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YIHEYOYNH AHAQXH ITEPI AKAAHMAIKHE AEONTOAOTIAX KAI
IINEYMATIKOQN AIKAIQMATQN

Me mnpn eniyvoon TOV GUVETEIDV TOV VOLOL TEPT TVELUOTIK®OV SIKOUOUATOV, dINADOVE®
pNTé OTL N TOPOLGH SOAKTOPIKY STPPT, KOOMDC Kol To NAEKTPOVIKA apyeio Kot Tyaiot
KOOIKEG TOV avoTuYON KOV 1 TpomoTodnKay 6to TAAico VTS TNS dStatpiPng, amoteAovV
QTOKAELOTIKA TPOIOV TPOGMTIKNG OV £PYAGinG, OV TPOSPAAAOVY OTOICINTOTE LOPPNG
OIKOMULOTO, SLOVOTTIKNG 1010KTNGI0G, TPOCOMTIKOTNTOS KO TPOCHOTIKMY dEGOUEVOV TPIT®V,
dev  mepEyovv  Epyo/elc@opéc  Tpitv Yl T omoiol  omonteitor  AdEw TV
OMUIOVPYDOV/IKALOVYWOV KoL OEV £IVOIL TTPOTOV PEPTKNG N OAIKNG QVTLYPAPNC, Ol TNYEG OE TOV
ypnoporomOnkav meplopiloviar otig PPAoypapikés avagopés Kot LOVoV Kot TANpovv
TOVG KAVOVEG TNG EMOTNHOVIKNG TapdBeons. Ta onueia 0mov Exm xPNGLOTO|CEL OEEC,
kelpevo, apyeio /Kot TNYEg GAA®V GUYYPUOE®Y OVOPEPOVTAL EVOAKPLTO GTO KEILEVO L
TNV KOTAAANAN TOPATOUT KOL 1 OYXETIKN avagopd mepthapuPdvetal 610 TURUA TOV
BpA0Ypa@IK®OV avopopdv pe TANPN TEPLYPAPT. ANADOVE® £miong OTL TOL ATOTEAEGUATO TNG
gpyooiag dev £xovv ypnoonomBel yio tnv andktnomn dArlov mruyiov. Avorapupdve TANp®G,
ATOMIKO KOl TPOCOTMIKE, OAEC TIC VOUIKES KOl OLOIKNTIKEG GLVETELEG TTOL OLVATOL VO
TPOKLYOVV GTNV TEPIMTOOT KOTd TNV omoia amodetyBel, daypovikd, Oti 1 epyacio o 1

TUNO TNG OEV LOV avKEL S1OTL Efvat TPOTOV AOYOKAOTNC.

O AnAov

[Mopyog xodeog
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DISCLAIMER ON ACADEMIC ETHICS AND INTELLECTUAL PROPERTY
RIGHTS

Being fully aware of the implications of copyright laws, | expressly state that this Ph.D.
dissertation, as well as the electronic files and source codes developed or modified in the
course of this dissertation, are solely the product of my personal work and do not infringe
any rights of intellectual property, personality and personal data of third parties, do not
contain work / contributions of third parties for which the permission of the authors /
beneficiaries is required and are not a product of partial or complete plagiarism, while the
sources used are limited to the bibliographic references only and meet the rules of scientific
citing. The points where | have used ideas, text, files and / or sources of other authors are
clearly mentioned in the text with the appropriate citation and the relevant complete
reference is included in the bibliographic references section. I also declare that the results of
the work have not been used to obtain another degree. | fully, individually and personally
undertake all legal and administrative consequences that may arise in the event that it is
proven, in the course of time, that this dissertation or part of it does not belong to me because

it is a product of plagiarism.

The Declarant

Giorgos Skoufos
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Evyapiotieg

Apykd, guyaplotd Waitepa v Kadnynipio Apteun Xatlnyewpyiov mov to 2017, pe
vodéyOnke oto DIANA-Lab kor pov édwoe v gvkaipio vo TPAYUOTOTONG® 1N
Adoktopikn pov Atatpifn, divovtag TpoTepaldTNTe GTIG TPOCMOTIKES OV EPEVVITIKEG
embopies. Ty evyoplot® yia Vv eniPAey), TNV VTOGTHPIEN Kl TNV EUTIGTOGVVI TOV OV
£€0€1Ee kan cvuveyilel va pov deiyvet OAa avtd ta ypdvia. Me v Aptepun EEVuYTNOALE TOAEG
Qopéc, Kuvnymvtag Tpobecuieg Yo ypMUATOSOTIKGA Kot ONUOCIEVCELS Kol KOVIPO OTIG

mBavotnteg, Pyaivope mivio Kepdtopuévor.

XvveyiCovtag, Oa 10ela va evyapiotiom toug Kabnyntéc 'edpyro Zropovin kon [avtedn
Mmndyxo, uéin g Tpyerotvg Zvppovievtikng Emtponng kot e Entapeiovg EEetaotikng
Emitpomng yia T1g GuUPOvAEG TOV LoV £dmGOV KATA TN SIUPKELN GLYYPOAPNG TNG TAPOVGOGC
Awrping. Eniong, tovg evyapiotd Oeppd yioo v avtamdkpion kot m for0etd toug og mpog
TIG VILOYPEMGELS LoV amévavtt 610 Idpvpa Kpatikdv Ymotpopidv. Evyapiotd Beppd kot tig
Kadnynrpieg Tewpyloa Mrmpdiiov wor Ilavayiota Toopmavomoviov, tov Kabnynm
I'epdopo IMotaptdvo kot tov Epguvnm) Atovicio Zyovpa mov d€xOnKay vo cuupeTdoyovy
¢ néAn g Entaperotg E&etaoctikng Emrponig aAld kot yia Tig vodeiEelg Toug mg mpog

TNV TOPOVGINGT TOV OTOTEAEGUATOV NG TapovSaS Atatpipc.

Evyoapiotd Oeppd tov Enikovpo Kabnynt lodvvn BAayo mov micteye oe péva amd moAd
vopig, pe kaBodynoe pe Tov KaADTEPO duvaTd TPOTO Kol KOT' EMEKTOCT), OLULUOPPOGE GTO
péytoto Babud v epguvntiky pov okéyn. Evyapiotd emiong ) cuvddeipo kol ¢in Ap.
Aquntpa Kapaykovvn mov pe cuopmeptéAafe oe 00 PELVNTIKEG TG EPYACIEG AL KO Yo

™V Topéa Kot oTHPIEN TA TPATA XPOVIO EKTOVNONG TNG AOaKTOPIKTG Lo Atatpipng.

Exo ™v avaykn va ekepdcom tig Oepués pov evuyapiotieg otov OIA0 pHOvL Ko GTEVO
ocvvepyarn, Ap. Znopo Taoctcdylov, o omoiog £d® kot £EL xpoOvia amoTerel TO EPELVNTIKO
pov arokovumt. Me 10 Zndpo mopevdpocte pali amd v opyn, ovToAldccovTog KaAég (Kot
KakEG) EPELVNTIKEG 10€€G, OKAPOVOVTOS OUopees epyacies kol otypés. EAmilo mog Oa

ocvveyioovpe pali yio ToALG akOpo ypoviaL.

Evyopiotd v vroymoeia dddktopa Bacilikn Katopa yio v mapéa Kot TV €peuvNTIKY
LG GLVEPYAGTa, TOVG LTOYNPLOVG d1ddKTOoPEG Bdvo AdleEiov kot diMmmo Kapdapd yio tnv
dyoyn cuvepyacio o€ TPELS EpELVNTIKEG epyacieg kot Tov Ap. Niko Ilepdkomdvn yio v
dplotn ocvvepyaocio KoL TNV GLUTOPELON OO TO HETOMTUYKO BilomAnpogopikng, mov
Eexivnoe 10 2014 ¢ ko onuepa. Eniong, 06Ao va guyopiomom to volora (Tpmnyv Kot

vov) péin tov DIANA-Lab, EAiCo Zayaporodrov, Mapio Mo, Anuitpn I'pnyopiddn,
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Avva KapoPoayyédn kot Ap. Iodvvn KoPokidt yo ) dudbeon yio kovfévta, v
ocvvepyoosio kol To KaAO KAIpO €viog kot ektdg epyaotnpiov. Evyopiotd kor toug
ocvvepyateg pag amd to [avemotiuio g IevovABdavia, Kadnynm Koota Kovuévn, Ap.
Iwdvvn Bepywddn, Ap. Avactoacio BeAahomovdlov kabBd¢ emiong Kot TOVG CUVEPYATES LOG
a6 10 EAAnviko Ivotitovto [Moaotép, Epevvitpio Evdokia Kapaykovvn, Ap. Mapia
Ayailov kot Ap. Mapitoa Mapyapdvn yioo THV EUMIGTOGHVN TOV LoV £0€1EAV Kot TNV
dplotn cvvepyosio, HEGO OO TNV OTOL0 KOTAPEPAULLE VO OTLLOGIEVCOVLE TPELS EPEVVNTIKES
gpyooies. @éhm emiong va evyopomow to Kpatikd Tépopa  Ymotpogidv mov

APNUOTOOOTNGE TNV EPEVVNTIKY LOV OpacTNPLOTNTA.

['a to 1éhoc, donoa ToALG ovopaTa Kot akopa mo moAld cuvoisOnuata. Evyapiotd v
EXévn (papd), to Niko (pmopmde) kot tnv Avtiydvn (yloytd) Tov oy Kot givot mévto Simio
HOV KOl 0EV OQPNVOLV TImOTO, - Kot TOTE - Vo Umaivel eumodlo oe 6co 0EAm vo Kavo.
Evyopiotd tov ¢ido pov Ildvo, yio v mapéa, ta ta&idw, to pmap, To ToTd, TG GUVAVALES
Kot Oha Oca kdvovv T {1 opopedTEPN €00 Kot 0YT® mePimov ypodvia. Evyapiotd to oilo
pov Aoptavo mov ed® kat tptévta ypdvie, (NOt a typo) sivar dimhaol pov Kot TPaKTIKG £xovpe
nepdoetl pali Oha to Opopea Kot Oyl OG0 OLOPE Kol Tov Pyaivovpe vikntéc. Evyapiotd
oV a0ePPO pov Oavacmn kot T adepPég nov Koilippdn ki Aviyovn yua 6Aa 6ca £xovv
Kdvet kot OAa 6ca Oa Kavouv yua péva oto péALov. Evyapiotd kot toug ¢gilovg pov Xtépavo,

Avtpéa, Mdapilo, Anuntpn kot NatoAio yio v mapéa, T otnpiEn Kot TG OLOPPES GTIYLES.

Kieivovtog, 8élo vo guyapiomom ™ Mapio mov amoteAel 10 kivntpo Yoo 6Aa 6ca Ha
dwpdoete mapaxdato. [Tov yepiler ™ (on pov pe xapodUEVEG OTIYUEG Kot TOL OTOv gipon
KOVTA TNG, UTOP® Vo elplat 0 €avtdg pov!
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Computers aren’t the thing.
They ’re the thing that gets us to the thing.

Joe MacMillan, HACF
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Aaxtopikn Atatpipn

Ymoloyrotiki) p€00060g yra v Tpofreyn kot yoptoypdenon
arinremopacemv TV KPpAV RNAs tov Eeviet pe yovidwa tov
HKpofLoOpeToS T0VU

INopyog Xkoveog

Mepiinyn

H emomun tg Metayovidtopatikng €xel Tpoc@Epel ta TeEAeLTAio. XPOVIO CMUOVTIKES
duVaTOTNTES TTPOG TN UEAETN TV pHiKpoopyavicpadv (Baktmpla, Apyaia, MOknteg, lol) oe
nepimloko meptParloviikd delypota 6mwe eival T0 vepd OKEAVMV, TO YOUM ALY KOl TO
avOpomvo ocopo. Me tov O6po Mikpofiope  yapoktnpiletor 10 obOVoro TV
LIKPOOPYOVIGU®MY Tov emotkilovv €va mepiBdAlov, Kabdg emiong Kot ot Agttovpyieg mov
emrelodv oe avtd. Ov teyvikés AAniovynong Emopevng Tevidg (m.y., Shotgun
metagenomics) €yovv moiEel KaBoploTikd pOAO ot UEALT TOV  TEPITAOK®OV
aAnAemidpdcewv petald Eeviot|-MikpoPiopatog otov avOpommo kot o GAAOLG
opyavicpovs. To Human Microbiome Project kot mapopoleg peréteg peyding kAipoxkos tov
TEAEVTOAIOV ETMV, ATOKAALYOV TN onuocio Tov MikpoBidHaTog Kot T GUUUETOY TOV GE
TaOLOYIKEG KOTAGTACELS CUUTEPIAOUPAVOUEVOV TOV QPAEYLOVOIDY VOCOV TOV EVIEPOV,
VEOTAOGLOTIKOV TOONGE®MV, LETAROMKOV SOTAPUAY DV, VEDPOEKPLVAICTIK®OV 0GHEVEIDV KOl
AL oV madncewv.

Ta microRNAs (miRNASs) anotelodv pun-kmotkd petdypoa@a puiKovg ~22 VOUKAEOTIOImV.
Eivon xoprol peta-petaypagikoi puBuctéc g yovidlokng Ekppoong pe kaboptotikd poro
o€ TOALAPOLES PLGLOAOYIKEG AALA Ko TaBoAoYKES KataoTdoels. Ta miRNAs ntpocdévouy
oe UIKPEC axolovBieg Tov otdy®mv Tovg Tov ovoudlovtol Xtotxeio Avayvapiong omd
miRNAs (miRNA Recognition Elements, MREs). Katd ™ otoxevon, to miRNAs
npocdévovtar  oto.  MREs, pe Pdaon obvvBetovg kavdveg TéAEWNG 1] OTEAOVG
copuminpopatikétntog Tov RNA, endyoviog tv KataoToAn TG HETAQPAONS 1 Kot TNV
amotkodounon tov. H mAetoymoeia tov Brodoyikdv diepyacidv ota avatepo OnAactikd

pvOuiletan and ™ dpdomn twv miRNAS og peta-petaypa@ikd eninedo.

To MikpoPiopa S1opopedOVEL T YOVIOLOKT £KOPaoT TOL EevioTr, 0AAL Ol vrokeipevol
poplakol pnyoavicpoi g aAinAeniopacng avtfg mapapévouv acapeic. [Tpoopdtwg &xet

avadelyBel n puBuon g ékppaong tov miRNAs apevdg o¢ kpiolo cvoTaTikd NG
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amOKPLO”NG TOV EEVIOTI GE HOADVGOELS, APETEPOV O O GTPUTIYIKH TOV EKUETOAAEHOVTOL OL
UIKPOOPYOVIGHOL Y10 VO YEPAYOYNOOLV Hoplakd povormdrtio tov Eeviotn. I[lpoceateg
pueréteg oeiyvouv mwg miRNAs tov Egviot) dhvavTal Vo EI0YOPNCOLY GE UIKPOPLKOVS
0pPYOVICLOVG, EMNPEALOVTOG TN YOVISLOKT] TOVS EKPPOCT) Kot KPIGIUEG dEPYUTIEG TOVG OTWG

T0 pLOUS avENOTG.

210 mAaioto TG mopovcoc AaTping, avomtoyOnke vroAoyloTikn pebodoroyio yioo TV
avaAvon 0edopEVeV MeTayovidtmpatikng ard meipapoto AAAniovynons Exdpevng I'evide.
H ev Adyo pebodoroyia ypnoyromotel pio cepd amd odyoptOpiKés texvikég kot OOUEG
O0edopévev pE OKOTO TNV TOGOTIKOMOINOT WIKPOOPYOVICU®OV o€ Oglypota Shotgun
metagenomics pe OpopATIKE pelmpéves amattnoelg o€ uvnun RAM, e&apetikd vyniy
Toyv T Ko akpifeta mov Egmepvadet to state-of-the-art. Tavtoypova, avartoydnke ypaeiko
neplPdAlov p€cw Tov 0moiov TPOCEEPOVTAL ict CEPE OMO OTATICTIKEG OVOADGELS KOl
EMAOYEG OMTIKOTOINGNG Yl TO OEOOUEVO TOGOTIKOTOINGNG TOL TPOEKLYOV OTO TOL
avaAivpéva detypata. Eniong, oxedidotnie Kot avortoydnie Pdon dedopévov mov mepitéyet
TEWPOUATIKE VTOoTNPILOUEVEG CLOYETIOES HeTaEy Poktnpiov kot acBeveiwv. H Paon
dedopévov mepiéyel meplocotepeg and 7900 cvoyeticelg, mov apopovv 43 acbéveleg kot
1396 pwpoopyavicpovs. Térog, mpaypatomombnke avédivon derypdtov NGS (Shotgun
metagenomics, small RNA-Seq) kot avantoydnke vroroylotikr pebodoroyio pe 6KOmo TNV
eEayayn mbovov otoywv tov avBporivav miRNAs e yovidia Tov Mikpofiopatdg tov.
Mo 11g avdykeg g peAétng, &ywve xpnion Poeuoik®v kol BloynUiKov KovOvmv YEVIKNG
eVvoemg mov oyvovv Y TG RNA-RNA oadiniemdpdoeic, 6mwc n mpoosPacipudtra
aKoAoVBi0G-6TOYOL, N EVEPYELD TPOGIESTG Y10 T dNUIOVPYiR TOV SLUEPOVS KOl GUVOALKOG

aplOUOG TOPLOGHATOV KOl OVOVTIGTOLYLOV GTNV TEPLOYN TPOGOEGNG,.

Katd v ekmovnon g Awdaktopikng pov Awtpiprg, cvppeteiyo oe 8 OMUOGIEVUEVES
epyocieg G€ EMOTNUOVIKA TEPLOOIKA LYMAOL KOpovg (pion mapovcioon peBodoroyiog
TOGOTIKOTOINONG HUIKPOOPYOVIGHAV, 000 £pYACieEq OYETIKEG HE TN UEAETN TNG OTOXELONG
mRNAs/IncRNAs and miRNAs, pia mopovcioon Bdaong Asdopévav pe cvoyetioelg g
apBoviag pukpofiov pe acBéveleg, pio HETOYPAPOUOTIKY HEAETN Yo TN Olepedivnomn TOv
pikpomeppdAlovtog tov kapkivov pe texvikég single-cell RNA-Seq, pia petaypapopatikn
peAétn ywo ) Ogpevvnon G TtEYVIKNG  akTvoPfoinong Oykwv FLASH, pia
LETOYPOPMUOTIKN LEAETT Y10 T SIEPEVVT|ON OAANAETOPAGEWDV HETAED EeVIoTH-AiGUaviog
kot pio wapovcioon Bdong Asdopévov pe miRNAs Soyvootikig/mpoyvootikng a&iog).
‘Exo mapovoidost epguvnTikd anoteAéopato o€ 6 EMOTNUOVIKA GUVESPLL Kol Nuepides (4
ebvikd, 2 o1ebvn), kol &y ocvpuPdier ot dopydvoon tov Iavevpomaikod XZvvedpiov
BlomAnpoeopwiic ECCB 2018. Zoppwva pe 1o Google Scholar ot gpyacieg otig onoieg
petéym Exovv AaPet péxpt onpepa 841 avapopéc.
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To NoéuPBpro tov 2018, éywve dektn 1 aitnon pov oto Topupa Kpatikav Yrotpopidv (IKY)
Y xpNratodoTnon Atatpifg pe ddpketa 36 unvov.

AéEarc-Kheona:
Mikpd RNAS, Metayovidiopatikn, Mikpofiopo, Biodoyio tov RNAS, Iepdpota AAAnAovynong
Emopevng 'evide, Baktiplo, AAAniemidpdoeic RNA popiov, Yroloyiotikn Brodoyia
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Ph.D. Dissertation

An in-silico approach for predicting and characterizing
interactomes among bacterial genes and host microRNAs

Giorgos Skoufos

Abstract

The study of metagenomics has offered us novel aspects of the world around us and within,
while Shotgun sequencing revolutionized the field, offering higher throughput and
resolution. With the term Microbiome we refer to the entirety of microorganisms (i.e.,
Bacteria, Yeast, Archaea, Viruses) present in a given environment, as well as to their
associated function(s). Next-Generation Sequencing (NGS) techniques have shed light to the
complex host-microbiome relationships in humans, mice and other organisms, enabling
detailed, and even population-scale studies. The Human Microbiome Project and other
similar scientific endeavors revealed the importance of the microbiome and its implications
in pathological conditions, including Gl tract inflammatory diseases, neoplastic conditions,
metabolic disorders and neurodegenerative diseases.

microRNAs (miRNAs) are short RNA molecules (~22 nucleotides long) which exert their
post-transcriptional regulatory function by targeting miRNA Recognition Elements (MRES)
on the sequence of coding and non-coding RNAs (e.g. messenger RNAs, mRNAs, long non-
coding RNAs, IncRNAs). miRNA-MRE binding follows complex rules of perfect or
imperfect RNA complementarity and results in translational suppression and/or degradation
of the targeted transcripts. The vast majority of biological processes in higher mammals are
under miRNA regulation at the post-transcriptional level.

The Microbiome regulates host gene expression but the underlying molecular mechanisms
of this interplay remain unclear. Recently, the regulation by miRNAs has emerged as both a
critical component of the host’s response to infections and as a strategy exploited by
microorganisms to manipulate host molecular pathways. Recent studies show that host
miRNAs can enter microbial cells and regulate their gene expression and critical processes
such as growth rates.

During the course of my PhD thesis, a computational method for the analysis of
metagenomics datasets derived from NGS techniques was designed and implemented. The
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methodology utilizes a series of algorithmic techniques and data structures to quantify
microbial abundances in Shotgun metagenomics datasets with dramatically reduced memory
footprints, lightning-fast speed and accuracy that goes beyond the state-of-the-art. On top of
the quantification results, a user-friendly graphical interface offers numerous downstream
analyses modules, enabling users to explore and visualize microbial abundances but also
conduct analyses of differential abundance, diversity indices and correlation. Moreover, a
database hosting experimentally supported microbe-disease associations was developed.
The database is comprised of more than7900 associations, linking 43 diseases and 1396
microorganisms. Finally, NGS-derived samples (i.e., Shotgun metagenomics, small RNA-
Seq) were analyzed and a computational methodology was developed in order to extract
possible targets of human miRNAs in genes of the host’s Microbiome. For the needs of the
study, general biochemical and biophysical rules of the RNA-RNA interaction space were
utilized, including target sequence accessibility, dimer binding energy and sequence
complementarity (i.e., matches and mis-matches in the miRNA binding region).

During my doctoral dissertation, | participated in 8 published studies (i.e., one presentation
of a microbial quantification application in Shotgun metagenomics samples, two studies
related to miRNA targeting, the showcase of a database of experimentally supported
microbe-disease associations, one transcriptomic analyses for the study of the tumor
microenvironment using single-cell RNA Sequencing, one transcriptomic study to
investigate FLASH radiation for the treatment of tumors, one transcriptomic study to
investigate Host-Leishmania interactions and the showcase of a database providing
circulating miRNAs of diagnostic/prognostic value). | presented research results in 6
scientific conferences (4 national and 2 international) and contributed to the organization of
the European Conference of Computational Biology (ECCB 2018). As of today, my
publications have been cited 841 times, according to Google Scholar.

On November 2018, the State Scholarship Foundation (I1.K.Y.) accepted to fund my PhD
proposal in the form of a 36-month scholarship.

Keywords:
small RNAs, Metagenomics, Microbiome, RNA biology, Next-Generation Sequencing, Bacteria,

RNA-RNA interactions, Computational Biology
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INTRODUCTION

CHAPTER 1 — RNA biology

1.1 Fundamentals of RNA

Ribonucleic acid (RNA) is a polymeric molecule essential in almost all known biological
processes. The chemical structure of RNA is composed of nucleotides attached by 5 - 3’
phosphodiester bonds between ribose sugars (Figure 1.1). The molecular formula of ribose
is different compared to deoxyribose (i.e., DNA sugar) in that it contains a hydroxyl group
attached to the pentose ring in the 2' position (Figure 1.1). RNA primary structure consists
of adenine, guanine (purines), cytosine and uracil (pyrimidines) (Figure 1.1). Adenine and
uracil form two while cytosine and guanine three hydrogen bonds respectively. Hydrogen
bond-based base pairing allows for complex RNA secondary structures[1] (Figure 1.1). The
RNA tertiary structure[2] is the result of RNA folding and consists of helical duplexes, triple-
stranded structures and more (Figure 1.1).

A

° »44(6{»4 Uracil
(‘)0 o o N_<
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Figure 1.1: (A) Molecular and chemical structure of RNA. (B) Comparison of ribose (RNA
sugar) and deoxyribose (DNA sugar). (C) Examples of a secondary and a tertiary structure
of an RNA molecule (Figure was modified for the purpose of this thesis. Original figures:
National Human Genome Research Institute, study.com and Qi Zhao et al. 2021).

RNA like DNA are nucleic acids which constitute one of the four (the other three being
proteins, lipids and carbohydrates) macromolecules vital for all known forms of life. Unlike
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DNA which has a double-stranded helix structure, RNA is primarily single-stranded though
it can also be found in double-stranded forms. Moreover, with a process known as “thymine
<> uracil exchange”, thymine found in the DNA chain are converted into its unmethylated
form, uracil, to give birth to RNA. Synthesis of RNA is almost always catalyzed by RNA
polymerase[3], a special enzyme that uses DNA as a roadmap to produce RNA molecules
through the process of transcription. In prokaryotes like bacteria, a single RNA Polymerase
(RNA Pol I) synthesizes all types of RNA. On the contrary, transcription in Eukarya occurs
by at least three different RNA polymerases (i.e., RNA Pol I, 1l and I1I) each of which is
responsible for the transcription of certain RNA types.

RNA can be classified (Figure 1.2) using many different schemes; some of the most common
separation strategies are based on their (i) coding capacity, (ii) cellular localization and (iii)
function. In the first case, they are divided into coding (i.e., RNAs that code for proteins)
and non-coding RNAs. In the second, they are classified as nuclear or cytoplasmic RNAs
though in some cases sub-cellular compartments are also utilized to get higher classification
resolution. Finally, classification based on the function of RNA is also employed. For
instance, regulatory RNA is a typical umbrella term used to describe a superset of RNA
species (e.g., microRNAs, long non-coding RNAs, etc.) with regulatory mechanisms. Other
commonly used RNA properties based on which classification is conducted are their
structural landscape, biogenesis routes or size.

RNA
l l / IncRNA
. Non-coding < Long non-
SOUing A RNA »|  coding RNA
l \ rRNA
v
mRNA '
Short ncRNA
miRNA PiRNA snRNA snoRNA tRNA

Figure 1.2: A simple classification of some of the known RNA types based on their coding
capacity and size (Figure was created for the purpose of this thesis).
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Landmark discoveries from the last 80 years[4-10] shaped the field of RNA biology and
paved the way for RNA based diagnostics, therapeutics, advances in basic research and
biotechnological breakthroughs.
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1.2 The magnificent world of RNA species

1.2.1 Messenger RNA (mMRNA)

Messenger RNA (MRNA) belongs to a family of single stranded RNA molecules that carries
the genetic information from DNA to be translated into proteins[11]. The process by which
a DNA sequence is copied to make an RNA molecule is called transcription while the
process by which RNA molecules are used to synthesize proteins is called translation (Figure
1.3). In eukaryotes, mMRNA molecules are synthesized in the cell nucleus using DNA
nucleotides as a blueprint; the process of mMRNA transcription[11] requires nucleotide
triphosphates as substrates and is catalyzed by the enzyme RNA polymerase 1. RNA
polymerases[12-14] are fundamental to maintain normal cell function and thus, they can be
found in all known living organisms[15, 16].

M ([N :?:D.'rjlj;._ fx/_“__ s |

o 7 ~RNA
polymerase

Transcription

pre-mRNA

mRNA NI NN AUV IaNueuayy L L

!

C
mRNA [T ITUUUNNUT NNNaNyNuuuyy L

Translation

polypeptide

Figure 1.3: Schematic representation of the process of transcription (DNA to RNA) utilizing
RNA polymerase Il and the process of translation (mRNA to protein) from the ribosome
(Figure adopted from: Clancy, S. & Brown, W. (2008) Translation: DNA to mRNA to
Protein. Nature Education 1(1):101).

The initial form of an unprocessed MRNA is termed precursor mMRNA (pre-mRNA)[11]. The
pre-mRNA form includes exons, introns and the 5’ and 3’ untranslated regions (5’ and 3’
UTRs). Through the process of mMRNA processing, introns are removed by a mechanism
known as splicing and exons are joined together (Figure 1.4)[17]. Splicing is carried out by
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spliceosomes[18], a ribonucleoprotein (RNP) complex found primarily within the nucleus
of eukaryotic cells. Furthermore, the 5’ cap addition is occurred shortly after the start of
transcription[19]. That is, a modified guanine nucleotide that is added in the front of the 5’
end of the mRNA molecule. This addition is extremely crucial for (i) the recognition of
mRNA by the ribosome and (ii) the protection of mMRNA molecules from ribonucleases,
special enzymes responsible for the degradation/cleavage of RNA[20]. Finally, multiple
adenosine monophosphates are added to the 3’ end of MRNA (polyA tail) by a molecular
process called polyadenylation[21, 22]. This process occurs at the same time or immediately
after transcription. PolyA tails play catalytic role in mMRNA protection, stability and export
from the nucleus to the cell cytoplasm. Of note, a recently published study showcases a
strong correlation between polyA tail length and translational efficiency of mRNA
transcripts[23].

pre-mRNA
exon intron exon intron exon

mature mRNA

complete protein-coding sequence

B untranslated region (UTR) [ coding sequence (CDS) ] intron
B 5-cap ] polyA tail

Figure 1.4: Illustration of a precursor mRNA (pre-mRNA), a mature mRNA and their
components (Original figure (source: Wikipedia) was modified for the purpose of this
thesis).

Maturation of pre-mRNA has multiple different paths. The most well-studied is alternative
splicing (Nobel prize in Physiology and Medicine, 1993, Richard J. Roberts kot Phillip A.
Sharp)[8, 24]. During alternative splicing (Figure 1.5), multiple different mRNA transcripts
can be produced from the same DNA sequence of a gene. Alternative mMRNA molecules are
also termed gene isoforms or just isoforms and emanate from the arrangement of exons
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and/or introns in different combinations[25]. Different gene isoforms can produce proteins
with different amino acid sequences and ultimately different function.

Constitutive splicing _-_ _ i — _— [r—

Exon skipping ___ A AT . —
Alternative b" splice site ___ — A — . fr—
Alternative 3’ splice site ___ - _ — — —-—

Intron retention —-— — i — — [ m

Figure 1.5: Overview of some of the most common types of alternative splicing (Figure
adopted from: Jonathan Dornell, Alternative Splicing: Importance and Definition,
Genomics research).

Alternative splicing constitutes an important mechanism that extends the molecular arsenal
of eukaryotic cells. For instance, while Homo sapiens comprise ~20,000 protein-coding
genes, the total number of unique products that can be produced by these genes exceeds
100,000 proteins.

Despite the fact that eukaryotic and prokaryotic mRNA molecules have many structural and
functional differences, they also share many similarities. In messenger RNA, genetic
information is encoded using an alphabet of four nucleotides. These nucleotides comprise
adenine (A), cytosine (C), guanine (G) and uracil (U). Different combinations of threes of
these nucleotides form the codons. Each codon codes for a specific amino acid (Figure 1.6)
with the exception of stop codons which specify the termination of protein synthesis from
the ribosome. The start codon is usually the nucleotide triplet AUG which signals for the
initiation of protein synthesis in both eukaryotic and prokaryotic species. Often, alternative
start and stop codons are also encountered.

In eukaryotes, most of the times, a single mMRNA molecule codes for a single protein
(monocistronic mMRNA)[26]. On the contrary, mRNA in prokaryotes usually codes for a
series of different proteins (polycistronic mMRNA)[26]. For instance, trp[27] operon is a well-
studied polycistronic mMRNA that constitutes a DNA region which codes for six polypeptides
that catalyze the tryptophan biosynthesis. Bacterial mRNAs has a much shorter half-life
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compared to their eukaryotic counterparts[28] which also function as a mechanism of gene
regulation. Finally, even though eukaryotic mMRNAS require extensive processing and export
from the cell nucleus, bacterial MRNAs follow a different path of maturation since they do
not acquire a 5’ cap structure and they rarely contain a polyA tail.

Figure 1.6: Presentation of the genetic code blueprint. Each codon (combination of three
nucleotides) translates in one of the 20 available amino acids (Figure adopted from:
National Human Genome Research Institute).

1.2.2 Transfer RNA (tRNA)

Transfer RNA (tRNA)[29] constitutes a molecule typically ranging between 76 — 90
nucleotides that acts as the physical link between the mMRNA molecule and the amino acid
sequence of a protein[9]. This process (Figure 1.7) is carried out with the transfer of amino
acids from tRNAs to the ribosome. tRNAs can be found in all three kingdoms of life
(Bacteria, Archaea, Eukarya). The complementarity between mRNA codons and tRNA
anticodons results in the accurate protein synthesis based on the genetic information that is
carried out by DNA through mRNAs. Therefore, tRNAs, mMRNAs and the ribosome are the
three essential components of protein synthesis.
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Figure 1.7: Illustration of the process of protein synthesis in the presence of an mRNA,
tRNAs and the ribosome (Figure adopted from: Wikipedia).

tRNAs have a characteristic secondary structure that resembles the structure of a cloverleaf.
During transcription, in its initial form, a tRNA recommends a single-stranded RNA
molecule. However, soon after transcription ends, complementary nucleotides assemble base
pairs in different regions of the tRNA forming double-stranded regions and loops. Thus, in
their final form, tRNAs constitute double-stranded molecules with an L-shaped territory
structure (Figure 1.8). In eukaryotes, transcription of tRNAs occurs by RNA polymerase 1l
or Pol I11. In their precursor form (pre-tRNAs), tRNAs carry extra nucleotides in their 5> and
3’ ends. These sequence parts are termed “5° leader” and “3’ trailer” regions. The 5’ leader
and 3’ trailer regions are removed from RNase P and RNase Z respectively. Furthermore,
tRNAs also include introns which are subjected to splicing by utilizing the TSEN nuclear
endonuclease complex.

The human genome encodes for more than 500 tRNAs. Nevertheless, a recently published
study[30] suggests that almost half of them are either lowly expressed or completely silent.
Generally, there is great diversity in the number of tRNAs among eukaryotes ranging
between 170 to 570 tRNAs[31]. On the contrary, bacteria, in proportion to their genome size,
usually comprise a lower number of tRNAs. For instance, the model species Escherichia
coli employs ~46 tRNAs[32]. Expectantly, in prokaryotes and other unicellular organisms,
the abundance of each tRNA positively correlates with the codon usage of highly expressed
genes[33].
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Figure 1.8: The secondary and territory structure of a typical transfer RNA (Figure was

adopted from: Wikipedia).

1.2.3 Ribosomal RNA (rRNA)

Ribosomal RNA (rRNA)[34, 35] is a class of non-coding RNA species which is one of the
primary building blocks of the ribosome[36]. As other RNA species, their transcription
occurs in the cell nucleus and subsequently exported to the cytoplasm to bound to ribosomal
proteins and form the small (SSU) and large (LSU) ribosome subunits. Usually, a ribosome
consists of ~60% rRNAs and ~40% ribosomal proteins[37]. During mRNA translation,
rRNA is responsible for the binding of mMRNA and tRNA in order to aid with the process of
translating codons into amino acids. rRNA catalyzes protein synthesis when tRNA
intercedes between the SSU and LSU. Interactions of mRNA’s codons with tRNA’s
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Bacterial ribosomes incorporate three types of rRNAs, 23S and 5S rRNAs in the large
subunit[39] and 16S rRNA in the small unit[40]. 23S length is close to 3,000 nucleotides
(nt) while 5S and 16S close to 1,500nt. These three types of rRNAs are combined with ~50
ribosomal proteins to form the two ribosomal units. In eukaryotes[41], the SSU contains a
single small rRNA (~1,800nt) while the LSU consists of two small (~1,800nt) and one large
(~5,000nt) ribosomal RNA. The combination of these rRNAs with ~70 proteins assembles
the small and large ribosomal subunits. In general, both the small and large ribosomal
subunits of eukaryotes are larger compared to their prokaryotic equivalents.

rRNA sequences can be found in all known forms of life and are conserved across species.
Their utilization is extremely common to study inter- and intra-species evolutionary
relationships[42, 43] and to conduct phylogenetic analyses especially in the setting of
bacterial organisms where the 16S gene helps delineate between species with similar
genomic architectures[44, 45]. In eukaryotes such us Homo sapiens, rRNA is synthesized
by RNA polymerase | using the genetic information that can be found repeatedly in the
genome (rDNA genes)[46, 47].

1.2.4 microRNA (miRNA)

microRNAs (miRNAs) are small (~21 nt in length) non-coding RNAs that serve as super
regulators of gene expression at the post-transcriptional level[48, 49]. They play important
roles in many aspects of molecular biology in both physiological and pathological
phenotypes including cardiovascular[50] and neural[51] development, stem cell

40

Institutional Repository - Library & Information Centre - University of Thessaly
03/06/2024 19:21:47 EEST - 3.142.98.148



differentiation[52, 53], metabolism[54], apoptosis[55], neurodegenerative diseases[56] and
tumour[57, 58]. miRNAs were discovered simultaneously in 1993 by two independent labs
(V. Ambros and G. Ruvkun) working with the model species C. elegans[10, 59]. To this
day, miRNAs have been identified and characterized in animals, plants and some viruses.
They primarily function through base-pairing with complementary sequences within other
classes of coding and non-coding RNA molecules. In the setting of mMiRNA-mRNA pairs,
inhibition of gene expression occurs through one or more of the following mechanisms: (a)
MRNA degradation, (b) mRNA destabilization, (c) inhibition of translation[49].

A large body of evidence from recently published studies suggest that miRNAs also have
alternative functions; in some cases miRNAs have been identified to (i) upregulate protein
expression[60], (ii) activate transcription by direct interactions with DNA[61], (iii) target
non-coding RNAs in the cell nucleus[62], (iv) be present in the extracellular space[63], (V)
participate in transkingdom RNA-RNA interactions[64] and more molecular and cellular
processes[65, 66]. Their presence in the extracellular space (e.g., blood plasma), inside
exosomes, exosome-like extracellular micro-vesicles or bounded in RNA binding proteins
(RBPs) like Argonaute RISC Catalytic Component 2 (AGO2), has been extensively studied
under the contexts of cell-cell signaling[67], biomarker potential[68, 69] and more.

1.2.4.1 Biogenesis

The biogenesis of mMiRNAs starts in the cell nucleus and specifically from DNA regions (i.e.,
miRNA genes) or clusters of miRNA genes. Additionally, miRNAs can also be transcribed
from intronic and/or UTR regions of protein-coding genes. Initially, primary miRNAs (pri-
miRNAS) are transcribed by RNA Polymerase 11/111 and then processed into pre-miRNAS
by the microprocessor complex[70] which minimally consists of two proteins, DiGeorge
Syndrome Critical Region 8 (DGCR8) which is an RBP and Drosha, a ribonuclease 1l
enzyme. The most common motif recognized by DGCR8 within pri-miRNAs is the N6-
methyladenylated four-nucleotide sequence GGAC[71]. Subsequently, Drosha is recruited
and the cleavage of the RNA duplex at the base of the hairpin structure takes place yielding
the pre-miRNA product. Next, the exportin 5 (XPO5)/RanGTP complex[72] exports the pre-
miRNA to the cytoplasm which is further processed by Dicer, an RNase 111 endonuclease.
Dicer removes the terminal loop of the pre-miRNA[73] resulting in the mature miRNA
duplex (Figure 1.10). The miRNA duplex is then loaded into the RNA-induced silencing
complex (RISC), a multiprotein complex that includes the RISC catalytic component AGO2,
SND1, AEG-1, FMR1, VIG, R2D2 and Armitage-RNA helicasel[74-76]. Finally, AGO2 is
responsible for the removal of one of the two strands of the miRNA duplex. The
directionality of the selected strand gives the name to the mature miRNA. If the mature
miRNA originates from the 5’ end of the pre-miRNA hairpin it is termed miRNA-5p. On
the contrary, if it originates from the 3’ end, it is termed miRNA-3p.
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Figure 1.10: miRNA canonical biogenesis pathway (Figure was created for the purpose of
this thesis).

Non-canonical miRNA biogenesis pathways also exist; Such pathways can be grouped under
two main categories, the Drosha/DGCR8-independent and Dicer-independent pathways. A
well-studied example of Drosha/DGCR8-independent pre-miRNAs is MiRtrons[77] which
are derived from intronic regions of mMRNAs during splicing. Instead of the Microprocessor
complex, they are processed by splicing. Moreover, the Dicer-independent derived miRNAS
require AGO2 to complete their maturation[78]. This occurs mainly due to their short stem-
loop structure which is insufficient for recognition and processing by Dicer. Pre-miR-451 is
an example of such miRNA. Finally, another route of non-canonical miRNA biogenesis is
the XPO5-independent pathway[79].

1.2.4.2 Primary function

Mature miRNAs function within an AGO protein (miRISC). Mammals encode for four AGO
proteins (AGO1-4) yet AGO2 is the most highly expressed,; it is also the only protein of the
AGO family that can catalyze the cleavage of an RNA target with full complementarity with
the guide strand of the miRNA[76, 80]. Their primary and most studied mode of action is
the regulation of gene expression at the post-transcriptional level (Figure 1.11). Negative
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regulation by miRNAs is accomplished through base-pairing with complementary sequences
within their mMRNA targets; the two basic mechanisms of gene regulation include: (a) mMRNA
cleavage and (b) translational repression[48]. The mode of regulation (either (a) or (b)) is
determined by the degree of complementarity between the miRNA-mRNA pair. mMRNA
cleavage occurs under perfect or near-perfect complementarity scenarios whereas
translational repression takes place in scenarios where miRNA-mRNA complementarity is
limited[49]. Additionally, limited complementarity also permits the miRNA-induced
deadenylation of their targets, accelerating mRNA degradation[81]. Imperfect base-pairing
allows for a single miRNA to regulate many mRNA targets and a single mRNA to be
regulated by many different miRNAs. This phenomenon is observed mostly in animals
where it adds extra complexity in the endeavors to completely characterize their miRNA
targetomes.

Most of the experimentally-supported and/or validated animal miRNA interactions have
been shown to have a binding preference towards the 3 UTR of their target genes[82].
miRNA binding sites have also been characterized in other regions of the gene body
including coding (CDS) and intronic regions[83], and less frequently the 5 UTR.

1.2.4.3 Basic targeting rules

The characterization of animal miRNA targeting repertoires through experimental (e.g.,
CLIP-Seq, CLASH, Luciferase Reporter Assay)[84, 85] and computational (e.g.,
microCLIP, microT-CDS, TargetScan) methods[86-89], led to a core set of mIRNA
targeting rules/features. Over the years, these rules have been refined and updated many
times. Nevertheless, some of them are well-established and universally accepted.

Seed sequence of MiIRNAS[49, 89] is defined as the seven nucleotides at position 2-8 starting
from the 5’ end towards the 3’ end of the mature miRNA. The rule termed “Seed match”
refers to the match (in terms of Watson-Crick base-pairs) between the miRNA seed sequence
and a segment of the target sequence (Figure 1.11). Such matches occur when adenosine
pairs with uracil and guanine pairs with cytosine. Perfect seed match refers to the binding of
the miRNA seed with a target without any mismatches or gaps. Distinct seed match types
have been identified over the years; each one with different efficiency and characteristics.
Four established seed match types include the following: (1) 6mer - a perfect match between
the miRNA seed and mRNA for six nucleotides (either at positions 2-7 or 3-8 of the seed),
(2) Tmer-Al - a perfect match from nucleotides at positions 2—7 of the miRNA seed in
addition to an adenine across from the miRNA nucleotide at position 1 of the seed, (3) 7mer-
m8 - a perfect match from nucleotides at positions 2—8 of the miRNA seed and (4) 8mer - a
perfect match from nucleotides 2—8 of the miRNA seed in addition to an adenine across from
the miRNA nucleotide at position 1 of the seed.
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Free energy in the context of miRNA targeting, estimates the stability between a miRNA-
RNA pair[90]. According to the second law of thermodynamics, the internal energy of a
closed system decreases and will approach a minimum value at equilibrium. The minimum
free energy (MFE) between two RNA molecules upon interaction indicates how strong they
are bind to each other (Figure 1.11). The lower the free energy, the higher the stability and
interaction strength between the RNA molecules under investigation. The computational
calculation of the optimal MFE in miRNA-mRNA pairs, usually results in more accurate

results.
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Figure 1.11: (A) Example of a perfect miRNA-mRNA seed match. (B) Example of high and
low energy regions. High energy indicates weak force and vice versa (Figure was created
for the purpose of this thesis).

Accessibility[91] is a structural characteristic of the RNA targets of miRNAs. After
transcription and processing, mMRNAs and other RNA species also conceive double-stranded
regions; these regions can interfere with the miRNAs ability to bind to the desired target
location. Usually, a miRNA initially binds to a short (accessible) region of its target RNA.
Subsequently, the target starts to unfold and the miRNA gain ground to ultimately fully bind
to the selected region. Expectedly, for an mRNA to unfold, energy needs to be consumed;
thus, the likelihood of a miRNA to have the capacity to bind to an mRNA is conversely
proportional to the amount of energy required to make a site accessible.

Conservation is another important feature utilized to (a) design target prediction
methodologies[88] and (b) distinguish between functional and non-functional miRNA
targeting events[92]. In general, conservation refers to the maintenance of a DNA region
(e.g., a gene) across different species. In the context of miRNA targeting, the spotlight of
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conservation is either on the side of mRNAs, most commonly in their 5° and 3 UTRs, the
side of the miRNAs, usually in their seed region which is significantly more conserved
compared to the rest of the miRNA body or both. When a predicted miRNA target is
conserved, it is used as an evidence that the targeting event is functional because it is
evolutionary selected/conserved.

1.2.4.4 Extracellular miRNA

In a breakthrough publication in 2007, Valadi et al.[93] demonstrated for the first time that
a special type of nano-sized biovesicles termed exosomes contain RNA. Analysis of total
RNA derived from isolated exosomes revealed an enrichment for mRNAs and miRNAs.
Additionally, they showed that exosomal mMRNA can be translated after delivered to another
cell and function appropriately. Since then, many studies focused on extracellular RNASs
established the presence of miRNAs in a variety of body fluids[94] including plasma, urine,
bronchial lavage and saliva. Even though the mechanisms of extracellular miRNA
(ExmiRNA) transport and their mode of action were under close investigation for the last
fifteen years, the field of extracellular RNAs in still under active research.

Endogenous miRNAs are released to the
extracellular space (Figure 1.12) through

M,. - the following three routes: (i) passive
(Y i leakage mainly due to cell necrosis or
apoptosis, (ii) active secretion via

@@ microvesicles (MVs)[93, 95] which

M constitute cell-derived membrane particles
j @ . ranging from 30-100 (exosomes)[96] to
) g : 100 to 1000 (shedding vesicles) nanometers
DONOR CELL . . . .
(nm) in diameter and (iii) active secretion of

N
Macropinocytosis

RECIPIENT CELL

Figure 1.12: Routes of extracellular miRNAs
secretion and uptake (Figure was adopted

miRNAs bound to RBPs (i.e., AGO2,
NPM1, HDL)[97-99]. The latter two,
protect mIRNAs from degradation by
RNases of the extracellular space and

from Yuko Ito et al., 2021) constitute the models through which

ExmiRNAs play regulatory roles in cellular
processes[93]. The sorting of miIRNAs into EVs, the selection of recipient cells and the
uptake of ExmiRNAs by distal cells need further research. Nevertheless, a recently published
study[100] demonstrates that the determinant of secretion of miRNAs in EVs is a set of
sorting sequences that miRNAs possess. Furthermore, uptake of MV-encapsulated
ExmiRNAs by other cells takes place through the recognition of specific surface molecules;
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next, internalization of MVs occurs by phagocytosis, endocytosis, or direct fusion with the
plasma membrane.

ExmiRNAs thought to function in many different ways; studies from the last years
demonstrate that EV-contained miRNASs act as gene expression regulators in the recipient
cells[101], play roles in cell-cell communication[67], they orchestrate transkingdom RNA-
RNA interactions[102, 103] and most importantly, serve as diagnostic and/or prognostic
biomarkers of a wide spectrum of pathologies[104-106]. Surprisingly, most of the miRNAs
encapsulated in EVs are either in a protein-free form (i.e., naked miRNAs) who’s not involve
any proteins from the AGO family (AGO1-4) or are bounded to different RBPs (e.g., NPM1)
both of which contradict with the current understanding of the miRNA biogenesis pathways
and function[107].

1.2.4.5 Atypical miRNA function

Even though miRNAs constitute one of the most studied classes of RNAs, they are primarily
known for their ability to post-transcriptionally regulate gene expression. Since their
discovery, research efforts have been focused on the identification/prediction and
cataloguing of miRNA targets in coding[86, 87, 108], and non-coding[109] transcripts, their
capacity to shape a plethora of biological processes[110, 111] and recently their potential as
minimally invasive diagnostic/prognostic disease biomarkers[106, 112] and their utilization
for therapeutic interventions[113]. Nonetheless, a relatively small body of evidence suggests
that miRNASs repertoire goes beyond canonical gene regulation paradigms.

Pri-miRNAs encode regulatory peptides [66] in Medicago truncatula and Arabidopsis
thaliana plant species. These miRNA-encoded peptides (MIiPEPS) are generated through
open reading frame sequences contained in primary miRNA transcripts. Interestingly, the
mechanism of action of these miPEPs is to increase the transcription of the pri-miRNAs they
originate from ultimately leading to enhanced abundance of their mature form and
subsequent downregulation of their corresponding protein-coding gene targets.

mMiRNAs are found bound to proteins outside the AGO1-4 set. A large body of evidence
from the last decade suggest that mature microRNAs interact with additional RBPs including
NPM1[99], HDL proteins[114] and hnRNP E2[115]. As said, these findings somehow
contradict with the established miRNA knowledge which dictates that AGO proteins are
absolutely essential for miRNAs biogenesis and function. Even though NPM1 and HDL
proteins are thought to play roles in the transfer of miRNAs into the extracellular space and
not in their function per se, interactions of miRNAs with hnRNP E2 (specifically miR-328),
prevents CEBPA mRNA binding to the same RBP (i.e., hnRNP E2) and in turn rescues
CEBPA translation both in vitro and in vivo[115].

Target-directed miRNA degradation is another uncommon or understudied function of
microRNAs. It was first observed in fruit fly by the utilization of synthetic miRNAs
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Figure 1.13: Mechanism of target-directed miRNA degradation MiRNA degradation was
(Figure was adopted from Charlie Y. Shi et. al., 2020). elucidated (Figure 1.13),

revealing that when
paired to specific mRNA targets, a ubiquitin ligase (ZSWIMS) is recruited to the miRISC
complex catalyzing the degradation of AGO and thus, exposing the miRNA into cellular
nucleases ultimately leading to miRNA degradation.
MiRNAs targeting repertoire includes mitochondrial transcripts. Mitochondria are
membrane-bounded cell organelles with their own genome; they can be found in most known
eukaryotic organisms and they generate most of the chemical energy needed to power the
cell. In Homo sapiens, they encode for 37 genes (13 mMRNAs, 22 tRNAs and 2 rRNAS)[119].
A study published in 2012[120] established a miRNA-mitochondrion interplay in which
miR-181c translocate into the mitochondrion and regulates the expression of MT-COX1
(downregulation) and MT-COX2 (upregulation) following the canonical targeting pathway.
microRNAs with the ability to directly regulate MT-genes are termed mitomiRs and their
role in pathophysiology is only recently started to be appreciated[121, 122].
Transkingdom RNA-RNA interactions with the participation of microRNAs have been
reported in many contexts and pairs of different organisms including (i) animal miRNA-
bacterial mMRNA[102, 103], (ii) plant miRNA-parasitt mMRNA[123-125] and (iii) viral
miRNA- host mMRNA[126, 127] (and vice versa). Especially in the context of animal
miRNA-bacterial mRNA interplay, the phenomenon considers to have a global effect in the
microbiome (i.e., the totality of the microorganisms in a specific environment) of the host.
This could be the result of many host miRNAs regulating the expression of many different
mRNAs from many different microorganisms or more likely due to the symbiotic
relationships that usually bacterial species share with each other; that is, a microRNA may
control the growth rate of a specific bacterium by directly regulating a set of its genes and
subsequently a domino effect follows for the rest of the local microbiota. Nevertheless, in a
study published in 2016[103], researchers demonstrated for the first time that extracellular
miRNAs present in the feaces of a mouse model, could control and shape the gut microbiota
in amiRNA-mediated inter-species gene regulation manner. Specifically, these miRNAs can
enter bacteria such us F. nucleatum and E. coli and regulate bacterial gene transcripts which
in turn affects bacterial growth rates and ultimately the rest of the gut microbiome.
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Furthermore, in a Dicer1*®E¢ mouse model, a colitis phenotype was observed (paired with
uncontrolled growth of the gut microbiota) deeming mature miRNAs necessary for host gut
homeostasis. Finally, restoration of the healthy gut microbiome was achieved through fecal
miRNA transplantation.

1.2.5 Long non-coding RNA (IncRNA)

Long non-coding RNAs (IncRNAs) are a diverse class of non-coding RNA molecules
exceeding 200nt in length. The last decade, advancements in Next-Generation Sequencing
(NGS) methodologies, multi-modal data integration techniques and community efforts have
increased the number of annotated IncRNAs tremendously. For instance, the species Homo
sapiens comprise more than 270,000 annotated IncRNAs[128]. Even though the number of
annotated human IncRNAs is impressive, less than 2,000 of them (i.e., < 1%) are studied in
depth.

Most of the times, IncRNAs follow the biogenesis route of mMRNAS; they are transcribed in
the cell nucleus by RNA Polymerase |1, acquire a 5" methyl-cytosine cap and a 3’ polyA tail
though they can also exist without polyadenylation[129]. They are also subject to canonical
and alternative splicing leading to different isoforms from the same genomic loci[130]. Their
biogenesis can also be regulated by several epigenetic modifications and can be processed
by additional non-canonical mechanisms. For example, RNase P-induced cleavage of some
IncRNAs produces mature 3° ends[131]. Based on the genomic architecture (Figure 1.14) of
their neighborhood, INcRNAs are usually classified into four wide categories as follows: (1)
intergenic lincRNAs, (2) intronic IncRNAs, (3) bidirectional and (4) antisense IncRNAs.
Additionally, they can also be categorized as nuclear or cytoplasmic INcCRNAs since they are
present in both cellular compartments[109] having a selective tendency over the one or the
other.

i) Intergenic ii) Intronic

5'—{Gene Al—{lincRNA=Gene Bj—3' 5'=— Exon X = IncRNA = Exon Y }—3'

iii) Antisense iv) Bidirectional
mRNA transcription mRNA transcription
5 Gene  —3 _ Gene |

S 3

3 5' 3 m 5'
bidirectional

IncRNA
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Figure 1.14: Classification of INcCcRNAs based on their genomic position in respect to the
neighboring coding genes (Figure was adopted from Juliane C. R. Fernandes et al., 2019).
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Nuclear IncRNAs can regulate gene transcription by recruiting chromatin modifying
complexes and regulating transcription factors[132]. Moreover, they can regulate gene
expression by controlling chromosomal conformations or pre-mRNA splicing[133].
Cytoplasmic IncRNAs regulate mRNA expression by controlling mRNA stability[134],
mRNA translation[135], or by competing for microRNA binding[136, 137]. Finally,
production of small active peptides is also feasible for a subset of IncRNAs[138, 139].

1.2.6  Other RNA species

The RNA universe is constantly expanding with the addition of new RNA types with
different biogenesis avenues and diverse function.

Small nuclear RNA (snRNA) is a class of small RNA molecules that are found in the cell
nucleus of Eukarya; their median length is ~150nt. They are transcribed by RNA Pol
[1/111[140] and function as processing machines of pre-mRNAs in the nucleus. They have
also been shown to aid in the regulation of transcription factors, RNA polymerase Il and the
maintenance of the telomeres[141].

Small nucleolar RNA (snoRNA) is a type of functional small non-coding RNA
species[142]. They are transcribed by RNA Pol Il and their primary mode of action is to
guide chemical modifications of other RNA types (e.g., rRNAs, tRNAs). snoRNAs can be
divided in the following two[143] broad categories: (i) C/D box snoRNAs which guide
methylation and (ii) H/ACA box snoRNAs which guide pseudouridylation. Their length
ranges between 60 to 300nt. Interestingly, is some rare cases, SNORNAs can also act as
miRNAs[144].

Small interfering RNA (siRNA) is a class of small non-coding double-stranded RNA
molecules (~21nt in length) which act within the RNA interference (RNAI) pathway.
siRNAs impede the expression of protein-coding genes that share sequence complementarity
causing post-transcriptional mMRNA degradation and thus, averting translation[145].
Piwi-interacting RNA (piRNA) is the most abundant class of small non-coding RNA in
Eukarya with their length ranging between 26 to 31 nucleotides[146]. Even though their role
has not yet been fully elucidated, it is thought that piRNAS primary function is to guide PIWI
proteins to induce cleavage of RNA targets[147] and/or methylation of DNA[148]. They
possess unique challenges in terms of annotation, experimental verification and abundance
estimation and thus, piRNAs constitute one of the most challenging research topics in RNA
biology[149].

Circular RNA (circRNA) is a special type of single-stranded eukaryotic RNA molecule
that unlike linear RNAs, it forms a covalently closed continuous loop (i.e., joined 5” and 3’
ends). They originate mostly from pre-mRNA transcripts through a non-canonical splicing
event called back-splicing[150]. Back-splicing is a splicing mechanism in which the 5’
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terminus of a pre-mRNA upstream exon is non-colinearly spliced with the 3’ terminus of a
downstream exon; their unique structural properties (lack of 5> and 3’ ends) provide them
with resistance to exonuclease-mediated degradation. While the function of most circRNAs
remains a mystery, a small subset of them are shown to encode proteins[151] or act as gene
regulators[152].

1.3 RNA in pathology

While disease-causing mutations at the DNA level have been known and extensively studied
for decades[153], RNA implications in human pathologies have relatively recently started
to be appreciated[154]. Even though mutations at the RNA level are inherited from DNA,
post-transcriptional RNA modifications allow for the differentiation of RNA at the sequence
level. Thus, additional implications can arise even if the DNA region from which an RNA
transcribed contains no mutations at all. This is one of the many molecular mechanisms by
which RNA can induce pathogenesis. Additional RNA-based mechanisms that contribute to
disease phenotypes include: misfolded RNA structures[155], over- and/or under-expressed
coding or non-coding RNAs[156], extensive regulation of specific protein-coding genes by
miRNAs, RNA-protein interactions[157] and more.

Due to the computational and experimental obstacles governing the study of a subset of the
aforementioned mechanisms (e.g., RNA folding), the knowledge is limited; on the other
hand, for some mechanisms (e.g., dysregulation of RNA), there are numerous studies
contributing to the overall knowledge of RNA pathology. For instance, up-regulation of
miR-9 has been found to be activated by c-Myc, resulting in cancer metastasis.
Mechanistically, miR-9 suppresses E-cadherin at the mMRNA level which in turn promotes
b-catenin signaling leading to the overexpression of vascular endothelial growth factor
(VEGF), ultimately inducing epithelial-to-mesenchymal transition, cell motility,
angiogenesis and metastasis[158].

In a different axis, the glutamate receptor 2 (GluA2), which functions as a ligand-gated ion
channel in the central nervous system and plays a major role in excitatory synaptic
transmission, is edited in many of its nucleotides under physiological conditions. However,
in individuals with sporadic amyotrophic lateral sclerosis (ALS), motor neuron GIluA2
MRNA has been found unedited[159]. Furthermore, ADAR2, the protein that catalyse
widespread A-to-I editing within RNA sequences, found to be decreased in expression in
ALS patients[160]. This and other similar studies, indicate a vital role of A-to-1 editing in
proper neuronal functioning in mammals.
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CHAPTER 2 - Microbiome

2.1 Microbiome and metagenomics

For more than a decade, the word microbiome was defined as the totality of microorganisms
present in a specific environment. Moreover, microbiota was practically used as a
synonymous word and they both could be used under the same context. In 2020, a panel of
experts separated the two words[161]; the meanings they introduced are the following:

“The microbiome is defined as a characteristic microbial community occupying a
reasonable well-defined habitat which has distinct physio-chemical properties. The
microbiome not only refers to the microorganisms involved but also encompass their theatre
of activity, which results in the formation of specific ecological niches. The microbiome,
which forms a dynamic and interactive micro-ecosystem prone to change in time and scale,
is integrated in macro-ecosystems including eukaryotic hosts, and here crucial for their
functioning and health.”

“The microbiota consists of the assembly of microorganisms belonging to different kingdoms
(prokaryotes (bacteria, archaea), eukaryotes (algae, protozoa, fungi etc.), while "their
theatre of activity” includes microbial structures, metabolites, mobile genetic elements (such
as transposons, phages, and viruses), and relic DNA embedded in the environmental
conditions of the habitat.”

In other words, their proposal updated the term “microbiome” to also include the function
of microorganisms at the individual and/or collective level. Even though this is an interesting
definition, in reality, most scientists of relevant fields keep using both words
interchangeably. On the other hand, metagenomics is the study of genetic material directly
collected from environmental sources[162, 163]. Additionally, in metagenomics based
sequencing techniques (i.e., 16S rRNA-Seq and Shotgun metagenomics), there is no need
for isolation of individual species and lab cultivation. Finally, the term
“metatranscriptomics” has the exact same meaning though it refers to the study of RNA
material while in metagenomics DNA is in the spotlight. The study of metagenomics has
offered us novel views of the world around us and within, while shotgun sequencing has
revolutionized the field offering higher resolution and throughput. Next-Generation
Sequencing techniques have shed light to the complex host-microbiome relationships in
humans and other organisms, enabling detailed or even population-scale studies. The Human
Microbiome Project (HMP)[164] and other similar studies revealed the importance of the
microbiome and its implications in pathological conditions, including gastrointestinal tract
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inflammatory diseases[165], neoplastic conditions[166-168], metabolic disorders[169],
neurodegenerative diseases[170], and adverse outcomes in pregnancy[171].

2.2 Bacteria

Bacteria are prokaryotic microorganisms present in most habitats on earth. They are mostly
unicellular organisms though there are some classes of multicellular bacteria like
Actinomycetes, Chloroflexi and Magnetomorum rongchengroseum. In general prokaryotes
consist of two different domains sharing an ancient common ancestor, Bacteria and Archaea.
The first ever observation of a bacterium was made by Antonie van Leeuwenhoek in 1676
using a self-made microscope with a single lens[172].

Three main characteristics assemble the morphology of a bacterium; size, shape and
multicellularity. Their average size (diameter) ranges between 0.2 — 2 micrometers (um).
The smallest known bacteria range between 200 — 500 nanometers; for instance, the species
Mycoplasma gallicepticum has an average size between 200 — 300 nm. On the contrary, one
of the largest bacterial species ever discovered is Thiomargarita namibiensis which may
grow to be as large as 0.75 millimeters (mm). To date, the largest known bacterial species is
with an unprecedented size of one centimeter (cm)[173]. In terms of shape (Figure 2.1),
most bacteria are either rod shaped (bacilli) or spherical (cocci); additionally, there are
comma-shaped (vibrio) and spiral-shaped (spirilla) bacteria. The shape of a bacterium is
primarily being formed based on its cytoskeleton and cellular wall characteristics; unusual
bacterial shapes (e.g., star-shaped bacteria) have also been characterized. Shape is extremely
important for their (i) movement in liquids, (ii) attachment to surfaces and (iii) acquisition
of nutrients[174]. Finally, multicellularity (Figure 2.1) is another important factor of
bacterial morphology. Most known bacteria exist as unicellular microorganisms (i.e., single,
independent cells); moreover, they can be found as diploids (neiserria), chains (streptococci)
and in grape like structures (staphylococci). Sometimes, multicellularity is condition-
dependent (i.e., same bacteria can be observed in different structures under different
environmental stimuli)[175].

Their cellular structure (Figure 2.2) comprise a plasma membrane which mainly consists of
phospholipids; the plasma membrane encapsulates the cytoplasm, ribosomes, inclusion
bodies, plasmids and the nucleoid (i.e., DNA). The genetic material of bacteria is usually a
single circular chromosome but a few exceptions exist. Plasmids are small
extrachromosomal circular DNA molecules with the ability to replicate independently. Like
other prokaryotic and eukaryotic organisms, ribosomes are the protein production machines
of bacteria but their structure divergence from that of eukaryotic cells and Archaea[176].
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Figure 2.1: Types of bacterial shapes and multicellularity (Figure was adopted from RI
Krasner et al., 2014).

Finally, inclusion bodies (IBs)[177] are functional aggregates of proteins, usually assembled
under environmental stress conditions. Even though the formation mechanism of IBs is not
completely understood, it is thought that they are part of the quality control system of
bacterial cells. Bacterial extracellular structure (i.e., outside of the cell membrane), consists
of the cell wall and the cell capsule. Additionally, many bacteria comprise pili, flagella and
fimbriae (Figure 2.2). The cell wall is made of peptidoglycan which is crucial for the survival
of many bacterial species. For instance, penicillin, the first and most widely used antibiotic,
interferes with the synthesis of peptidoglycan[178] to kill bacteria.

In bacteria, one of the most widely used classification strategies utilizes characteristics of
their cell wall to divide them into two broad categories; Gram-positive and Gram-negative
bacteria (Figure 2.2). The technique conducted to classify bacteria in one of the

aforementioned groups is called “[179]” and it was developed by Hans Christian Gram in
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1884. In Gram-positive bacteria, there is a thick peptidoglycan layer and they lack an outer
lipid membrane. On the contrary, the peptidoglycan layer of Gram-negative bacteria is thin
but they contain an additional lipid membrane in the outer part of the cell.
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Figure 2.2: (A) Gram+ and Gram- bacterial cell wall. (B) Bacterial growth phases. (C)
Bacterial Cell Structure. (D) Horizontal gene transfer processes (Figure was adopted from
Wikipedia and NCBI)

Bacterial growth[180] is divided into four phases (Figure 2.2); lag phase, exponential phase,
stationary phase and death phase. During lag phase, bacteria adapt to the environment’s
growth conditions (e.g., high-nutrient). At lag phase, bacteria are incapable to divide, instead
through the process of maturation, the synthesis of RNA and enzymes takes place. Lag phase
duration ranges from one hour to several days. In exponential phase, bacterial cells are
dividing regularly by binary fission. At this phase, cells are growing by geometric
progression. The cells divide at a constant rate depending upon the composition of the
growth medium and the conditions of incubation. Significant reduction of nutrients is the
cause of transitioning from the exponential to the stationary phase. In stationary phase, the
rate of cell growth and death are in equilibrium. As a result, in stationary phase, the number
of bacterial cells remains approximately the same. Finally, the death phase is practically the
opposite of exponential phase. When nutrients are depleted or due to other conditions (e.g.,
nonoptimal temperature), bacterial cells die and their number declines geometrically.

Horizontal gene transfer (HGT) is another important molecular mechanism utilized by many
multicellular and unicellular organisms including bacteria (Figure 2.2). Transduction,
conjugation and transformation are the three processes by which bacterial HGT is achieved.
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In bacterial transduction, a specific type of virus termed “bacteriophage” transfers genetic
material from one bacterium to another. Bacteriophages are viruses that infect bacterial cells
and use them as a host. Conjugation is the process by which physically attached/close
bacterial cells are exchanging genetic material either by direct cell-to-cell contact or by
bridge-like connections. Bacterial transformation refers to the process by which bacteria take
up (i.e., absorb) naked DNA from their surrounding environment[181, 182]. Plasmids are
usually central players in horizontal gene transfer. HGT is an extremely important
mechanism that plays pivotal roles in the spread of antibiotic resistance[183], in the
evolution of species and more.

Even though HGT between bacteria is a well-studied and established field of research,
additional types of HGT exist too. An extremely interesting field of active research is the
transkingdom horizontal gene transfer. Known cases of transkingdom HGT include: (i)
bacteria to plants[184], (ii) viruses to plants[185], (iii) plants to animal[186], (iv) bacteria to
fungi[187] and (v) bacteria to animals[188].

Bacteria form either symbiotic or parasitic relationships with plants and animals. In the latter
case, bacterial pathogens can lead to many human pathologies. Even though this is
established knowledge, it hasn’t always been like that; it took the pioneering work of
Girolamo Fracastoro, Marcus von Plenciz, Louis Pasteur and Robert Koch to establish the
germ theory of disease[189, 190].

2.3  Human microbiome

2.3.1 Development

The human microbiome is a complex ecosystem comprising bacteria, archaea, fungi, viruses
and bacteriophages. It has long been believed that the average human body (~70 kg) consist
of ~10* bacterial cells[191] resulting in a bacterial to human cells (B/H) ratio of 10:1. A
recently published study[192] revisited this estimate to 3.8 x 103 bacterial cells leading
to an updated B/H ratio of 1:1.

Microbial colonization begins at birth though there are studies that both challenge[193] and
support[194] the sterile womb hypothesis (i.e., the amniotic fluid is sterile). The first two
factors that shape the microbiota of a neonate are the mode of delivery and duration of
pregnancy. In the first case, multiple studies indicate a significant difference in the
abundance of specific bacterial taxa but also in the overall bacterial composition between
spontaneous vaginally- and Caesarean section-delivered newborns[195, 196]. In the latter
case, the abundance of specific phyla residing in the gut microbiota of full-term (FT) infants
are significantly reduced compared to preterm (PT) infants[196]. For instance, Cian J. Hill
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et al.[196] demonstrated that Proteobacteria, a Gram-negative phylum with numerous
pathogenic bacteria (e.g., Salmonella, Escherichia, Yersinia) is significantly more abundant
in PT compared to FT infants. A plethora of other factors influence the development of the
gut microbiota in the first days after birth but also the first months and years of a human’s
life. These factors include (i) breastfeeding, (ii) antibiotic exposure, (iii) environment, and
(iv) post-breastfeeding diet. Generally, species from the anaerobic genera Bacteroides,
Clostridium, and Bifidobacterium spp. are some of the very first colonizers of the human
gut. At the phylum level, Proteobacteria and Actinobacteria are the first and most abundant
phyla that establish their presence in the human body. The first months of a newborn are
characterized by low microbial diversity; Firmicutes and Bacteroidetes are usually the next
players in the developing human gut, quickly becoming the dominant phyla while at the
same time shaping a more diverse ecosystem. After a year, each infant possesses a unique
microbial footprint while at age ~3, their microbiome is almost identical both in terms of
diversity and composition with that of an adult[197, 198].

Immune-specific homeostasis of the human body largely depends on the diversity and
composition of the microbiome and thus, great effort has been made towards the full
characterization of the microbiome of adult humans. These endeavors possess unique
challenges due to technical obstacles, high variation among individuals and limitations in
the samples under study. Nevertheless, the general consensus is that adults have highly
personalized microbiomes with some core elements being common between
individuals[199]. The composition of such microbiomes is extremely stable overtime though
opportunistic infections and other factors have the potential to perturb the composition of
bacteria and other microorganisms that assemble the microbiome of adults. Some factors
that can significantly change the adult microbiome include (i) major changes in diet habits,
(if) smoking, (iii) alcohol consumption, (iv) genetics and (v) pathogenicity[200].

Elderly people (age > 65) usually face a sudden reduction in bacterial diversity while the
dominant species present in their gut change. Beneficial bacterial species generally decline
and at the same time, anaerobic bacteria increase. Additionally, the overall abundance and
circulation of short chain fatty acids (SCFAS) is significantly decreased compared to younger
adults[201].

The microbial composition and diversity are both unambiguous indicators of human age;
machine learning models have been trained and employed, predicting age with high accuracy
(£3 years off)[202].

2.3.2 Architecture

Defining the composition of the human microbiome is an extremely difficult task. To date,
a plethora of small- and large-scale studies are focused in either health- or disease-specific
phenotypes[164]. In healthy individuals, Firmicutes, Bacteroidetes and Actinobacteria are
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the most abundant phyla in the human colon
making up for > 90% of the composition of the
gut (Figure 2.3)[203]. Proteobacteria are also
present most of the times. At the genus level,
Alistipes, Prevotella, Paraprevotella,
Parabacteroides and Odoribacter are some of the
most abundant taxa. At the species level, the
diversity of the human gut microbiota differs
significantly among individuals harboring 200
(low alpha diversity) to more than 1,000 (high
alpha diversity) unique bacterial species.
Additionally, the beta diversity (i.e., difference in
rewreReviews |Gt terms of  bacterial composition between two
Figure .2'3: D_ominar_lt phyla at different different habitats) between any two body parts of
anatomical sites (Figure was adopted ) )
from llseung Cho et al. 2012). the same person is extremely high. Notably,
microbial composition is more similar within
(different persons, same body part) than between body habitats (same person, different body
parts)[204]. The oral cavity is the second most complex and rich microbial environment of
the human body highly enriched by the species Streptococcus spp. At the phylum level, the
most dominant bacteria include Firmicutes, Proteobacteria, Bacteroidetes and
Actinobacteria. Moreover, Fusobacteria and Cyanobacteria are also abundant in the oral
cavity[205].
The healthy human stomach is enriched in acid-resistant bacterial strains assembling a core
microbiome enriched for Prevotella, Streptococcus, Veillonella, Rothia and
Haemophilus[206]. This relatively stable ecosystem can change upon long-term
Helicobacter pylori infection. In such case, H. pylori becomes the dominant species lowering
the overall diversity of the human stomach while also introducing guantitative changes in
the ecosystem[207]. For instance, H. pylori infected patients have a relative lack of
Proteobacteria and Bacteroidetes, and a relative abundance of Streptococcus and
Prevotella[208]. Furthermore, the human skin is colonized by millions of beneficial
microorganisms that usually act as a barrier to prevent the invasion of pathogens. The
composition of microbial communities is primarily dependent on the physiology of the
different skin sites (i.e., moist, dry and sebaceous). Sebaceous sites are highly enriched in
Propionibacterium which is a lipophilic bacterial genus whereas Staphylococcus and
Corynebacterium are the dominant genera of moist skin sites[209, 210]. On the contrary,
fungal communities are independent of the skin physiology since they are highly similar in
all body sites. Some of the most abundant fungi throughout the human body include
Malassezia spp., Aspergillus spp., Cryptococcus spp., Rhodotorula spp. and Epicoccum spp.
Finally, skin viruses are host- rather than body site-dependent[211]. Additionally, many
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body sites that long-believed to be sterile have recently being re-evaluated; many studies
have been focused in such body sites to identify local and highly functional microbial
communities. Some examples are the circulating microorganisms in the blood and the human
breast microbiome[168, 212].

2.3.3 Pathophysiology

Over the last decade, the field of microbiome research has experienced an exponential
growth. Currently, numerous research projects worldwide are exploring the possibilities of
microbiome in health, disease, nutrition and reproduction. Even though the human body
comprise multiple local microbiota (e.g., oral, skin, gut), most of these endeavors are focused
in the gut microbiome which is the most complex microbial ecosystem of the human body
and is also considered critical in terms of health and disease.

Typically, the healthy gut microbiota is characterized by high taxonomic diversity, high gene
richness and is also relatively stable over time. A plethora of studies with a focus in the
health benefits of the microbiome have shown that the gut microbiota, among others, is
closely involved in nutrient extraction, metabolism, and immunity. Energy and nutrient
extraction from food (e.g., Bacteroides in the large intestine are responsible for sugar
harvesting[213]), takes place by utilizing a versatile set of microbial genes, specialized
enzymes and molecular pathways that the microbiota adds in the biochemical arsenal of its
host. Additionally, crucial molecules for the human health (e.g., vitamins, amino acids and
lipids), are synthesized and provided by the gut microbiota[214]. In the immune system axis,
the human microbiota contributes in the protection of the host from pathogens (e.g.,
opportunistic infections) by producing antimicrobial substances that fight bacterial/viral
invaders. Finally, the healthy microbiota also provides significant support in the
development of intestinal mucosa and the immune system[215].

On the contrary, a large body of evidence have
established the connection of the human
microbiome with the development and
progression of numerous diseases such as
cancer, metabolic and brain disorders, liver
and cardiovascular diseases (Figure 2.4). Most
of these studies provide quantitative results
(i.e. high and/or low abundance of specific
bacterial taxa are linked to specific disease
phenotypes) suggesting that host-microbiome
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microbes can disrupt a healthy phenotype. For instance, in cancer development and
progression, it has been shown that bacteria may influence cell proliferation, perturb immune
responses and affect host metabolism. Furthermore, the bacterial-induced disruption of the
epithelial barrier is another major source of pathogenesis. The aforementioned and additional
processes can promote human pathology and play significant roles not only in pathogenesis
but also severity of symptoms and disease progression. Some of the molecular causing
agents of bacterial-induced dysbiosis/disease include: (i) Short-chain fatty acids (SFCAS),
(i) endotoxins and (iii) bacterial metabolites.

To date, thousands of “bacterium-disease” pairs have been identified. Some well-studied
examples comprise Helicobacter pylori-Stomach cancer, Fusobacterium nucleatum-
Colorectal cancer, Campylobacter concisus-Pediatric Chron’s disease, Adherent-Invasive
Escherichia coli-Chron’s disease and Aggregatibacter actinomycetemcomitans-Coronary
artery disease.
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METHODS AND RESULTS

CHAPTER 3 — Metagenomics analysis suite

The increased resolution of shotgun metagenomics samples comes along with numerous
technical challenges, mostly derived from the huge size of the generated FASTQ files and
the extended compendium of fully sequenced microbial genomes that are utilized during the
alignment step. Numerous methodologies have offered significant advances in many aspects
of the shotgun metagenomics pipeline, including indexing, taxonomic assignment and
differential abundance analyses.

Kraken[216], an algorithm for taxonomic assignment of microbial sequencing reads,
achieved a significant improvement in analysis speed by utilizing the concept of exact
alignment of k-mers to the Lowest Common Ancestor (LCA) containing the query k-mer.
MetaPhlAn 3[217] is a tool for profiling of microbial communities and utilizes a collection
of clade-specific gene markers that uniquely characterize specific phyla, genera and/or
microbial species. It assigns sequenced fragments by aligning them against the gene markers
database using Bowtie 2[218]. Kaiju[219] translates DNA into protein sequences (amino
acid sequences) and searches for maximum exact matches in a pre-computed compendium
of proteins from microbial genomes. Finally, Schaeffer et al.[220] demonstrated the ability
to achieve fast and accurate read assignment transferring technology from RNA-Seq to
metagenomics by applying the concept of pseudoalignment implemented in Kallisto[221],
and the subsequent use of an expectation maximization (EM) algorithm for the quantification
of microbial abundances in shotgun metagenomics samples.

Recent studies[222, 223] have shown that bacterial, archaeal and/or viral footprint can be
present in host tissue and bulk RNA and DNA sequencing libraries. These could be the due
to sample contamination or local microbiota present within a tissue of biofluid sample. The
analysis of such samples could prove invaluable since they could be used for the
quantification of bacterial/viral species infiltrating tissue samples. These studies have mostly
focused on the viral content of these samples due to the lower complexity of the task.
Notably, a recent reanalysis of The Cancer Genome Atlas (TCGA)[224] revealed microbial
content in both tissue and blood samples and across different cancer types, highlighting the
importance of the human microbiome for oncology-related studies.

AGAMEMNON]J225] is an accurate metagenomics and metatranscriptomics quantification
analysis suite that addresses open challenges in the field but also provides an end-tp-end
methodology. It caters every step of the analysis pipeline, from alignment to statistical
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analysis and data visualization by utilizing a series of advancements that enable minimum
RAM memory requirements compared to other alignment-based algorithms, enabling the
use of larger collections of microbial genomes for hypothesis-free investigations.

3.1 Overview of AGAMEMNON quantification suite

AGAMEMNON (Figure 3.1)[225] follows multiple well-known existing metagenomic
profiling tools[226-229], in that it divides the task of profiling into two independent steps of
read alignment and subsequent abundance estimation. It utilizes the Pufferfish[230] data
structure for space and time-efficient representation and indexing of a collection of microbial
genomes, coupled with the concept of selective alignment which allows for fast alignment
of sequencing reads against a collection of genomes and then feeds a novel quantification
algorithm for metagenomic samples, in order to quantify the abundance of the microbial
genomes.

The main approach in the abundance estimation step is based on the expectation
maximization (EM) algorithm and targets maximizing the likelihood of the observed reads
by gradually altering the abundance value associated to different taxa. However, the EM
approach is modified and adapted based on specific properties of metagenomic data; mainly,
(1) high similarity among the strain sequences, (ii) taxonomic tree and strain relationships
through the tree hierarchy, and (iii) high number of unknown species. Additional modules
enable concurrent deconvolution and quantification of host and microbial RNAs from the
same samples or microbial abundance from host DNA samples, contaminant detection,
differential abundance analysis between samples, and visual investigations using a dedicated
R-Shiny[231] application. Finally, AGAMEMNON supports single-cell techniques right out
of the box, for all analyses modules.
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Figure 3.1: Overview of AGAMEMNON s workflow. (Figure was adopted from Skoufos G.

etal., 2022)

AGAMEMNON uses an EM algorithm to probabilistically resolve the origin of reads to
individual references in the second step of the pipeline (Figure 3.2). This step contributes to
its enhanced quantification accuracy at the species and strain levels. Unlike methods such as
Kraken[216] and Kraken 2[232] that propagate reads that have multiple best assignments to
a higher taxonomic rank, AGAMEMNON, via the inference performed in its quantification
engine, makes use of other reads and their probabilistic allocations to determine the
probability that the ambiguous read arises from the different references to which it aligns
well. Similar to other EM algorithms, iterations over these two steps of Expectation and
Maximization until the convergence are performed. In each iteration, the model calculates
the read probability distribution in the Expectation step and assigns the reads across strains
to maximize the probability of observed reads in the Maximization step.

The EM procedure is specifically modified according to fundamental properties and
challenges of metagenomic quantification. For instance, in metagenomic indexes, there is
often high similarity among the strain sequences belonging to the same species[228], which
increases the complexity of disentangling reads at lower levels of the taxonomy.
Additionally, reads coming from unknown species or unknown strains can be falsely
assigned to entries existing in the index, resulting in false positive non-zero values. As part
of the quantification pipeline, these challenges are addressed through iterative, mass-
preserving filtering. We look for groups of references that share the same class of reads and
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are fully ambiguous without any preference towards a reference over the others to detangle
reads in the Maximization step. We call such a group of references, a “multi-mapping
island.” We reduce the problem of multi-mapping islands to a “set-cover” problem and solve
it by adopting an existing approximate set-cover solution. Essentially, we select the
minimum number of strains that explain all multi-mapping reads distributed across the
strains of each multi-mapping island. The remaining strains in each island are removed prior
to the next EM step, significantly improving the accuracy of the proposed quantification
model. Through this approach, we tackle the problem by sparsifying the solution (i.e., the
set of species that may be assigned a non-zero abundance) in a manner that still retains all
mapped reads. The “set-cover” step is called after every k iterations of EM until there are no
multi-mapping islands left. At this point, EM continues until termination, which happens
either if (a) it reaches the maximum number of iterations (default = 1000 iterations) or (b)
the genomes abundance change between the two iterations is adequately small. The
quantification procedure is completed by the final step of removing genomes with abundance
values lower than a cutoff threshold (default = 2).
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Figure 3.2: Overview of AGAMEMNON's quantification algorithm. (Figure was adopted
from Skoufos G. et al., 2022)
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3.2 Benchmarking AGAMEMNON against state-of-the-art methodologies

We benchmarked AGAMEMNON using simulated[233], synthetic[234], and real datasets
against Kaiju[219], Kraken 2[232], Bracken[228], MetaPhlAn 3[217], and meta-
Kallisto[220].

To assess the accuracy of the methods, we used the Mean Squared Log Error (MSLE) and
the total number of reported false positive (FP) taxa in different read thresholds. Briefly,
MSLE is defined by the following formula:

1 N
L.9) = 7 (ogi +1) —log(@i + 1))’

=0

where y and y “are numeric vectors comprising the ground truth and estimated read counts
respectively. N is the total number of reported microbes by each method.

The Illumina 400 dataset[233] that was used in our benchmarks incorporates 400 different
microbial genomes. A less complex version of the dataset (Illumina 100) has been commonly
used as a test set in the field. Furthermore, the synthetic dataset[234] used is a product of a
real shotgun metagenomics sequencing experiment of a predefined mock microbial
community. The mock community comprises 12 bacterial strains spreading over 2 phyla.
The choice of a reference compendium for index creation is an important aspect, since it can
affect the complexity of the task at hand. To simulate real-world scenarios but also to enable
us to assess the effects of reference choice on algorithm outcomes, we incorporated two
different microbial references to our benchmarks. The first reference (REF-1) comprises all
complete and latest bacterial and archaeal genomes from NCBI RefSeq database (n = 1,840).
In this reference, ~ 36% of the genomes present in the Illumina 400 dataset are missing from
the reference and that allows us to mimic the common scenario of unknown microbial
sequences in metagenomics samples. Such cases can lead to false positives, by assigning
reads of unindexed microbes to the closest match in the index. The second reference (REF-
2) comprises 44,694 sequences (> 8,500 genomes). Importantly, we removed 63% of all
genomes (i.e., 252 entire genomes) from REF-2 that are part of the Illumina 400 dataset.
After the aforementioned removal, reference 2 contains only 148 out of the 400 genomes
that are part of the Illumina 400 dataset. Strain level results for that particular scenario are
calculated by considering (a) how accurate the quantification of the abundances is for the
148 strains that are both part of the reference and present in the dataset and (b) how many
reads are mis-classified into different strains for the 252 strains that are missing from the
reference but are part of the dataset.

Moreover, in the relevant test for the synthetic community, all (100%) of the strains and
species present in the synthetic dataset are not included in reference 3. In that scenario, where
all the strains present in the dataset are missing from the reference, we believe it is still
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informative to calculate metrics of accuracy. In that case, the number of the false positive
strains represents the number of falsely reported taxa (in terms of presence/absence) and
MSLE shows the total error in terms of mis-assigned counts (i.e., the degree of overestimated
abundances for each of the falsely reported taxa). For example, a method that does not assign
reads of missing strains to those present in the index will outperform a method assigning
falsely the majority of those reads (while keeping all other assignments equal).

Even though AGAMEMNON is a complete analysis suite and not just a quantification or
alignment method, its engine shows robust top-of-the-line performance, across all test sets.
Specifically, AGAMEMNON exhibited top performance accuracy in most of the tests.
(Figure 3.3, Figure 3.4).
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Figure 3.3: A-F The mean squared log error (MSLE) and the number of false positive taxa
(FP) between true and estimated read counts at the levels of genus, species, and strain using
the Illumina 400 dataset and reference 1. (Figure was adopted from Skoufos G. et al., 2022)
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Figure 3.4: The mean squared log error (MSLE) and the number of false positive taxa (FP)
between true and estimated read counts at the levels of genus, species, and strain using
reference 3. (Figure was adopted from Skoufos G. et al., 2022)

In Figure 3.3, we present the results using the lllumina 400 dataset and REF-1. As shown,
AGAMEMNON displayed better performance in terms of mean squared log error (MSLE)
in both genus and species resolution (panels A, B) while at the strain level, AGAMEMNON
and Kallisto had the lowest MSLE (panel C). MetaPhlAn 3 had the smallest number of false
positives (FP) in all tested taxonomic ranks with AGAMEMNON following (panels D, E,
F). Metaphlan’s small number of false positives despite the low observed accuracy is
expected since it uses a predefined clade-specific marker database with significantly reduced
query space compared to the reference used by Kraken 2, Bracken, Kallisto, and
AGAMEMNON. Kaiju was not included in the analyses presented in Figure 3.3, since it
only supports analyses using the complete RefSeq as reference (presented in Figure 3.4) and
not custom annotations.

Next, we compared the methods using both the Illumina 400 and the synthetic datasets
against REF-2 index. In terms of MSLE, AGAMEMNON performed better in all tested cases
and taxonomic ranks (Figure 3.4, left panel). MetaPhlAn 3 had the smallest number of false
positives (FP) with AGAMEMNON following (Figure 3.4, right panel). Kaiju is included
only in the synthetic tests, since its index (which cannot be altered) already includes the
omitted species and strains. We were also not able to run meta-Kallisto using REF-2, since
the indexing step of REF-2 required more RAM than what was available in our largest server
instance (512 GB).

To assess the concordance of the methods when analyzing shotgun metagenomics
sequencing experiments, we also quantified the microbial abundances of three human stool
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samples originating from the Human Microbiome Project[205] using REF-2. In this
comparison, we included Kaiju, Bracken, Kraken 2, MetaPhlAn 3, and AGAMEMNON
(Figure 3.5). As shown, all methods (excepting MetaPhlAn 3) exhibit a positive Spearman’s
rho >0.5 in almost all samples and both taxonomic ranks. As expected, the highest
correlation is between Kraken 2 and Bracken, since Bracken utilizes Kraken 2 output as the
foundation of its abundance estimation calls. AGAMEMNON has a strong positive
correlation with both Bracken and Kraken 2 at both the genus (>0.7) and species (> 0.5)
levels. These results demonstrate that most of the methods have a relative agreement in three
experimentally derived human datasets.
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Figure 3.5: The pairwise Spearman correlation of each method in three human fecal samples
at the levels of genus and species. (Figure was adopted from Skoufos G. et al., 2022)

In terms of execution speed and memory footprint, MetaPhlAn 3 and Kraken 2 proved to be
the most efficient algorithms. It is worth noting though that AGAMEMNON is the only
method (tested in this study) that performs actual alignments against a full reference. This
information (i.e., SAM files) can be stored locally and used downstream to the quantification
results. The incorporation of the pufferfish data structure in the quantification engine enables
AGAMEMNON to require ~ 6.5-fold less RAM than Kallisto, a pseudoalignment-based
approach. The differences are also evident during indexing, an important bottleneck for this
class of implementations, since medium to large-size microbial compendia could require
more than 0.5 TB RAM for indexing, which is not always available.
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3.3 Microbial quantification in host RNA/DNA-Seq samples

AGAMEMNON also supports the quantification of microbial fragments in host tissue and/or
biofluid RNA/DNA samples. To this end, AGAMEMNON separates the host reads by
utilizing HISAT2[235, 236] and subsequently employs aligns the reads failing to align to the
host genome and/or transcriptome against a user-defined collection of microbial genomes.
Finally, it uses its quantification engine to derive the microbial abundances of the microbial
in the sample under investigation. We evaluated AGAMEMNON’s host sample analysis
capabilities against GATK PathSeq[237] and the HUMANN3[217] pipeline in host tissue
analysis scenarios. Two different simulated datasets were created using ART[238], which
included a high (Dataset ONE, 7.53%) and a low (Dataset TWO, 3.77%) microbial read
content in human. In both of the datasets, AGAMEMNON outperformed both HUMANN3
and PathSeq (Figure 3.6). Importantly, the percentage of mis-classified microbial reads to
the host genome made by AGAMEMNON has no impact on the overall accuracy
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Figure 3.6: The mean squared log error (MSLE) and the number of false positive taxa (FP)
between true and estimated read counts at the levels of genus, species, and strain using
mixed datasets one and two and the human-subset reference. (Figure was adopted from
Skoufos G. et al., 2022)
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3.4 Downstream analysis of quantification results with R-Shiny

AGAMEMNON offers a powerful R-Shiny analysis suite (Figure 3.7), where users can
explore and visualize quantification results as well as perform differential abundance or
diversity index analyses. This module supports simple and sophisticated exploratory
visualizations including Manhattan plots, diversity indices (Bray-Curtis, Euclidean,
Canberra) heat maps, boxplots and dimensionality reduction methods (principal component
analysis (PCA), multidimensional scaling (MDS)) and others.
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Figure 3.7: Screenshots of AGAMEMNON'’s Shiny application. (Figure was adopted from

Skoufos G. et al., 2022)
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CHAPTER 4 — An expanded microbe-disease association compendium

Over the past decade, numerous research projects and the development of novel Next-
Generation Sequencing and in-silico techniques have expanded our view of the implication
of microorganisms to human pathologies[164, 239, 240]. A plethora of studies identify
associative relationships between the bacterial abundance and the existence, progress and
outcomes of several diseases starting from disorders of the gastrointestinal tract[241], but
surprisingly extending to other pathologies, including cancer[242, 243], neurodegenerative
disorders[170] and cardiovascular diseases[244]. A number of studies blaze a trail in
microbiota research, going beyond the qualitative model and focusing on the causative
effects of the microbiome. For instance, Fusobacterium nucleatum has been found to
selectively stimulate the growth of colorectal tumor cells in a colorectal cancer progression
model comprising cell lines from human colonic adenoma[245]. The stimulation is achieved
mainly using the Adhesin A protein expressed by FadA gene. Contrarily, microbiome-based
diagnostic and therapeutic interventions for treatment of gastrointestinal and
neurodegenerative diseases and other types of pathologies are being actively pursued[246].

The systematic cataloging of the rapidly expanding volume of microbe-disease associations
is indispensable to basic and applied microbiome research. To this end, we developed
Peryton, a novel database comprising experimentally supported microbe-disease
associations.

4.1 Peryton’s content and statistics

Peryton[247] constitutes a novel resource of experimentally supported microbe-disease
associations, currently hosting more than 7,900 entries linking 43 diseases and 1,396
microorganisms. Peryton’s content is exclusively sustained by manual curation of
biomedical articles. Importantly, diseases and microorganisms are provided in a systematic,
standardized manner using reference resources (e.g., NCBI Taxonomy and MeSH terms) to
create database dictionaries. Information about the experimental design and techniques, the
study cohort, microorganisms and diseases are annotated and catered to users.

The manual curation of ~320 publications yielded more than 7,900 microbe-disease
associations. Diseases comprise 10 gastrointestinal disorders, 7 cardiovascular diseases, 23
cancer types and 3 neurodegenerative disorders. Peryton's entries span over all known
taxonomic ranks, with the genus-related associations having the highest frequency (3,680,
46%). Importantly, 21.54% of the associations provide information at species level or below
(i.e., strain and sub-strain level). For each entry, information including bacterial abundance,
the groups under study, experimental design, study cohorts, sample type, the applied high-
or low-throughput techniques, Next-Generation Sequencing (NGS) sample accession
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numbers and article metadata are annotated and catered to users. Interestingly, in more than
50% of the associations, the sample size (i.e. the number of individuals participated in the
study) is >50. Finally, diseases and microorganisms are provided in a systematic,
standardized manner by using the vocabularies provided by MeSH and the NCBI Taxonomy
database[248], respectively.

4.2 Interface, modules and implementation of Peryton

We designed a user-friendly interface (Figure 4.1) that provides a number of functionalities
to enhance user experience and enable ingenious use of Peryton. One or more
microorganisms and/or diseases can be queried at the same time. Advanced filtering options
to refine search results can be applied for experimental methodology, disease type, sample
type, taxonomic rank, sample size etc. Direct text-based filtering of results enables
refinement of returned information and the conducting of tailored queries suitable to
different research questions. Peryton is interconnected with NCBI Taxonomy database (22),
PubMed database and MeSH terms. Additionally, we compiled a list of common
contaminants following Eisenhofer et al. (23) and integrated it in the database. Therefore,
users can see whether or not a microorganism participating in an association has been
deemed a common contaminant.
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Figure 4.1: Peryton’s main user interface. (Figure was adopted from Skoufos G. et al., 2021)

Peryton also provides interactive visualizations (Figure 4.2) to effectively capture different
aspects of its content. Via Network graphs, Chord diagrams and Hierarchy diagrams, users
can browse into the available content and perform observations about microbe-disease
relationships using information from the latest relevant literature.
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Figure 4.2: Peryton visualizations. (Figure was adopted from Skoufos G. et al., 2021)
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CHAPTER 5 — An extended catalogue of bacterial small RNA-RNA

interactions

Small non-coding RNAs (sRNAs) have been detected in most known eukaryotic and
prokaryotic organisms and have been found to be involved in a variety of biological
functions, prominently including the post-transcriptional regulation of gene expression. In
the bacterial kingdom, sSRNAs typically range between 50 and 500 nucleotides (nt)[249].
Their main function is to post-transcriptionally regulate gene expression in a negative and/or
positive manner. Usually, gene regulation by SRNAs occurs via imperfect base-pairing with
their RNA targets, in response to stress, metabolism and environmental stimuli[250, 251].
Bacterial SRNAs play major roles during bacterial infections[252, 253], in the control of
antibiotic resistance genes and virulence factors[254, 255], during intra- and inter-species
communication[67] and in other crucial molecular and cellular processes, deeming them
extremely important for (i) basic research in microbiology, (ii) applied biomedical and
clinical research and (iii) the development of novel SRNA-based therapeutic interventions
and biomarkers.

Over the past decade, the field of bacterial SRNAs has experienced tremendous growth. A
flourishing body of evidence emerges and our understanding of bacterial SRNA implications
grows deeper. Biotechnological breakthroughs mainly in the field of Next-Generation
Sequencing (NGS) enabled the identification of SRNA-RNA interactions in a high-
throughput manner[256-258]. To date, many experimental methods, featuring diverse
protocols yet ultimately the same scope, have been developed. In RIL-Seq (RNA interaction
by ligation and sequencing), CLASH (crosslinking, ligation and sequencing of hybrids) and
GRIL-Seq (global sSRNA target identification by ligation and sequencing), RNAs are ligated
prior to sequencing resulting in the generation of chimeric fragments and reads. While RIL-
Seq and CLASH are RBP-dependent (i.e., they are focused on immunoprecipitation of a
specific RNA-binding protein) and SRNA-independent (i.e., many SRNAs and many RNA
targets are captured in one experiment), GRIL-Seq is RBP-independent and sRNA-
dependent (i.e., one SRNA and many RNA targets are captured in one experiment,
irrespective of the RBPs involved). Furthermore, CLIP-Seq (crosslinking and
immunoprecipitation followed by sequencing), a technique that has been widely utilized for
the study of eukaryotic RBP-bound RNAs, has been successfully applied in the bacterial
RNA space as well[259].

Microbiology is currently lacking a carefully curated collection of the rapidly expanding
universe of bacterial SRNA-RNA interactions. We developed Agnodice (Figure 5.1), the
first version of an effort to systematically catalogue and annotate experimentally supported
bacterial SRNA-RNA interactions that, for the first time, incorporates thousands of bacterial
SRNA-RNA interactions, supports advanced querying/filtering capacity and exploratory
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visualizations in a user-friendly manner, and hosts interactions derived from a diverse set of
experimental methodologies including state-of-the-art NGS interactome identification
techniques. The arsenal of experimental techniques that are currently part of the database is
divided in two broad categories; low- and high-throughput methods. These two categories
are further dissected into direct (assessing RNA-RNA binding sites) and indirect (lacking
information on RNA-RNA binding sites) techniques. Interactions identified via low-yield
methods are collected exclusively by manual curation of the available literature, while
interactions produced by high-throughput experiments are either collected by manual
curation (in the case of CLASH, ligation of interacting RNA followed by high-throughput
sequencing (LIGR-Seq), MS2-affinity purification coupled with RNA sequencing (MAPS)
and GRIL-Seq datasets) or by de novo analysis of raw datasets (from RIL-Seq and CLIP-
Seq methods).

Bacterial Experiments to assess Identification of
cultures SRNA-RNA interactions SRNA-RNA interactions

@% SRNA( L H \ De novo analysis of
) CLIP-Seq & RIL-Seq

RNA . 58|PTCtI(.)n of relevant datasets
publications through a

——r— text-mining approach M .

[ anual curation of
EETE] E * NGS dataset queries remaining
/ experimental methods

Database construction

7
O )
BCLODICE BBE | &« oo ,
= : Harmonization of sSRNA-RNA
: /‘/ ) — 1 interactions & incorporation !
! 3 I FEUA TR :_ of additional information :
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Figure 5.1: Schematic representation of the development and information flow, from the
researcher bench to the creation of Agnodice resource. SRNA interactome data, generated
by low- or high-yield experimental methods, are contained in hundreds of articles,
supplementary materials, or they exist as publicly available raw sequencing libraries. After
querying for candidate sources, meticulous curation and analysis procedures are applied.
SRNA-RNA interactions are detected either via from scratch analysis of raw NGS data, or
by means of manual curation. The resulting set of entries is harmonized, accompanied with
rich experiment- or study-specific metainformation and broken down into an efficient
database schema. Inter-connection with external resources, including Peryton database of
bacterial-disease associations, PubMed and NCBI Taxonomy, is performed. The resulting
content is provided in the form of an open, user-friendly online database, supporting
numerous querying, filtering, visualization and download functionalities (Figure was
created for the purpose of this thesis)
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5.1 Agnodice’s content and statistics

De novo analyses of high-throughput data and manual curation of more than 100 studies
yielded ~22,000 bacterial SRNA-RNA interactions. Agnodice database provides a total of
12,230 unique SRNA-RNA interacting pairs between 390 sRNAs and ~6,630 coding/non-
coding RNAs. Out of the total entries, more than 1,000 are derived from high-confidence
methodologies directly assessing RNA-RNA binding sites, such as CLIP-Seq. In addition,
Agnodice incorporates ~4,550 coding RNAs annotated with 4,100 unique RNA products
(i.e., proteins), and ~130 non-coding RNAs. In total, Agnodice features interactions derived
from 45 experimental methods (36 low-throughput and 9 high-throughput). Moreover, the
database comprises interactions dependent on three different RBPs, the major regulator Hfq,
CsrA and ProQ, as well as interactions for which no RBP-related evidence was obtained.
Finally, for every annotated interaction, the database integrates additional information
including article metadata, microorganism names and TaxIDs (exclusively derived from the
NCBI Taxonomy database), bacterial lineages (i.e., genus, species and strain names),
information on the specifics of the experimental methods, MFE calculations and more. Basic
statistics of Agnodice are presented in Figure 5.2.
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Figure 5.2: (A) Top 12 most frequent sSRNA regulators and (B) top 12 most frequent
regulated genes catered in Agnodice. (C) Top 8 species in terms of total interactions in the
database. (D) Number of total interactions per experimental method (interactions by low-
yield methods summed together). Interaction sums are transformed in log10 space (Figure
was created for the purpose of this thesis)
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5.2 Agnodice’s data collection and curation process

In order to collect as many interactomic NGS datasets as possible, PubMed was utilized and
queried using a series of keywords (e.g., “RIL-Seq”, “CLIP-Seq”, “CLASH”, “MAPS” and
“bacteria” and/or “sRNAs” and/or “interactions”). This resulted in a total of 23 datasets
containing the following NGS methodologies: CLIP-Seq, HITS-CLIP, LIGR-Seq, RIL-Seq,
MAP-Seq, GRIL-Seq, rGRIL-Seq and CLASH. Furthermore, in order to retrieve studies
with experimentally confirmed interactions, we developed a text mining pipeline with full-
text capacity dedicated to indexing SRNA-RNA interactions. For pre-processing, we used a
set of approximately 200 related scientific publications. Then, we evaluated every related
full-text article, regarding the existence of SRNAs and targets, as well as by the importance
of individual words on it. Sentences possibly containing the desired associations were
retained for manual curation. Curators performed meticulous manual curation of studies
potentially containing interactions verified by low-throughput methods, populating a table
with 33 pre-defined fields. The final collection was independently cross-checked and post-
processed to ensure the uniformity and quality of its content. The criteria required to record
an interaction entry were (i) that the interaction should be supported by at least one
experimental method and not be solely based on evidence from target prediction algorithms
(if) detailed information on the experimental design, microorganism and interaction
components should be provided by the authors and (iii) interactions which were assessed
using statistical methods (mainly high-throughput studies) should be deemed statistically
significant (i.e., p < 0.05). In total, ~1,000 interactions, associated with more than 70
different bacterial strains, were derived from the manual curation process.

5.3 Interface, modules and implementation of Agnodice

Agnodice is built under a mindset of a user-friendly interface that provides researchers with
a variety of functionalities and allows them to reach out to an all-in-one resource, perform
hypotheses, come up with potentially interacting RNA candidates and unravel complex
biological questions. The database supports queries using one or more SRNA(s), gene(s)
and/or microorganism names from any of genus, species and strain taxonomic ranks, as well
as the application of smart filtering options, including “regulation type” (i.e., activation,
repression or unknown), “experimental method name”, “publication years”, “RNA-RNA
interaction energy”’ etc. Furthermore, filtering options incorporate check boxes for including
only interactions derived using NGS-based techniques and/or techniques directly assessing
RNA-RNA binding events. Special effort has been placed to offer direct interconnections
with a number of useful resources including NCBI Taxonomy[248] reference organism
indices, PubMed database to access relevant publications and Peryton, the database of
experimentally supported microbe-disease associations. Comprehensive details on the query
options and the format of the returned results are available in Figure 5.3.
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A supplemental free-browse mode has been developed in which users can navigate
throughout the entire collection of interactions without the need for a query and/or filtering.
Through a dedicated Visualizations page, users can utilize Chord diagrams to focus on the
strongest SRNA-RNA interactions (i.e., interactions reproduced independently by different
studies) of E. coli, S. enterica and P. aeruginosa species. The DB Statistics page presents
the top 12 entries among key components of Agnodice (hamely, microorganisms, SRNAs,
genes and experimental methods). Unrestricted download options with additional
complementary metadata (e.g., publication information, bacterial lineage information etc.)
permits the storage of Agnodice results locally, allowing users to utilize them in any meta-
analysis scenario. A detailed and informative Help page is available to ensure that users
perform tasks across our resource in an effortless way. Finally, interested researchers can
submit their own interactions (which will be manually inspected by curators and, until then,
remain in a provisional state) by filling the form provided through the web interface. In this
manner, the scientific community may contribute to the future establishment of a centralized
information hub of bacterial SRNA-RNA interactions which will facilitate the kick-start of
new experiments.
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Figure 5.3: Main query/result interface offered in Agnodice.

Finally, Agnodice was built using the MV C architecture as a relational database and is being
hosted on Apache HTTP server 2.4. The back-end consists of a PostgreSQL server 11.8
(https://www.postgresql.org/) where Agnodice’s data is stored in multiple tables featuring
relational connections for optimal storing and querying. The PHP framework Laravel 8
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(https://laravel.com/) (PHP 7.2) handles the back-end logic including the connection to the
PostgreSQL server for the storing and retrieval of the data. The front-end is designed as a
one-page website using Angular 14 (https://angular.io/) and the Angular Material Ul library
(https://material.angular.io/). Finally, the database statistics are presented using the Chart JS
(https://www.chartjs.org/) library, while Flourish (https://flourish.studio/) is utilized for the
more complex visualizations provided.

5.4 Comparison of Agnodice with existing resources

Databases addressing similar topics include RegulonDB[260], sRNAMap[261],
SRNAdb[262], BSRD[263] and sRNATarBase[264]. RegulonDB, hosting ~230 sRNA-
MRNA interactions, is a reference database dedicated to the pathogenic species E. coli.
SRNAMap emphasizes SRNA annotation and provides ~60 SRNA interactions. SRNAdb also
focuses on bacterial SRNA annotations, lacking information on their targets. BSRD provides
~205 validated sRNA-RNA interactions. Finally, sRNATarBase v3.0, features ~500
experimentally-supported low-throughput SRNA-RNA interactions.

In addition, one recently published study provides an easily accessible and interactive
browser where users may navigate through bacterial SRNA interactions, which have
exclusively been derived through RIL-Seq datasets. The browser stores built-in RIL-Seq-
derived interactions from previously conducted experiments but also offers to users the
option to upload and visualize their own RIL-Seq results[265]. Finally, experimentally
supported targets can also be found in another online resource, that provides RNA-RNA
interactions (https://rilseqdb.cs.huji.ac.il/Interactions) derived exclusively from two RIL-
Seq experiments.

Agnodice incorporates orders of magnitude more experimentally supported bacterial SRNA-
RNA interactions (~22,000). It is unique in (i) supporting advanced querying/filtering
capacity in an intuitive user-friendly scheme, and (ii) hosting interactions derived from a
diverse set of low-yield and state-of-the-art NGS interactome identification techniques (e.qg.,
RIL-Seq, CLASH, CLIP-Seq, MAPS).
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CHAPTER 6 - miRNA targets on non-coding transcripts and

expression of IncRNAs at sub-cellular resolution

Long non-coding RNAs (LncRNAs) and microRNAs (miRNAs) constitute two of the most
widely studied non-coding RNA species. They regulate gene expression at transcriptional,
RNA processing, translational, and even post-translational levels by interacting with nucleic
acids (both DNA and RNA) and proteins.

Apart from interacting with messenger RNAs, miRNAs also include IncRNAs in their
targeting repertoire. The miRNA-INcCRNA interplay is still a field under active research and
development. The two primary modes of action of miRNAs on IncRNAs (or vice versa) are
(1) the direct targeting of IncRNAs with functional roles by miRNAs (e.g., control of cell
proliferation through the interaction of miR-34a with XIST) and (ii) IncRNAs acting as
miRNA sponges which in turn reduces the regulatory effect of miRNAs on their mMRNA
targets. Furthermore, the knowledge of the total expression levels of IncRNAs in the cell or
their compartment-specific expression (i.e., nucleus or cytoplasm) can prove invaluable for
the study of their function (e.g., direct interaction with DNA) and their potential as indirect
MRNA regulators.

6.1 A database of experimentally supported miRNA targets on non-coding

transcripts

DIANA-LncBase v3.0 constitutes a reference database with experimentally supported
miRNA targets on non-coding (LNcRNA) transcripts. It provides ~ half a million
interactions, corresponding to ~240,000 unique tissue and/or cell-type specific mMiRNA-
IncRNA pairs. Interactions are derived from (i) the manual curation of the available literature
and (ii) the re-analysis of more than 300 Next-Generation Sequencing datasets (e.g., AGO2-
CLIP-Seq). The database include miRNA targets on IncRNAs for two species (i.e., Homo
sapiens and Mus musculus) derived from 14 different experimental methodologies. Most of
the available interactions are produced from the analysis of AGO-CLIP datasets by utilizing
the microCLIP framework.

6.2 Expression levels of IncRNAs at cellular and sub-cellular resolution

In DIANA-LncBase v3.0 we also developed a novel module comprising INcCRNA expression
profile in numerous cell-lines at cellular and sub-cellular resolution (Figure 6.1). Users can
retrieve the expression profiles of INCRNAs (i) within the cell (Expression mode) and (ii)
comparatively between the nuclear and cytoplasmic subcellular compartments (Localization
mode), coupled with a wide range of cell types in Homo sapiens and Mus musculus species.
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Transcript per million (TPM) values describing the expression of IncRNAs are provided to
users. In case of more than one biological replicates the median TPM value is specified.
Specifically, in the ‘Expression’ mode the user can also retrieve results by selecting a
particular range of TPM values, described as ‘Low’ (range:1-10), ‘Medium’ (range: 11—
600) and ‘High’ (range: >600). In ‘Localization’ mode TPM values, estimated separately in
nucleus and cytoplasm, are provided, followed by the Relative Concentration Index (RCI)
and the apparent inclination of the sub-localization of INcRNAs, either towards the nucleus
or the cytoplasm. The user can also retrieve the targets of the specified INCRNAS via a
dedicated inter-connected link with the module for the experimentally supported targets.
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Figure 6.1: Screenshot of DIANA-LncBase v3.0 expression module. (Figure was adopted
from Karagkouni G. et al., 2020)

To produce the INcCRNA expression profiles, raw RNA-Seq datasets were retrieved from the
ENCODE[266, 267] and GEO[268] repositories, corresponding to 34 distinct cell-
lines/types and tissues for the Homo sapiens and Mus musculus species. RNA-Seq datasets
corresponding to similar cell types and tissues with AGO-CLIP-Seq samples were
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preferentially selected. Raw datasets were quality checked and pre-processed using FastQC
and Cutadapt[269]. Quantification was conducted at the transcript level, using Salmon[270]
version on quasi-mapping mode and Transcripts Per Million (TPM) values were extracted.
48 whole transcriptome libraries, corresponding to 22 cell types/lines and tissues were
analyzed. Transcripts with TPM > 1 were retained, while median TPM values were estimated
in case of more than one biological replicates. For the characterization of the subcellular
localization of transcripts, 55 libraries from RNA-Seq experiments, conducted separately in
RNA isolated from the nucleus and the cytoplasm in 15 distinct cell types/tissues, were pre-
processed. Transcripts were filtered out to present TPM > 1 in at least one of the two
subcellular compartments. We adopted the Relative Concentration Index (RCI)[271],
estimated by transforming the cytoplasmic-to-nuclear TPM fraction into log2 scale, to define
the trend of INcRNA transcripts localization towards the two different cellular compartments.
Human transcriptomes were compiled from ENSEMBL 96[272], RefSeq 109[273] and
Cabili et al.[274], as well as mouse transcriptomes derived from ENSEMBL 96[272] and
RefSeq 106[273]. A dedicated visualizations page (Figure 6.2) was also designed to help
users inspect the expression of IncRNAs using bar plots.

A LncRNA Expression plot
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Figure 6.2: DIANA-LncBase v3.0 visualizations. (Figure was adopted from Karagkouni G.
et al., 2020)
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CHAPTER 7 — Host miRNA-bacterial mRNA interactions on the
spotlight

In recent years, advances in NGS technologies and the development of specialized
bioinformatics methods have made possible the realization of significant breakthrough in the
study of host-microbiome interactions in Homo sapiens and other host species. It is now
experimentally verified that microorganisms coexisting in human tissues and biofluids play
important roles in the proper functional activity of the host by modulating fundamental
cellular and molecular processes such as signal transduction, immunity and
metabolism[275]. Dysregulation of the host's microbial composition has been associated
with the initiation and/or progression of complex diseases such as cancer[168]. The host-
microbiome interplay a is being actively investigated both at the genome level (microbial
abundances, polymorphic sites etc.) and the transcriptome level (gene expression of specific
species and strains) to identify specific microbes, and/or molecular features within them,
with therapeutic potential or superior capacity to be used as disease risk predictors[276].

To date, a relatively small body of experimental evidence suggest that there is a high
frequency of indirect and direct interactions between host miRNAs and microbial organisms.
The inter-molecular communication between the host and its microbiome plays a catalytic
role in their symbiosis. miRNAs have a key role in this communication as shown by studies
in recent years. It is hypothesized that pathogenic microorganisms modulate the expression
of host miRNAs in order to enhance their survival. At the same time, it has been
experimentally confirmed that extracellular host miRNAs enriched in stool samples, can
enter bacteria of the host's gut microbiota, regulate the expression of bacterial genes, and
affect their growth[64]. It is also known that extracellular miRNAs have a long life span,
due to their protection by microvesicles, such as exosomes, and/or RNA binding proteins
(e.g., AGO2).

Studies assessing the direct or indirect influence of the microbiome on the expression of
miRNAs and vice versa are limited. The main reasons are the lack of suitable algorithms for
the analysis of the relevant datasets and the extremely high computational complexity of the
task at hand. Another critical limitation is the absence of the necessary metagenomics
samples that could support such a large-scale study. The computational prediction of the
interactomes among host microRNAs and bacterial genes is an extremely challenging task
and is expected to prove of major importance in a multitude of applications, such as the
manipulation of the host microbiota with the utilization of miRNAs.
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7.1 Quantification of mMiRNAs in the gut extracellular space

The latest version of miRBase (v22.1)[277], the reference database of miRNA sequences
and annotation, consists of more than 3,500 Homo sapiens microRNAs. Moreover, it is
estimated that the average human gut microbial super-transcriptome is comprised of more
than 24 million bacterial genes. Thus, the possible interacting miRNA-microbial gene pairs
amount to more than 90 billion. If we take into consideration that a single miRNA can bind
to multiple regions of the same gene, the number of possible binding sites is even higher.
These numbers are beyond reach even if we computationally attack the problem of predicting
miRNA targets on bacterial genes. To this end, in order to reduce the search space from both
sets of players (i.e., miRNAs and bacterial genes), we (i) identified the most abundant
extracellular miRNAs in the gut and (ii) the most abundant bacterial species in the human
gastrointestinal (GI) tract.

Stool samples are the ideal sample type to identify miRNASs present in the extracellular space
of the gut. Therefore, , we downloaded from the GEOQ repository 119 publicly available small
RNA-Seq (SRNA-Seq) datasets generated from stool samples. The samples spread over two
datasets (39 and 80 samples respectively) and originated from 63 healthy humans and 53
colorectal adenoma patients. Raw SRNA-Seq datasets were quality checked and pre-
processed using FastQC and Cutadapt[269]. Next, we removed 47 out of the 119 samples
before quantification since they failed to pass the quality standards that we had defined.
Quantification of SRNAs (e.g., miRNAs, tRNAs) with a focus on miRNAs was conducted
using Manatee[278], extracting read counts per sample for downstream analyses. The
average alignment rate of the stool samples to the human genome was low (< 35%); that was
expected since stool samples comprise a complex biological source with a diverse set of
RNA molecules (i.e., host RNA, bacterial RNA and viral RNA content). The miRNAs
exhibiting the highest abundance in terms of mean and median read counts and with a
presence in at least one third of the samples (i.e., 33% of the samples) were retained from
both datasets for further analysis.

hsa-miR-1246, hsa-let-7a-5p, hsa-let-7b-5p and hsa-miR-192-5p were among the most
abundant extracellular miRNAs in the stool both in terms of mean and median read counts
(Figure 7.1, Figure 7.2, Figure 7.3, Figure 7.4). The final set of microRNAs, was produced
based on the union of the highly abundant miRNAs from the two datasets. In total, 79
miRNAs were deemed as highly abundant.
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Top expressed Extracellular miRNAs - Dataset One (22 Stool samples)
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Figure 7.1: Bar plots presenting the most abundant miRNAs in terms of mean read counts

from the first dataset (Figure was created for the purpose of this thesis)
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Top expressed Extracellular miRNAs — Dataset Two (50 Stool samples)
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7.2 Quantification of microbial abundances in the human gut

To identify the most abundant bacterial species in the human gut we downloaded 227
Shotgun metagenomics datasets from the Human Microbiome Project (HMP)[240]. The
respective samples originated from healthy humans, while the bacterial DNA was isolated
from stool. Raw Shotgun metagenomics datasets were quality checked and pre-processed
using FastQC and Cutadapt[269]. We built a microbial reference index comprising all
complete bacterial genomes available in the NCBI RefSeq database (> 30,000
genomes)[273]. For the quantification of microbial abundances, we utilized
AGAMEMNON][225]. The average alignment rate of the samples was relatively high (>
60%) if we consider that a large part of the datasets probably originate from yet unknown
bacterial species that are not part of the utilized microbial reference. To identify the bacterial
species with the highest abundance, we calculated the median read counts of each bacterium
and retained the top 100 bacterial species (Figure 7.5, Figure 7.6).

Phocaeicola vulgatus, Bacteroides ovatus, Phocaeicola dorei, Bacteroides fragilis and
Bacteroides uniformis were among the most highly abundant bacterial species in the human
gut. Each of the identified species comprise dozens, hundreds or even thousands of different
strains/sub-species. Since the next step of the analysis needs specific bacterial genomes, for
each of the identified species, we retrieved the species representative strain. On top of these
bacterial genomes, we also included 15 NCBI reference genomes (Table 1). These reference
genomes (e.g., Escherichia coli str. K-12 substr. MG1655) have been selected by NCBI
based on their wide recognition as being the community standards for basic research.
Additionally, other reference genomes were selected based on medical importance, sequence
and annotation quality, and the availability of experimental support. In total, 62 miRNAs
and 115 bacterial genomes were retained for downstream analysis.

Campylobacter jejuni subsp. jejuni | Escherichia coli str. K-12 | Bacillus subtilis subsp. subtilis

NCTC 11168 = ATCC 700819 substr. MG1655 str. 168
Salmonella enterica subsp. enterica . . Klebsiella pneumoniae subsp.
. Shigella flexneri 2a str. 301 .
serovar Typhimurium str. LT2 pneumoniae HS11286
Staphylococcus  aureus  subsp. | Pseudomonas aeruginosa o
Caulobacter vibrioides NA1000

aureus NCTC 8325 PAO1

. Chlamydia trachomatis D/UW- i .
Listeria monocytogenes EGD-e 3/CX Acinetobacter pittii PHEA-2

Escherichia coli O157:H7 str.

Mycobacterium tuberculosis H37Rv | Coxiella burnetii RSA 493 Sakai

Table 7.1: Reference bacterial strains from NCBI RefSeq
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Top 100 abundant bacteria - HMP samples (227 samples)
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Top 100 abundant bacteria - HMP samples (227 samples)
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Figure 7.6: Box plot presenting the most abundant bacterial species in the human gut using
datasets from the Human Microbiome Project (Figure was created for the purpose of this
thesis)

7.3 Discovery of potential host miRNA-bacterial mMRNA interactions

To discover potential host miRNA-bacterial MRNA interacting pairs, initially we retrieved
(1) from miRBase[277] the mature sequences of the 79 microRNAs deemed highly abundant
in the gut extracellular space (chapter 7.1) and (ii) from NCBI RefSeq[273] the
transcriptome (i.e., the full range of RNA molecules transcribed by an organism) of each of
the 115 highly abundant bacterial genomes (chapter 7.2). By utilizing the host miRNA and
bacterial gene sequences, we studied known biochemical and biophysical rules of the RNA-
RNA interaction space, including target sequence accessibility, dimer binding energy and
sequence complementarity (i.e., matches and mis-matches in the miRNA binding region).

To this end, initially we used an in-house version of BBMap[279], specifically tailored to
conduct alignments using the known miRNA binding types against target sequences.
BBMap[279] was executed in an “all against all” fashion (i.e., all miRNA sequences against
all gene sequences from all bacterial genomes). The output of BBMap consists of pairs of
miRNAs-bacterial genes that passed an alignment score threshold (i.e., only adequate
alignments were considered for downstream analysis), coupled with additional alignment-
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based characteristics such as relative coordinates of the match between the miRNA and
bacterial gene sequences, consecutive matches in the miRNA seed, number of GU
wobbles[280] in the miRNA seed, binding type (e.g., seed match, imperfect seed match) etc.
BBMap[279] results significantly reduced the candidate miRNA-bacterial gene couples,
since many alignments did not pass the threshold that had been set.

Next, by considering only the subset of adequate miRNA-bacterial gene candidate pairs
denoted by BBMap, we utilized RNAduplex from the ViennaRNA[281] package to calculate
minimum free energy (MFE) estimates of the duplex between each miRNA and bacterial
gene’s RNA, for each miRNA-bacterial gene pair. MFE is an indicator of the stability
between two interacting RNAs (i.e., the lower the MFE, the higher the stability between the
interacting molecules under investigation).

Furthermore, the accessibility of the bacterial genes participating in the candidate miRNA-
bacterial gene couples was calculated with RNAfold from the Vienna RNA suite[281]. In a
nutshell, RNAfold predicts the secondary structure (Figure 7.7) of single RNA/DNA
sequences using the dynamic programming algorithm originally proposed by Zuker and
Stiegler[282]. Usually, the secondary structure predictions on RNA molecules characterize
their subregions as single-stranded or double-stranded depending on their self-
complementarity with other subregions of the same RNA. Single-stranded regions are more
easily accessible for targeting by miRNAs, while for double-stranded regions, the RNA
target would have to undergo secondary structure changes and/or unfold locally first.

Hairpin Loops

Terminal Mismatches

Internal Loops

/ T Dangling Ends

Bulge Loops Helices

Multibranch Loops

Figure 7.7: Example of a predicted RNA secondary structure. Hairpin, Internal, Bulge and
Multibranch loops are all single-stranded RNA regions and thus more easily accessible by
miRNAs (Figure was created for the purpose of this thesis)
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Collectively, for each candidate human miRNA-bacterial gene we calculated and
investigated the following general biochemical and biophysical characteristics:

e Sequence complementarity

e Dimer minimum free binding energy

e Accessibility of the genes using their secondary structure

e Number of GU wobbles in the miRNA seed region

e Number of consecutive matches in the miRNA seed region

e Information of whether the miRNA seed region participates in the miRNA-gene
duplex

The minimum free energy values of candidate interacting human miRNAs-bacterial genes,
when bacterial genes are grouped by their genome of origin, follow the normal distribution
starting from values close to zero and expanding to values lower than -30. The median of the
distribution is close to -10. Furthermore, most of the times, there are no GU wobbles in the
miRNA seed, with a few exceptions ranging from 1 to 4 GU wobbles. In addition, the median
number of consecutive miRNA seed matches usually equals 5 matches but ranges from 1
and up to 8 nucleotides. Finally, the median number of accessible nucleotides in the gene
binding region is 10 but ranges from 1 to more than 20 nucleotides. These findings are also
shown in Figure 7.8 and Figure 7.9 for the miRNA-gene interactions of eight representative
bacterial genomes but follow the same distributions for all 115 bacterial genomes that were
part of the analysis.
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Figure 7.8: The distribution of duplex structure energy, GU wobbles in miRNA seed,
consecutive miRNA seed matches and number of accessible nucleotides in the gene sequence
for all predicted interacting miRNAs-genes for the bacterial strains Enterococcus faecium
ATCC 8459 = NRRL B-2354 (NC_020207.1), Streptococcus suis SC84 (NC_012924.1),
Buchnera aphidicola str. Bp (NC_004545.1) and Escherichia coli K12 (NC_000913.1)
(Figure was created for the purpose of this thesis)
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Figure 7.9: The distribution of duplex structure energy, GU wobbles in miRNA seed,
consecutive miRNA seed matches and number of accessible nucleotides in the gene sequence
for all predicted interacting miRNAs-genes for the bacterial strains Odoribacter
splanchnicus strain  NCTC10825 (NZ _LT906459.1), Aeromonas veronii strain
FDAARGOS 632 (NZ_CP044060.1), Clostridium baratii  strain CDC51267
(NZ_CP014203.1) and Blautia argi strain KCTC 15426 (NZ_CP030280.1) (Figure was
created for the purpose of this thesis)

To rank the predicted human miRNA-bacterial gene pairs, we applied a function that takes
into consideration the biochemical and biophysical properties of the interactions and
calculates a unique score for each of the interacting pairs. The scoring function is
demonstrated below:

SW)=IMFE| +C + A + GU + SM

where MFE denotes the minimum free energy, C denotes the number of consecutive miRNA
seed matches, A denotes the number of accessible nucleotides in the gene binding region,
GU denotes the number of GU waobbles in the miRNA seed and SM is a binary value
indicating whether the miRNA seed participates in the miRNA-gene duplex (1) or not (0).
Downstream of the calculated scores, a normalization is performed to ensure that the scores
will be bounded between 0 and 1. A value close to 1 indicates a good interacting score while
a value close to 0 indicates the opposite.
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The normalization scheme that is applied to the raw score values is demonstrated in the
equation below:

S() — min(S)

Ns(D = max(S) — min(S)

Where S(i) is the score of a miRNA-gene interacting pair and S is the numerical vector
comprising all interacting scores.

The distribution of the normalized miRNA-gene interaction scores independently in four
different bacterial genomes is shown in Figure 7.10. Furthermore, the distribution of the
normalized scores for all bacterial genomes together (n = 115) is presented in Figure 7.11.
It is evident that both the per bacterial genome interaction scores and the scores from all
bacterial genomes together follow a Normal distribution with a median close to 0.5.

Interactions scores Interactions scores

0.75 0.75

0.25 0.25

NC_014387.1 NC_000964.3

Interactions scores Interactions scores

1.00 1.00

0.75 0.75

<4 o
8050 8050
n %]

0.25 0.25

NC_000117.1 NC_000913.3

Figure 7.10: The distribution of human miRNA-bacterial gene interaction normalized scores
for the genes originating from the bacterial strains Butyrivibrio proteoclasticus B316
(NC_014387.1), Bacillus subtilis subsp. subtilis str. 168 (NC_000964.3), Chlamydia
trachomatis D/UW-3/CX (NC_000117.1) and Escherichia coli K12 (NC_000913.1) (Figure
was created for the purpose of this thesis)
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Figure 7.11: The distribution of human miRNA-bacterial gene interaction normalized scores
for bacterial genes originating from all bacterial genomes together (n = 115) (Figure was
created for the purpose of this thesis)
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7.4 Functional interpretation and validation of the human miRNA-bacterial gene

candidate pairs

The total number of human miRNA-bacterial gene interactions derived from the
aforementioned analysis exceed 11 million pairs. As shown in Figure 7.11, these interactions
occupy the full range of normalized scores (i.e., 0 - 1) with a median value close to 0.5. To
focus on the most promising interactions, we kept the pairs with normalized score >= 0.6 for
further analysis. The total number of interactions after filtering comprise ~670,000 entries.
Their median score is 0.63 and range between 0.6 and 1. The distribution of the normalized
scores for the top interactions is presented in Figure 7.12.

Top interactions scores

1.01

Normalized score
o o
fos) ©

o
h\j

0.6 1

All bacteria

Figure 7.12: The distribution of the top human miRNA-bacterial gene interactions in terms
of normalized scores (i.e., score >= 0.6) (Figure was created for the purpose of this thesis)

Next, to functionally interpret and computationally validate the filtered miRNA-gene
interactions, we started by categorizing the genes participating in the top interactions from
every bacterial genome based on their essentiality. Generally, essential genes are defined as
the set of genes that are critical for the survival of an organism. Mostly, they are genes that
are necessary for the cell to grow, proliferate and survive. Deletion of an essential gene from
a cell eventually leads to its death (i.e., it is lethal/deleterious) or to a severe proliferation
defect. On the contrary, non-essential genes, even though they may carry important

95

Institutional Repository - Library & Information Centre - University of Thessaly
03/06/2024 19:21:47 EEST - 3.142.98.148



biological roles, are not fundamental and/or necessary for a cell to survive. To this end, we
hypothesized that if the discovered miRNA-gene interacting pairs represent true positive
results with functional consequences for the bacteria under regulation, there must be a
significant enrichment towards the targeting of essential bacterial genes from the hosts
mMiRNAS.

To label bacterial genes as “essential” and “non-essential” we utilized GepTop2[283]. This
computational method estimates gene essentiality for prokaryotes based on orthology and
phylogeny by probabilistically assigning an essentiality score in the bacterial genes of
interest and then labeling the genes based on that score. We calculated the essentiality of all
genes (default parameters of GepTop2 were used) from all bacterial genomes that were part
of the top interactions. Expectedly, most of the times, more genes were labeled as non-
essential (Figure 7.13, Figure 7.14, Figure 7.15, Figure 7.16, Figure 7.17).
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Figure 7.13: Frequency of essential and non-essential genes per bacterial genome (subset
1) (Figure was created for the purpose of this thesis)
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Figure 7.14: Frequency of essential and non-essential genes per bacterial genome (subset
2) (Figure was created for the purpose of this thesis)
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Figure 7.15: Frequency of essential and non-essential genes per bacterial genome (subset

3) (Figure was created for the purpose of this thesis)
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Figure 7.16: Frequency of essential and non-essential genes per bacterial genome (subset

4) (Figure was created for the purpose of this thesis)
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Figure 7.17: Frequency of essential and non-essential genes per bacterial genome (subset
5) (Figure was created for the purpose of this thesis)

Next, we created a table comprising the top interactions (n = 670,000) coupled with
information on the host miRNA, the bacterial gene, the bacterial genome and whether the
gene is labeled as essential or non-essential. Subsequently, for each bacterial genome we
performed a goodness-of-fit test (chi-squared test with one dimensional contingency table)
to assess the significance of imbalance between essential and non-essential genes. Prior to
the statistical test, we normalized the number of interactions in essential and non-essential
genes based on the total number of essential/non-essential genes per bacterial genome.
Intriguingly, in 172 out of the 174 bacterial genomes tested, there is a significant enrichment
in miRNA targeting events (interactions) towards essential genes (Table 2) implying a
functional role of the predicted interactions (e.g., control of bacterial growth-rate by host

mMIiRNAS).
Bacterium Inter_actlons Interac_tlons Test statistic P-value
(essential genes) | (non-essential genes)
NC_000117.1 4042 2733 253.1 | 5.37899E-57
NC_000913.3 5084 4616 22.6 | 1.96534E-06
NC_000962.3 10845 5873 1478.8 0
NC_000964.3 3144 3176 0.2 | 0.684189061
NC_002127.1 5238 3797 229.9 | 6.36023E-52
NC 002163.1 1000 929 2.6 | 0.10541758
NC 002516.2 11667 4969 2696.1 0
NC 002971.4 4471 1047 2125.2 0
NC_003197.2 3580 2829 88.0 | 6.62794E-21
NC_003210.1 1842 405 919.2 | 6.5685E-202
NC_004337.2 5164 3598 279.7 | 8.84201E-63
NC_004545.1 1349 844 116.4 | 3.8722E-27
NC 007795.1 477 61 321.3 | 7.66894E-72
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NC_008261.1 833 210 371.4 | 9.29405E-83
NC_009441.1 1132 195 661.9 | 5.742E-146
NC_010001.1 1205 234 654.2 | 2.6891E-144
NC_010162.1 10432 1256 7205.1 0
NC_010337.2 7217 2202 2670.4 0
NC_010729.1 2206 1128 348.4 | 9.6165E-78
NC_011725.1 1542 381 701.2 | 1.6155E-154
NC_011830.1 3175 740 1514.2 0
NC_011836.1 1246 260 644.6 | 3.2761E-142
NC_011898.1 1679 387 808.2 | 8.8151E-178
NC_011916.1 5269 1868 1619.9 0
NC_012924.1 1863 613 630.2 | 4.4441E-139
NC_013037.1 3943 536 2592.1 0
NC_013132.1 2562 310 1766.1 0
NC_013204.1 6698 1302 3640.5 0
NC_013501.1 7060 1951 2896.8 0
NC_013740.1 5271 1520 2072.3 0
NC_013895.2 2410 656 1003.7 | 2.8199E-220
NC_014033.1 2972 559 1648.7 0
NC_014363.1 8689 1891 4368.2 0
NC_014370.1 1715 384 843.4 | 2.0094E-185
NC_014387.1 1402 251 801.1 | 3.1886E-176
NC_014393.1 968 180 540.0 | 1.8925E-119
NC_014624.2 3525 654 1972.2 0
NC_014734.1 2311 433 1286.1 | 1.1908E-281
NC_014824.1 2761 398 1767.7 0
NC_014933.1 2679 477 1536.6 0
NC_015164.1 2477 591 1159.6 | 3.6704E-254
NC_015385.1 2294 320 1489.9 0
NC_015437.1 4287 1327 1559.8 0
NC_015500.1 3577 623 2078.1 0
NC_015501.1 4785 1508 1706.2 0
NC_016046.1 5582 909 3364.1 0
NC_016603.1 2491 1924 73.0 | 1.32022E-17
NC_017310.1 7372 1829 3338.7 0
NC_017448.1 4355 582 2883.4 0
NC_017581.1 1818 478 782.3 | 3.7714E-172
NC_017672.3 4385 821 2440.4 0
NC_018011.1 6085 897 3855.1 0
NC_020134.1 2526 595 1195.5 | 5.7998E-262
NC_020207.1 1689 414 773.0 | 4.0656E-170
NC_020291.1 895 164 504.0 | 1.2679E-111
NC_020510.1 921 442 168.1 | 1.9702E-38
NC_021505.1 8261 2327 3325.8 0
NC_022369.1 1423 411 559.0 | 1.4003E-123
NC_022567.1 123 40 42.2 | 8.43571E-11
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NZ_AP012325.1 5113 981 2801.7 0
NZ_AP018042.1 1267 229 721.0 | 8.2133E-159
NZ_AP018786.1 8725 2290 3759.2 0
NZ_AP019004.1 2144 583 894.1 | 1.9157E-196
NZ_AP019309.1 1370 307 674.2 | 1.1922E-148
NZ_AP019367.1 8954 2644 3433.4 0
NZ_AP019711.1 967 170 558.8 | 1.5456E-123
NZ_AP019735.1 6514 1036 3974.9 0
NZ_AP019736.1 6355 1094 3715.0 0
NZ_AP021898.1 6885 1194 4008.4 0
NZ_AP022321.1 1673 580 529.5 | 3.5832E-117
NZ_AP022822.1 1480 337 718.4 | 2.9276E-158
NZ_AP023049.1 4935 1020 2573.8 0
NZ_AP023367.1 1660 276 988.8 | 4.9477E-217
NZ_CP006712.1 6185 1342 3116.4 0
NZ_CP006828.1 1444 394 599.9 | 1.7312E-132
NZ_CP007034.1 4991 1481 1903.7 0
NZ_CP007451.1 1833 369 973.9 | 8.3265E-214
NZ_CP007452.1 2387 684 944.4 | 2.2239E-207
NZ_CP009240.1 5175 1765 1675.1 0
NZ_CP009761.1 753 169 371.1 | 1.08523E-82
NZ_CP011391.1 3927 910 1881.8 0
NZ_CP011402.1 173 17 127.7 | 1.31488E-29
NZ_CP012074.1 2088 499 976.2 | 2.737E-214
NZ_CP012938.1 2099 292 1365.2 | 7.7411E-299
NZ_CP013019.1 1111 239 562.3 | 2.6724E-124
NZ_CP013119.1 5642 1662 2168.9 0
NZ_CP014175.1 949 163 554.7 | 1.205E-122
NZ_CP014203.1 861 207 400.8 | 3.69207E-89
NZ_CP014223.1 1494 392 643.6 | 5.6109E-142
NZ_CP014229.1 8233 1732 4241.0 0
NZ_CP014766.1 4714 842 2699.2 0
NZ_CP015401.2 2151 483 1055.6 | 1.4724E-231
NZ_CP015402.2 5328 1080 2815.9 0
NZ_CP016757.1 5588 1378 2543.7 0
NZ_CP017269.1 1724 361 890.7 | 1.0545E-195
NZ_CP019870.1 1156 256 574.3 | 6.4767E-127
NZ_CP019962.1 3105 645 1613.3 0
NZ_CP021434.1 4141 854 2163.0 0
NZ_CP021780.1 3630 524 2322.2 0
NZ_CP021850.1 2378 498 1228.3 | 4.3332E-269
NZ_CP021904.1 1920 395 1004.9 | 1.5741E-220
NZ_CP022121.1 2598 658 1155.3 | 3.1383E-253
NZ_CP022379.1 2894 518 1655.4 0
NZ_CP022387.1 1429 306 726.3 | 5.8383E-160
NZ_CP022413.2 1555 309 832.4 | 4.7922E-183
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NZ_CP022464.2 3268 535 1963.8 0
NZ_CP023777.1 2390 360 1498.9 0
NZ_CP023863.1 1944 309 1185.6 | 8.4098E-260
NZ_CP024699.1 892 181 470.2 | 2.9459E-104
NZ_CP024727.1 2762 507 1554.8 0
NZ_CP025199.1 5247 1065 2770.7 0
NZ_CP025286.1 5362 1099 2813.2 0
NZ_CP027228.1 1953 447 945.9 | 1.0356E-207
NZ_CP027231.1 3474 726 1798.2 0
NZ_CP027234.1 3807 687 2166.4 0
NZ_CP028341.1 5881 1182 3126.9 0
NZ_CP028842.1 988 224 481.4 | 1.0578E-106
NZ_CP029186.1 2746 462 1626.0 0
NZ_CP029256.1 2778 611 1385.3 | 3.312E-303
NZ_CP029462.1 4398 1469 1461.8 0
NZ_CP029487.1 3165 657 1644.9 0
NZ_CP030280.1 1907 481 851.6 | 3.3303E-187
NZ_CP030775.1 845 205 389.7 | 9.78225E-87
NZ_CP030777.1 5920 1399 2792.8 0
NZ_CP032157.1 3946 442 2798.3 0
NZ_CP032364.1 1165 271 557.4 | 3.0442E-123
NZ_CP032382.1 4457 507 3143.2 0
NZ_CP032819.1 2017 357 1160.0 | 2.9981E-254
NZ_CP034413.2 6281 1067 3699.5 0
NZ_CP036345.1 2472 501 1306.6 | 4.2392E-286
NZ_CP036523.1 1329 285 676.2 | 4.5381E-149
NZ_CP039126.1 2509 420 1490.6 0
NZ_CP039457.1 1366 406 520.3 | 3.6784E-115
NZ_CP040058.1 2088 426 1099.8 | 3.7427E-241
NZ_CP040529.1 1599 403 714.8 | 1.804E-157
NZ_CP040882.1 6604 1801 2743.9 0
NZ_CP040924.1 1479 395 627.4 | 1.7985E-138
NZ_CP044060.1 8809 3272 2538.1 0
NZ_CP044098.1 5081 2865 618.5 | 1.5824E-136
NZ_CP046996.1 2317 726 831.6 | 7.3626E-183
NZ_CP048222.1 2549 314 1745.8 0
NZ_CP048436.1 8789 1515 5135.9 0
NZ_CP054012.1 2847 453 1736.6 0
NZ_CP061003.1 5056 1305 22115 0
NZ_CP068170.1 860 175 454.1 | 9.4161E-101
NZ_HF545616.1 1991 427 1010.7 | 8.4789E-222
NZ_HG917868.1 861 201 409.7 | 4.22989E-91
NZ_LN831027.1 934 133 602.4 | 5.1537E-133
NZ_LN877293.1 2141 403 1187.0 | 4.1789E-260
NZ_LN879430.1 1580 411 686.8 | 2.2453E-151
NZ_LR027382.1 6781 1177 3946.2 0
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NZ_LR027880.1 1684 329 912.6 | 1.7896E-200
NZ_LR130778.1 1449 318 723.5 | 2.2725E-159
NZ_LR134336.1 1984 704 609.8 | 1.2649E-134
NZ_LR134338.1 2362 544 1137.6 | 2.2113E-249
NZ_LR134375.1 1490 534 451.9 | 2.7353E-100
NZ_LR134379.1 6438 1105 3770.6 0
NZ_LR134506.1 2554 951 732.5 | 2.5463E-161
NZ_LR134512.1 1076 462 244.5 | 4.14334E-55
NZ_LR215980.1 2765 636 1333.3 | 6.5315E-292
NZ_LR590484.1 2108 392 1178.4 | 2.9986E-258
NZ_LR699004.1 2003 456 973.6 | 9.6932E-214
NZ_LR699011.1 2235 482 1131.2 | 5.3495E-248
NZ_LR778174.1 1444 481 481.0 | 1.3022E-106
NZ_LS483306.1 1478 362 676.5| 3.917E-149
NZ_LS483377.1 8137 2001 3713.7 0
NZ_LS483447.1 21766 77 1116.5 | 8.5335E-245
NZ_LT605205.1 2665 507 1467.8 0
NZ_LT608328.1 3113 684 1554.3 0
NZ_LT632322.1 2714 632 1295.3 | 1.1768E-283
NZ_LT635455.1 11487 2648 5526.7 0
NZ_LT635479.1 3023 732 1396.8 | 1.0401E-305
NZ_LT906459.1 2202 419 1212.7 | 1.0599E-265
NZ_L.T990039.1 3065 850 1252.7 | 2.2019E-274

Table 7.2: Results of goodness-of-fit test (chi-squared test with one dimensional contingency
table) to assess the significance of imbalance between essential and non-essential genes.
172 out of the 174 bacterial genomes showed a significant enrichment in miRNA targeting
events (interactions) towards essential genes implying a functional role of the predicted
interactions (e.g., control of bacterial growth-rate by host miRNAS).

Furthermore, we calculated the total number of interactions in each of the bacterial genes. A
gene may participate in multiple interaction pairs because (i) multiple different host miRNAs
target the same gene, (ii) the same host miRNA targets the gene in different regions and/or
(iii) the gene is conserved across bacterial species and is part of different genomes. Figure
7.18 presents the top bacterial genes in terms of the number of interactions they participate
in.
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Figure 7.18: Top 30 bacterial genes in terms of total number of interactions (Figure was
created for the purpose of this thesis)

Interestingly, most of the top genes participate in fundamental molecular and cellular

processes of bacteria such as DNA repair, iron metabolism, DNA transcription, RNA
metabolism, Glutamate synthesis and protein export.

Finally, we chose three human miRNA-bacterial gene interactions and visualized the RNA
duplex they form upon interaction (Figure 7.19).
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Figure 7.19: Examples of human
for the purpose of this thesis)

miRNA-bacterial gene interactions (Figure was created
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CHAPTER 8 — Discussion and conclusions

The decreased cost and increased availability of metagenomic and metatranscriptomic
sequencing experiments have revealed the importance of the human microbiome and its role
in shaping health and disease. The accurate identification and quantification of microbial
abundances in such experiments are the first crucial steps in the in-silico analysis of
microbial communities. The study of host-microbiome interactions at the molecular level
constitutes a major challenge. On the other hand, (non-coding) RNA research has revealed
that the abundance and function of RNAs is implicated in homeostatic imbalance, disease
occurrence and progression. During this PhD dissertation, effort has been placed on (i)
expanding the landscape of RNA-RNA interactions in both eukaryotes and prokaryotes, (ii)
performing quantification of microbial abundances in Shotgun metagenomics datasets, (iii)
implementing a database linking bacteria with human pathologies and (iv) conducting
single-cell and bulk-level transcriptomic studies with a focus on the tumor
microenvironment and cancer therapeutic interventions.

(1) A variety of RNAs participate in direct RNA-RNA interactions with regulatory potential
in both prokaryotes and eukaryotes. These interactions are sometimes interconnected and
create complex cellular networks. The implementation of biomedical databases and
computational methods to identify such interactions is invaluable. DIANA-TarBase v8
(http://www.microrna.gr/tarbase) is a reference database comprising more than a million
experimentally supported microRNA (miRNA) targets. DIANA-LncBase Vv3.0
(www.microrna.gr/LncBase) is a reference repository with experimentally supported
miRNA targets on non-coding transcripts. Its third version provides approximately 500,000
entries, corresponding to ~240 000 unique tissue and cell type specific mMiRNA-IncCRNA
pairs. Agnodice comprises a curated collection of bacterial SRNA-RNA interactions. Its first
version comprises ~22,000 entries which are annotated in strain-level resolution and pertain
to ~390 small RNAs (sRNAs) and ~6,630 target RNAs identified in 78 bacterial strains. The
database content is exclusively experimentally supported, incorporating interactions derived
via low yield as well as state-of-the-art high-throughput methods. Agnodice offers a variety
of functionalities aiming to enhance user experience and enable insightful utilization.
Finally, a computational method for the discovery of potential host microRNA-bacterial

gene interactions have been implemented and applied to produce for the first time, thousands
of potential mMiIRNA-gene interactions and computationally explore them.

(i1) During this dissertation, we developed AGAMEMNON, an in-silico framework for the
analysis of metagenomic/metatranscriptomic samples providing highly accurate microbial
abundance estimates at genus, species, and even strain resolution. Its novel indexing scheme
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and analysis engine enables us to go beyond genus- and species-level analyses with the
provision of microbial abundance estimates, while bypassing the vast memory requirements
of similar alignment-based quantification approaches. AGAMEMNON can index the whole
human microbiome or even the complete NCBI compendium using CPU/RAM
specifications available to most labs. Importantly, the employed iterative, mass-preserving
filtering tackles effectively the very common problem of false positive counts in
metagenomic analyses. This series of innovations enable AGAMEMNON to perform
hypothesis-free quantification of diverse samples without requiring the creation of custom-
tailored indexes, while exhibiting higher or equally good accuracy between all the state-of-
the-art methods that were tested. Importantly, on top of AGAMEMNON’s quantification
results, an R-Shiny application offers numerous downstream analyses modules that will push
the envelope further, enabling users to explore and visualize microbial abundances but also
conduct differential abundance and diversity index analyses through a user-friendly
graphical interface.

(iii) Over the last decade, the role of the microbiome in human pathology is under active
investigation. We developed Peryton (https://dianalab.e-ce.uth.gr/peryton/), to provide to
the community a database of experimentally supported microbe-disease associations. Its first
version constitutes a novel resource hosting more than 7900 entries linking 43 diseases with
1396 microorganisms. Several functionalities are provided to enhance user experience and
enable ingenious use of Peryton.

(iv) During the present dissertation, focus has also been placed on the study of protein-coding
genes, their expression in tissues and cell-types and their role in a plethora of disease
phenotypes. To this end, effort has been made for the analyses of one transcriptomic dataset
for the study of the tumor microenvironment using single-cell RNA Sequencing, one
transcriptomic study using bulk RNA Sequencing to investigate and compare FLASH
radiation versus Standard radiation for the treatment of solid tumors, one transcriptomic
study using dual RNA Sequencing to investigate Host-Leishmania interactions, one single-
cell RNA Sequencing study to investigate the effects of FLASH radiation versus Standard
radiation in the healthy full-thickness skin of treated mice and one single-cell RNA
Sequencing study to investigate the effects of FLASH radiation versus Standard radiation in
healthy tissue from the small intestine of irradiated mice.
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