt8aétneed wCaDsS .f oTuhned t o h e
over |l appfi ngme uRPHR,36al twhi ch has the canon
I nsi(dCedi ,talPO02Thi s overl|l apping ORF produce
di fferent-AK#TORI i BINAK I i ng, by initiatin
RPL36using a GUGadsctakPffB®&pdocoiup|l ed recep
bradykinin B2 r ecceopnttoarionse nceaondohfhgmiaah 01CD/S

aciaggpdpt(iGahgatonalOhl)s ORF ame pdtiirdeect | 'y r egu
bradykinin B2 receptor activity, and has

i mportant tissueéGagamtohabG2b)raenestovean apmp

ORFesxiast truncations, extensions, or isofc
however, identifyihmgpuaghernrl!l bpsiomg QERBS I | i
( Wr ieghtaPFXGF)2 a gene controlling cell pr o
di fferentiation, hasfraatmel eGlUs@ sftoaurrt ucposdtorn

variant ssetthatt hiencmdand teawgssobplt asmhe or secr
canoni cdlTapradtasdhhMRP)LILBI ti ates at -a down:
frame CUG codon under heat shock conditi
wit hout et mien &I mitochowtiichl i sai geoirp®r ati
cytop) aismstcead orfi mo 4 @rhdesh igcarRiOal5,)

1.6.3 Upstream Open Reading Fr ames

uORBse well defined tramseslamalohaORFegfud ar
56 UTRsr over | apoRiriga CRISaptiircead U yes t he

transl ati onaCDg Miuiedil emcywnaf Hi meeedabuasich, 1
1987, Krishna M VatetemaROhH2 WeWgon 28r0ii; mBr E

Vaughn, 204, awOtlEAmarChew, Paul i and Schi e
Bazzini and Giral dez, 2016 ; Relnezh,o uwwvgaH di vi
ATGAORFs increase translation in RPressfu
suggests around half of mammalian genes |

(Lee, aka@abld) an abuprAdGn csa aaftl eceojydaobnOsl 2

Kearse and ,Wiilnwdzu,di2n@gl QUG goGWaE, WBGeau a
Wei ssman, e20h8P2,01RrsarArri bere aetd, &GRAODbeE;rt ,
Neet ,aR018; Renz, ValdiviaORF asicanat anadd &r
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selection is thought to depentdr amsledtison
modi fications could influence UuUORF recogl

el Fs stoi 8hcomatomycebheckeeel siaé, el F1 a

i nfl uence the selection of conventional
and el F5B |l evels ffayvBhaBaisheaB@DRES i oanof
beonedroften with | i betawesa@Blpew.e eBa uli il a:

Schier, 2016; Johnstone, BazziPmilo9adnd Gi r :

UORFsnction tie caguresttlrerdough engagement ¢

CDS Suggested mechanisms include stallin
altering initiation, termiii®atmeos, a®dyrei
Wil lis, 201 3; Couso and Patraqui.m, 2017,

Using the 6l eaky scanningé mechanism, t he
at the UuUORF and either initiates transl a
downstream, (@kKonondlat edd0XCD;S Bar bosa.,, Peixei
More than half of genes with UuUORFs encod:¢
uORF, meaning transcriptiamdlalrtegrun attii voen ,
can influencéPeDODRBREhpneseleke .anud RS tseicramet :
al so emRNAI altecay and it(rda@nas aRi0o®mbal f

i mprtorveens| ati onal outpuf{AhdemewaBOl1l8ownstr
St aetckaPO1l16QPRFtso ohretlrpol downstream CDS tra
during global transl at i onAanld eceheaanlglels5,; s u C |
St aetckaPRP016; eRo darRiOgluwe)z

Local conditions can influence uORF tran:
conditions through tCRf&kbatzioWNaldireigal Bt i
Sendoel , H2 RiOkedne iU ommsas alivnwmfelrye caam

UORF regd¥bamgoand Weket , K 2R1061;39enalnesleases
i nf | ubeyncteadlt i ons whi ch {( Bpabosa@RPefuprCtoDC
Rom«o, 2013; Somers, Heyegi aadywWithit ompo2
increased platelets in the peripheral bl
caubg ncreéel®edns!| at i odnueelmudot i ipd ieemaiy ati ons
di srupti(h@a=znz aalORFand &Slkdeapend2h@0)t rans! at i
becomes essenti al I n s pelcSHSitcatoda Pl OQull 6a)r cC
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or cantceraf{BaegetoedRB1wWhe tlies eplFr@sphoryl at e
d o wnr e gcua naot bi irnega k(I Raetnizoon Val di vi a Fr.anci a at
CUG start codons may invol vet RNAF2A btihned i4n(
ri bosomal subunit toamse(lSattatiodna 2O @R Fs i n i
are suggeb® edt darot useddns, meaning UORFs n
transl ation wihepeandreoni ¢alafRlelZi oval di v e
Francia and. Sa @&Babiesle R2dd )questi ons about

could behave in a similar way to uORFs, |
and cel |l stress on dORF translation and |
ATF4 UuORFs ‘ 80S Ribosome
uORF2
uORF1 C UTR

ATF4 under normal conditions

& . @ . Translation of
%/ "/ uORF2

R o

.f Translation of .

uORF1

Translation of uORF2
prevents CDS translation

ATF4 under stressful conditions

@ . No translation of
X A uORF2
7 .f . Prevented uORF2 translation

o Irg;;lftlon of allows translation of the CDS

Figure 1.4: ATF4 upstream open reading frames (UORFs) and their function
under normal and stressful condition®aTF4 mMRNA containstwwd unt r ¢
region YBGRFYUYTRYORF1I is entirely wit
t he 506 UTR acoding sequencd (@0srt codore Under normal
conditions uUORF1 and uORF2 are translate@RF2translation prevents
recognition of the CDS start codon, prevent@igStranslation. Under stressful
conditions translation initiation at UORF2 can be skipped, allowing translation
initiate at the CDS start codotranslatingthe CDS under these conditions.

Several developmental signalling pathway:
Phosphat i &y lniarses i(tPd I3 K3 , MAPK and Hippo,

transl ational | ys urceliua sau petdP thoph ChiRi RiFdsa n

di srupt neurogenesi s anFduejticid 0 ePAfeEdgehog
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gene contains UORFs andKhashbhae™M ¥tatudeaead:
200AFadcti vates | hh transcription, which
and differentiation, preventing this act]
(Waeg, aROOAR)range of different stresses ¢
gl obal transl atiorphosphobiytiaononhr daoghk:
uORFLN#@NATFHai ntain transl ation under str
suggested mechanism involving ribosomes |
translChS oam at Al eaky( Kcaak, nz®0 ;r oRers s,
Francia and. SMathoellH4ea8020ul at e Haydt wg u:
et ,akRp00Where under normal conditions, uOF
ri bosome scanning resume&dDSatrep@REZiwlygi ch
expressibin KrRisghumrae M Vat t.e ndnadredr Wetkr,e s2s0f Oudl
conditiUpmo,s peloF3 | ation | eads to reduced
il eaky 6caimgpgeant b pass uORei2n iittmileanisilnagt o o ,n
t hGCeDS Fi dadf &ri shna M Vat t.e ndoawedv eWe k ,s 02n0e0 4 )
contr aRIdah asshyowncr e ®@R&@ ansl ati ¢iRemgon str
Val divia Franci.a 5o GuskR nN lo & d)n i2modoi (fmi c at i
al lsoapndependent al t é&r odatgievcet tbrianndsilnagt ioofn
S5NjJUT®R, mwhich recruits (tNeeedrr alh@1B)riiong ma
the heat shock response, 5N UTRs are met|
mA reader, YTHDF 2nd eppreonndoetnit @ ttertcgarge 10&lt5i) o n
mA was suggested, unberisvAEBWSARHA ncondi t |
transATARMORF 2 i s mewbhyBabeadyORF2undemeduc
starvati o(nZ heodu daiRtOildBnN s

Growing numbers of UuUORFECeketo,0adle0 ZQ)ncti ona
Al t hough di fficul tl itvoe sf-@a mad@QR Eddu ep & pt ischeog tc
r egudbDa®trean s(lAantdiroenws and Rotehnad@l2QRFO014;
encoded peptides amear oacthiasd olcioggddds bfidri t1
class |, leadi 8§t @bcREPROé&BPRE oxemtrasedds s

t hGeDrotei n, can i nteuvichi tBMhadr e o0 preORR e
encoded peptide canr bgmidtad ber@rCDISi lr oft ies NI
(Samabhdal0l7;t,GRReOMRIOI) g htl heg hd d mmIORFI ty of

regul ati on.
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1.6.4 Short Encoded Peptides (SEPs)

Transl ation is no | ongeodirge srtergiicotnesd, ttor aan
aleociumssORFs within 506 UTRs, | ncRNAs and
found Mahssugpe MSb@ametdr pr(ot eomi cs and RP
(I'ngolia, Lareau anedt Wel Gétnaanld 0 1250;1elC a |l miga
al . 20 le6t;, aNaD 1 8&;t , 2R = ORF tcroaunlsdl iad [ sean
from CD8Speapent ( Z meatm sal PAtIikoomr t encoded pep
(SEPsan regul ate and all ow resgadvies-a ntoo v al
Val verde, Gr ec.8o0a®HP sAbhaadv,e 2i0m@pPor t ant func
physiologi(c@dugao oxreds sRatraquim, 2017; Ren
Sendoel , TRAOBDYOCI €fhea@a RP015; Mdk arReOwi8cg h
Pol yc-8c lpwaatr ,zaPRP 01 &;t , RtPkDiIlB; €hugROd9a Zhanc
et , akp0t20egul ati on of Gedn e ROXO®@Br; e tsDsdalld ma
2017; Huanget2@2Bhidiimaneg seBypeonsal 016;

Di &6 , aP019%9et BakR0D2&t, &ANR@hG®) apparent pr omi
SEPs in somay padawaigds i ncreased study of
(Schlesinger andl Ehedimgd eft dwefRudR@Qir deal dOR
encoded tpheqpae tdhaedee sf puo tl e io RIPc ss t@$dld aevso f f

al . 2013; ¥Yanad8retdd aRNiédi; aBd 0 1&t;, aMa.
2016; Schlesinger and EIl s2sser, 2022)

Eves ORfFr ansl| ati on uswual |l y pperposairddee s r egul &
generPatoeadei n cweregfow@RéEs i mhy Pchsy scfonmag e | |
pat)erd Cpopuso and PaMamgORFsEEBHRALE)ti ssue

specific trdrColuastoi amdp Ptatt e mmih en, p 29t1,7 ) ma
derived proteins were oveulkodtbedssumpe mo
shprtott eiumsdewel @0 | & efi yn catbirorar (t Bd ;arcd is,

Hi et er and Boe&kte,, abPl®O®bh e CamafliRocasil d eabf ow
them toompltewnbi olboyiacatli misgy sasemsl i gands f
regul atory subunits of protein compl exes,
of enzymes, a source of antigenic peptid:t
( Wr ieghtaP®22)hough now knodwunf ftioc ublet iiensp orretla
the i dentifi cafti DEBRsaMar tednalRdtliRgbos o me
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profiling can struggle to annotate sORFs

sensitivity of pr(oMaeogtenneo IcQ )appr oaches

SEPs have i mporfPanpgénomej owst hnSEReknocl
decreasing growt ht ymda gpCoaumspsa raendl tPa twialgd i
uOR&EFNcodedhprvet poghagnhosatlti c funemnicowmedsuch
proteins from the cardi ac( Jt.reotpecanRiOnl 5T) g e n ¢
Al t hough this detection did not asdi st m
a possi bl eSENRIReinczal Vimedadiwfi a Fr.ancORF and
encodedcpuabcdte i hsmewr fi c antigens which ¢
i mmunot(heavamptynta P01 6et EnBAdlB8et CaBOBDHe

i mportance of precise proteemeohney el s dur i
transl ational regul at({ BeanzseV¥al avi ¥ iha SEPa&T
Sendoel , | mMpROREamaMdSbased proteomics has i
nummdr experi mentalérnycadindgrsneRFp,r olt @eachi n
categorize sORFs intoHaedwmitababh8@8s OpanoRras
(Brwenetak02lnpcl uding noncanonical ORFs wi
into reference databases, such as GENCODI

to researcher s.

ORfencapdreot ei ns afeefdaentglrjfacwsmcd i pts annot
l ncRNAs. This questi gnstirtadres dteifdarmmd t RMdA o1
transl ated, when | ncRNAs RRedf(M&md t o be
Hees®dh alP0l%t, GREOMR 0; @us peMs2k0g iedr &Insner

2021)0One studyscuasleed CgrednSoPnike k n o c6klo3ut screer
potenti al | yf utnrcalnredrRebAdt aammehi cal ORFs, obs
i nhi ORt®Eirmg slleadt itoon pwiotrh garoomburhd 30% of t he
( Cheetn, a R P20 )e nsta naet hogfme RAA8 mi sannotated m
transcripts. However, some transcripts aj
coding (ubLeeta@02llnp mi cRAMtlhrec RNA cpr omot es
myogenesi s througMyotDrtaenrsaccrtii@oym so,naiftahc ttohre
201 7)wher eas sn® Rdrnecgopdreondh ¢i a can regul ate
( Andeerts,oan2 0 1S RaFys be f umattildahseedy cabrhes er v e d
t he canomhRwazeert@D&SPL 01 8 ;e tF,easPeMk®hi ch coul d
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thegpresent the early degemfteEGar ewpiasiti on
2012; Schlesinger and EIl s2sser, 2022)

Regul ation acsmanpteanpencesSsSERsMaaveo bee
Val verde, GrectmmumdtAhbead,py2 o)l d be deve
of mMuSEHRsedf ut ur ei ¢g&Gac@airdt jhe,r appaj ar do and
Mer iVmd ver de, Gr ec.o lannvde sAtbiagda h 0200n2cCa)f ©ORBER S
reveal ed their 1 mpor(tParnecees ni enR Oc2aBjcperre scseiloln
of peptides encoded in UTRs and ncRNAs c:
varied regul atory acdtSewmigttoyed®® 1&dan Sern r@amog
Bohl en and Teéemah0?2dt0,18Ra0 ABak ht i- and Lat
Navid, @024RO0HEt, K AROR le;t , AP 2T h e
tumorigenesis signalling pathwayy are t hi
nc RMNA c opdeepdt (i Zdhesodu, aPbp 2 ZTrhe regul ati on of se
be influenced by pep(tdhdodus abp@d?dne da |btye rcniart
37dcatenin isoformbcatgeenar ahad fHaomaci
catenin pathway to promote tuiMmoategrawth
through antiad®agn addtiiomn odnd phosphboryl ati
(LiangalPP01l%t, ARk Dver expression of circA
glioblastoma cell tumorigenicity, radiat:.i
PI 3K/ AKT signal i ntensity through compet
prevent phospHorewl, atRiOdlree;to,fan4KA 2T r i pl e
negative breast cancer tumour growth <can
byl NCO,09t08r ough r educVeEdGEx pg ie(c\¥aaognsals. and
2020; eZhakP2STAT3 phosphorylation is pre:
| eading to the previously described eff e
triple negat(iWaea gb radkads2tle;tc,azaio? 2 n col or ect
cancer, proliferation can be increased b
encodleldNG@046vd ATPBasssnutbhms ¢ ino ¢
mitochondri al oxygen cons(@Get,abh02ahd AMEL
et , akbpPRe function of UuUORFs and SEPs hi gt
that transl ated dORFs could be involved i
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1.6.5 Transl|l atAsceomal aReguiwat &or 86 UTF

I f dORFs are tatain slaatbestdctiedn W3Irdd nUsTIRat 1 on al
regul awbes considering DGiIsUTIRstirmaped adamntr
consider mi RNAs. mi RNAs are small noncod .
l ength, that have an i nfpBoarrttaent, mi2680N&s)i ar e
transcribed from DNA into primary mi RNAs,
mi RNAs and mgtOorBe t rimRNA®B) RNAs cause degr .
and repression of mRNAs s(hFRiodubgfhela nared act |
Kim, ,20alMd al though there is some suggest
binding totbibBehasegibbonbédeen estabdrieshed.
depemith mi RRNets, aR 0 1B9 wehvaeyre, al so i mpl i cate
di seases when mi RNATgeXetkedR0bAI | B2aAhLBect
Bergman, Diament TBmha dupdredin@O0Ol2ider st and
shotwsenvol vemert | i oomembhi cation as signal
secreted e(xHayaecse, | |Rue raurzl zyi and Lawler, 201
2016, Huang, 2017)

mi RNAs cause mMRNA deadenyl ation, | eading
transl ation throeoatghspeaidi ing(tHamBadti DF&&q u an
|l zaurral de, 20 1Tlo;r ,I .p2s@alr3n)0 satn da I1Jlo srhitBRRNAs b i
withhompl ete compl ementari tsy MBEWhHTe rReN A hreerse
are mismatched pai(rdionngass oafntde nl. zi aBunrecrbael dcee, n |
boumdRNAecr uit -tm@&uaemeé d®RNAI | encing compl ex
be as siMmgbet asprwhiecm are involved in RN
combined with thd KmiwRMAtaq@uiada dltdmeamd , 20
foll owing the MRE and mi RNA interaction,
proteins, allowing other edé¢adeonyl psotei
compl ex elSAN3PANZ2RNIOTCCR40 Db(eB er-dencs ma tt teadl

2006; €hraBRbld; Jonas antebdaungr abdeRNAOI
and deg(rlamas oaand 1.z anirirNaAstien 8 BOAWBIRD b e

i nterrd@PRtErdanbsyl ati on wi thimi RMAati vegyon,
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miRNAs and MREs
3’ UTR miRNA
5’ UTR /
- St AAAAAAAA
ap MRE

Poly A
Tail
mRNA repression and
degradation

ELAV
ELAV/BRF1 and AREs ) BRF1
3"UTR '/
5’ UTR —
5’ Cap AAAAAAAA
. — ARE Poly A
Stabilize mRNA, \ Tail
enhance translation MRNA decay,

repress translation

CPEBs and CPEs

CD\/\ —~ @
5’ UTR e
5’ Cap e~ AAAAAAAA

CPE Poly A
l Tail
Activate/Repress

polyadenylation

Figure 1.5: Examplesof3 6 unt r ans | a tpestranscepiiona nregulatdisl R
Micro-RNAs (miRNAs) can bindta3 6 UIRRA response elemsiiMRES), leading to
MRNA repression and degradation. Aith elemerd (ARES) can be bound by different
proteins to cause different regulatory effects. The examples in this figure are the EL/
protein family which bind to AREs to support mRNA stabilization and enhance transl
and the BRF1 protein which binds to an ARE&ading tomRNA decay and reprasa of
translation.Cytoplasmic polyadenylation elements (CPEs) are bound by CPE binding
proteins (CPEBS) leading to activation or repression of polyadenylation, allowing
translatioral regulationof specific mMRNAs

There are ofllde BiTRaAEe mean si nfl uence transl
(AREs) can regul ate t r3an dATHRIU A ns ewghueenn cfeasc |
( Eberentarad2tO OAREs can regul ate a variety o
transcription fact ¢ Ebe aehtd, ratPuOnDoXURE Ss Ay er e s
i mpor UdmMRt r@@ ul atPdrays smo tRiafssmu s s.e nARBd &Krre g
commonly seen within transcripts encodi n:q
regul atory factors, all owi ngSt certmeatli.on 01
2015)Proteins that bind to ARE el ements c
family and NF90 proteins support mRNA st :
whereas, TTP, TI AR, TIAl1l, AWORINA B8KEF4dYy &K5d
repress tr ahbs|lHarewenyya @ PAngphee WTR ment ar e
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cytoplasmic polyadehKdrxat i Sme etl & memd sWi( CkPe
Hake and R.ICPHtienrd,i nlg9 p4r)ot ei nsuf CREB&) bin
CPE sequences and regul ate specific mRNA
pol yadenyl a3)iopox ,( FSlgpauetes and Wi ckens, 198
1994, l vshina, Lasko andi Rithreway2®d4)
mi RNAs these other regul at ewlsi ahe qud uled plra
di sruptetdr @ygsd®RFonN

1.6.6 Altered 36 UTR Processing in

Transl ati onal regeclaawieadn tihs sasawncir &t ead ewi
UTR processing. mMRNA transcri ptfgrowmth tr
alternative polyadenfyduannd cmnCcCAPA)X.el drse wrhe
prevemgtul at3ido ngd(TMagm and .BaTrtwerdcgat2ddd 936 UT|
transchiaptesi oaneaggpaddutcaebiilnictrye asredd amoun
potentially influenced Mayrr eachudc eBda rmieRNA 2
et,aR00Byring embr y(oliti calRi@¥®)coeplmenacti vat
(Sandckherag 08 neur on & FI| atttlalRkadtOi@@me express
can by infl-urdheceeadd by0 APARMAgngahdc.Bangebsk,
APA and truncati onhuombu30d s@ydpmensec am cafgfeencets
meaning APA in cancer could have both surg
depending on t(hvayge mensd iBrawraleved 2009)

Stability and transl ati damaln regwploantser =,l el
(l REs are the most {3rdhe ¢dl é&nnEellnyt pelzs rev 66d | @ing
Paz Quesada andl Eshestene hBNA},-l bbe 306 |
determinants which ar(e&urhaqulyaotged amyd tBh e w
L-pez De Silanes, Paz ((QuReEssa daar ea nodn eE sotfe It]h
characterised specifman§d mMBNRsseguehaoaes nf
associated with i-oitelrd erukd nilsat anamidi myst, o ki

oncoglelnnepsez De Sil anes, Paz Bmnkrasmdad and E
translation or stabilisation of these mR]
all ow overexp(rle.sppea 20 nDd nSiclammrces, Paz Quesa
| REs3ang@dfRem | oops can act as targets for

regul ate transcri(pl- pterza nksel aSiiloann eosr, sRaazb i
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Estell erAl 200&d4d mi RNA expression, compar e
regul ar | (yLaitn ackabnOcse;r L- pez De Sil anes, Paz
20039 UA&Rnges can affect the regulation o

this region, by removing regulatory 30 U
(L-pez De Sil anes, Paz Quesada and Estell
Altered 36 UTR processing can all ow di ff e

tumour Gc8beaghpaBOOD)fferenti al degradati on
altered abundancy of di-¢élelreneukaamisail ypi
mouse (MdideeghaPkRO0O0DPhe usBdédl WakRfneccatt iiosn, howe
t r ansccarni patlss o (bSei eegxhtaePn0dOEBdA ncer types assoc
mor phol ogceyelalndadccheddi on tend to have overrtr
trans(cSriiegtha 00O some cancer cel |l l i nes
is a preference for ¢ &amaeka tragvOell 8y; shaoyrrt eal
Bartel, 2008aPRP0OSBPagheased stability, with
translation, is associ éKedrwieh Bandr Gasd:
200 3; Seatn,dabPeOrQ0g8 ; Mayr ancétBakRt0®D)r 20Q9; S
umorigenesews detsipereadcamamges¢ Siagpal UTR
0Q09)The terminalscporite oaf fodc t3édd UAYR APA s
|l eadiimgltuei on or excl usi amR Noaft asbei g uietnyc e s
(CaretnaekR006et ,Sa bR NA processing was al
800 genes i n reedde | nrakealetnS caé g B/anpOhOo9n) a

N!—'-

I n addition to the gl obal i mpli,therens of
are manyoBpabpRe s$iamggdestseciamigo di s-e@$eso PD
known as PDCD1) -Lalnd ailtsso |kinghaerhtp a(aRED2<C ¢ ) |

—+

avoid the i mmune system dur{ Kgtabkaldevel
2016; Kumar and BbhaUBbBRatPDuitddBiSacm i @ft s st -
these transcripts awdiichmcmagsassuptploeirr i anbni
and correlates(WathopaB0lprofomar sand Sh;
2018)36 UTR truncdatli am maypial tchw BDppress
mi RNA bl KuWmaarg and ShaOvaewaa x €&®AHijanv enf by
CSFHlearrangement, i s commonur §h@fTeabsynovi

2020)These rearrangements wusually result
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i ncr&>aFslg pression by reducing the effect
(Hot , aRP02I0n ovarian cance2/,neweqaerxrmealestsa 0
poor prdOgpmesitglo9®nN alt e2 ntatawvec HERt was
a SKVovarian carci noma -dcreilvlie nl ionvea, r iaa nmocdae
(Dohetr t L 99APFPA, instead of genegerneearrartaen g e
the al HERhmang®Oohet tglo99PBhis alternative
suggested to be HWBRexpt aboechpentet ngfledd®MOi)n g

1.7 Transl ation Within the 306 L

Tr ansleartmeosnd ttt he CD®edtoopr ¢ HecwBiel, BER.i S

general agreement that there are ribosom
30UTRs in different gpeacgeaé saak 00n9;| uGu yndgo shhu |
Green, e201.a4;0135i; Miettinen aetd, 8201 %; uHgy
et ,akR01bBhesashd&8vwe UFIRgni ficantly | ower ribo
CDsor evemrns( bhgdmlRaELZO0ANt hough the RPF and
presence witshiamgra@d TR here is discrepanc
ri bosome iitss thenmnTehteiaoed | s GBI R estsioxn att realt
ri bosomes are not transl|gtGuryg owhe ma ntdh &Gy e|
2014; Mi ettinen.addiB] Y2makl lpred,.end@BIE )t ed aln
i B6 UTARosome conf or matnionj nor easmpgosbund
around start or stop codons, which may b
readt hrough(Maetbcoenrand Bherkhentthe2el!
reports that 306sdNTiRdeamaand | byt i &®ME oRRBEIETr i bu
(Guydosh ande®rrad®m,1520 Y4po0aget, HBO1DBHI s

transl ationimsmayesesulth FTibdbmsome recyclin
recoghYdwermgpabk0lshnot her aspect of 36 UTR
related to the |l oop structure mRNAs form

bet ween polyA binding (praraouai mnand&aicmist i 4t
and Green, 2012, Hi nifeboskrédd @lom@ay obbes c h, .
the reason for the obser o¥Rs eamnd nrsii vees d md
(Miettinen and BpPp°UKRundbo286MmB&EY may be r ¢
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end by passigs(@Bralgmmg ahdd rUdeRRs,f e2x09n)g | mpor
transl ational mac hi oteor ybehoed "sp b n mRNA, f a b imo ¥
i ncreased tr an(sHiantnieobnuaslc he fafnidc iLeonrcsyc h, 201
Bj°rklund, 2015)

Trans3@tWhBMosomes may depend cehGuedonsh i a
and Gree3nf, UZTORLA)ebosomepoeldabteedad Uryd heir
presencree aidnrrmgngy and detection of 36 UTR t
t hat reciamctuatr ens dCDasSbtl oyp s¢ Sosaen gt @R 0 15)

A hypothesis for 36 UTR ri bosomal preseno
termination aneds rienchy dliitngngprfauddsssubunit
explained by the i mproper functioning or
as recycl i(n@uydacshhoramRdTildr £ eenx p 12a0nadt)i on wo
ri bosomes may be pr eps e tiree lpena smreRN Ab,u tf oilnl oaw i
transilsatniootn riesstmead s ciafd i B(MRunyadyo sohc caunrd
Green,Al2@Adst) al | genes apmesehrcat at8 3P opi
and withi aRBO&pTR&tednyYeoaesttg s (RIS )h
overexpression can reduce the 3NUTR ri bo:
terminating ri®©@bSomp celdeoki kgl ptcause of
ri bosomal presence. Together thisg3Nyil ds
UTR tran¥dwrntg aBdmh5)ye@dsUTR ri bosomes appes
near@bStop stbhdont he sfGupdos8ld AR Green,
supporting the concteeprtmitrhaatti ¢ iiersiteh arsagmebse r
Bj°rklundSod@18&peci fic mMRNAs have demonst
ri bosomes psa@asie B EUARCGIDS Yosef zonTamd Ar a
could mean these 306 UIRSIrbh dsocmenesni nalelr y
having some rol e in e(lMinegtattiinoenn aanndd nBRNAr K
Hypot hetical 3§ UhMmopomsesnceubtl | ead to ¢
bi nding sites or remof@dt odR.Glal)t ors boun:t

Transl ational changes, invol ving decreas:
cells during acut(éli amieboasadDdrli®Bg@r, & @it0M )
acid starvation in yeast, therse alatshgu gl

stilelr Itdhvan oftlhneged|riedd (RH9%I del y used i n det
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ri bosomal biunheracarenBphebsdemarnbhtfoonsprint:
guarantee tramseduwdtiione kmisnadiomg of singl e
scanning 40S ri bosomal GGEWblusnon sacma@anMagsaeale)|
The shor $ORfFast umeaansf t hat there is a smal.l
produce f ootiptr iinsoso & tndenafnfiincgu $OtR Fishs paden t o
et ,akR01Bhe i mpact of stres83bdbuliTRwmnmrsdiattii @ms
| eaves the potential for translational r

Reinitiation fol l(&Kwizrak , u QiRd$8 44, ¢ ldmaBwige d @ e d
i mportamangasti pti onal regul at o eofi oguesn g

i dentni fhioerdhATiRh er tshtahni s3 or etddniR tdi @hredl@oms t a n d

dORF translation. Deprindoagmo®lnolthg, pragr
mechani sms can allow reinitiation of tral
oftemcauloys!l owing translation of sORFs, w
dr opsi nwirtemaOsRiFn d (eLnugutkhk onen, Tan and Schwar

200QH9Qwe,veeirni ti ati on efficiency is control
instead of UORF |l ength, |l eading to the h?
retention of a critical factor throughout

ri bosomest htehafta atedrd iKoomazna kr., e iRiDiiOtsli )antagy i ndi c ¢

i sue for reinitiation for d OfRhFs &HSORtFhi s

S
possibly reducing reinitiation efficienc)
debated and is not fully understood. Thel
n

[ i tial invol vement of el F4F, probably re¢
wi tIhF3®°yry, Kaminski dahdrédacksahso268604pe
variety of initiation factors (elF1, el F:
reini(tHiannemusch,et2,00B0 1A)koabhkeirn suggestio
reinitiation can also be promoted by el F.
UORFSkabkjaRP013;etScal®i4th 2017)

Several st udtieersmisnuagtgieosnt rpiobsots omes often r
MRNA whenmAa8C&flkedtting of rib&kaksadoes
2013; eYouankgD15; Zinovi ev, HeletermP®Ornd )Pest
all owing ribosomes to slide upstream and

reinitisaittiengc oagsoaPtlee i s hypothesised that
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fromteosti nati osnmeamp eRx&NA can enter a P

di sruqt it egac®tdiocnodon base pairing, allowir

t he

r

Il bosome affectdd&kapkli @alaAlBwE&NAO St r u

transl ocation may f ot RNWN beantie@aghoseacod:

| ea

di

ng to resumption ofl SchawmdbaBOOBN wi t |

Functi onal gene ptroduetpr adwec enddbtby htoluigsh n

probably due to starrnarcdam,n wetl etcrt a oxml dteii
peptides from 3Ny UTR ORFs | acking AUG coc¢
(SchewtabaP0OO0OBany of thepoeoméygbphedmser auvade
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re usregvaysi dORRdmawgt be transl ated.

1 Stop Codon Readt hrough

ans!| gtidoisomeé WkeRd to either readth
ti as e Stmp3 @& odPR readthrough is the
0 UTR, instead of ter mirodtEiimg et a
nina and Brown, 2O0Re@;dtNamnywadadinodwoRid us
| Gattelromnmi noafl | ryo teexdDeRFGE € | pe mR,e azdd@ 1h&)ou g h
s infrequwintti yamwkamtiihcaddRdmA t he antii
codon, prevents stop codon recognit]
nue siBrenderyUTRBtretton and kapl an,
|l 1l o and Zietkiewi ez, a2029) UARKR!I lemgt
he codon present inihhkbeueabdbbomaghP
iMamgy a lea p mik®®2A) ACA, ACC, CTG, and
an® shoetagaes S@c Ud Recddevaiatdit hr ough
iMamgy a lea p hiPERETa)dt hr ough can be an i
g h: reduction of the né&apicezeg naskfect
and Bonnetr, all®da), pNovsB(ak goere ti .ngR 0 0 4)

ati o eodns paloltewinnd changd&srabi papotdei
y a,k ,s t2€0NMa2hy t yDNghwpé eaand Roasslet , 20
(Emei bag, Ast.Reandt B? bdi g@ah ,haunminks) and
ate gene e x(pbruemdns ia® WVIESHAD hfausn catni ansof o
ced bywireeedtolprpowsght € almwmpatoiaden nt, o wti i e
ased expression in colon cancer cell
eappB0l4,; Eswar appBhama iIFo xevi2dedrbg e



and cr stshtaatc eraenadt hrough oddwumegriemBOUB®BJr ed
INAnophgdmeisardide osomel baoyg@a%fteest op codons ar
readt hroungganymbanonl ogarcreapla cftdetdn g 8 B0 16 )

CSNYAYlLoaz2y

S NBI OKCRa f{2¢ehity 020RBNN A Y I a2y | .

GKSNB $ROFEGRA LA AGEa GKSAGNAROG242YS Ay
GSNX¥YAYyl a2y 27T & Nb gal AiKER YYyWby'R A &

LINEGSAY NENSIERBESE2a2YS0 NBEOe Ot Ay 3

{¢ht O2R2Y wSI RUOKN2RdJzAK bSrONITY F G

wAo2az2Y$S O2yay
)\)/0'1122¢\{VA§E[']§)/F'Q
2YS NBI CKSaS@péms OLRBY SAY LINE

Figure 1.6: Representations afermination andstop codonreadthrough.The 80S
ribosome translates the coding sequence (CDS) until it reaches a stop codon.
Eukaryotic release factor 1 (eRF1) and eRF3 help recognise the stop codon t
mediate termination of translation and causetpin release After termination
ABCE1 and eRF1 cause ribosomal recygclsglitting the ribosomal subunits so tl
can commence translation agaandthe mRNA iselease&. Stop codon readthrou
is suggested to occur when a neagnate tRNA pairs with the stop codon,
preventing recognition of the stop codon, meaning termination and ribosome
recycling do nobccur. The ribosome continues to translate itttie3 6 U T R
extending the notein (Brenner, Stretton and Kaplan, 1965pronina and Brown,
2006 Namy and Rousset, 201Dabrowski, BukowaBieryllo and Zietkiewicz, 201
Hellen, 2018; Rodnina et al., 2020)

Transkeamioation can be weagamdmrataldsdyc ommamiyr
with processekKasoecsi sasa NMDMRhel geunhaantni, o n2 00lf ¢
termination can siulhpe@RFfsnNtdomdull attieom eafdt hr
(Beier and.GICiommar2@01)p ,teguniaratstomp adod
premature stop codons is suggested to be
MRNAs undergdHdengndiMDacoBRseduci BQ16¢r mi nat.
activibhygr eneeggiatg ve regul ators can prevent
codons. I n humans, PABP suppor(tHso stedrnnoi n a't
al . 1999pt |l a800@, PZRVE&E)Ntion of PABPG6s sti
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nvolving increased -bdoiusntglaon3cNg A e tt me é n atnide

stop codons, compared to regu(lHeerl Isetho,p c o0
2018)ABCE16s promotion of termination doe
eRF3 frami«kRFIi,tds recycling acsatvomnyof an
eRF1 bindingShoemakhesomaes Theebasi 80Ld) t
remains unknown. I n eukaryotes, readthr o
structural elR.maltanhhdgtiotpera®osdbhe where a
function i n he(tStreon eobgeorugs amRIN ASsa neatk,oavll.i s ,
2011)Readt hrough can also be promoted by

(EswaebppB014; etoa@liondn

1.8 Downstream Open Reading Fr

Transl at Ud Rsand trhdtn been expl oC&l Thbet he s
understanding of wWORFEy mhamrdenonw UTAKRRF sw, t h
of translati dReofz,t Vabdi viegi Bnanlche fainedl d
of sORFs wahd exippkRsildyy, with suggestion that
underestimati on of the number (oo uss@®R Fasn dc
Patraqui mTheoa7ar e wadedRsFsd ecroanbplayr ed t o uOR
possibly explained by 8bDabd Patsioama |t err risre:
( Wr ieghtakPO2B@B9dwever, there remain hundreds
observations of tUBRs$ @RFonabtaptcodory 1
couelxdpl ain this, through an gexnteamsiinng d&3fd
ri bosome(Waeot pRlR20Rsi bosome termination at
foll owed by reinnidadnathem axpldOREe g @inr, e t hc
novmeelc hani s m. dORFs havieamhmheeprorteeml ed, t W
found smalBId WWRE(Bh agte,daP0étd; aB0D1l5;

Mackowt aaR015;t,GRRe O dPRFesothabeen systemat.

char sedt eemnid t keemafonobhkoawn, however, re
suggested a novel dORF regul atory mechani
the trans| aChbdPWeofabop2iOlshagwml|l at ory functic
dORFs could be an i mpormatnantat ¢ omise ldd.rragtuil @
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Especial ly whem nmlaRylt smKRINIAGI 0 g ésh owligah
could imply an evolutiofWey, pRR@OGRFe t o |
regul ation could be compar ahdcki atoe dt ORF s,
regul(avieieatnm, aP015; Chew, Paul i and Schier,
Giraldezwi2d2hlg)he function of wiQRWFsboaphpea
AUG anAdAUGdamrtsMWMuetdopnPD2®Als di scussed, uORF
i nfluenced by stressfhhvecschdgtisares, thowa
consistent translation an(@udtunacl®l 2o00nb unde
Al t hmogk research is neededyttoregtud@altiegh
cell type or cond(Wteto,nabdpe2p0ecbn dent manner

Al t hough dORFs may be transl|l aC®8t ompeinit]
codsappears to,wiet huntcroamnsolnat i on efficiency
far | ofwoelrd (o3ndt la@® B $(akjte,)a R .0 In5 )si ocneéeO R F
seqgusanmeer e conserved than the untransl at e
the dqOBE, abPbp2wi th 32% of human dORF pept
conservat(idn, abMmwstepept i de&J Rprraondsul caetdi obny
aresngtge dvtédeudn ctt(dSd reevtio,fafR 0 & B8 ; aBOXrm)nsl| at ed
ORFs have been discover(etled naB@l&ANRsmardy |
previously ignored transl ated ORFs are i
provide biof@@dti ,veRP2b)t emasns uvumKnewn i f
encode functional peMS i dage &emecseéeddd ORI
(Bazeti,nak0l4et Cabogo,; Rui,zzaP@QrRdWas t hey ar e
l i mited and absent of rigorous scrutiny .
mi cropOaeti nhfanfcewonal d@QRF hrei cor @RF oitne i n
c hemot her arpeesuitsitcaArdcCdd ggvearse s hown t dalve ex pr
function with I mmunogeni veaCGlheipd g s5i. n mel
2020)
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5' UTR

Ribosome
-I'I I\b Ll il il il lllﬂl}‘l'l | T T I |

dORF translation increases availability of CODING SEQUENCE
C YN ribosomal subunits and translation factors &jz/
' to the 5 UTR and CDS start site, enhancing /3 ;TR\ @
CDS translation.

5'cap

‘l | | o1l 1 - ‘
AAAA dORF
poly(A) .y) o
Tail

Figure 1.7: Hypothesised explanation for downstream open reading frame (dORF)

function to enhance coding sequence (CDS) translatiénclosed structure of

MRNA, with the 56 and 36 ends in close pi
increases thavailability of translation factorand ribosomal subunitso t he 56
untranslated region (UTR) and CDS start sieading to increase@DStranslation.

The mechanism behind dORR rieg thlygtoitadne sri esne
d ORtFr ans | at ismakies B&8eUDR the close proxirt
to pass translation féacoorst OQRMBBO AITRDSb o0 s
starstoactCGh&Sreans!| ati d We Fia®hpr2d&l hle 7mec hani
couldi rmiel ar to viral cap indewanathnt a8t L
either ribosomes, (NnchoadsibonahdcWbr seor 21
Miller, e20h2p2Wwced recruitmes(tPardtk el F4G
al . 2@ab8) met hyMETdam8Meda $ e c3adt igalaRn o f
promote oncogenesis by physisalmRNAIi,nt er a:
e nharCdisnrga n s(l CGahtoiteo m P .0Tth8 )s catricauh aan o otpe d
model, with 56 and 306 UmMKRadmttsraotchgse i
transl ati onssfuapcp@@rdss atnos | da@ RFO(nC h(okei, @ Ui r. e
2018)The hypothesised dORF function sugge
enha@b&sansl ation nof{Wah, abbj 2@ heodveprept, i dev
peptides encoded by dORFs havéChetanalas s o:
2020)Further support of the transl ation f
the evidence that the mnORbrengbh, dOFBel at
the regul(aMedr, ya RapfRifOle ¢ $ o ma | recruitment, r e
readt hrou@bSfiromudeeested to be part of t
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mechani sm, andsud& tUTeR nsneadyu ebnecReF We b ] a le d
2 0B).0

Upstream of start codons, internal ri bos
transl ation without need for thackdoomap \
2013; &Nto,baR®289me human proteins require
for thei Npbentthaac2O 20D e mechani sm and stru
varied with diffeqaichgngedastoors RRESI nhi &
( Nobeutt,aaRPQ20)i s woritRESsthagetbaén found i
( Wei negGarbtbetny, aR016 etNaRkOt2®dher e may be gl ob
avoidance of 36 UTR translation due to t|
extendediphiNoibeutt,aa R0 210 yeast, suppression
factors allows reinisi@Guydnsiofand a@Grsd earnt ,i
NobetaalP020RhoOREans|l ati on in ftoumd8&86 UTRS
whiwdhed-AdGnst as(tNocbeuttpaa R0 2 )mammal i an tran
construct determined that, with unstruct
reiniti aep@end@ddGlsd up or downstream of th
el F3, el F1 ¢«+RNAA, @nevKeting the 40S sub
MRNA, all owing scanrmSiknm@pkij@aP®ilBhhaNadiut eact i
2020) RES activity was foundCtHA@OiI WITRi at e
with support from el F4QG,NoehtuRaa P @RIGB, el F-
| REEay be targeted by el F4G which recruit
40S subunit as t he (N®®Beutp,paeld M21An ayte aosnt ,c opno
the preferred target for el F4G, however,
remai ns (Wwn kinschw reDyunr,a nRoajnads Gi | beetr,ta R 022001)7 ; 1
Onkbypothesis describes el F4G and el F4A/ B
reattachme(nNo beudt,amRNMZ&@®) e remains much to

about ,dORFRYI r functi on, and the mechani sm
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1.9 Aim and Objectives

Transl ati oinmmp otletgah atpprodpenigducti on i n hea
st attoe smeet t he neesdsamnd iltociad aalognd cit mmlaii m
number of di seasei mmanesqgr freour Thngiea sl td
makes understandingstsreaansladt it@nalndreegulaal
heal th and disease, and camayy ogmeowilde i mp.]
t her apreudritchmaugigeess.t edd OBRBstit oansfati onal
regul at drist tdred ktnhobewn amabdkesgbbsEsecramguldat e
expl(oMae , aPoDPPIDi s st uidnyv easitmsg atoe transl ati o
through bioinf o mat iac pamadaliyxuilsar ifrocus on

transl ati ohtafdi rrsetg uolbajteicotni.ve i s to expl ore
as transl ati GMuald GOR&gwH iactho rasr,e otf h WuedtORF s i
al(.2020bwi)th investigation into Whether tF
second obpelcookei nso the Wu dORFs composi
and CDS, and dgeartdhlm|f drORFtshearndpassess th
potential transl ational regul ation. The
conservation across species and whether |

UTRs is influenced bystditfefseraenndt ccoenldli ttiyopn

Thest abl i shed fiuwnncftliudernm zafaliga®@RREx0 ubdbd MBNAS
to under st aanldo ndgGsR Fdse 3do ryshiidoesrcamhai 1o np roefs e n ¢
potential trans]|Tahtei ognl owha |Ic hi nmpaayc to cocfurc.anc
associated with treatments make this an |
dORFsespeci altlhe cidmgsta atearrticreg ¢ alhhihsa vet wdy
wiéXpltdhree t rans | ataison raannds |faut,rd ddi aoldh@RéE&Eg ul at
with i nvewthied dteiron dh sdidgneamd@thieonunder st andi
t haMie dORMWi | | Oebgesbandeiompo sgiadtréetoinc,ul ar | vy
comparedsawomd3BMEHTSR st udy will WuheaemRRove Db
anwi | | sear ch T oab uontdhaenrc ed GRMRs .pot ent i al t
regul ati on fadndad tdiGinrad fivbtéhlesetdi §atd ©ORF s

function as tr anslseteimsn dlivkiee gyw ld shtaer & dteir @
bet ween hsTpecbses cpmeretr vychft bgpar t s of 306 UTR

suggesti osanlbatd Q2R Nce®eomagr ved across s
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Thi s stinuvdeys twiiggadlt e dORF conservation acros
to conservatananil bV e8i aRe whet her ri bosic
dORFs and 30 UTRs is influenced by differl

conditions.

I n thiaBi st ndgr maha sc bag&ir muascéhd rsineaofa des d
combining biol ogiarmad sitatdB avittlhe tcto,mpRuetnedre r
Lewis, 20k7; aRtOtlWHedexpansion of avail abl
through technol ogi clalodreivel ngpmeap &a th aisn ani
obi ol sgiidaBlae t | et t PenderseanaliOédd@i)ss, 20
approach all ows puthd i kd agl dyasixgeddadH s dat as
saviinme andamceésmaxicrmissi ng t hdhvlad aae of ex
al lsspwudy of muGQREsgem raange of delaln types
woul d be possible if dal hdbaitoai wfearema toi cb ea
i suitteelde conceptual;wndthure tdfl et tkins wagt wdy L
anal ysesnl aoggengmecomeedbne. &hh s made us
di scovery type approach and initial anal
group of regul ators .DathbdasteBaanidndi voi o@
arael so i mportant i n aldfwiargge omwmhlreratafon
wi de variefogedafhespeacibe ©.anlfloordneanttii o fi acpapt ri coan
candidate dORFs wiftdhrueurédebhabedtThugctiso!
appr,aacamwgai | abl e bd ati g eotramawiitch t ool s and ¢

analiynscilsuded in this study highly reprodu
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Chap2M®ateri als and Met hot

Thsesearch used biointoamatiati amalysiegul
focusORBM and t héiumcagpsdomme i auThanelgal adoowal
regulwatsi amvewa i ¢ QRrMeidt iiamhi ¢ i ORFs phesent e
bwuet (220B Wi t h potential funct.iioBMosaemal ans
association with, ,806dbowpd8Bs sdlbd ce. Adhaarhsyisd esrt d d
expandedlavdvr denge oThe ORBFsndance osf dORFs
antdhe compWwsid@RFR spfeci al |l y seomip WS t o 3¢
i nvestThgapessi bility of dORF conseyrvati or
i n additi orestta gfaudritomer nitro ri bosomal asso
UTRs i n adiviafreireetnyt odfocal conditions, dise

AlIRAyt Boni pts, ending .py,i eGihuep gdintadr yan
(avail able at:

https:// github.com/joetoml i nspn/Whoeer eTointl i
i's indicatedptbBahatvbw lieerRorckry tEBin&8X)  ver
operati wgPy$ovemsi.®d®n 13) .

2 Wlu dGRRIsed i n bioinformatic

The dORFs detailed ,hmgthhe ghti gpignalhep uniolvie
functi on ofwetrleedians adh@eR s aivai2id5 &/ud O R&

1406 @WemtesaPbbp2 @ Wed@RFs possessAdGAWGaand
codansg were suggestedi bosbmetproakillat ed e
and the met hod anBaezmua(tRil0olnwed e sadbpi2l0ed i n

2.2 Publicly available dataset:

Al l dat asets ar e pSuebgluiecnlcye aR/&d (aakbal ceh iaftoreoeni
ahttps:// www. ncbiwinlhm.tnhieh .pgroovj/escrta accessi
sec{(iLennonen, SugawarRa iamdA Ssheugnuweanyc, e 2(0ORLNLA
anrdi bosome RPpd af ag¢eenteyg a(t ed fromrtehe ncd ma edl:
Tabl &h2. datasets were selected because t

evidence of publication using them, and |
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https://github.com/joetomlinson/Joe_Tomlinson_Thesis_Python_Scripts
https://www.ncbi.nlm.nih.gov/sra

all owed comparison between healthy and c:
number of datheséscmbbaiihgtteadre was | it:
which datasets could be used. The use of
from the wwaek (Ohbhogh i nvol ved human e mkt
(HEK) . Tdhhekbs h of these datasetsTabl escl ud
8.1 and 8.2l nnpR@epeadim>Iraet woerReP dat aset s
one RNAseq dataset ,avtahd aPbR ed atoars eetasc hw esrae

6.16 and ¢6.26 following the dataset annot

Table2.1: Sequence Read Archive (SRA) projects withired RNAseagnd
ribosome profiling (RP)datasetsused in subsequent analysighis table includes
where the samples are obtained from fordatasets in each project and the
nomenclature of the datasets in this research

Dat asel
SRA ProjCel |l / Ti ssue Type andNomenc|

Human tissue sampl esNT

PRJNA2G5 ¢ _
Human tissue sampl esTT
carci noma
Unmodi fied A549 pul mA549 Ci
human al veol ar basal
PRJNAS53: _
A549 cells with shRMNA549 K|
knockdown
RKO cells under fed RKO Fei
conditions
PRJNAS8SI

RKO cell s under star RKO st
conditions

I n additiondtad atslldé $3d movad f REPmM dwd raiseus cel |
ti ssue types in & hroavmg é we fTeadbdigddalti2g 8B § S
descri be@ Oilnhsed at a5 edhesledwetcause they had e
publication from the dat,asaentds ,t htehye yweweer &
human cel [fsr,®imalott h d ssteatsensh varfi ety o

modi f sxradriecanttnoe mptrsovi de a wi dfeomr amighkeo s0d malc
association withlhdkeORFRsptahn d f3 & hleTsRes .dat as e
Suppl ementary Table 1 available at

https:// github.com/joetomlinson/.Joe_Toml i
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Table 2.2:Sequence Read Archive (SRA) projects with ribosome profiling datasets
used in subsequent analysighis table includes details about where the samples
were obtained from to generate the RP datasets

SRA ProjCel |l / Ti ssue Type and Treat:Ht

PRINA76¢{Human or al mucosal ti ssue

PRJ

PRJ
PRJ
PRJ

PRJ

PRJ

PRJ

PRJ

PRJ
PRJ

PRJ

PRJ

PRJ

PRJ

PRJ

PRJ

38

NA82:Human corneal epi
on

paracancerous tissue @00CQO%n)

NA98:BJRaBER cell s in either prol

with either di methyduamuylf o
di aminoheptane (GC7), an e

NA79'HelLa cells transfected wit
EB43 i PSIGrived neurons -w8Btkneaok
NA76¢HeLa cell s i

n either mitot
cell s or wi th DENR knockou-

NA75¢tHuman primary cells (VSMC,

HA EC, Fibroblast, ES) and

NAG67:Control -derpld¥3d SAS cell s

NA59:Gl i obl astoma cel | |l i nes, U
radi ation with measurement
hour s

NA3G6¢Huh?7 cell s tre®dtcedd 68iI4t6h Hh.

i nhi bitor, or vehicle.

NA41:!Wi |l dtype and DHX36 knockou:!
NA36¢‘HEK293 cells with either c¢°

treat ment

NA23¢{HEK293T cells 30 minutes f.

without arsenite (40 OM)

NA59¢HelLa cell s wit hmadnidatwa d hoOBIC

knockdown

NAB85S5¢{THR <cells treated with wveh

|l i popolysaccharide (LPS) a
three hours

thel i al c
(500 mOsm) for e and si x
torinl (mMTOR inhibitor) or
for the final -Hawratmelnd dor

NA41¢{APC deficient or restored

el F2B5 knockdown

NA4O(tHEK293 cell s treated with

DMS O



2.3 Galaxy Platform

Gal axy -ba&asad welbat form for bioinformatic &
https:/ /T uchRfgeabmraRO0d@BPl/ axy provides a rang
bi oinformatic towhliscdihr bm ems iGalyatwipagiv e d
good wuser control over pfi ptreadg @ tomesr. iTrhe t 0«
combinations, reducing repeatedsamanuyal i
does not require coding | anguages, maki nq
more researbhees. nadaher eerbofvd Geebsagg amsant
cl osutdor agelt f os dasa. worth noting that the
subsequent sections does nots htahvee ttooo |bse

described can & stsermddalnon e od aftti wanr e

2.4 Transl ational Regul ati on AT

2.4.1 @Detpagattd oaal i gnment

Gal axy wwearkd | bewsel oped for RNAseq and RP
PRINA256316, BRRARRASA2BEMRB) Dr.Dhese swor kfl o\
can be run within GalaxyprhowidedR®yirn g atcH
(Figur &NAsER ofdat Adet wor KRIPI adwaifacse h e wn

I n Fi guege M@nitm@otwinel oad and Ext r(@GaxltaxReads
Ver si on 3.dnkk + gdasctaéx§eaelt)a xy Vetrostiloml dad . 1)
the dataset using defau(llteisredndm,gsSuwgawdrl
Shumway., DPidkEeh s tt @Q@lal axy O0V.e7rds+ gomks a »wi 1t )h
defaettings on theudbibagethbndr ansishieepia)
Trim Gal(@aled x yt oVbetrgsa loamay0.)6h &@&n used three
successguwanl iwwiyt ht ri mmi ng set to 30 and the
rywi t h eiarcdl udiinng a di f fweirtehn to vaedralgatpe rf osre q
set ,faosri Bumi na, nex taedragpy taarmsd sontath € r ReNgAE a u | t
2021)This removed any adapter seqgwramdses t
based on thandquakitg smcoareum | endgthle f ol |
Tri mmotma@laicaxy Ver si oma s0.t3MWetmy ad saexdy 2wWi t h ¢
toahd ot her defraurd taldetrteiardgss t o a maxi mun
(Bol ger, LohseTherdr Baadal t 020 gidn rtihcits RP |
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https://usegalaxy.org/

anal ysis and iaxrdrsisvdarmebyrtojecltengt hs of
generally agreed t o vbiet harsooummed sInddadbla svees zii a
et , akR01et;, dd 20 ;etFrah0dliet Sabh@@ 1all ow for
t hiasri ation | ,RPRPeraeddad weergtrlestricted to
ThenFda$htt@®I! was used apgradwi dwe tahn odtehfearu | of usa
stepheok prdeess i s1gcAdnedsrsefwusiT he2 RPO)Y eads we
then alignedbubltheuwyeamalteyg IHHNISAGRo h e

(Gal axy Versionth. 2nktgakadyr)eadssseglten
ot her (dkietrhAyhbetAlPrerequi site faorrnadthatsedvor
human hg38 genome ULpGEACODE, naghil bt matd
https:// www. gencpOpBdegebhiecaRbdbgpsemant h t he
coutnot@lal axy 2V.elr.s5 toghdlna»ey &), Pyl ,wintdh Huber ,
featur e &DGaet tsreitbh vatder d MDs et p @sldE da nsdet as
ot her defoaol guablt ERAHIYIshrement s t o produce
the number of RRDSeads talaingsrcad pttos .t he
The Gal axy workflow is very similar for
the Trimmomatic step is removed due to t|
t hsee ze of ribosomal footprints. The ot her
count runs with alterédvfee ptrdome tUyTRes t o

@ hree_prgi met HJETrRebs et hseéegi ngs remain the

co
tr
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unt table is produced for the RP reads
ans(cArnidpetrss, Pyl .and Huber, 2015)


https://www.gencodegenes.org/human/
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Figure 2.1: Workflow for ribosome profiling (RP) dataset processing, alignment to human gename quantification of read alignment to
transcripts. This workflow was created and run through the Galaxy bioinformatics platform for RP datasets from PRINA256316,
PRJINA532400, and PRINA880902 Sequence Read Archive (SRA) projects. The workflow highlights the key tools and a byrebtldsaript
functiors.* The Trim Galore! tool is run three times in successioartsure different adapter sequences are redo
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Figure 2.2: Workflow for RNAseq dataset processing, alignment to human gename quantification of read alignment to transcript3.his
workflow was created and run through the Galaxy bioinformatics platform for RNAseq datasets from PRINA256316, PRINA&32400, an
PRJINA880902 Sequence Read Archive (SRA) projects. The workflow highlights the key tools and a brief descriptfanaticiee * The

Trim Galore! tool is run three times in succession to ensure different adapter sequences are removed.
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I'n GalRyddaha from each KRNASeegaconr oRP tdhaet :
SRA prwgree tpsul luesd nthgoudtehtiel@eia | axy Ver si on

1. 2#4g.all dbyy GB)el ecting the dat aséths|tusiiomclod
dat a f or pdeoftasu lath Bovestlthieegdchas) 8. 1 and 8. 3
Appendngl ddemmary of the quaRNAgeqgodat aket
bef,oran ¢ r afctewsirsti gl mexy wor kd V erwa laln dp @ rhee nt
alignment to the dby malh®Alt gdgrade . sraonei d e

summaries are al so aivnai Baab#ibh&4i App e mldhiex RP

2. Di2f ememrtdsasti ams orfi pts from RNAse

dat aset s

To inwebBéeigagul atwiwudpYRFsnat modedf for the
regul ati oswagd wseadhscAigpitmi | ar met hod was
reporti QwwedORBB2QLsing the change in expr
from the RNAseq dataseTheoRpAR®gdamads 6 |
transgpfr pwassie@mr e s eRd aeddls aBera Ki |l obase of t |
Million mapp&EM) readmal i zed |l eax RNAsS®igon av a |
expression i s caltcrud mavderdirppta,s ORRP d heasv@D | ¢
cal cul at edThfeorlotghdeef «CIDBSS.change i n expressi
dat avsse tcsal .c uB eft ®rde t he R&IKdMu lvatl sk tchaen rbeml
reads al i gn,edort ot veaapaslecr@iDpdti,ed f or t he RNA
dat alslked scoshor t RNAg®eq datasets for the 50
weraelded together to generatdoaacvoundttaer
i ssue with zero values and iwnftihniztee ol o g2
ali gmed he CDS, for RP datasetsweer the t
di scarded. To all ow thelhRihEManalensptba be
with Ref SegemBNAIINBdd usi ngviBnrs enbel tBiammsea
and CDS(HangtbhaR@Oh4)y transcripts with Re
aruessdd. RNAseghedaRPaKsM tvsahltuter am@rc r@éapdt cul at ed
initially dividing theranhperpeftoealdsnal
reads adlillgeracdcsitcr itphted idvaitdaesdetby one mil |l i o
this vatmumantbegnigite | "mhki bobwasdsfference f
using reads aligned to theT&DS pndvt desCl
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expressi on tvraalnusec rfifomwtr ewecrddhi @mt aset. The |
RPKM valuepafiReMiséehet o RPddbhetadetfprent dal
expresstoanamrimpeel of the transl ational
transcThen thee ¢érgnesepegtisnto trWwmscripts
dORF and cowgpmeadsomst ween the groups and

2. RP3 da3as&RiPKMorrel ation with CDS
di fferenti al expression

The abovwaathettehroedd call icahtaRRPKMoexpressi on v
the 306 UTR of a transcridpt pohnenheaRPmMdat:
the ribosomal association with the 306 UTI
occulsThenpgrevious met htosde gusntd hsatmnegpegds nat t he
t oiog ruml EMMRR hecat aset ailttlpeméeat r besypw,
td hree_ pof r D8 tcourmtei mggmber of reads ali
UTR of a(Andepssti Pyl .Emse HulbeBi, o0@28n16)i s
al | human Re3 &eldT RMRNAq uvdnuopel so awdheidc hi nt o Ga
(HaretsaROhEASTAIabulopGal axyl Vewistjhon

def aul tcosreetdtiteng36 UTRs into a table with
col umnsvawhuiscend Seva t &vh tihre ttexx@@Gaillaexsy (Vermrep )on
9. 3+gatloaxfyilnnd s e qguletn cneast cwhh iécshe qgqduence unav:
(Gr¢ai ngkp16ef ore converting the tabul ar
Tabul6aASTA (tGad laxy Vewistihonheladli.nlg)s as col ur
sequEamceol AmMgadalliih&) 36 UTR sevguence | en
gathered using the COGpbarys¥guenee 1 eb g
( Bl anketn,bel@hE)n the calculation ¢of the RI
howewvieg ¢ tneumber of r ea3dés UailhlRe gead ,abdt he C
t h3e0 UTeRigth ifnorkitlrobasersi ptwshewi@& ot hWdeRads a
| enwdahbt ai. ndhleeexpression values wkor t he
useadcomrel ati on adiafl fyesriesntaigaali nesxtp rtensesi on

RP expression to |l ook for possible relat:.i
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2.5 I nvestigating ribosomal pr
transl ation PRJAIWS6 BEIGat BR eit 15

The hypothesized mechanism for dORF func!
of the dORF, | eadMusQRFoanadvedtWDRtriomo dn
and possi b(l Wett,rabijsBdatiinovnesti gate ri bosoma
possi bl e tWudORFat aogt PRI WNAR RP3 &t aset s

were used, by aligning the RP reaidtshagai
regions of knowmat sansbastideratheneof RP

CDS regions.

2.5.1 RP dataset preparation
The RP datasets required bsdliaogwatl lyys i ci.f flar

i mportant to ensure that proceBlse nRPdi d |
dat asets previously imported with the Do\
agaiLrei nonen, SugawarAdagnd rS suengweaeyn e e2s0vield)
using the Trim Galore! tool s56tewdtbfdeh:

regdds ueger ,Th2e0n2 If)ol | owi nglrd dranotmeaw & rce mo v a |
used for qualitygBahdet engo hs ¢ r alnhdei bsgeatdteil n,
for this tool included: Slaguiat§y Wi Gdow Tr
basdasnabgfuiatBy0, MISNLtE8Bgt GROP,t ca nx0 al | ot her
def auwlotlsg er , LohseTheade Useatdteithmgys? 0deidsgdcsa rwd t
guality score of |l ess than thirty averag:
baswese removed if the quality oswmeoere is |e

~+
-

i mmed to thirty bases at the 306 end as
than twentwe & i gd(nhd alagbeers, Lohse afal |Uossvaidred
the processingeetdhlee RPe d ad €ien(cAmldrhe ish,e F
2010)

2.5.2 AlignidrORFRR r8aadJSC RtSo

Ref Seqg nmMRINAUTITRD sequences were ohsained fr
descri bed i(nHasreectitsiaoBnOr224)4 m&8t hods descri bec

section were carried out ,onsuwmrhrhanihze d®® RiJN,
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2.8ny duplicated 30 UTR wequeemesednt ot pe
RP reads aligning to the samme GaHtaex yi,n ti d:¢
NCBI BLAST+(bhaaky2 VohHsiowad axgRddieo

RP rteade 30 UTRAs¢tqgutbmaldO®©97; eCam0b8; Cocl
et ,aR01bhi s tdaohuséantmddedaBambi e
sequencesNOBI nBLASE+ mak@adll axy d\be rtsoiod n
2.14. 1+0All asxty2gll 997 ; eCam80DbD &;t , GA2AKL 5)
BefaleginhemgFASTQ toG&aA8&YXHX tVeosli axy2) 0. 2
convéemhtedRPf daimads eR A BT A n ketn,bael.@yl1Dhe NCBI
BLAST+ blastn tool was run with the RP r¢
guery sequence, theudpedTRbaes@giedpeeretsiectanyg t |
and cocvuetroafgfie P66 TatdedDOiwatdadsgnmeat s
extended columndedtmdt(iAxdmgds tahlalll 909t 7h; e r
CamaehopaPR00%t,GARAOKLBHhits hmd a iRfu srte aadlsi g n
complwittedhiyn t he 3tdo WTeR ,rseepgoaaincode ver |l ap aci
regwansdi sthededbl e of alignwentlsemor eac
downl oaded and Mrocesoé@ld. Eumyt hRePr Irlieya ds all
to muldd ipTliRksc awed@scar déBRP Meadsl entirely
to one 30 UTR trdrrsgrirpTRRe)oheelko Bt r ea
aligned following the same metihtold RefaS encs
MRNA &4IDso obtained and pr oces sTehde3nd sandyes cr
UTR alRPgmmedds aligned weti nktbyp,|l tiavgheded
RP r eadwse evhalcihgned fulwiytbhonfitdhend8é& WUMRt AN
al i gnmen(tFil gpgwrag i 2.n3)
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Human3’ UTR
sequences with
RefSeqmRNA ID -
duplicates removed

\

I

NCBI BLAST+
makeblastdb - make
blast database of 3’
UTR sequences

|

FASTQ to FASTA - 4 NCBI Blast+ h
Processed RP convert RP dataset blastn - aligh RP
Dataset format from FASTQ readsto 3’ UTR
to FASTA \ sequinces )
'\
. Count number of
Legend' 3’ UTR sequences
RP reads align to
Galaxy Tool/Step o
Input Remove RP Reads
aligned to
multiple 3’ UTRs
. Output
Figure 2.3: Workflow to alignribosomepr o f i | i ng

RP reads aligned
to one 3’ UTR
sequence

y

Humanb5’ UTR
sequences with
RefSeqmRNAID -
duplicates removed

\

|

NCBI BLAST+
makeblastdb - make
blast database of 5’
UTR sequences

|

e \
NCBI Blast+ blastn —

align 3’ UTR aligned
RP reads to 5" UTR
sequences

( Filter sequences by

HumanCDS
sequences with
RefSeqmRNA ID -
duplicates removed

\ vy ID - remove RP reads
aligned to 3’ UTR that
J\/ L also align toCDS or
NCBI Blast+ blastn — 5 UTR
align 3’ UTR aligned | __———
RP reads to CDS
sequences
. T /
NCBI BLAST+
makeblastdb - make
blast database of
CDS sequences
—
e )

Remove 3’ UTR
aligned RP Reads
aligned to 5’ UTRs

RP reads aligned to
one 3’ UTR sequence
and not alighed to
CDS or5’ UTR

Remove 3’ UTR
aligned RP Reads
aligned to CDS

( Brranslated eegion (UTRBegBehices with RefSeq mRNA IDehis

workflowwas created and ruthrough the Galaxy platform.HE processed RP datasetsconvertednto FASTA formaandalignedto human

RefSeq mRNA IB 6
UTRst he codi

UTRSs
ng
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Th26 UTR RaFA irgemedds t hen cheowdaddBiFa al i gnm
(FigureBefadne running alignment between t
and dORF sequences, the dORHKras eysyiemg e da'
the NCBI BLAST+ (RRadkeslthadOd®y , te€Calm 008 ,;
Coceck , aROh5)s was dwun ed RWeh ,talk@@2l®d al so
anot her Qootteh®dFEmegqiuences RéoSuengd m RANDA hl eD
UTR sequences ufGCalgax neVagrdiob IFagwlre 2. 4
(P Rice, Longden and eBl,eaalsObOyl,h) i 20 & ;0 | B Iwaarsl
with the following set tsitnagnsd:a rnda xci onduem wO R Fh
alternati veutspatrtnecold®eine,sequence betweer
ORFs in reverse complement and all other
dORFs with | e3@Q@ hp der solecetnad3DOR P06 Ri c e,
Longden and Bl easby, a2 )GaB aaxRkPenkeadg
aligned tweehe hdvdtlhhBRANCBI BLAST+ bl astn
same scdsdrnighse danpdreeev irouns laygai chat abheedi &
Wud ORBa@ot echORBIAI t et hall997; eCam6bBb8; Cocl
et , ak0h®) owma pabl e of RP reads aligned to
al so shown to tWleindont ddu® iy 4 lolt d3ed nYT R

al i RiPedteadise galomgvie d hVius daDiR&t e ch © FO& A

remai ning 306 FRUTgRu.rseeld2i.einN)ad i gnment only co
aligned within these dORH$ hteoaéngunmenmax .
However, this could mepar t ihda@R Bgso tna@er eR Ph orte ¢
annotated as such.
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Figure2.4Wor k f | ow dnwanstated region (I'R) alignedribosomal
profiling (RP) reads todownstream open reading frams€¢dORFs). This workflow
was created and ruan the Galaxy platfon. Wu dORIF, presented by Wu et al.
(202(M), or PotentialdORF4% found ugg getORF toolwere aligned againstite3 6
UTR alignedRP reads using the NCBI BLAST+ blastn tool to reveal RP reads that
also fully aligredto dORFs.The workflow highlights the key tools and a brief
description of thig functions.

2.3RP read density analysis

The RP read density of all tdes RPi bed disn
sect®b,o0n n3the CDSVa, d®BRMWATBR 2 ssredtsleai 1t o con
ri bosomal a RP o cdeeantsii a eyd hr ®hpeoo tt a | RP reads

divided by the total | e Mgut td ORflF ne ittrhaenrs ctrhi
with RP alignments. dlihfifdSeRveahdau ealsyed s sa dzjeu st
di vi dRPgrdeehndsi ty by the tot al reads in th

2®O0wo,8a value similar to t.he original Si z
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2.6 Short!l Wet dCG&Fdi dat e

Sever al proteomtasndagabhseses prowWweins we.
d ORgfr ot ei nsbW>.l i Imdretd proteins validated
from Oddrehetatnzl 028 MPY.ccttiL,iak@adil) Met amORF
(Choeepalkdal pdas &Galeaxegy, shiort protmwons we|
aprobé@dmt albsaisreg t he NCBI BL ASAI+t entalkeelb.l ast
1997 ; GCeatmaackhOo0 %;t , GAROKIBYu dORMWer e upl oaded
Gal axy and t(Geel axyab\setvwgsOsjoonosledd i th use se
stan@dathid alt er rcatdiomes )i mintdi at*iéboror X char a
codwene retmowvieelave t he pr\Wu ed @RAfeggauneanic.es o
201BhHhWu d@RFOteimwn wadaglees nM$ validated prot
wi NEBIl BLAAISaIsa@lal @xy 2Velrdanilatgy T)bver age set
to 100% daenfda wltth Ad dtetcihradl®97; eCam@806bB8; Cocl
et , aRO0ihWw ORFs with M&rreedleirda®tdi am ws MS)
dORFs (MS validated Wu dORFs) .

27Proportion of 3IPotUalROR®l er ed

When considering the proportion of 306 UTI
seqguse,nciet is important to octomaOiRdFesr cwhatr .
Potecdh®ORRd 8t ary ed ORF sequences appearing |
UTR®he cover ageaP ootf e dCDRE&EHT IRd lbdyh e abundance
t hese dORFs swiTthhe no uw3tép UITRf r om t haendget or f
described i,npsestines 2h®. 2ranscript, dOR
within the 36 UTR, dORF st op swirtehaidns hteheet
wd& produced from these odtopgruhdRiIBhtt he
and stop |l ocations. Thtilee spreadsheet i s 1
dORF_CoveragePyf bc@tuvlpR .cphyed ehponttot al cover a
the 306FPLTTRMDWREYE t hin eatChi gBaePygda hph

scraicpctedmdrver | appi nngatd®BFstaad adding the
toget heedt heaktalk at and stop ofl Fog@&mrlea@ped
The out pWwPtytfercawmapstsheed t o cal cul ate the per
transcript I|daontgedn® Ripdves i¢rgrlgtyhhes of Ref Seq
|l B6 VWERiuences gener.ahedrcensagei covear adg?é
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then be restricted to different
read ali ghREMNMAZ2Z R®3 Hhetaset s.

dORF 2 dORF 4 dORF 6

transcri |

Possible dORFs

3’ UTR= N § - distributed across 3’
- UTR with overlaps

dORF 1 dORF 3 dORF5 dORF7
Length 2 Length 4
Determine lengths of
JUTRe = 1 - 3'UTR covered by
dORFs accounting for
Length 1 Length 3 overtaps
3’UTR Add together the

lengths to find the total

length of 3’ UTR
covered by dORFs

Total Length of 3’ UTR covered by dORFs

Figure 2.5: Representation ohowthe dORF_Coverage_of 3UTR.pPython
scriptdet er mi nes the total | ength of
covered byotentialdownstream open reading frames (dORFEhe script

a 306 un

determines the | ength of the 3egard@SSR sequ

of whetheddORFs eerlap.

28Nucl eoti de, Di nucl eoti de and

of 306 UTRWuC®OSREN

I n Gal Bafy m&RéNWe3l'D UTR sequences, with dupl

us

e dt wsieht uhf ftlodtHaelga xy Ver wi oh &eDadl tl)settir
position of bases, bwudqueaamgaoagiftiiRige ¢ he |
n

shuf fl

nucl eot |

Longden and Bleasby, aR00TUhHi 8l aakenbpegt ec
mor e, l eavi 8 BRBueearcemi and t hree
nucl eotide, dinucleotide, and tri

Ref &RANA 316D UTR sWyuedea&®ens,ai ni ng Ref Seq 30
S equeWuc eds@GRF u eanncde sRef Seq mMRAA ¢ &I €DISat ed
the compGadmpmxtyooMlersno@aé&8hO0s @t 19f wsaduence

word sizes of 1(P2Rané,3LongspaecandeBYy ea
Bl ankenhberRp0T9g find the codomRNAelgDhency
CDS WwddORF sequences the campsdgog8it p@al was
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fralfe Ri ce, Longden and eBl,eaalsObdy®) 2000 ; B
compari sons ofexacddadopf cogwascy due to | ar
size and number of wedqlemndy aienEtoO@n Tio
sequence. Thedgoaparysossabfowpeci fic din

and cadmowmnss t he disfufcelwteanstt sceaqgdicemsc.e s ,

28. 1 CDS Stporpe ccabddiomdgssR F

Thi s anal gtshsd opompamoe frequency sSseen acrtr
CDSs tha3od pUTeRs dtaNuiatd @PPfmtG@Galnaxy, t he comp
was used, with a word size of 3 in frame
precede 306 UWRsdORRtRicoe,t aisangden and Bl e
Bl ankenhearkdih®e) hutmam coadvas odagemed from
Codon Statistics Dat abaseac cAe Dxait lmlbea sfer com
http:// codofSuarasenbnabo22a2iju

29A UG dORF and 306 UTR Conservat

Thi s research investippdtemd mahedOBRSsSEeENgat i
with an AUG AdtGa rdt@yRdEahd ocno mp aB8idb s OmM Rt act bhes
vari ety lonfi tsipaelcliyest.he NCBI nucl edtli de dat
humBRaef Seq annotated t dhaméend epftSse dolyerd i | t e
downl 0la9d9i2n0g5 sequence(sSaywe rFaABIIAZ)soer mat
seqguences wenlenttoheGaluwuxlyoadhd-tdabuwiarhtohbé
with default settings to create a table
sequence (Afgahathflg)

29. Pyt Ibam iuptesti ORF and 306 UTR conser v
anal ysi s

Runni g mame R2U BB AUG_d ORFqu.epPye hron scrip
geneamratdat af t basvea iVvihiati® & UTR sceqruteanicreisn g

dORFswith AUGwstarnth ddhtkpres SiGn @ TRIse tr ansc
coll ected above and t(hFe g Bla geu,cd M2 2 )d e
The script also collecbedcdatdiTiRindagsend e

al so transcript | Ds whichTheubkdr npt makeé:
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http://codonstatsdb.unr.edu/

of the pandascha2m@dmproecadslegenedatafmrasmelst s
( Mc Ki nnetyg QdIlllect tthlkee dMCERI rred altd mitgi deo d
for each( SaywdnrssklR 0 DPBIprae a from these entrie:
usitmBent med d Ir ® nP ybtikovseiroIn. \dF i g6 €otk, al
2009)The 36 UTR sequences were gathered u
CDS | ocation within the transcript to gat
CDS wher e pAonsostihbelre.i mport arigum@adulex pwas st
renod Ilveirbh. 2. used to gathewi theAd®RSt &sretq
codongatamaelr data about théas@th@RF s hwirttleirr
Pyt seondHpman_ dORF_|I D _remosepwaspltiheat e s2dT K
t hdeat af rAddmse ddofRit ahiunmanng Ref Seq mMRMNA ald@ 30
uni OBRF I D and r@moVER daueRjiugtmdess? .

Then tboogaduspgmes t o investigate dORF and
across other NCBeé Giél@esod at a b(aSsaeedw,assl UZ 2)d
This dat abasenod ommgt aian esdhfaokme shBeTdhiadd e 2.
dat abase was downloaded i n XML dgememsatoft o
the human genedORdFcatime niwpe AUES

Ho mo IGeqikei satnsdnucilnB pe cpPyg s honwassc ruispeted t o do
anadolddeicsts of hoeanmmd pg¢iGen@sef dr

I n each species the homot ogngemiept ilsDs twa
t he NCBI nucl( Sateidd e RdDapt 2atbkdésde d ORMBt ai ni ng
Ref S8é&ég UTR sielgumoiceegs genes t o t hkORRSNan ge
i n theTo3dd dUStRmPsy aaBoni pt t o

Human_ Ref Seq_ _3UTR_and_AWG@sdOREddSéqueraed.
usi ng si micloarma(nalicsy 8.r aR@nni ng
PtroglGdythesmol 9 @ndUTRHRRd Pyhbomi pt

each sepxeacmpelse i s Jfcod |l ekitefpla mdem® |Istegqguences
the humanAgénd®RRit @3o6n iUNTgRs3 6 TlhTeRsse fr om ot
spewiges split by the PythoendAUBGrd§Rn i nto
t hose iwho(tEh g@)r eTRgs 8aoni pts dal ssa eipnctliou dree n
dupl BéatyERs and assign a dORF I D

53



Table 23: Species included in the NCBI HomoloGene databaBke tablencludes
the species, common name, and taxonomy ID for each of the included species.

Speci es Common Name Taxonomy |
Homo sapiens Human 9606
Pan troglodyt Chi mpanzee 9598

Macaca mul att Rhesus Monk 9544
Canis lupus fDog 9615
Bos taurus Cow 9913
Mus muscul us Mouse 10090
Rattus norvegRat 10116
Gallus gallusChicken 9031
Xenopus tropi Western Cl a8364
Dani o rerio Zebrafi sh 7955
Drosophila meFruit FIly 7227
Anopheles ganMal aria Mos 7165

Caenorhabditi Nematode 6239
SaccharomycesBudding Yea 4932
Klyweromyces |Ascomycetes 28985
Eremot hecium Ascomycetes 33169
Schizosacchar Fi ssion Yea 4896
Magnaporthe oRice Bl ast 318829
Neurospora cr Ascomycetes 5141
Arabi dopsis tThale Cress 3702
Oryza sativa Rice 4530
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\__and AUG dORFs

Figure 2.6: Workflow describing howthe PythonscriptsgatherRefSeghumanand homolog3 6

Create empty table of
Homolog RefSeq mRNA
3’ UTRs with AUG dORFs

of human RefSeq 3’ UTRs
withAUG dORFs

. N
re.compile-create
regular expression

Taxonomy IDs

with AUG dORFs

é R ( re.compile- create B Table of Human B Rcf;uec: h°m°.l°t53, N
Human RefSeq regular expression RefSeq mRNA 3’ List of homolog U?I'R ::tarial::‘r:n:;:dd P
mRNA IDs to f,lnd AUG dORFs UTRs with AUG genes to empty results
Y ) L in 3' UTR sequences ) dORFs y table y
( Entrezefeteh - 3 (" regexfindall- ) (" AdddORFIDto Entrez.esearchand ( regexfindall- )
generate find AUG dORFs table and remove Entrez.read- collect find AUG dORFs
nucleotide handle to i , R , . i , -+
access genbank in 3’ UTR duplicate 3’ UTR N]EZBLnucLelot\de uID in homolog 3
\__recordfor mRNAID ) \___seguences ) \_ _ sequences ) orhomeloggene \_ UTRsequences )
( Entroz.road D (" Collect AUG dORF ) (" Listof human ) 4 E"‘rez-ef;‘égl‘ N (" CollectAUGHORF )
. details and add to genes with AUG generate details and add to
access genbank 3 . nucleotide handle to
results table with dORFs in RefSeq homolog results
recordformRNA ID . , access genbank table with transcript
i\ J i\ transcript / . 3’ UTRs / \__usinghomologlD / /
Collect RefSeq Separate out (~ Collecthomolog (" Entrez.read- Add dORF ID to
transcript 3’ UTR table of human genes of listof access genbank table and remove
. . human genes for .
details and add to 3’ UTRs with no each homolog record for homolog duplicate homolog
Y empty results table ) AUG dORFs L species L ID 3’ UTRsequences
(" Create empty N List of homolog Table of Homolog
table for human species - HomoloGene RefSeqmRNA 3’ UTRs
. ) ) with AUG dORFs of
RefSeq 3’ UTRs including Database human RefSeq3’ UTRs

untrans|

to find AUG dORFs
in 3" UTR sequences )

.

Separate out
table of homolog
3’ UTRs with no
AUG dORFs

Legend:

Python Script Tools/Steps

ated region (UT

downstream open reading frames (dORFs) starting with an AUG start coython Scripts find human AUG dORF containing RefSeq mRNA
| D 3 6 andfieR slentiffRefSediomolog genes in other species using the HomoloGene databd$er each species gatheefSeq
homol o gswtAU®AORFsThe workflow highlights the key tools, or commands, and a brief descriptionrdiuthetiors.
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Toi nv escaongsaetrevati on of the AUGb atOiRdFesn and ¢
humsmd each hoematbghemaowASGcod@RRAred aga
t hheo mol ogAd@BedOBesr e t he humamaAlWd eddORF eg ¢
homol g iqmen he (ORihgedr eTplkec ineosst si mi |l ar hon
AUG dORF to the human AUG dORF was then
sequences, rehatdeei hgcaheon in the 36 U-
sequencelsi mddaei ®wm. UTR sequences in the
species for thweed®RBocommparsednconsi der |
sequelnhciess . was carried out for every human
spewiéntching homol og geaesr iwh ¢ dhT A&V id OR:
the similarity compa$mis\dam ebrentawne eaa sgsoerqgi ut ehnm
usé&mith and WRktuemmamg, the81)

Ptrogl odyGoes ed @QRER | pygyys sani pt ,Pytntdormt her
scripts for each specjgesn ereaxsaempt]l se d ast af forra
for each species with compa(tkisgpé@se o02. dORI
These scriopttheepmal e i ngoessydulaenceses t he
command | i ne Pfyrtosne nwa ppdsimre toHfe t he previ ous
tools and commandsEMBODSSE WA&KRERg(MOwsre of t |
6. 6.tmM. C)un -WahteerSman hl ocal alignmemt thet we
and Waterman, 1981; Pet er .TRiiec es,u bLsoenggudeennt :
results datafr ames tfhemPgtumbrnwsgeci pss, s U«
Ptgloodkitleds® RF ConsRe valt pfgdd¥F each species
(Chi mpanzee .exBmpd emdgamywtndup!| iAWLG @RKAuUmMan
results, keeping the compéérideiehoe wietshulgrse :
ensuresimat arhéeéy compar i sbhoent wieoern d hRF haunnda
homol oghageaneal i gnment | ength at | east :
al i grgd Fd gd)/Re sl t s i2weApneéonddiinixi ed f i |l t e
scr,aplt owidrORFt lm¢ i gnmed& 0 %l endft 80/f® shortes
d ORdFei ng .al i gned
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" Table of Human )
RefSeq mRNA 3’

UTRs with AUG
dORFs For eachhuman 4 Comparisons between ™\ 4 Gath?r results for e:ach ™
. S/ dORF identify each human dORF and l?;eclest' O?:y CotnS'dler ¢
s o 3 alignments at least as lon,
f;?:};; In hom;log 't: 3;1 lLT: a"dlthgesi as either the shortest 3’
s matching matched homolo, UTR or AUG dORF being
(" TableofHomolog ) human gene \_ UTRsanddORFs ) L compared )
RefSeq mRNA 3’ UTRs
with AUG dORFs of l
human RefSeq 3’ UTRs -
\_ with AUG dORFs J (~ Water—RunSmith- " d Remove duplicate results
Watermann for each human RefSeq
. alignment algorithm AUG dORF - selecting the
Legend‘ to compare 3' UTR results with greatest water
\__and dORF similarity / \ similarity Y,
Python Script Tools/Steps
4 Compare 3’ UTR and M Table of dORF
|nput dORF_len_g‘thand’dORF and 3’ UTR
locationin the 3’ UTR . . .
between human and Slmlla”ty for
\ homolog Y. each species
. Output

Figure 2.7: Workflow describing howPythonscriptscarry out conservation

analysist o compare human 36 untransl ated regi
reading frame (dORF) similarity againdh o mol og 306 UTIRe and dORF:
workflowshows that the Smi¥WWaterman alignment algorithm is used to run this

similarity analsisand highlights the key tools, or commands, and a brief

description of thie functiors.

29. Pevel oping coandoValsiedjaiteinitgg Sscons e
anal ysi s

To help validate fgedtiingess ufltrtoem dtaht ea fprraenveise
species were used to develop (Wargiruwes 2c oni
to carry out fRytkhenmEpaonal yessl usidagt afr al
human and a wemel cagPhsipeanhegst such as
PtroglGaytred 100 Chowres Wmaalayggychi mpanzee
exampbe)eacWhepecpessi bl e tackdiet isacmalpt s ¢
similarity raeomnbstestcomparfi ndhe human and
that was the oraingei HelngAhG ats@R Ese, downstr eas
AUG dORFs origiomléygclt otnPRF e glBmmad).i2s on
Thei mi | ar iofy tdhneasheg so@a mol sequences was t
previous section, witggnmeatt sliecdadstonadg os ha
shorafert he two cUYety ofiywislgamre pdisfsf. er i ng i n
sequlkocgftoroneach spedioes ommprad eqlu e 8 n
and 500 bases dowarsd radldsma@fd OO pd@REE M
of the dORF in the hRimad. Tea e3.h oesxopllbogrtesdp e c |
conser vtahtei G300 dASTR sequenckORRIF.roundi ng th
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Human dORF Human dORF

- Human 3’ UTR -

Human 3’ UTR
Subtract 100 bases from human dORF
Add 100 bases to end of human dORF in 3’ startin 3’ UTR and set as end of control

Human dORE UTR, start sequence of same length as dORF thenuse dORFlength to start control Human dORF
sequence tofinish at defined point
ﬁ I +
Human downstream controls Human upstream controls
Subtract 200 bases from human dORF
Add 200 bases to end of human dORF in 3’ startin 3" UTR and set as end of control
Human dORF Human dORF
UTR, start sequence of same length as dORF  thenuse dORFlength to start control
sequenceto finish at defined point
# C |
Human downstream controls Human upstream controls

Subtract 500 bases from human dORF
. startin 3’ UTR and set as end of control
Human dORF Add 500 bases to end of humandORFin 3 then use dORF length to start control Human dORF
UTR, start sequence of same length as dORF sequence to finish at defined point ‘\

— — —

Human downstream controls Human upstream controls
Human dORF Human dORF
ﬁ I I *
Human downstream controls Human upstream controls

Figure 2.8: Diagram to represent howythonscripts generateontrol sequences upstream and downstream of downstream open reading

frames (dORFs).The control sequences were the same | ength as the AUG dOR
codon or ending 100, 200 or 500 bases before the dOREadteasr tt heo Bdl
UTR, the green box indicates the |l ocation of the dORF,doiwnsbtlrueea na r
the dORF. The varying shades of blue show each of the different ¢
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I n addontegusveace al so gemiedalk & do AiBvdbmennt h e
UTR, 1 nvevhteitdhaepamtg 3¢rUTOR si mi | AUGI| engt h
dORBr al i gsedulrd gaologsoa rioveeod h e(rF i sgpBer ceiT é2e
results dataframes compawdrneg WhIRBeh hwiatnld h «
scriptPtrowgdhdydFTSTR omitddlle _Conseyvati on._
(chi mpanzdere xammhl s)theciedéssheer irptsuland dat a
removed Hwmpd dTcREstnedtanteaf r a meh &k em@stngsi mi | ar
compaft oesad@® UTRf omMheach humadacoo8nkt rUoTIR,
seqguence starting athathewasemhee saimet hend
AUG dORRt wasThompaeortr of uwsietchBemmnt ke was
Wat er man tad gloocialhlny align this control se
homol ogt&@8atUnTRd beringtomanplaywe dAUG dORF si
analwistihs t he h@EEmgonyd@IMAIUITIR and Watlers etam, 1
Pyt somoplty wlkeesuéttshe al i gnnmemtg laesn gthhe waos
seqguwerce i.ncluded

A final val i can@wvdiren fsit ie@hlelsdzso &rot rcodons fr
d ORF simil ar,i tays ctohmnepsaer icsoodnons wer e presen
potentially increasi nd Fti ge).rTsh eflirleasruilttys of
dat aframes comparing human &gydhbomsikcogps,)
suchkPtawglodytes_Control RemovpyAUG_Conse
(chi mpanzdere xamfhapecsesi. pts took the c
homol og AUG dORF seqéAd&ic ss aabhedfcoordemosed t |
comparing the dORF similarity again in t|
(Fig9re 2.
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Legend:

Table of dORF
and 3’ UTR
similarity for
each species

Python Script Tools/Steps

¢~ Control Sequences
- remove AUG start
codon from human
and homolog dORF

\_ start J

I

4 Control Sequences —

take 3’ UTR sequences

of dORF length 100, 200
or 500 bases up and

\_ downstream of dORFs J

4 ControlSequences — I
removeduplicate human
3" UTRs and take human 3°
UTR sequence of dORF or

Water - Run Smith-
Watermann
alignment algorithm
to compare control
sequence similarity

Comparisons between
each human and
homolog control

sequences foreach
line of table

Add resultsto table - only
consider alignments at
least as long as the
shortest control sequence
being compared

water alignment length
\_ fromcentreof 3¥UTR  /

Water - Run Smith-
Watermann
alignment algorithm
to compare control
and 3’ UTR similarity

Comparisons between
each human control
sequence and
corresponding homolog
3’ UTRsequence

Add resultsto table - only
consider alignments at
least as long as the control
sequence beingcompared

Table of dORF, 3’
UTR and control
similarity for
each species

Table of dORF, 3’
UTR and control
similarity for
each species

Figure 2.9: Workflow describing howPythonscriptsgenerate and runconservation analysis ordifferent control sequences fdruman,
and/or homolog,downstream open reading frames (dORFBYython scripts used tHgmithWaterman alignment algorithio investigate the

conservation, or similarity, oftheeeont r ol sequences to
the key tools, or commands, and a brief description af thectiors.

compar e t o t Thewaki{®rR Righlights d
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29. ®nt ol ogy thHilgylSlayss eorfv esdh ar@RHIFC s t
d ORFs)

Sever @wlaswalb gene ontol ogy analysis tool s
cont aHGQdiOR@as shortl i st AfUGhIdEPRIFYs d dn gérl we d
conser ved sde@RFesh)r hgrmtedlrfolg@ AevdfDuncti onal
annotation tugdloawl@®afgd & ehde RINAH CGdESR B & d
themirhgumcti onal annotati on iwictl udaldl i modd
out mumtds ot her deSfhaeueltta msReOiziZ2)ng s®Pr GOE1l er
functionabwpsodli $o0ongeece Wwdesttatwhe hset t i ngs
advanced sectltuidneg salsletr etsoulitns and the sign
Bonmfreoni c(oRaruedevtejrach Orlh®) f i nal Genel Owasel bh e
Enrichment anal ysi@G rathaviws ¢4 &l it haet is@amet @

t hoent ol ogy set as funct i EdethaakRi0 @@ her def a

2 0Lnfl udint keomlfyinpteds s eshaeées and
conditions on BPR&hOgsameEsats to
assoc3itmtelTdRs and Genes

Thi s annavieysstliispas omal association with the
dORFsMSVW dORFs (MS validat gdi gMul Ykl ORFs) ¢
conserveand ORFFes )36 UTRel aheyeappeaheinibo
associatigemewivahr itcthues RP datasets with di

and cel | uloar dd ocredistei sntsat es.

2.0lDat asets and sequences used i n a

Thpubl icly avdat aubsbeeds SRA tRhH s anal ysi s we
2.2 with a brief description of the cell

or modi fi cati on

Two groupswenes @ ®d®RiFE t hMSVWINOREysdtsi)on hz. 6
and HIClh@RHhe genomiod Itdcastaamb®RE sierdg

| ngtreaGememi cs Vi(ewiegaz2n. PWiGVh t he human hg38
| oa@dRBRdbienns,cal01Wi)t hin | GV the BLAdchool W
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d ORF semgepoarcteti ng the genosfiiKenlt QEReI0O@nN of
same met hodo wjaest utsheed g etnhoemi X6 | WTcRa tsi eognuse nocf
containing htehgedhORF<. | oeaatnit@an na fn gt lge nEGR
obtained using t HeaN@B Isa PQe2n2e) dchadtda it da soen, t
housekeepwarge gieansdsaurdteldoc h s houl d have rel;
consistent ribosomal a&asesgcilatitodoe 8O6r IR
assocanatdi npanaeb oovfe tdhCeRFs present. The hous
GAPDACTa&8BnTdUBBhieg e ne Iso owveetridorrndanke€ BGe n e

dat aMANE sel ec,t attrda NGRS ilpdcati oswas MANE
used t o tdet e8romiUNsR Sa ey earkddeh2z) same met hod

descprbedwauss luysed to find the 36 UTR geno

Tle wayobhsesPyinsdrmiept s dieseadideelr minndg hand r
wher e $aH irgemaedbb ased on whet heal awistsmigln e b a
the genomic |mchavencdarffiilthheerdce Tt hat t he t
read i s present withijtrhet lge nderfiicnd d cad n comi
abowemedi fi ed. Removing the dgfeinrosmti cand | as
|l ocati on meant that even i f the first or
overl apping the genomic regi ont rdeenfsilnaetde d 1
codon woul d ofralgiemedlmohaaid h itolne was done for
genomi c |l ocationexdeptr whReR elpat nhgeti hol uved sy 4 0
oshomsethis would | eave no regt eadtfoorld otol
dORFs the first and | ast l1l43DbDabalsewet o r
aligned to

2.01Pyt ISecmr i pRRBR datras etanalliygnmnent

Thi s agnaatkehgesrids padiclesef t he tRRA nihaitnags ertesad s
the quality, adapter content awer éengt hs.
al i gned hag d@aiuma,n bgeefnoormee t he al i gnments wer
and quantify how many ®RIPi geadst onteact ORI
UTRs andegemeded 2.nlashien geoedcitds eoenad mi ¢

| ocati on(sFipguwyEadlz.di s aseaiPysikxoni pts wer e
usesdichRPasAl i gN&E¥WHdORFs _and_3PYyRshPahelRP
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dat asets split into el evehytpaanispttso (dRarrt
exampl e .prToha ssduesd )nimo d hdee madmi ¢ | ocati ons f
housekeepi ngMSgvew eds® Rabnrdt Hftalhséter set of Pyt h
suclRPafAl i gnGhaMtR+FsH and_3UMT&8e_Phetdamg ana
uisntghnreodi g e eadmi ¢ | ocHC ido@Rsko ffi tonlrsitdelaal .

These sadesep®yodimomman dsinnhomdmat i someobs$
which hasgsedbpeoanvitohues |Gal. Bixeg Ipg mac hi 308 m
genomaowad oaded from ensemlffHat et s@adve wi't
202M)summary of theved ewpseiptnelbd opl s ame ol
provided 0A FFiguref 2vi#le IRMprocan atdheeti SSQR A

t heeddausmp atnao It he dat(awsaerto3dnal.d@s sniomres ,
Sugawara and .B8humway,)j a20fglupaptcatyi edndutol u:
t Feast QC dioadd 1)@nN drh def aul t se(tAnidirgeswso,n t
201Dhdme RP dataset relaesTmwiemeJavireormenleodt @ c
i0. 61 h0)Yi ally runadapwiem® vev eirll laupmifroa ada
and trim reads based on ai mi mumumeggéahi b
bases, and remove ONO& b a(skersu efgreofnhp i t&h0e2 1s)t a r
initial trim was then repeated with the
adapt éAr ¢ huisredd ttrhiem same settings bamndremoyv
al so filtered out any reddse dtinlall ¢ o m tmanii
t rmmamd | | remaining reads t o Fa gmaxeihm@un | eng
the Fast QC tool waseusedgagabhhwrthudbf &
che(ckndr ews, H2® AUQRo | (ieel2sildnwas WRPed t o
reads to the bbmasegemwemne ft or enisius et d dlat
mi smatches or ambiguous pbearsmeisKieend sahe al i
201DPhe output BAMatah e g nmusom thwifSiAAiMteaisli so n

1. 19%.r2t) asnd i aldleohwvet SAIME otod s vi ew t ool to
BAM al i gnmemohdef § ¢ @ad mi ¢ dfo ctahtei ognesnes, 306 U
d ORF geit , aROth®E)se filterwdeal hegmmRBeOQLCt wli ¢ &
bam_dtootls (Iepsdonquanti fy the number of
alignmemtaff{®enhgfi Wang .Bma fLiiwma 12t0dt2g pat her
the number of RP reads aligned to each g«
this datRdaftoars eetactho Ra( Fiegw) ¢ s2dht afr ame
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Figure 2.10: Workflow describing howPythonscriptsidentify the number of ribosome profiling (RP) reagscross a list of RP datasethat

are aligned

t o

a

st

of

genomi c

ocati

ons

for

genes, S)3be untr ans|

workflow highlights the key tools, or commands, and a brief descriptioniofuhetiors. * The Trim Galore! tool is run three times in
succession to ensure different adapter sequences are rerdecBP datasets are extracted, proeesand aligned against the human genpme
then these alignments are filtered for specified genomic locations and the reads aligneduethesported.
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2.01l1Brocessing daRyt memepased by

Thleri ef summary of the Fast QC Qpbefbréeyandr

foll owing the tri mmi mg es tpeposvidesdc rail boendy sp |
human genonfeoraldagaihmedndttdhsed®o | ,omt put
Suppl ementary Table 1 available at

https:// github.com/joetomlinson/.Joe_Toml i

The resuld swidtalt aRR armezad abhdmomertad | wer e o
alignment per centtaog et hoef hevavcanm RyRe adoam@aesde t

alongside the RP reads aligning to the g:¢
dat aset the over al It rperactjnmecntt SyR Ao uapc coers scieol
wasdssi Daedsets were excluded from further
a pr ohoevcetr,al | pelricemoneatgbee huwmas gemo®Met ent
bel owT60&l | ow compRRias asetlsetawelen o | ook

d ORF enroifc hRPe mte ado mp amgendnetnth et hembeneof R
reads aligned to the 36 UTR or walRF per

cal cullmteedddih ¢ i ®&ame cal cutl lae¢ i &l eWARSdMone f
he number of RP reads alignedThios t he dOoOl

—+

naliynsviesstivhgahed the preference for 36 UT
hanged widmdidtrihddeent han onl yeadsasidet hi
0 WFR dORFsli fferent datasets

w O 9

2.11 Statistical Analysi s

Al | statistical analysis was carried out
Var idoausa types can be analysed using a ra
Prism (verAdilomdaltOa 2.03)b.e analysed was upl
(versiommndiOam@pr3gpri at e st atWhsetaipcpa li ctaebsltes
par ametrraitdher t haresnocn paeamesteidccat est s a
nor mal di dammtidlnit ssoupapsofr t ed by the data su
by @GrPPampl Prism (version 10To2.r3)diuhes i daerea l

in Type le oo tcsawefeadl sby ¢ asrtraytiinsgt iocuatl mu |
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compati slok@ d8k met hod was .usTelde-G#0 akdj ust
met hod was seliextaend efefceacutsievd hmest hod ¢ omn
val uehsast haatr educed chance of increasing T
compared to othefSebhdprtusoment meéeahtold& i cal
use of these tests in t haentdhiet ece@atommend@h

and details from within GraphPad Prism ()

To make comparisons beth@p-&ay mANGVA hmwunl ttiwg
comparisons test with Q2Se8ck8 iagdn u3.t®,d 3P W,:
4. 4, 5.2, 5.3)I B.b6nshameépprelmnditxwd means w
comparnaguai r emda st atse#sdtt he subsequent P valu
adjusted for mus$ing!| eGredcSHp bmeits@ojds ( Sect i o
Statistichk anpabpgllitei d?°featr son correl ati on
(Sec8B8i 8ns)3T.h7fe da t&ad diimns phldges hiedtsdec ei on
anal ys€isgeang goodneFEkeg@Ghifetgotedhness of
wassed cwhnepnar i ng slhet ladrf egemeect ed and ob:
di stributions.
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Chap3¥emransl| ati onal Regul ¢

3.1lnt roducti on

Under standi ng t riasnsilnmparotnaant rideuged Ittaoy otrdged r
di seasbPownat esam opend ORPaardei nag rfercaemetsl y( pr
transl ational regul at orh, & rsaungsgleasttieodn tion ftuh
(Wet, abbpRiOoi nf or mati c ianpgppoathesoarapl oergu
dORRavthde potentumdet o mpmmowyglreal tsh and di
whichsouapwlodt the deveMopmehi k(esfeureO REstt meom
l1.6vE)Xence of dORF trtaamsdoagdg hroidbdocddolriRadl b e
assoc(langawlniad2 009; GuydosheandRPGibepnMi 201
and Bj°r k!l undt,, 200015&¢t ,YéRIMDIg&)o gdmsesi s
associ atyesd uwitttdinsd ad fi @msaulc hr eaguYwatRlgs an d
Wek, 2016t , ae20dldre)lB 6 aUFBR r, ehgeual katteorresd 36 UT
pr oc eisns icnagnicnefrleuckaenct i v i trye gou I( dMtheensseand Bart
2009; efi, a@B®O®I9IVUTR ri bosomal association c
cell ul ar( lcrogedli,ita®2 060®i)t h i mpl i catdiORFss f or ¢
could represent a ndwet diypeott hfesrn scdmaecern hi
t hraitbeso s $ ewii Bh YarRd dORBOREwmnt &i ni ng

t r anshcarviipntgs i ncr e aslend caasnscoecri aitti oons anti ci
changesriibno sboomahh association with dORFs a

activity

Ths cbhbaptains the results geneatabed t hro
d ORFess cdrii Wdue,de @ .( 20,2 @¥ erred to throoMughout t
d OREFBShbe met hods described in section 2.4
transl ati omal traguwilcat ipaWu wi @k gmidg evd t hou't
RNAs eqg iosbon the prRopfdialtiasgt(s. This | ed to exa
correl at itornasn sbleat twieoemnail b orseognud la t pcroedsienngc e i n
seque&dDPei t(th ri bosomal p,i @8 e B ttehgea hi intf g eu e3née
36 UTHhosomal haosns otchiaatt ioofn t he CDS and t he
of tranhmmertimpdarss| atnalnyadi 3§ ewad aus ®d ian com
analysis of thedutempaot eibrepaanddhic rd®PR B me
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Analysis then turned to ribosomal presen.
transcript rVugido@RsH hroobgbdt hg met hods de:
2. Bhaionf this anabvVesd@RPater amdil at e ceanaas i
ri bosomal associati onFiimankleyaodby fapnd &emi
2.6 were used tWu iddRMgmdftyert rdaantsd aftreadm pr e
anae yeseoner ate WusthoefRd&Erur sheof anal ysi s.
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Figure 3.1: Summaryof approaches used isection 3to meetthe chapter
objectives and overall study aldORFid ownstream open reading
iI36 unt r an sGD8itcedohg sequencepRPribosome profiling.

32l n hekildtheyg sue, transcripts <c
dORFs are translationally upre:q

I nitially, the tWwunksORWa®Dniahveegud att e dni «
human &ndnklydndeayt acsaentesalk i dat e dORF acti vit
understand i f dORF actthecdarwyrsmtyt ghhamtgeed i |
evidence of dORH hfeu mgdfafteanseentns cqpenrceerrat ed f
kidney and kidney tumau® fcSampheal ahye tied s
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for tumaunddtiihigeuent decimals (e.g NT1.1
dat aset, was disseadu? .sehde idna tsaaucpteitkosne dit efder e n
expression of a transcript,amRP tdraanasscertisp |
model ttem#rn@ods| ati gnallsi mgg unled thioars describ
2.46.n2 healthy kidneyWutd@Q@REBEsrshpow ithatea&®
transl ation compared WFtbut B DOBie)iarckn enags €
seen in a chainfgfeern eanttibd&lr mexamrrae psgisomwi t h a
Wu dORRBRe. mean in transcr iapted v8@IH %WVu d ORI
confidence intlrevm3d )l dB.ATYT @B e)le. n6t0e5l 6 7
(1.880 )tlo. 629393001 )Ycoonmp.a¥=d to tTaombcftpds
di stribution shown bayl stoh es ubpopxo rat(ndd i tgwhne ssek eci
3..2) | of these disfatrescecal mgamebggi Aheal
val perted was wWietsiBV & lhuaens Or. Obg r t0e d 0t0dL b e |
when raOnganyg ANOVA mul ti ple compari sons t
val.uelshere is a | ar,gadamesttrri,drudedg@mpdidde srse <
d ORF prhedlemroe, posi tdiiifed earenntdaqgdt(iBkeggue ssi C
3.2)Theangcpobups ar e dwiftfhearresnd oiufu sdi®@Reish
around menet pme ®hn aslpykscildurda&rsscri pts with n
expression in either RNAseq or RP datasef
Therael sios restri gpresasoon|l ow either RNAseq
meaning some of the tramanndoubds| malk bieob:t

rel evance.
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Figure 3.2: RefSeqtranscripts with Wu downstreanopen reading framesdORF9

are translationally upregulatedn healthy kidney samples (NTjom

PRJINA256316Relative transcript translationalculated as.0g2 fold change in

expression from RNAseq to RP dataset for each transcript. Box and whisker plots for

each group of transcriptshe horizontal line within the box marks thediam, the

whiskers denote the maximum and minimum vaaresthe box marks tH25" to the

75" percentile of thevaluesdistribution, with the meamar ked wiWhy 6+6. O
ANOVA multiple comparisons test wii? da8jlisted P values was used to

compare the meanEach chart title describes which RP dataset was used in the

analyss. Transcript group sizes included in the x axis labets* - P<0.0001.
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Figure 3.3: RefSeq mRNA ID transcripts withVu downstreanopen reading frames (dORFs) appear to be translationally upregulated in
kidney tumour samples (TT) from PRINA25631Relative transcript translation calculated as Log2 fold change in expression from RNAseq to
RP dataset for each transcridox and whisker plots for each group of transcripts, the horizontal line within the box marksltae, the

whiskers denote the maximum and minimum values, and the box mark8 theét257% percentile of the values distribution, with the mean

mar ked wi -Why ABIGVE multiple @mparisons test Wit da8jksted P values was used to compare the means. Each chart title
describes which RP dataset was used in the analysis. Transcript group sizes included in the x axis lab&s0*0G01.
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The same transl at wapat f cooengedthd taisent sa rf aloyms |
ki dney t umalulr emagoanmppa oel88 o d O RIFh chiestowme en heal t
and tumduwr itniveeksda dggefsR&EC t iTvhiet ft umour dat ase
an increedadedein rtamasn Mun idpggRsFc wmp ar ed t o t |
wi t hwiutthh shbédékxsand wheskerT hel otes rfi(eFiegnutriea |
exXxpr edsisfifoewleesroenp ar i ng t,r aarsd rWupttds®RwRist h
weme 8610 (95% confidedcédalbnt)@r @ &E AR166r di
to 0)0®GOBEEIDIG6 t)0. 043811998 t)4. 3(PFBB8A t o
1.202511803 )Y0. 9l&2A499 t)4. 0DGZ604 DI 0. 7
P<O. w1l this increase i s smal,l eax chehpatn t h
datasets generated f.r ofnmek idd nsetyr i tbunio vorn soaf
whi sker plots fieedubkbedt umo ndceotmepsasrgeedt e pt
healthy tissue.ThEeir gulaskeat a3a s amidptd3s 3gonsi
kidney tumoatl vdipm&kdathepy mt umdart alshaemp | e 3
dat a spuogtgednsttams | ati onal upregulWuti on of t
dORF in healthy tissue, much I(WMae ,talhe r eg
20B0rhe poftuemcotifiaoviu dORFSI stsent in the tum
dat alsewev,er, itsher ab®cda/d afsa@aiased over the
ti ssuegdaéenatwawdnofurrombh mphedvBd dr iblkeed i n moi
detiani Ise4ti on 3.

33l nvestigating the relationshi
presence in the 36 UTR and di ff

The pr eWuwenk@REpadrect differenti al expre
from RNAseq ,t o nRiPrydianagheageutl sant Tloen pr oposed

functi on osfoddOREFF s ns(éWatte,cankbp 2 0To | ook beyor
dORFs specifically, the next section con:¢
t he 306 UTeR dotmiavieolda ttiroann sucsriinpgt met hods desc
sectionl 2. dORFs, arieswae @imeé | [adnefBodf N tR

al . 200 PWe hypot be s # & emstts lat phaabtu loaxtcium rs

MRNASs twiet lamotsitve dORFs, and these are | ik
30 UTARosome .aBk s ® C auasheidyp stilhse maa meeal t hy and

tumour dht ds@ys maxi mi se the number of tra
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correlation analysis there wer,eme@aomgmi ni mi
that transcrbpsemweiabrben t pwdewas observed t
whet heheasitmy or t umawesywaltlaspdsi ttihee ec ore
bet ween t kkdhalhggepirfesisd on from RMAsddet o R
Log2 306 UTR fRPr etxrp@leis@Gu)ibgnt ¢ he hedINfThy dat
alPlearson r values, used to quantify the
(0. 001 abyd nP =t0Oh.e0 Ot Y M@)a | ft coefs uteHemat i ons ar
statisticall ybstihgeniHeaarasnan (rP<viailOkbepsy i ndi c
i ol oghneaal dgrf uéThaet igoani avee r y apress al l

atasets . (Eiveuwmr et 3. 4r)x rbeoassoinmmeg, toBcéc rugpTarc ey

at apaligmgtesst i ng potenti al tatarnasn gaétri gpopntad d

b

d

d

3.74h)e corr é¢luatoiuo n t fi edsauteansseatospd eni Bar t o t he
healdtathywset s roathhaermad &t asplestoh eBEegur eés 3. 2 an
3.8 ongesnde deervetri yt s consi dered 3.4 t he coc
al so deenmnriamst ati onal regul at.Feonneranal ysi
transcripts have BOmUTR € K sRsPe edsast aamspeites . 8 Hle
very small <correlation in the healthy ti:
t umo u s(sTutkat asexsept for human kidney t umi
(Fi gude Al t hough there are more data poin
dat asets, the dstghpedodadckiset dilbdteiremces
the healthy and tumour tissue datasets al
wi t hprtehvei ous tranahat 9Oce aaher sgaalladt | on

corr edeattweneann s | at i onal regul ation and rib

UTR i n heawhhgppeansete,be |l.ost in tumour
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34Human ki dney tumour sampl e 3

Resultsméamnoki dney t((RMAUFEFFH I, ahpP.el ,3 TT3. 2)

di fffremmmher tumour samplLbeber | ofipmchindgadaipn
the differeand adorerplottigamMa.y )I3n 3t he di ff e
expression analysis, the resappgear rmor é u
similar to the healthy sdmpl Mudai &S€et 9 o ( |
(EwetsakPpu6) ed together the statistical

FASTQ&8ndrewfspr 260t ma rTiaddone alldh ¢é i ommber of
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ti ssue dsdmpelTddeman ki dney damasreet sampl e

genesmhlcpenppared to thea difierereacasethat i
dupl i cat es( Taarbel.€&rhe8BmoRfe dd at aset s from t umou
have bek@ Ww&emore duplicat ead arsecstitber elhhant hle.
RNAseg dataset has a | ower piidgortion of
proportion of the #etpalesrecmdcds madaeng ecf
for the RP and RNAseqg dataset@adpeéeeBatlies
When aligned against the htuhnea nBQBoHhTmmr edun
t ooAl tethall997; eCam0b6;t,Gd2dDkh®) t-op over

represented sequemRPedaiwmsBTd oL n@B8dEoT B3 i 3
ri bosomali bsousboumailt RNA (r RNA). This coul d
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smal |l eBl).Tabthies di fference would have an
and differential expression data generat
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Table 3.1: Comparing datasets generated from human kidney tumour sample 3 with d#tasets generated from the othiddneytumour
samples from PRINA256314 his table includes thebosome profiling (RP) and RNAseq datasets with those generated from kidney tumour
sample 3 highlighted in boldhe data in all but the final column are from the quality control checks on the unprocessed detasits

column includes the number of reads aligneth®coding sequence (CDS), for RP datasetstlamavhoé RefSeq mRNA ID transcriphsr

RNAse(q datasets.

TT DataTotRelad Uni que DuplicaTop oveSum of re Processeées al
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35Expl oring tWue diGRfFalct eodéd i n t
tumour transcriptome generated

The previ ouodittheattadadtinhgekiut \d OIRdFFeduced i n t umo
ti ssue compared to heallnt hoga,tdiesrssree a(sFeidg ur
mut ation r at es$ dme3ada niglekasa bieer ed and often
(CaretnabkR006; Mayr ancectBamtOehi®)s e2 03069 ;UTR n
changes coudrd dORFwWPE quenclfewsn cdépx miveegnrt i ng
the differences obder exglthlvee dihfinfecair e dtait al:
expression resulwergenempaeddpWaevioanabygr i
d ORF t haftulwWweyr econserved, or not, in the t
the tumour samp.l eT hReN Atsuengo udra ttaissestuse t r ansc
usitnmter i ni t @r aelbérmaR WLl L h def aan tpg reesctetsisregs
TT1, TT2 and TT4 RNAseq datasets from t hi
i n sectWuw nd @Rdé4ds.el .al i ghhegdle aPraii mislitey tMSBle mb |
BLAST+ bIl(aAsittme tthoadll9 97 ; eCam& 00 6e;t , GA2AkL 5)

|l &1l tered 36 UTR proces $if ey brecal edstreiann e Ihat iobdn
of tr awosudbraedi p tewlhuecrbVvdu d O RMWmr octeo n s ecrovnepda r e d
to those that heetemdor ossahnbteedpdtawed s
143 andah5&riptsWwid@®@REomdhsaroendd t wi ce a
350 wheWwe dO®RBF not Thoenwsecea ov eslt. at i stically s
(P>0. 05) sbdeitfwfeeerne dtcheef emmeecannt i al oéxprasasconpt
with or witWwudORFo ngsuerTdves3de8 ) s versi nlittl e
the means inrhegl nlgy f d ® m®d 6(@Midgluirle 3. 8)

Al 't hough @bstitg rsitfiim@aamtyf @am b e rciopntssaMuwwietdh
dORF i s slightly redagswrtihpmg aWedhds&R F/tetde
I n all the tumour datasets, m@i.t2h5 5t0h e osi z
0.4105 (Figure 3.8).
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Figure 3.9: Changes inpossible translational regulatiotbetween healthy and kidney tumour datasets from PRINA25681BefSeq mRNA
ID transcripts containingWu downstreanopen reading frames (dORFs)re similar whether dORFs ar&ully conserved in theumour
transcriptome or not Relative transcript translation calculated as Log2 fold change in expression from RNAseq to RP dataset for each
transcript. Tumour transcriptome generated fra¢idney tumour sample RNAseq datasets from PRINA 256B&6neariog?2 fold change in
expression from RNAseq to ribosome profiling (RP) dataset for each transcript was plottedra/itbpresenting the standard deviation, with
the mean for the healthy kidney datasets in black and the kidney tumour dataset$ lire rdata was plotted in order ofethealthy dataset
mean from high to lowThe chart on the left contains transcripts wittu dORIS which are fully conserved in the tumorartscriptome, and on
the right are those which are not. Number of transcripts in charts:- 17, Right- 365
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When comparing the mean differential expl
ti ssue datasets for each transcript, whei
tumour transcriptome, most transcripts h;
i n ameunr dataset (Figure 3.9). Although t

c

conserved Wu dORFs, the patterns in Figutl

0

he variation for these transcripts, evel
sampl esd bwdikatlkarge standard deviati on
considering the Log2 scale. Al though it ¢
activity for a few transcripts with Wu d-¢
transcriptome doesl ynorte deuxcpel daiWu tdhCGeR Fp oatcetni!

dat aset s.

36l nvestigating Ribosomal3dAssoc
UTRanWu dGRRISing RP datasets g
human healthy and tumour ki dne

Ths stotiwenrnihleos ome Rpd @f ausséetdg tsdo Ifoaaok at

the ribosomal assoanaegopWwi d@RBprfesreant
by &u (20 using the methodfodesmpabedwi n
transl ated region, the same analysis | ool
done with CDSs witHamRelf Seig0 2RINA dtDsps wer
same as fgogmowdwee306i WFRead of discarding F
UTRand sLDEDS aligned RP r esods 3a8widgid&i ng t o
di scarded. This resulted in RP reads full
those RP reads were Tbhe adigeldtitonodata
3.sthow t haRPRteltaglr @l argemment ss upp drhtes 3téh &J TIRI.
which ®shggéBardiP somal, aaslstofcowgh oati b os ome
densihtajwe CDS 0t ngedl,l@RO09; Guydosh and Gr
et,ak01l5; Mi ettinen aetd, 801 &t ,udRO 1 )0 15;
Looking into the ribosomal association wi
propoamctaeagr M o @Rt cétWeotn, akbp20rhe al i gnme
process i asaddyisfnfsetribhehper £ vid IlmSIATRiemh , a0 19)

al | oiwnwngsti gatabingomeRP teaWu ch@RFsxn aorfd i
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preci sealri glladeirattei NMBGEBBL AST +n bi(afslitt et hal
1997; GCeatmaackPhOo0 %t , GRDkaBS eadl itdhre RP reads a
transcripts wit(hO6RefaSegg OMMBYA laDsaldyei s co
explore differences in ribosomal associ af
i nvestiogai bl e Wuad®Rkd i 3sh WTR

Table 3.2 considers al/|l RP reads in the
i ssues with RP reads al i gwheidc it owitlhle bsea nuei
bel ow. This | ed to the inclusion of RP r¢
aniquely arThgmneéedareceamddisg n e &, t 300sddDEAER

d ORWhen usinnguteheg dITiadn ed 3rr29ds Whet her ¢
uni que or @il odsRNRPalrleadlse RP datasets ther e
aligned tcompaeedDSo the 36 UTR of transcrt
(Tabhl)2Eh&8 CDS has the gr ealtieggwietchumbegr t of f |
times as many aXx) bl lhgédl 3ghWTRg( Taklte how f e
30 UTR comparGednptao edhe oCb&e 306 UTR there
al i gMed dORF TaB.l eODB, 306 UTR amdyWstd QRFJd Yy
i n ismaiecati ng ¢ Wwlkes eRpRe @ndfacdt odtebnesciawnt f or t
di fferenc@slTh(es eRR idoant a3s.et s generated from
al i gnmenthe CDSWu3@dORKFR &ndnscripts with
compared to RP datasets generaftkzedTheom he
i ncreasednaltihgnmamour t i s s uses we npsarmeat tpol
dri verP Hgat ads dtf eTieb3dkc 8isg hdtihghtl ack of RP re
alignimantd ®Rd&a ndashawge pRP proeratdisonalofgned t
UTRko not Wal d @Rktreased Riremte atdise at umaur t
datasets continues t o riibnodsiocnaatle apsossosciubaltei o

ti ssue.
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Table 3.2: Number of ribosome profiling (RP) reads aligned to different RefSeq

MRNA ID transcript regions in each RP dataset from PRINA2563Tbe NCBI

BLAST+ blastn toolvas used talign RP datasets froimealthy kidney samples (NT)

and kidney tumour samples (TThe aligned regiongere coding sequences

(CDSs), 306 untr ans/| &udodnstreeangpenaeading fraBnés UT RS |
(dORFs). The table includes all aligned RP reads and uniquely aligned reads

referring to RP reads which align once to gi@n in a unique location, where no

other read aligns to the same locatidunpaired t tests used to compare means and

P values adjusted for multiple comparisons using HGltn d § k (A<®.05 9.d

Reads Al i Reads Al i Reads Al i

RP Dat.cpgs UTRS Wu d@RF
Al Uni qtAl | Uni qtAl | Uni g
NT1.1 5254i2050:1842:5201 251 129
NT1.2 7228(251312494(6719 350 1609
NT2.1 65904°2737(1419(5179 286 144
NT2.2 ©9040'3340:1922(6727 404 180
TT1.1 2103'5719(5305¢1151(1242 334
TT1.2 2873:6790(7197:1517:1770 430
TT2.1 2335!6093!1563(1837:1197 530
TT2.2 3215'7248:2118°2436'1694 683
TT4.1 9368 3352:5446¢1096:582 2809
TT4.2 1278:4093(7418°1458:820 400
NT Mea 7029:2660:1919(5957 322. {155
TT Mea 2124(5549(1036!1583:1218 444 . °

*
*
*
*
*

Sing fi c *

Table 3.3:Human healthy kidney sample example (NT1.1) ribosome profiling
(RP) dataset with RP reads repeatedly aligning to the top RRefSeq mRNA IDs
coding sequence (CD39cations.The table also shows the proportion of the total
reads aligned to the CDSs that these repeated alignments maKeeupanscript
version ID, gene, and start location of the RP read alignment relative to the CDS
start are included.

NT1.1 CDS

Top 5 CDS AlignmentNumber of RP

ENST00000388825. 9_€C3662
ENST00000252486. 9_A440
ENSTO00000647789. 2_A283
ENSTO00000646664. 1_A271
ENSTO00000646664. 1_A254

Tot al RP reads Al i g525485
RP reads aligned to4910
Proportion of totalO. 93
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Table 3.4: Human kidney tumour sample example (TT1.1) ribosome profiling
(RP) Dataset with RP reads repeatedlyjgning to the top five RefSeq mRNA IDs
coding sequence (CDS) locationBhe table also shows the proportion of the total
reads aligned to the CDSs that these repeated alignments makKeeupanscript
version ID, gene, and start location of the RP read alignment relative to the CDS
start are included.

TT1.1 CDS

Top 5 CDS AlignmentNumber of RP r

ENST00000225964. 10_2988
ENST00000646664. 1_A1433
ENST00000451311. 7_T10038
ENST00000291568. 7_C1003
ENST00000646664. 1_A1001

Total RP reads Al i1 g2103901
RP reads aligned to7433
Proportion of totalO. 35

Thei fferenclkeebeéesvselens in tabéali PRdf or al
reads hi gihmp agdtt ptdR B dhtee ande nthleagmge number o
repeated RP read al i ghnaebhi3esa8n®iq 4 tdr asmpd aryii pt
the top five alignment | ocations for a hi
RP dat aset sMiatrlgien stuimbREDISeads al i gn t o t#F
i n both healthy and3tangh)uir TRaPAa3In&hssdh e wt s (-

t hat although a | arger number of reads d
reads only account for a very small prop
CDS. This reduces the i mp@bRPohaligesment 8
the CDS regions, but it wild stil | be col
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Table3.5: Human healthy kidney sample example (NT1.1) ribosome profiling
(RP) Dataset with RP reads repeatedly aligning to the top R&tSeq mRNA IDs
30 untransl| at elatationeThe tabie al§o3owsUhE Brpportion of
the total reads aligned to ti®2e 6  §JthaRthese repeated alignments makeTie
transcript version ID, gene, and start location of the RP read alignment relative to
the 3060 UTR start are included.

NT.. 1 36 UTR

Top3 ®BUARI gnment Number of RP

ENST00000651323. 1_C3106
ENST00000651323.1_C2031
ENST00000322434.8_272473
ENST00000620804. 1_FK149
ENST00000219821. 9_T138

Total RP reads Al igl18423
RP reads aligned to5897
Proportion of total32.01

Table3.6: Human kidney tumour sample example (TT1.1) ribosome profiling
(RP) Dataset with RP reads repeatedlyjgning to the top five RefSeq mRNA IDs

30 untransl at ed r eThetable alo3lmwsUhE Brpportiona@fat i o

the tot al reads aligned to the 3Tthe UTRs
transcript version ID, gene, and start location of the RP read alignment relative to
the 36 UTR start are included.

TT1.1 36 UTR

Top3d®d WTRgmsment Number of RP

ENST00000219821. 9_T25262
ENST00000219821. 9_T6335
ENST00000651323.1_C3076
ENST0O00000651323. 1_C862
ENST00000219821. 9_T475

Tot al RP reads Al ig53059
RP reads aligned to36010
Proportion of total677 8

The samei nwmestyisgast @@ WRPReead ali gnment

n
t

[
<

| ©

these examples from human healltaryg e i dunnebye

oRRF eads aligned to theXs.endepeanedsbaeapr
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in all RP datasets. I n contrast to the CI
t he 3téotUaTIR RaH irgenaedds al i gned to the top fi\
3.a5n3.),6 | eaadilngygrdge i mpact on the alignment
t ake accoruenpeedadtfi gtnhmesdad g byt he RP reads i n
but RaPl sgeuabdsTehtes .r i bosomes generating RP re
aligning to the same pl accer onalparbef atal | &
avidii ssueasr gwei thnhumpensedf RP alignments to
subsets of RP reads were generated for f
with: only one RP read (unique), five or
aligned to the samerleogammieomt elhdye assles!
of RP reads al i ghnee dl atsot edwddoowhwbcsaento somt. o f
r epeedalti gwhe nte elxarlguaedionigmpensed RP read al
Using the subsets of RHA nrfelandesn tableldiesp eaant |

read alliogrmamemmesbsegesent anal ys

36 RP read density ofss addsgunhident s wi 1
d ORs

Thienveisonrgatosomal association, aammdd possi
Wu dOIR$ descr i &dleagc doceddmotivfoefdian g s Pansd z e

| enspf ht he 36 WiRJdQRPEBR &md densi ttyheanal ys
full RP datasets and tamed scwhnssd tdse rdse soenrliyb «
with Ref SedomRMNA Isiemmyvuee nacnesi ncreased |1 kel
alignmemaiR# rqad demeirey sui t avihleen acldj rmygsatre ds o n
for the differi ngCosnmpzaersi nogf tthhee RPR, rdéad da sdeet
UTRand Wu dORFs inaRebSsqgthepaBBcmepiltet s
into ri bosomal assomi énteiadnn hws salalt b ausn altr &
RP datasets, regar dlDeSs sh apdf etdtiRe & deda dd esrusbistewt
foll oweWu bdyQBRRhde t hen the remai n3.ng0 3I6n UTR
al | RP sRIbhsatisdetnbety wascrionscsr eaalsle dr e gni otnhse
dat asets compared to the 3h#@al Regtkidhéewngl
RP reads into thetbebsenadgdenpstgeseeasce.l
regions, showes hy3tglu® edht swad dcammraiset ent a
t feewRPP reads all owed toi mlt lyggt hidew bgdrdetea t ea me
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reduction in the read density. The read ¢

analysis looking into the number of RP r
(Tahl)2e 3 howi ngh atthhaet grheeatCeDsSt r i bos omal as
ti ssue dmdrae ertisbhcdhsasomal association with t
3.)10 However, the read density reduces th
taking into account the much | ar gvar | eng!

dORF Al thoughft re ardismhl ®R& htleawveTad ) 2
the RP read Wie W&y girtelatlees 86 UIR)LOFIi gur e
Threi bosomal waB®Whod®RFgobeater than that see

a whol e, howeverr itbhhes cChbaSl haasss aqycrieaattiean .
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Figure 3.10: Ribosome profiling RP) readdensitywas greatesacrosscoding

sequence (CDs), followed byWu dORFs, andthen3 6
UTRYs). Transcripts with RefSeq mRNA IDs included and PRINA256316 RP datasets

untrans(abded

used.Read density is represented as the number of RP reads per kilobase of the
region of concern in transcripts with RP read alignment. This read density was
adjusted to acknowledge differing number of RP reads in the datasetslising

all densities to datasets with 20,000,000 RP readsln&ludes all RP reads aligned
to each mRNA region. BOnly includes RP reads aligned to each mRNA region
which have 10 ofewerRP reads to eaclocation. Ci Only includes RP reads
aligned to each mRNA region which have 3ewverRP reads to each location. D
Only includes RP reads aligned to each mRNA region which have one RP read to
each location. The human healthy (NT) and tumour tissue (TT) datasets are
displayeddivided by a dashed vertical line
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alignment stnarnselsdti igar feidn,t hvaietshe d&@ @RB ons on
trans!| astuiggrested topbepoesegqdireduWat ot ief u
al . 20pROr ef erence for one reading frame oV
periodouwlidyindi aaPe rteraadmBN A tgineegdiT b h' s
analussRPB reads aligned Wo dGRBCDSBraB8é6cUTR
with Ref Seq mRNA | Ds. Again, the RP read
ThéD®assed f or tcoohnep a3roi WioTrRI GaRfeds r i bos o mes
present in the CDS are |ikely to be tran:
bi ol ogical framaish haa te¢ thed st érpocesdimmge s
with rdeltdteirwse t o ,drhedStShte 3roe &JdAiIRNng f r ame

used the first base of the RP read aligni
frame of the ribosome, assuming that the
from the transl ated codomi.c Irnesatdd dmdg soffr adnee
analysis determined which RP reads were i
di stance between the codon and 506 end of
reading frame analysis was done on the RI
segeene. g. transcript 36 UTR, CDS or Wu

frames from the sta@&8rj)lloThehetbeqgqsestace ¢(Fi
the 506 end of the aligned RP 33.91ald Twas d ss¢
whiyt iwampottmaami d tri mming the 506 end of RF

di stance between the codon and the 506 eni

may not be consistent, meaning this meth:i
al | RP reads. cHoewde vaers malfl tphriosp carftfieon of
provide useful data and possible support
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Start of CDS, 5’ end Aligned RP read
3’ UTR or dORF e —

A G C G U A C C G A

Sequence
A B C A B C A B C A
Reading frame T

Reading frame assigned
to aligned RP read

Figure 3.11: Diagram demonstrahg how reading frame analysis determines the

reading frame assigned to each ribosome profiling (RP) read aligned to coding
sequence(CDSs) , 306 wuntr anxd abR dowestgearn apen

reading frames (dORFs). Reading frames A, B, and C are assigned to each base in

the sequences aligned by the RP read, staring from the beginning of the region of
interest. The 56 end of the aligned RP r
the RP read.

| €DS alRPgnmededdijrragmwea sA pr(efFie®uka The
propovaiiomddi fferent dataseteadbmgneadr oss
hdt he greatest propd@itiBnt hbfheealatdlsy (Kii rue
t umour ddstians édtasvi m@ suéast 50% rodadihreg read
framehi’s propomdasonhenBRPemasa@dmes ulbessest gr ou
stringe81t21WhFeing ucroen s3 @ eW T R draFailrgenaeddsa d i n ¢
franhea dAgtr esgptreopor t i on oo fvaRR arde ks enmbhs dat
(Figuwe Bedlt hdsmdbaed epfeqirelmai ng frame A a
reduced in yrewdéeongadr adcdet €&sptepbratdi angoét:
reading fr alnFei gQARyRAFh &nelaichse ngubset s amfd RP r
regardless of the RP dat asetthearcamwgaear om |
spl i tacofosRPatdh eisgy Wrmdnedciongr ¢ fr @mentchee 30
UTRFi gw.e TB3oelUTeR ul t dt h e dii mofdRtAe er necaed s

repeat eddl oy tan @ gsname | osceaht o wend, croenssoiVsétde ntth e
(Figwe 3.1
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Figure 3.12: Proportion ofribosome profiling RP) reads alignedn each reading frame (A, B, or C) icoding sequenc®(CDSs) , 30

untranslated regios ( 3 6 slJandiWu downstreanopen reading framesdORF9. Transcripts with RefSeq mRNA IDs and RP datasets from
PRJINA256316were usethe proportion oRPreads aligned in differemeadingframes are displayed as a percentage of the total reads

aligned toCDS (AD ) ,

3 6-H)UahdRWu(dBRFsAL). The chartsmclude all RP reads alignedA, E, ), RP reads alignewith: one RP

readperlocation (B, F, J),10 orfewerRP reads to each locatid, G, K) 5 or fewerRP reads to each locatidi, H, L). The human healthy
(NT) and tumour tissue (TT) datasets are divided by the dashe®&ading Frames: A Black, Bi Pale Grey, Q Mid Grey.
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The reading frame analWus ids®©RorfndiailchaltReRyr e a
RP dalhadas egtrseat er proportion ofspdieddsvieml
bet ween th82fiwol {f Fti ygmowr RP datasets, whe
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greater thaogthsgotnded pikTeRf er ence for readin
with thé@hBé UDRs$dméendi @@ad leiant dévhhned QR F

not to the ekxutenmorod ttthan GiDIBer dn gltdtei v i L
the 36 UTR

36. Bsing results fronmMVuURRIGRFRad al i gni

i nvestigatWudeQRRHK etnrcaen solfat i on

Wu dOwRére i nveagttihgdeaettdhdifsyedi vi dwa lt hd ORF s
consi stent RP read al wgbhmeatsamrbas thkhadl
pr ef esreeenichee n,C3BIggesti ng RIPORIFa ttarseent ssl atrioom .
ki dney samples were used asct hies ggudeaet as el
3..9ry fewed@RHFsa ngi rma d doir mgne pref erence t
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Table3.7: Few Wu downstreanopen reading framesdORF9 have evidence of
translationwhen considering allibosome profiling RP) reads aligned to these

Wu dORFs in human healthy kidney samplemtaset{NT) from PRINA256316

This tablereports the number Wu dORE with similar reading frame preference to
the overallcoding sequence&COS alignments (50 % of RP reads in reading Frame
A). Therhow manyVu dORE appeared with consistency across all healthy human
kidney RP datasets PRINA256316Before looking aWu dORE withmore than 2
RPreads in reading frame A.
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Figure 3.13: RefSeq mRNA ID transcripts withVu downstreanopen reading

frames (dORFs) appear to be translationally upregulaiedA549 pulmonary
adenocarcinomic human alveolar basal epithelieglls withcontrol (Ctrl) and

FKBP10 knockdown with shRNAKD) from PRINA532400 Relative transcript
translation calculated as Log2 fold change in expression from RNAseq to RP dataset
for each transcriptBox and whisker plots for each group of transcripts, the
horizontal line within the box marks the den, the whiskers denote the maximum

and minimum values, and the box marks tHetaghe 7%' percentile of the values
distribution, with the meama r k e d wi -Why ABIGVA multipla e

comparisons test wits 2 da8jlsted P values was used to compare the means. Each
chart title describes which RP dataset was used in the analysis. Transcript group
sizes included in the x axis labels. ***P<0.0001.
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Figure3.14:Corr el ati on between transl ational regulation and 306 untrans
for RefSeq mRNA ID transcriptsand those withVu dORFsin PRINA532400datasetsRelative transcript translation calculated as Log2

fold change in expression from RNAseq to RP dataset for each transbeptorrelation was quantified using the Pearson correlation

coefficient. Each chart title describes which RP dataset was used in the analy&Bs48.€Ctrl1l The Pearson r coeffient, P value and number

of data points are included on the chai®p row of charts includes all RefSeq mRNArHNhscripts,and the bottom row includes transcripts

with Wu dORB. P values adjusted for multiple comparisons using H6lfnd § k met hod .
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Figure3.15:Corr el ati on between coding sequence (CDS) and 36 untransl at
for RefSeq mRNA ID transcripts in PRVA532400datasetsCDS and 30 UTR expression were calcul at
guantified using the Pearson correlation coefficient. Each chart title describes which RP dataset was used in the grab/A9sGirll The

Pearson r coefficient, P value and number of data points are included on the Glogrt®w of charts includeasll RefSeq mRNA IBanscripts,

and the bottom row includes transcripts withu dORE. P values adjusted for multiple comparisons using HGltnd § k met ho d .
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Figure 3.16: Translational regulation ofRefSeq mRNA ID transcripts withand without Wu downstreanopen reading frames (dORFs)
appeasto besimilar in RKO human colorectal carcinomeacellsunder fed (400 uM arginine) or starved (12.5 uM arginine) conditions for 24
hours from PRINA380902 Relative transcript translation calculated as Log2 fold change in expression from RNAseq to RP dataset for each
transcript.Box and whisker plots for each group of transcripts, the horizontal line within the box manmkalths, the whiskers denote the
maximum and minimum values, and the box marks theo2be 78 per cent i |l e of the values distribut
Way ANOVA multiple comparisons test with dagjsted P values was used to compare the means. Each chart title describes which RP
dataset was used in the analysis. Transcript group sizes included in the x axisnab@&s.0.05, * - P<0.05,** - P<0.005.
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r=0.6122
2095 - <0001
Points: 349
15
10
5
-
5 j 5 10 15
-5
Log2 3' UTR RP RPKM
and 306

untrans|
expression
values. The correlation was quantified using the Pearson correlation coefficient. Each chart title describes which RRatatesset in the

analysis e.gRKO Fed1 The Pearson r coefficient, P value and number of data points are included on theCblartsis of charts alternate
with first and third column including all RefSeq mRNA ID transcripts and the second and fourth column including trangtigtsdORE. P
values adjusted for multiple comparisons using H@m d § k
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38Short WusdGRF

The result 6aromdséotiaomel8tigate ri bosoma
transl|l aWuod@BFd QRiFes p Weeste (h& I@@Hobwe v e r

d o urbetmacivresr whet her tWuerdeQRFR neVhda iermasteh oodf s
described Iin sectiolWu?2dchhmaewnidtilisstgde abei d
conf iidtednicre transl ati oMS weaslisidpartdeadpa md £e 31 so
OpenPiLebéetanazkR028mPY.cettL,iak@2t) Met amORF
(Choeepallhle) shokhbdM8YWsd ORWS Val i dated V
d ORFsognt2a®Wum sd OtRiFearn c M& e v a |l p rdcadteaidnd etnlice n g
tranehd8tables 3.8 andaBd9prcreghaberdesabbs
t hese THORFlseMPIMW OBRFs di angne 90 t o ,2282 nucl e
usaeen AUG st aahdveteaddfid om t he start of the
thousambwhasdesram of the CDS stop eadgdon (
i n htuhnean healthy kidney and Kkildewevgntafmour
t hevsSe/ W ORWe Ré&r ead alaingned itme daTlthaesset s (T
g e nceosn t atghneMsSeV W ORsKF ar i e df u mc,f ih ams | gr owt h
and protofepeatoonalhdaeivmhwmpenenaystem and i n
Most commonly these genes are aasdci ated
splicithgn ogvernéers associated wlabhl e h3e.s8 aplrsc
repdritnks thkee weeeaheencer s, of ouhwe®6 genes,
associated withweanc dysurntobulshr eseu pgperneesss or s,
repotrpreadmot i ngndaaidefBaring suppressive o
properties dependlihneg roen stohadSceeld ORge n ¢ y p e .
to cancer highlights theanampace ft e sfudOil

cancer treat ment s.
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Table 38 Brief details aboutshortlist of Wu downstreanopen reading framesdORF9 with mass spectroscopy (MS) validat of the
encoded protel, MSVW dORFsThedORF lengtra n d
brief description of the gene function for those containing the dORFs froniGBé¢ Gene database (Sayers et al., 20B#osome profiling

(RP) read aligned refers to whethemy RP reads aligedto the dORF in the PRINA256316 RP datasets. The final column includes details
about whether the gene with the dOReported to have a role in cancers.

ocation in the

3 26 dORFsveraimckidedlheeeds ar e gi o n

Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene
Locat.i al i gne
3 117 50: 16tHomeobox Al1l1l: -beinncdoidregs FALSE HOXAné&éferred to as
ENSTO00O0O0O transcription factor in renal cel | carci
HOXA1l1l1l expression, morphogen promoter mMaat, akRoclk
22 165 492:6!'Protein tyrosirnec epphtoost FALSE PTPNflrl8equently high
ENSTO00O0OO 18 encodes a member colorectal cancer (
PTPNL18 phosphatase (PTP) fam promote CRC develorg
regulating cellular p the MYC protein | ev
growth, differentiati CDK4 (@Q.edglL,iakP021)
oncogenic tr a&msgfsormrmat
PEST moti f, -pafotteen na ipr
domain and can differ
autophosphoryl ated ty
overexpressed in tumo
regul ate HER2 (epider
famitgceptor tyrosine
103 291 230: 5:SPT4 homol og, DSIF el FALSE N/ A
ENSTO0O0O0O0O encodes the smal-di chlb
SUPT4H1 lbetltmi bof uranosyl benz
i nducing factor (DSIF
nucl eus, which regul a
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Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene

Locat. al i gne
226 123 15: 13 BTG anoiiferation facTRUE ReduBEB@&Ix pression i
ENSTO00O0O0O me mber ofr alni faenrtdat i ve with increased di se
BTG1 regul ates cell gr owt h progression (9erk)dl
Expression is highest 201B)YGls often del e
phases and is downreg Bcel |l l eukaemia anc
I nteracts witdheptewres ,a downregul ated in sc
coactivator of cell d with malignant <cell

out c¢MenretatalR019)

548 105 396:5(Keratin 86: encodes aFALSE N/ A
ENSTO00O0OO which heterodi meri zes
KRT86 form hair and nail s.
846 114 11:12:Serine peptidase inhi FALSE SPI NK6 can | ead to
ENSTO00O0O0O Kaztaype serine protea: interacting wi¢hiettt
SPI NK6 kall rlkdaited peptidase al . 2022)
921 282 362:6:«TNF alpha induced proTRUE TNFAI P2 suggested t
ENSTO000O0O factor alpha (TNF) an carcinogenesis, upr
TNFAI P2 gene expression I n a neck squamous cel
l eukaemia this gene ¢ adenocarcinomaeldif
gene. l ymphoma, gliobl ast
renal clear cell cée
papill arymackeéth, alo?2
1275 123 453:5 Motile sperm domain ¢ FALSE MOSPDbpregul ated in
ENSTO000O0O be involved in regul a and may be involvec
MOSPD1 transcription. t hr oughb-déateeNinrt /si g
pat hwhoet eaR022)
1400 273 92:36:«Ninjurin 1: encodes aTRUE Ni nijsl overexpressed
ENSTO00O0O0O adhesi on molecule pro its role in tumorig
NI NJ1 neurite outgrowth in p53 tumour( Cseuwp,pa BG1s
and is upregul ated af
cells and dorsal root
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Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene
Locat.i al i gne
1408 273 287:5' I'nsulin receptor subs TRUE N/ A
ENSTO00O0O0O cytoplasmic signallin
| RS2 effects of-liirksulgirm,wtih
other cytokines by ac
bet ween diverse recep
i nsulimlamow&iinnd4e and
effectors.
1548 99 3134: Huntingtin associatedTRUE N/ A
ENSTO00O0O0O suggested to be invol
HAP1 or vesicular traffick
huntingtin, with two
(dynactin and pericen
1), and dreopvatt ha ddygecdt atr e
tyrosine kinase subst
1575 165 215: 3 Solute carrier family FALSE N/ A
ENSTO000O0O be an integral me mbr a
SLC43A3 role in transmembrane
1849 90 212: 3(DNA polymerase epsil oTRUE I n mice POLE4 defic
ENSTO000O0O encodes -faolhi sptroontei n t tumour f(@BremetejlaRiO 18
POLE4 ot her -fhoilsdt opnreot ei ns at
compl exes to bind DNA
replication, and pack
2024 108 836: 9«Nuclear factor | G: e FALSE The NFI family may
ENSTO00O0O0O bi nding proteinl fpamit cancers, as both tu
NFI C functioning as transc oncoghmle&. upregul at
replication factors f chromophobe cell cée
replication. downregul ated in ki
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Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene
Locat. al i gne
2043 201 47:24 " Chromosome 19 open reTRUE N/ A
ENSTO00O0O0O summary given
Cl9o0r f 53
2082 108 1046: :Myristoyl ated al anineTRUE MARCKS is suggestec
ENSTO00O0O0O substrate: encodes a kidney caMAKRICKSr owt
MARCKS that | ocalizes to the upregulation is sucg
crosslinks actin fila angiogenesis and gr
protein kinase GCcalrmd carcinoma, potenti g
i nhi bits eanxbtriamg and o the AKT/ mTOR pat hwa
Suggested role in cel involving vascul ar
membrane trafficking f acA(oCGhetn, aR017)
142 96 124: 2. Acyl phosphatase 1: enFALSE ACYPE overexpresse:d
ENSTO00O0O0O enzyme that catalyzes suggested to be inv
ACYP1 car bpikgsphate bond of and progression, wi
correlating with a
tumor ( Zhepta,sabkap 2Wan g
2023)
209 147 58: 20«Peroxidasin:cenmncadeisn FALSE PXDN suggested to ¢
ENSTO000O0O peroxidase that is se invasion, angiogenete
PXDN matrix, involved in e (Wyllie, Panagopoul
and may function in t
pat hol ogical fibrogen
kidney.
584 99 139: 2:LSM6 homol og, U6 smal FALSE N/ A
ENSTO00O0OO MRNA degradation asso
LSM6 sequence motif, consi
l inker that folds as
stable hetersomRNP fparn
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Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene
Locat.i al i gne
849 201 13:21:0rnithine decarboxyl aTRUE N/ A
ENSTO0O0O0O0O the ornithine decarbo
OAZ2 a role in cell gr owt h
regulating intracellu
expression requires +
enhanced Iy oi gplol lyawmé
Anti zymes bind and in
decarboxyl ase (0ODC),
pol yamine biosynt hesi
anti zynmdEr Qadv ti ssue d
ODC activity and poly
stimulates ODC degr ad
1663 174 1:174 SUZ RNA binding domai FALSE SZRD1 may be a t umc
ENSTO00O0OO summary given. cervical cancer anc
SZRD1 many tumour s. SZRD1
by downregul ating E
STAT3 phosphoryl ati
cycle arrest and ar¢g
expr e(sZsheabon a0 17)
1711 117 115: 2 Small nucl ear ribonuc FALSE N/ A
ENSTO00O0O0O encodes a core compon
SNRPE ri bonucl eoproteins wh
the 36 end of histone
t hee-mRNA& processing sp
1770 90 1948: .TAP binding protein: FALSE N/ A
ENSTO00O0OO gl ycoprotein which me
TAPBP newly assembl ed major
complex (MHC) <c¢l ass |
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Wu dORF Leng306 UTINCBI Gene DescriptionRP reegéAssociation of gene
Locat.i al i gne

3 195 7:201 Chromosome 1 open reaTRUE N/ A
TOOOOO RNA binding activity.
rfs52

5 222 19:24¢(]1 i52 DREAM MuvB core ¢TRUE N/ A
TOOOOO be involved intemphat
52 part of the DRM compl

in nucl eopl asm.

2021 249 112:3¢tCytochrome ¢ oxidase FALSE COX6B2, through ent

ENSTO00O0O0O be involved in oxidat phosphorylation fur

COX6B2 in mitochondri al cris metastasis in pancr
adenocafNe®wmoadO 20)
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Al ongsdetaitlhe i ncl udMBVWORFabT&bI3e 83 adoiun
t hdeata fromoMSINeWtd@RRt ainni ntgr atnrsal nastciroi npat |
regulaxtrioers heal thy aacantemodat dasa¢tbsettsde
condiEli oM&N W ORFdd datamont rtehres canpt ati onal
regul ation andlowsi & odmdd cthhreengmeam CDS exp
o RP datasets, a modlalblcf 3t e mshloavisi on a |
ot etntarmmd!| at i oonhMS VW edgR Bart sacornjapatds wi t hi n

i fferent ceWwlthBRhdttvestueanhgpasti on sugge:

~—+

O O T

ecr eVbosddd VW ORF t rsanexc ésputg gtevswt &i tnfteareea s e d
el ativeinrtame | lmg alotnhy (kT adbnlekyo @ ei,@spstuye dat &
our of thesegdgtasmd cre pu cdehde dtOURnFo uvarc tsi avmpt |y

-

ataseths ch was the over alTabtlreeVBieds)een i n
omparing the meadmatheai d ntamés il s mm@wr t i s s

O (@] o

ancer c,eltthrded atsre@dsiee i pt isv srudgdguessetd ,atti lom

~+

ranscr iepltts ismucgrgeeassted, aed afrdpoéeentanmascrip
tranal atrieganclr atsisorn heedliTfafbd. Mo Bic Pgatrapatter
e medwhen c¢comppeortietngt ataldé at i on al regul ati on
t feed and starved conditi omancaerd dehlel cdatt
(Tabl €h8s8)res wlottendn @@aMbBW ORAEFct i vity

across different cell anyd stoinsed WESAMMW pes,
folddohper e vii ousl t s iadaWMoostth boefheod tMSiVsW e d

dORHs$ d showt rponslnatiiadnal i turparesgar agt otnh e f
various dmttashdtngg t he destWebedbPbvVd 0d ORF f
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Table3.9: Summary of thanean translational regulation data for th&Vu downstreanopen reading framedORF) shortlist with mass
spectroscopy (MS) validation of encoded prot@SVW dORFs) Data fromthe PRINA256316, PRINA880902 and PRINAL32itd8sets

were usedRelativetranslationof transcript calculated as Log2 fold change in expression from RNAs#kpsome profiling RP) dataset for

each transcriptFor eachMSVWAOREF, the nean(reported to two decimal place®r thedatasetdrom differenttreatments/conditions each
Sequence Read Archii@RA) project are includedhe colours range from the lowest value in the darkest red, becoming more yellow as values
approach zero, and then from zero positive values begoeemeras values approach the highest value in thekestgreen.

SRA Project PRIRAG6316 PRINMAB 0902 PRINAB2400
Rel ati veRel ati veRel ati veRel ati veRel ati veRel ati ve
Transl atTransl atTransl atTransl atTransl atTransl| at
Heal t hy Kidney TRKO cRdd RKO cel | A54C 0 ntr A549 FKE

Wu dORF Ti sMaan Ti sMaan Mean Starved Mean KD Mean

HOXA11l

22 _ENSTO0O0O0O
PTPN18 0.00 1.16 0. 22 0.75 -0. 05 0.76

209 _ENSTOOOT

0.05 0. 86 N/ A N/ A 0.11 0.61

pd

ENSTOOO

|

ENSTOOO

ENSTOO

1

_ENSTO0O0(,

ENSTOO

™|
maom
N

>OQOFRrOZNTOA—TAIDDIMANX
Ny

SNTRPOFRPNPE, ~PRPZPQOTNT
JPOrhRowWODOrRMNOZONOMOU
ONMO T WTFP NSO N

ml

I
vm
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39DiIi scussi on

Downstream opeudORPaagrdei n3gdo fUrTeRwegsg g(dbleatd ot o
transllaeadi ngCh® ti ma(rsdasteadb®I0Ot hough t he
d ORF mechani sm ofSiacigldaotioliRosr go mkbmagn RNA
(Il ncRNAOrt sORfmsma V(@ nction i n asuamnagxeseorf di
(S. ewWyabkaadmmundalNegty, aRp02&9soci ated with
transnatt itome en(cBhareldo pa,otRRdinxei ro and Rom
PatraquibDwy,sr2e0glud)as lea@tdt amt ered 36 UTR proc
associated Maiytrh aman Bearette, |la R 020000)% ;h Sihregh

regul ation -@as§smanyt edangreocesses | inked tc
mi crop(ftMemrMianer er de, Gr ec.o08ends @bvaed, 2020)
i mportance in cCRmeesneRO?2Tparivimpart ance a
transl ational regul aatcotricfiitsyoprsea m eam &M st |

(uORFsn ca@Yaecwemg and Weket h 2aR1I061;7 i)l d gdl
pot einmpant@a@REs oif Bi ciamfcer mati c anal ysis w
i nvesdORFR tfemmadt tomnebatihast iimgheal thy an:¢

ti ssue.

Thiei oi nftorramadli a&t i oannaal | yrsei gsa shaaudmpstoinmoen s. The
model for transl ati qgoral QusSdiel atiifdrerefntad al
expression of a transcrimpithooomeE&P®PPr, offirloimr
dat asetesnoving the infl uenAkesionmi Itarrannmsectrh opc
us egVuet (2IM@AMWhen pr @&s e d&GRMrigt | aatsisounmeids t o b«
the-lriantid i ngsta@&mad stl man DaRA pdtaet xapsreet €SO S 0 n
represenhat ameAlatth omtng b r ,sfuaccht oarss el ongati o
regulcatul cdhpact ri bosomal asThosci amiad lydwist h
nodtet e whiemeansiIra&tgiué¢mali ont doemesefuodbmt or s s
mi cRMAsmMIi RNAs uORFasl acootulodn st ranscript

Tle transl| at iamm@aavWass ewgbud cbkitiaotn t r anscri pts v
Wu dORRs whole grdwnps \diQaHAad & mrgetshualnt s f or
i ndi vi dscalu | dO&&r masnkdhe c onacrleu sgieonnesr al i s e

acro@GRFKh.oosing to only include transcrip
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i ncrdeaaeaaonbppabcta@awnyn al t718Muu gdhORWex el .0 ded
smal | c h awog eksf | iorilReNl Asoerq ( Fi gure 2. 2) and F
dat asetasti cul ar $fyoralRPRg ndiantga steot s&fDaSnd whol e
RNAseq datcedseereanscri pti onal amwerteransl at
representedCbD8stheranstevphs. r etgriams droirpttg
pr evebndt is@gRd 3 rWWTR i nf ltureanncei gnpgr ptshsei on v al |
even t haocogaldRdPAreryeads and u(nMueerlgloe rt raannds | at
Hi nnebusch, 1986; Krishna eN. a\RatOt9e m 2a0nd ;\
Guydosh and 6&6teaebB012301Miettti nen aetd Bj °r |
al . 201ét, dlBod ®¥Wu d ROt atirnainnsgeerrieptesx cl uded
due t o utnraavmad d tasbpEahsee mb | Bi omlat etdtabhbase
202 4whretrrea nswerrigpltesgg m RNAseq andTVhirs RP dat
could be indéduesptald dby ftehra ng patterns of
transl ation bet welelni gcnenheln tasn dw etries scuaer rtiyepde
HI SAaAWi debsgd, sensiti-avweaald gate,r amud t apll iec d
dat a(sKeens, aR019)

The resul tsugdgdamBitgume hF.alttrhayn kd rdinpetys td Gars
Wu dOlR&d gr eat eansceobngptaormeed t o t.r aAlstchrd wpg s
supportive ofWatOR&Pl 2@ bteireni s variation
SuggeWwu idngRR ivairel®y her r eguilndftlouresnce t he
transiraigiud mdui adrnxRoAit ai ni n,g sucamsas i PitBRNAS
i NndurmRMA deg(#daatbndn Kir mse2 @4 0 OB a
transcript does not guarantee trdarmsl ati ol
resul twwarfiooud heasnhceedk p @ tiresdteitcaVud @R F

act iKkvidnhgy tumour tissue (Figure 3.3) and
human al veol ar basal3)serpiwtelde Ipioa lé vwWdue lchll 4 y( Fi
d ORF achi vri awhermra gpd st,there was little evid
i RKO human colore¢tFabugrihiBs aomal ¢ emé &n di
caemsett @AORHWI tdy f f droecratl waygd.i tcaaono s r

i nfl uence UORF transhatbopobhheakl owndgt ada),]
transl ati onaCDfelguhgt aomnd Ve ketth @R1061;7 ;Send
Renz, Val di via Fr aThaiead vacnedd Svwun ddoCeR R c a2cOt 2i Ov)

datscsoeutl d rel ate to | ocalorcemadicteiromdr wi tgle
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affectitnrgandsQRale i A4 9 dat as ectosmpalrs os oanl Ibcew e
control and FKBP10 knockdown, a gene i nv.
and potential I(yl sthuigrhoava® 0 ®8 ;ma$ o loams s ol , Mar
Maudel ondeet 280001 HMae®Vv e rk,n ockKkBRIFbMa pp e ar

tomf | uWwim cke@RR iTvhiet yi ncl usi on ofasgireissé ul c

star vat RKMalced | seemed t o have. no effect (

Anot her possible expl anatacotnii viiotcyameaemced
i nvedlvteer ed 36 UTR processing in cancer s,
(Kuersten and Goodtw,iak 0 ®8;0 3Na ySranarbdkerBart e
et , aR0Oith®) analysis into theompevbhet hteirssue
f uWud ORB& quamppes n e(dWaotr, a PbpARIOt h e mg h |

mutati ohORMmayWu di srupmedahey®@Rbel d still
trans!| fat mdthieom.dOR&| lact i et weehahgal t hy a
tumour tissue results was not explained |
(Figures ,Budth aamd in.dd)vi dualr e @®R¥Fe basd ORF h
and its rejgublet angdORFpsBE@tqUuences are i mpa

in 36 UTR pr oc ewshsiicnhg sihno ud adn cheert coe sii dee & d

o ORFs i Theamtea&msedri pt processing in cal
UTR and K@es$sten and Goodtwial 0 ®8;0 3Na ySra nadrbc
Bartel, 2008aP®ReErghangements and mutati on

regul atory eilnretmeond usc, i nsgu@éhfvsarsecrho wiorud d al s ¢
influence the trafdslalCiD&ncah Bhbeatengdcfi
alternative traas$teaxpstsr aupd Icaht icmam vaH esm c o
the unmodi filredt he amesalrtilpy st i sclua&ngd® i mve
the 56 UTR or CDS were influential, furt:!

in the future would be useful

Theor r el actoinopna rdeadt 86 r UPR expression in RP
CDS RP expr exodgietnt asmd td at h eonfa It rragdgswel rai tpi t osn
consi der 8tbi &JT Ri RPtweastnd gs siadbmcul atweéd hf or t
36 UTR RaH irgenadddst aainlds about 36 UTR | ength i
Bi omart (Hatr ®issd@dd2np)oricamtrleyyat nonsi ndi cat

caus,atosmlrgyg epgots si bl e mThalkacioomehiapson bet we
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ri bosome aoncdc utphaen cpyot enti al tramswbaatvenwl

smal | and healitehdy aRdPrddsadaavededrtsher transcr i |
cont &und®RBr( Fngtur es 43 .74, 1Qv,ebh,alr®.iliva s e
evi demzte wi thoi WEPDeasead]l assoctiratnisd na,t i aomc

transcripts werreeluand evregidhirnagn dgbraesai tbpeart s up p
suggestion that dORFetadangloat inemeiars etdh e r .
CDS of theWatraanBRRW pcdontrasconsihetrentwapgoa
correlation bet wadmsddneU (ORI cglupdéensc®BS 7, 3. 1
381lThis correlation is potentially suppor
UTR ribosomal sED&Ssemdbdeo siomfdMed paRkfl@dc e

especially consi dwerd nogf ttehre ssel icophrtrliey adg ri eoant:
wi Wah dQRF nameéapder hapstmooel di bel yhat i nc

ri bosomal presence | eads to increased 306
i nveltwe rceadtnhr ough or I ssuédPowbnhhnai basdc
Brown, 2006; Namy and Rousset, 2010)

Thtrans!| ati onal regul ateistum dvamad nc kri rdenleayt i
tumour dampweed 8sdrme heal tby tissue resul t:
i ndicate amriisgsamlovi d o it hleawetwler snotd o e s

expltéaienrmBNAbEdgnmeat s c oulsd mpawec ebsesemn g

ssues with possible ri lwogdmadhte or subuni
overrepresent edgds8exy ureRiNiAss caluil gin af f ect t h
eads 1 nmRNAlidg @Omekn tf ut ur e o Eetxipdtm2e@&ul d b

bosomale gsivobnu mihter e t he alignment occurs

-~

o
5

g4 hlkesnmirtt ace and could be exposed.

To investigate VRR ORFENS aBivd slihé@\eGB It o
BLAST+nbi(eAslkt et hall997; eCam@800 6&;t,GQARAOKL5)

was used,anpreawiidiyngq@ccessi bl eie gardejcuissteabl e

al i gnmentThleo da tf if ep ev ¢ @ mephaisieidsovre e n t r an s |
regsi o®DSgeneral |l y ©nt3rog nksaVeadte@RA egidon
alignments ahewdoswmad tassoci ation and p

(I ngeal,ia 0 0B9gwever, thedgae¢ atigemerablradt rwal
reaidi gaineditcat eDtfrfaesémt i RR.reads from th
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align to precisel y333h®esaaalme dlcaednattfiicceen! ( Ta'l
ri boswemes translating the same region on
transcHowever, the repbhatedreeatiaal aghmer
I ssue with these |l raengudsb eiR:3 wldeardes talh e rge ear
sarhe c aittivonnlsi kel § beafhsbati ng ri bosome. |
stall ed raintpdadr@meéféa coth.ese sites do indicat
woul d meamersi woul d not transl ate beyond
transl ation Fafrtdheme ihORKBg.i gation into th

be done to establish whether ri bosomes al

Tabl ehodwedadnsi dmeorreeblryy bosomes acsfsoci at ed
transcripts with 3Refe8ithg thRREsmMPédt han

ri bosomal associati on,oBiotme, 3amWuRessi bl e
dORF TresslUppgport the expectati o@D®&hnadt mo s |
a possible smald(drn gaomhdasdh@0 9;n Gy WdKRh and
2014;t ,JaiRP015; Miettinen aetd, 8 01 &tl ,udddy 20
2016)Comparatively, vWwuyd@®RRKpiREghmyeads al i
dORFs may have been di srMogreeeddesd albi goheded
regiong tmesmue i inptl gs emws posomal associatio
possi bl e(tnegeabk, laatli0®dn)

The read deansndeiddheen avlayrsyiisng si ze odndi ff el
RP datasets, pdiondidciantgi cann o fmprriobvoes o mal as
there is debate, 306 UTR RP reads have bec
but not (tGuayndsosaht iaoond Gr een, 2014; Mhettin
greatest waasaad €Odh $ otda d d R Ft3hde RI(TRI gur e

3.)10 This could i ndiocatueg Wieldd BSpme i &t & ys |
compar ed st oH®@Bwe WerR, only a smaleld ®fur opor t i
d ORBE nMdandyORWe mel iegdRead dwasi hgreased in al
i n tumour datasets compaBed.O0OtAs hmanttihyn &d
previously dORF fiutrnrcatni sl WettisocanPbp 8 BHeodvetvae rt, h
t hreesslggddqatteat er dORF transliatiscerenin the
alongsi ddecORFed uwvéd ycoul d be that i n tumou
reduced rceQRtFrda nesdsattoiftomi s woul d need to b
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RP reading frame analysis searche®Whd or f 1
CDPreference for t erdedadnign gf rfarmreemeA mroedfedr er
transl ati©lgi gihe FempbetiRn e d g nanfefedichite 306 UTR
results, skewing the reesluutha get owmberss refa:
repeataebigmadshii s rwhide mgmd ysamea idouoes otnoe s

oanotahdearedsantg. t he subsedadshe®de RPoremtdisalavio
t heRFeu b s3edt WApR edro ulhe ans it otewasd macs readi ng f
pr ef ewietnhcbeo sdd mse sreivbeuntleyd acr oss the reading
32lThatwmeasmhat redadedtr ogemxeprlAilyTR RP r eac
asi bosomeosnwo nlCed Fiemdtimeg frame mai otahaei 3
the CDS pDetremema@ae and Brown, 20%6ne Namy

of the ribosomaidORBEsomant bd diwrea hisol atthien g

preference for reading fhoawweteheesctoermpta roefd t
CDS( Fi guw.® e3 .slmal | numbe rWuafO Rsfeeachs & lhiag n el

few reads in a different frame soul d havct

The potential dORFf dbuadspaetvobnovueashtyi o aatdica n
i nit mdi WiORUF&slt w st rongest eAdrdesmaglet ey r an:
RP datoas enWésn yhh OliRdcd evi denc,eg eqfuRtPri anmgaldat i on
alignmenmi had reading fs¢ a@aamkl fhreerfeeriesncea ttte
evi denWue di@&karte tr ans | aitre dt ceomes. TR mdd tl ays e t
siafe Wu nmh&ORiFts | ess | i kely for multiple ri
size of ribo® emdle rd atoddgeaptitant ksd dt her eas e
number ofal R Weae addSsiRtéelre ¢ o noshil shigermtacryo s s
datasdhe small s doBRtFrad sl arteiacnrs wduwltd be
compar edr edunt@oé r atriiomo sod meé o & sTshcecsieatc hal | e
i nditcheet edi f fusd icRIB tdeattsa sovbe st ORjFataens | at i on.

The shoMSVWOREMS validatwedt Wu MGOREBS) dat ed
e n c opdreadtsehiaiv® RtFr a n sMAVW ORFs dvtairliledhaRP r ead
alignment iamtdt @aeslidat acmalsf uretghud rateda wind e neca
varidabR&Fe t i VAL ye,smantei WBORE ® vuelndc 6 dea atli on

proteiTih®e geneksSVMbORRY nhanwge v amide d afinenct i ¢

i mporta@aamsaesnn humour suppr esslofr sd,ORoFnsc oagreen e !
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e overall findings support dORFs as tr .

transcriptestprey adp ye adrORH®R alctthwittiys s s
reducewhenmmpaneéerto Ataktbyd 84t HT Bt s e
ttuhnreour transcri ptome t haetx pdiasirnuptth idsORaH
tivitylhiemneeg dlsic@elrogi cally meanihregf ul cor
mber of ribosomes associated with the

gul ation dhetrleeisranposipi ve correl ati

bosomes associated withath®es30 h@BR taryd
ncer Rliabtoassoemtess. associ ate with dORFs, bu
finitively shown dORF translation. The
soci at iToRs waintdh s3ubgglest ed t hat these rib
bosomal association with CDSs, 306 UTRs

e t umoVSr vtailssduae.ed pr ot e idOFSFhtarveea &slhatwn
d some roafn stlhaetseed d ORFs associate with r

gul ataoaTlyesaetrnesulyts raise interesting ¢
ncer, whether dORFs are transl ated, an:t
sociation with 36 UTRs in cancer.
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Chapsa@®REo0omposii Ma roen
Compar add ediila n sCDS

4 llInt roducti on

The previprusyvichead dwupnpsotrrte afnoropen readi ng
(dORFasct i ng as tramfkdMeadat iakbp®®Ocr egei agorel at
t ransoltartanosncr i pWs & @RFEJaORFisn ¢p Weeste natle.d by
20B®RiI haee s adwiotchm8&ans| alTeBlamd galotnlso g h
somd i gMed diQ®Bny 30 UTR aadliigogmdd Mider e ds
dORH4. i s IhkekyatbkBamore dORFsswggsstded ol
these 36 UTR alsiORFesd bRR nrge awd sd eassmpd ead wi t
abundaxlcaevto,fafR 013 ;etBaR0DilmMi; Couso and Patr
et,akR019; ebnpakbkPedegh@ReOmR 0; @uUS p2Os2kogi a
Rui z @uewdd0hle) diyif hiicdémdrddRFags GRE hat

t rans droiept inmn g u arnan tseOR Ffsu rcootuil adn dien r ando
a gefGméemaalP013; Couso amndwwkP ad @Hxdgvuei m, 2
nog eported sur mouardai ntg | 3éoodiVIERORS S
composition other than a s ORFWste,qaulence wi
20BAUUNnder sWandi@hgnposi td oml d @heanlépi fy ot her
si mdOBRFslidrf er e nWui adtORFthesteher, nonfuncti
randoml y,hdgCeRFe rsactded@ 6 c EOMMposiunide nisd totoalr
andan influence BégUTRtoompesemeahs. espec
i nfl uencing atsls® cs tarnreacht ssweagtimicdhrda hedeh and
Carmel .,Th20 Bé)ardefdRuced GC (Pemmpmd xi teitormal . , 2
Larizza et al ., 200Rysd Meighhormea sedd atlal, e r2edn
mut ations which redmeehwlCacioens eamfipe@pGs ed
i sl agdsl i ch and Wang, 1981; eKamalkPPAa7and M
gr ouQpeG@ di nuwil tetota dleisgh propo(rEstoeml lodr GC2 (
Portela and EstedP@hdpt2@¥0exPpadrmapBRIi on f o
al i Rite d e@ulsdt dope rceoaddbtnhr whighe transl ati on
30 HETRi s can besabpeUdBGAGmhlzy molseé common f
readt hrougbhan(dHoawsttr dalk 00O ; Manuvakhova,
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Bedwell, 200@R0B#édcdtlakuet; Wangen and Gr
Wu de®é&Ent ai ni ngo tbredh msoa rei fd ti skreel ayd tt hor ouungdhe rbge
on the CDS dteafflo nggibosomal Theshgyipatihes.es
this ahepbeethORREI| Abbeadant samd 3s6o el Rof t h
wi || associ atestwarhde WubdORRMmasmedntbat omwy t h
r eduaccetdi \ni tcya n c eArd ddi attiaosneattsl . gcootnipboes iWui on o f
dORFividlI ffer fgaod 3@ plkTak e mar mi ni CDS, due
suggestion t ha.t Thhee yc camfgeo sdi ixdbiostl a8obheidn g
UTRvei d il fffreonmr e ¢g3ebn exTaR composi ti on.

This clhaptaems the results from bitdienform
abundamaotee mtfi al dORFese@®@dead®@®m@®hr oughout
this)theaediosomal Roetseowd Rl etnwatad | at i onal
regulodRotoech®RRRs 6 with ribosomaldR®Pssoci at.i
Pot ecdh®RRd& oughouta ntdindecsmpt chseidfuisd ® Rd-f
comparedsand3DBMA| ysabuotlaBbeeand BB

i n 36cammRared t o s hunfeftlheodd s3 6d elsTCR'S. buesde di n
Theis eal so consideration of 36 UTRs with
PRIJNA256316 RP datasets from healnpHy shum:
These RP datasets were then used to inve:
Pot ech®RBanpot etntammd!| at i ontaRPort egh®IR@&Si on of
Temorrel at itohneel héet we ethmr @am xdoraitt gadd BnA a fg

Pot esch®R&dIntdheex t ®fntr i bos omal absRo d ieantt il arl wi |
dORWer e afddliyvyseadhal ysis sought to expand
i dentantdi gdt her further evidendtheof dORF
met hods descr8weradk itrhesme aitsiean t. anal yse t
di nucl eotidandtcodaonl ewWunpd@REndbnNn3®fUTRS
containing. tThheissei daOirpros wa ss hcuofniipl aerde d3 6t 0UT R's
UTRs amdh@g®&Bome wide and CGIDS dORAdp taT @adhesrer i
preference welTkheabhsal ¢b mpauaredideerds tt#®a di ng o

d ORdFo mp o aainds ®insdte nitagifmgi | ar dORFs in the fu
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Figure 4.1: Summary of approaches useudsection 4to meetthe chapter
objectives anaverall study amdORFid ownstream open reading
i36 untr ans/| aitcedohg sequenceon, CDS

42Cover age o P o3 dudRRBsH v
proportionaodi gREhdeds®RB & s

The abun®atnedd iFEdsn t etrhmes mbr 3 6aJd Rt he
proportiostowvferzd BWDyRwabhesesdOBR$ed to fin
potenti al d QREDMRESI coal dbpangeme mant i on
UTRwi t mewtessari fuync@O@Gwteema mBPYo013; Couso an
Patraquilm,cl2u0dli7n)g compari son breanweeml ygeno
shufflesofvehesenm B WEBsences of equivale
and |,enaltlhosws c¢ o h3ed dUsTrRa tdi GRFw baf bcuhn dcaonucled o c
by c¢ hTahnicse abundanceusadRyisdias a Bade dallRsso i n
the PRJNA256 3tldc RPn diadPears ewhl®di@iberm d anc e
changes wéaernres806cUa@Red Wheh ¢ 0 b3 dueTeRssn g
with Ref Se,qP aontReNWD RO&ERISq U &am ®e s e r ya nadb uwcnodveerrt
84. 2% of these B3 &UARtsr § Sabwleed. Ldoki ng e
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shuf3fd eldeR si ons, maintaining nieweoti de
Pot ech OO e qu evreafedsuinm . alslh ufhfrleeed wweerrsi ons t |
mor e t hapwB®ROF Os e quencEhsewWaBa V6% 84.94) .

6. 6R&wWeQRFs in the shuffled 306 UTRs compa
Unsurprisingldotteth® R&dnv eerhaeg es hauff f 1 ed 36 U
was redBceld,td8. 4% andabd dhBndgvwvaRhger i n
read 380 TR mble3ed AUIITRsdf rednu @& @325t o0
sequences. | n t hesséP oRPedrORaisile enb lRdbuerd adhd U-
in genomic 36 UTRs compared to shuffled \
UTRs more dORFs we(rTea bflogéh edd. clp)® gR @tgecJtT iRa |

d ORFs O emdamailmr3 owhUsTeRIReé&r r e a do ra | 8 4gtn7eid
genoRR® cr ead3 @l Ufgehdewdcoe d7 9. 5%, 79. 5% and 79.
SshudRH er ead3 @l U(lgResbd. Wh dtdd®P read aligned o
t he abuidoarradRdé@in number rmaeduaednaioarny g
Sshuf3fd eldeR ssogpgesting do6tpesesehgerely o
Pot echOREBY e very nabBwbdldmts hey can.appear &
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Table4.1: Potentialdownstream open readirsgframe (dORFs) are more commorandc over a sl ightly greater pr oy
regions (UTRs) in genomicsequences compared to shuffled sequen@smparing thenaumber ofPotentialdlORF®andthepr opor t i on of
UTRscovered byhesedORFs i n genomic and s.BWf fUTRE o tBTRed Seuyge mReNstbosbnies and t
profiling (RP) read alignedin one or more of thPRINA256316 RP datasetere usedTablesi nc |l ude t he ®PaentaldlORB6 UTR
sequencesandthdre ngt h wi t h t he per cesby®geatialdQRF® In cgoewnmeorma gce anfd Sh uU TR ed 36

separated into all Ref Seq 306 UTRs and those with RP read alignme)]
Al l Ref Seq 36 UTR

Genomic o Total 36 L3066 UTR SeqgTotdAdtenti Pot edOR&E&I|I % &Pot edOREK
Shuffl ed dORF ength Sequences Coverage
Genomic 334403609 27134 28172736 535907 84. 2
Shuffle 1 33440369 27134 26226758 499619 78. 4
Shuffle 2 33440369 27134 26228799 499274 78. 4
Shuffle 3 33440369 27134 26237265 500430 78.5

RP read aligned RefSeq 36 UTR

Genomic o Total 36 L3066 UTR SeqgTotdadtenti Pot edOR&EI %P ot edORE
Shuffl ed d ORF ength Sequences Coverage
Genomic 23095652 10225 19551733 370025 84 . 7
Shuffle 1 23095652 10225 18358592 348693 79.5
Shuffle 2 23095652 10225 18351766 348198 79.5
Shuffle 3 23095652 10225 18331743 348416 79. 4
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l nvestigat iPon ech®iR@swhhahld 6i bosomal assoc|
possible transPatea®RREkdowwagasdoR® t o det
of t he bhuingfenyedh ®RE$ul d be functional, cor
dORFs couldhaf(p@ewso bynd Pdathrea quwifife r2017)
Pot esdh® R&@dntdhper oporti on of 36tWIR atfRirgmed R
Pot ehOR&daisnvesti Qhaitex ¢gd wéretbhteldeOrRFs coul d
ex pnl a3we UT R RaA irgerdedosutnado @ lMug d O R R e
PRINA2HGERL1EG6 hy kidney an®Pkddamget Beour s
subsets of RP reaGwer o RiF ardgeualds @ thédt cheec t i on
i nfl ueerpeRP Erde amiesnltay i @ml| y riesa hsall ibis i t
there are treef@dlfiigvee d loe DadRiEP olt ech®iRE&Ed n
were dommgls the RP dataskad landt t hei RPactE
numb &rRPoft ech ® R@ do u(nTda b | ¥e B4y @fpd ve ch © R& dn

RP read al i(Tamhd @d1&8FP UTeResd (aTa bglnantednot2 3 t he
RP dat hevedt £ alt6 28Po0t ethOREIomMpared to 3700
Pot echORSEIo unRIP irnead3 @G IUTgRishds suggests a h
ofPot e ®R&We r @l emAl t hough RP datca ovets dihze R
read s ubwveeet sMdRPectrecc OR&@d umour t i dastuaes estagnp |
compared to healthy ki dhla&c csuarnrpel nec edsa toafs el1
nNumberasp eRiIRA € d g n mewhtiesceh | i k e Inye aanetd B $taast 8 n
propeofti ®8d UTR alailggetteodR oD R 8 angi ng frc
aroum ¥%MBowd nlgarge proparami bgnof o REOREads
especitalmowri RP da)BRsesedusi Jabhteheasnd | uence
potenti adln BbPhteeé@adtsubsets (10 or fewer, &
prodaoprdi stents mealltthy aanrdo 6 &@ Méuwof RBddat
UTR al i gnaevee f ®RI nrde @\ 4t ehoh OR&E STabh ) B ot ent i al

d ORGt veaBrd . 7 % ROPf rtelmed3 Ga lUTgRse d( T anle ld enied gl )
proportiomladfg et ecd@RéEEIEI ower t han expect ¢
smal | pr PpdrechiDRd@dEARP r ead ,al it gomghtt hi s di
i ncrietausneo ur s a mp ldeo tRduh @ikak $ads ectosu | dt o p !l ai n
t hiorfds3 @& IlUTgh ed, RWPo vPmdeesh©®RR$ 6 cover ar oun
30 HTRneaning |l ess RP reads aTlhiigsn ecdo utlod tbhe
because some of these 6Potdotialb dOBRFaami
ri bosomes associated with dORFs
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Table 4.2:AcrossPRNJNA25631&ibosome profiling (RP) datasets, around two thirds3f6
aligned within potentialdownstream open reading frame (dORF) sequenagd the tumour tissues RP datasetiégn to a greater number of

360
proportion of3 0

U T RBoteatial dlORFh Comparing thenumber ofPotentialdORF$a n d
UT R R®Irendg tha align withidPotentialdORFs6for each RP dataset and for each RP read subset. RP read subsets

Ref Seq

untransl at ed RPeaapdso n

(UTR

m R\INARPIread aighmeblt Giritie

denote the number of RP reads allowed to align to the same location, 10 or fewer, 5 or fewer, only 1 [jocliepesd.in the square brackets
are the number of sequencemmalised to 20,000,000 RP reads in each dataset to actmuihievarying dataset sizePRINA25631&RP
datasets from healthy human kidney samples are annotated NT and RP datasets from human kidney tumour samples are annotated TT.

RP read subset
Al RP rece 10 or fewer 5 fewer Uni que RP
% 30 d ORF % 30 d ORF % 30 d ORF % 30 d ORF

30 UTR RP re sequenceRP re sequenceRP re . sequenceRP re sequence
Sequen align RP read align RP read align RP read align RP read
RP with R ®Rotenalignmer&otenalignmerd®Potenalignmerd®otenalignmer

Dat atalignmdORBs d ORB s d ORB s d ORBE s
NT1. 307®881957.9 4 3 §4519] 68. 4 4348516 67.7 4348516 66.5 4 2 2483 9 2]
NT1.  36Q25]58. 4 54(046089] 67.5 540 BG®G ] 67.1 539%081 66. 5 5228954
NT2. 30238352 74. 8 42855000 67.1 4283998 66. 7 4284995 65. 8 41748 6 7 ]
NT2. :369B1374.9 54§%662 66. 7 542659 66. 2 5474655 66.0 5306510
TT1. 467446790. 1 867178284 69.0 8617B281 68.0 8668278] 67.5 8508124
TT1. :54287090.0 111[7548]69. 8 111[72164768.7 111[7A64768. 3 109[14469
TT2. 594%8194. 4 126[8602767. 7 126[8B02666. 8 126[8R02666. 9 12425005
TT2. 681393 94. 4 1626838568 . 5 162[69238467.4 1626238467 . 1 1595%307
TT4. 434457091. 8 80%486] 69. 3 80g38483 68. 9 86g3»114 68.9 7898311
TT4. :50§38491. 6 103[180069. 1 103[12180068.7 103[1B79968. 8 10118648
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43Tr alnat i qqrudlatrmdi®o tod d OIR®ikn
PRIJNA256316 RP datasets

RFPot ecnORElaRIP read alignment, suggestive
and pasansllatitem.ttifddidsykeaped dORFsf wer e a
t Weu dORBRBPRtFr ansilsatsiuognge s n€d & a sen (| Wetti on

al . 2020 eadi nigon whretschegat he t r annsdliactaitoenda |
wi Wh dORMWas al sdRMPotecsteREYSEONG t he
PRIJNA256316 datasets all owed comparison
t r answirtahpd w,iotRPotu et ®R&@dIN healthy and t umol
using the same methodCosmedried tobet peewiumi
transcroiRPos edi i DRMds ead,r edummbedr ofhadanscripg
di fferpmdsdxilorexv,dlOdl®s tmed@B3t0ed ranscripts
dat aasnedt si dictr eracwer s a mpilteh dlad A etinas c2r5i4p3t s
(Figurméhed d2 ) .f er e meea.nbge2t wecelnd tchhreange i n ¢t
occurfrremm eRNAs eq sft or RtPr @mad asiepdé RPwi t h and
Pot ehOR&ds veraxrooéaltlaset s [(rFilgaalet e 2t)i.s s
transcréiRPos esiiDiR@lidad | nmeamgdf olvida | ulkeasn g e
by. 1431 tcomp.az®dtd4 to transcriptcGPwFsthout,
0. 04Mad) NTR2 .=2 M.eOs@QOalt)i sti cally 6Pgai 06byrant
(Fi guaTdn sdnadli)if f erenhtel amdhhomrgdox and whi sk
suggedRPot echOREd d iilnftitdencel ati ve heahshauat
ti ssueldatdeettsxmourr ¢ i weaue ebaefal seertrean cliedse
ranging froedm 0I@®BV8WOONntobhe mean Log2 fold
transcripts OWVRPOh eah®®&W intshtoautti st i cal ly sig
di fferRnxCsO®yY.Mnd udmoli)stsuans c roiRfFPtos ewit ti [ |
dOR®sshowed | ittle function aGv eprbahlevsei al t
a slight dotsiswnmiot wchORF ti ssue compared to
i n both PRoOtsesdu@isRhdIo0R FSihtotwleel evi dence of tra

regul ati on
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Figure 4.2 RefSeq mRNA ID transcripts witliRP Potentialdownstream open reading frames (dORBappear to show no change in

translational regulation in bothhealthy kidney (NT) andidney tumour samples (TT) from PRINA2563t6mpared to transcripts without

0 RIPotentialdORFs 6 RPPotentiald O R F s poteatinl dORF sequences witlbosome profiling RP) read alignmentRelative transcript

translation calculated as Log2 fold change in expression from RNAseq to RP dataset for each tr&ascaptl whisker plots for each group

of transcripts, the horizontal line within the box marks tleglian the whiskers denote the maximum and minimum values, and the box marks

the 25th to the 75th percentile of t heWayANOVA multipld cemparisobsudstivaindg § kwi t h
adjusted P values was used to compare the means. Each chart titieeesdich RP dataset was used in the analysis. Transcript group sizes
included in the x axis labelasi P>0.05, *- P<0.05, *** - P<0.0005.
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Figure 4.3: 6 R Potentialdownstream open reading fram@&ORFs) showno biologically meaningful correlation between the ribosome

profiling (RP) readalignment locationdensity in the dORF and the possible translational regulation of the transcripP RINA256316

datasets6 RPotentiald O R F s poteatinl#dORF sequences with RP read alignnmRalative transcript translatioreported as Log2 fold

change in expression from RNAseq to RP dat&etead location density refers to the densitglifierent RP read alignment locations within a

0 RMPotentialdORFa The correlation was quantified using the Pearson correlation coefficient. Each chart title describes which PRINA256316
RP dataset was used in the analysis. The Pearson r coefficient, P value and number of data points are included onRhalktes tsdjusted

for multiple comparisons using Hol®2 d § k met hod.
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