Archive ouverte UNIGE

https://archive-ouverte.unige.ch

This version of the publication is provided by the author(s) and made available in accordance with the
copyright holder(s).

Exploring the Extended mRNA Cap Structure: Roles of CMTR1 and
CMTR2 in Mammalian Development

Dohnalkova, Michaéla

How to cite

DOHNALKOVA, Michaéla. Exploring the Extended mRNA Cap Structure: Roles of CMTR1 and CMTR2
in Mammalian Development. Doctoral Thesis, 2023. doi: 10.13097/archive-ouverte/unige:178769

This publication URL:  https://archive-ouverte.unige.ch/unige:178769
Publication DOI: 10.13097/archive-ouverte/unige:178769

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:178769
https://doi.org/10.13097/archive-ouverte/unige:178769

UNIVERSITE DE GENEVE FACULTE DES SCIENCES

Section de biologie

Département de Biologie moléculaire & cellulaire Professeur Ramesh S. Pillai

Exploring the Extended mRNA Cap Structure: Roles of
CMTR1 and CMTR2 in Mammalian Development

THESE

présentée aux Facultés de médecine et des sciences de I'Université de Genéeve
pour obtenir le grade de Docteur és sciences en sciences de la vie,

mention Biosciences moléculaires

par

Michaela DOHNALKOVA

de

Usti nad Orlici (Czechia)

Thése N° 237
GENEVE

2023


Michaela Dohnalkova
 237 


77\
! HE san L»

{ GENEV,

DOCTORAT ES SCIENCES EN SCIENCES DE LA VIE DES
FACULTES DE MEDECINE ET DES SCIENCES
MENTION BIOSCIENCES MOLECULAIRES

Thése de Mme Michaela DOHNALKOVA

intitulée :

« Exploring the Extended mRNA Cap Structure: Roles of CMTR1 and
CMTR2 in Mammalian Development »

Les Facultés de médecine et des sciences, sur le préavis de Monsieur Ramesh PILLAI,
Professeur ordinaire et directeur de thése (Département de Biologie Moléculaire et
Cellulaire), Monsieur Florian STEINER, Professeur associé (Département de Biologie
Moléculaire et Cellulaire), Madame Hana CAHOVA, Professeure (Institute of Organic
Chemistry and Biochemistry of the CAS) et Monsieur Jean-Yves ROIGNANT, Professeur
(UNIL, Faculty of Biology and Medicine) autorisent I'impression de la présente thése, sans
exprimer d'opinion sur les propositions qui y sont énoncées.

Genéve, le 13 septembre 2023

These - 237 -
’/‘Q A L(

Le Doyen La Doyenne
Faculté de médecine Faculté des sciences

NB.- Lathése doit porter la déclaration précédente et remplir les conditions énumérées dans les “Informations
relatives aux théses de doctorat & 'Université de Genéve".

FACULTE DE MEDECINE 257N UNIVERSITE

FACULTE DES SCIENCES 427 DE GENEVE




Table of content

ADDTEVIATIONS 1.ttt sttt ettt et ettt se e bttt sb e eb e besbeeb e e s bt et es bt s he e st et e bt st e et ebeen e e b nae e nnenn e e v
ADSITACE (EIN) ittt ettt e sttt et bbbt bbbt et ne e nee XV
ADSIIACE (FR) 1ttt r e e Xvi
ACKNOWIEAZEIMENLE ..ottt sttt ettt st ettt et sb et saeebeeas e sbeseeesseabesaeenseanens xviii
INEEOAUCTION ...t st e sr e e sre st re s er e e 1
Regulation Of GENE EXPIESSION ....eiiiriirtirtierterieeterie sttt st et et et st e st e be st et e steebeesbestesbeentesaeseeneenbeeae 1
TNRINA PIOCESSIIEZ .. vvieueeeriiertieteesteetee ettt e et e bt esbe et e eubeesbeesneessbesateeaseesaeebeeseeesanesseeaneeeseeseeenbeenreenne 3
mRNA transcription and transcription terMINATION. .......c.evveerterrereertererteriesieereesteseseeeseesseseeseesesseens 3
mMRNA splicing and alternative SPIICINE .....ceeverrieeriierieiie ittt st se e e e sn e 5
INRINA EXPOTL. vttt e bbb e et b e e st et e e e e be s bt e be e sbe e saeesane saneeane 6
MRNA TFANSIATION ...ttt ettt er e r e se e e bbbt e st saesnenee e 6
Translation TNITIALION ......eeverierieeieeieie sttt b et st sr e eb e sresaeeb b e be st e seesbesbeeeeseesneeneneens 7
MRINA deGradation ........ccerveerieieiieieeire sttt ettt e s b e bt e bt s sbesaeesee b e 8
RNA modifications and €diting .........couecererierienieieeiire ettt e 10
Methods to detect RNA MOAIfICAIONS. .....eoveeririeriieeieiinie ettt ettt sttt s 10
Direct and indirect RNA modifications methods.........ceceeeererineerene i 10
Global RNA modifications IdentifiCation..........c.ceveveeeerirrinieeinine st 11
Site-specific RNA modifications detection methods .........coeeeevirieiininienineeereee e 12
Methods to map 2-O-MeEthylation ........cceeririirieriniire et st sb e e 13
Internal MRINA MOIfICAtIONS. ....c.uruerirreieieirircrre ettt et e e s 15
N6-methyladenoSing (INOA).......covvveveueeiiiieieeeiirie ettt st s s bbb se b ebese e ene 15
INOSING (1) ereuveeeeeiiitirie ettt ettt ettt et bt b s be b e et e b sae st e bt e e sr s eaee 17
N3-methylCytoSINE (INZC) ..vcveveviiieereietieieisieie et e e b et b e bbb e s bbb ebe e s b satese e s 18
PSEUAOUIIAING (W) c.veeeieiitirie ettt st st s sttt b ettt sr e 18
2"-O-MEthylation (Nin)..eeeveeeereereeirnieneeseestese et etesr st e st e st s e sbesreestesre st ebeesbesae st e besse e e e seesreensenne 19
NI-methyladenoSing (INTA)......ccviveveueeiiiieieeeiirie et sttt s b bbb se b ebeas e ens 19
MRNA Cap MOAIICALIONS ...ueiuviiieiiiiiiiiete sttt et st e sr e 20
CAPO JUNCTION .ottt ettt et et eae et s bt e e b e b e st e et bt s e ne e see e senbenneennn 22
CaAPT FUNCHION ...ttt ettt ettt e et s bt s bt e st e shee st e ea e e b e et e saeesaeeeneesarean 24
CAP2 TUNCHION ...ttt ettt sttt b e st e e e st e s bt e sb e sae e saee st e enbe e b e et e saeesaeeeneesarean 25
MCAm CAP TUNCHON 1.ttt ettt ettt b et se bbbt e ettt etese e s b sesens 25

Cap MOAITYING CNZYIMIES ..eeuveeiriiriierieitieitese sttt ettt st esb e be st et e es bt et esbesbteneesbeebeenbenaesseensan 25
RINMIT .ttt sttt ee bbbttt s e e bbb e btk e s et et be s be ket et eb e et e st enbentebennenban 25
CIMTRI ettt sttt bttt s be s b st et e bt et e s b eb b ek e e s b b en b et et e aeebesbesae st e e eneetens 26

i



PCIF L ettt st st s he et st s e bbbt et e bbbt s benbe st et ebeebe st et eaeeneeneean 28
INNALE TMIMUINILY 1.ttt ettt ettt et et et et e et e e bt e sbee st e esbesbeenbeesbeeabeesmbesaeesnbeeanean 29
Nucleic acids in recognition 0f NON-SEIT .......cceevieiiriiiiiireererr e 29
Sensors of non-self RNA in hUmMan ........coovviiiiiiiiiii e 30
TOIL-IKE TECEPLOTS ..ttt sttt sttt st ettt ettt sbe bt st e sbe s it bt e s e b st enbe s bt e e seesbeentens 31
Protein KiNaSe R ......coceiiiriiriiie ettt e st e s 31
Oligoadenylate Synthase-IiKe PrOtEINS ........ccoceereerierirrterieieie sttt sttt sbe et st bt 31
RIG-I-like 1eceptors (RLRS) ....ccuiioiiiiiiieeiieieeie ettt sttt ettt st re e enees 32
Double-stranded RNA molecules in recognition of non-self............cccovevininveninininncneniennenn, 32
RNA modifications in recognition of NON-Self..........cccceririrriiniiieiieie e 34
Internal 2'-O-methylation in INNAte IMMUNILY ..cocvereereerrieieiereeeeie et 34
mRNA cap modifications in recognition of non-self-RNA molecules .......c.ccocererveiereniecienenns 35
Self-RNA molecules recognised as non-self............ccceeveririeriniineeiineere e 37
How viruses try to avoid T€COZNILION ......ceetiririiieeriieiee sttt ettt eb e sreebeennens 37
RNA modifications in the development of RNA therapy .......ccccoecereereninienienineeecenesee e 43
Mouse embryonic deVEIOPIMENT .........ciuiririeiirierie ettt ettt sttt st ettt e st sbe et nae 43
Mouse primordial GETm CEILS ..cc.uiriiiiriiriertietiete ettt sttt e b 45
ATMS OF the STUAY ..ottt sttt sbesbe e et e e e srenneeaee 49
RESUILS ...t ettt s sttt b e b s he sttt n e e r e et r s 50
Chapter 1 - Essential roles of RNA cap-proximal ribose methylation in mammalian embryonic
development and fEITHIIEY ......ceverrereeieee et e s ene s 50
DIISCUSSION ..ttt sttt ettt et se b se e b be bt s eess b sat e a s et e e e sa e sbesaeeneen 90
EMDbBIyonic IOthality . ....c..coeeieiiiieie ettt e et s e s 90
Innate immunity during emMbIYOZENESIS .. ccuereereerreriereerteereerie sttt sttt e s sresree b 92
CMTR1 and CMTR2 do not have a redundant role in mouse embryogenesis ..........ccoceeveereenuenne 93
Embryonic lethality of Cmfr] MULANES.........cocveeieeiiiiiiieiiere e e 94
SNORNA h0St ENES (SNHGS) ... ciiviiiiiieiiieiteiere ittt ettt sttt e see bt 95
S TOP tTANSCTIPLS ..veeuveereeerieertirsiteeite et et e st e st eeree st e et e et e esbeesteesbeesbee st e eabesateenbeesbeeseesaeesaeesnnesnsean 97
Cap1 regulation molecular fUNCHONS. ...c..eovereiriririeere et et 97
Regulation of translation.........coveeieieieeieire et s e 98
Regulation Of SPIICING ....evuerveriiriiiiereet ettt ettt sttt et et sbe et sbe st e e eaas 100
Recognition Of NOMN-SEI . ......coouiiiiiieiiiiee e st e s 101
Mouse germ cells conditional MULANES..........ccvecverierietireee et 102
Embryonic lethality of Cmitr2 MULANES.........cevirierierieiireeiest ettt sttt et sresaees 103
Ribosome biogenesis in Cmr2 Mutant €MDIYOS .....c.eoveeureriererreeiereereenseneriesreeseeeseeeeeessesaes 103

iii



SPHCING 1N CIMIZ ..ttt sttt bbb bt et sae st es b st e se e b e e e ene 104
Remaining questions in the field..........coueviiiriiiiiiee e e 105

Could m°A at the first transcribed nucleotide (m’Gpppm®A cap) contribute to the recognition of

self and non-self-RNA mOIECUIES? .......c.ccoeeiiiiririiee e s 105
How mRNA cap structure looks like in muscles and white fat?..........ccocvvevineeinnieniciieneneene 105
Could CMTR?2 contribute to the elimination of viral infection?............cocvveveeeeevenireneeereeinnens 107
Can CMTR1 and CMTR2 act redundantly? ..........cc.eeeeeeerinirnenieiniese e 107
When do RNAs get cap2 methylated? .......ccovivirieniiieiieseeciee e e 107
When do cytoplasmic sensors sense cap0 MRINAS? ......cc.overieiiirinienennese e 108
Why is the innate immune system inhibited in early embryos?........ccccevevieveieernnenieeiceneene 108
Is cap1 presence conserved as a mark of self-molecules? .........coviereniriienieneninse e 110
Do SNHGs have any role in embryonic development? ..........cc..cceveererensieneneenennieeieeeeiene e 111
L070) 1161 1L T 10 4 SRS OO SR P PSP 112
BIDHOGIAPNY ..vveivtiieie ettt sttt ettt st sttt st bt et e bt e be b bt en e b et e ne e b e s bt eee 113
Publications from My PhD .......cccoviiiiiiiiciieee ettt st e s 141

v



Abbreviations

2'-dU

2-5A

2D TLC

3'ss

3'-UTR

5'TOP

5'-UTR

SmC

6mA

A

acC

ADAR

AdoMet

AGO

AGS

ALKBH

A-to-1

C

2'-Deoxyuridine

2'-5'-oligoadenylate

Two-Dimensional Thin Layer Chromatography

3’ Splice Site

3’ Untranslated Region

5" Terminal Oligopyrimidine Tract

5" Untranslated Region

N5-methylcytosine (in DNA)

No6-methyladenosine (in DNA)

Adenosine

N4-acetylcytidine

Adenosine Deaminase Acting on RNA

S-adenosyl methionine

Argonaute protein

Aicardi-Goutiéres Syndrome

AlkB Homolog, Alpha-Ketoglutarate-Dependent Dioxygenase

Adenosine-to-Inosine (editing in RNA)

Cytosine



Cap0 mRNA cap m’Gppp-RNA

Capl mRNA cap m’Gppp-Nm-RNA
Cap2 mRNA cap m’Gppp-Nm-NmRNA
CARDs Caspase recruitment domains
CBC Cap binding complex

CBD Cap Binding Domain

CBP20 Cap-binding protein 20

CBP80 Cap-binding protein 80

CD4 Cluster of Differentiation 4

cDNA Complementary Deoxyribonucleic Acid
cKO conditional Knockout

Cm 2'-O-methylcytidine

CMTR Cap methyltransferase 1 or 2

Cre Cre recombinase

CTD Carboxy terminal domain

DCP Decapping protein

DdRp DNA-dependent RNA polymerase
DENV Dengue virus

DHX15 DEAH-box helicase 15

DIV2 Day in vitro 2

vi



dNTP

dsRNA

DUSP11

DXO

E. coli

E

elF2

elF3

elF4A

elF4E

elF4F

elF4G

EJC

ELISA

Emx1

EN

FTSJ3

G

GO terms

GTase

deoxy-ribonucleoside triphosphate

Double-Stranded RNA

Dual specificity protein phosphatase 11

Decapping exonuclease

Escherichia coli

Embryonic day refers to the age of a developing embryo.

Eukaryotic Initiation Factor 2

Eukaryotic Initiation Factor 3

Eukaryotic Initiation Factor 4A

Eukaryotic initiation factor 4E

Eukaryotic Initiation Factor 4F

Eukaryotic Initiation Factor 4G

Exon Junction Complex

Enzyme-Linked Immunosorbent Assay

Empty spiracles homeobox 1

Endonuclease

Fts] RNA 2'-O-methyltransferase 3

Guanosine

Gene Ontology terms

Guanylyltransferase

vii



GW182 Glycine-Tryptophan protein of 182 kDa

HBV Hepatitis B Virus

HCV Hepatitis C Virus

HEK Human embryonic kidney 293 cells
HepG2A human liver cancer cell line

HIV Human Immunodeficiency Virus

hmSC N5-hydroxymethylcytosine

HPLC High-Performance Liquid Chromatography
HSV1 Herpes Simplex Virus Type 1

I Inosine

U N35-Todouridine

IFIT1 Interferon-induced protein with tetratricopeptide repeats 1
IFN Interferon

IFNAR Interferon Alpha/Beta Receptor

IRES Internal Ribosome Entry Site

ISG Interferon-stimulated genes

ISGY5 Interferon-stimulated gene 95

IUGR Intrauterine growth restriction

KEGG Kyoto Encyclopedia of Genes and Genomes

KO Knockout

viii



L

LARP1

LC-MS/MS

LGP2

LIF

LPS

LSM

m'A

m'¥Y

m2,2,7G

m3C

m3dC

mlA

m6Am

médA

m’G

MAVS

MDAS

MEF

mESC

Large Protein

La ribonucleoprotein domain family member 1

Liquid Chromatography-Tandem Mass Spectrometry

Laboratory of genetics and physiology 2

Leukemia Inhibitory Factor

Lipopolysaccharide

Like Sm

N1-methyladenosine

N1-methylpseudouridine

N2,2,7-trimethylguanosine

NS5-methylcytosine

N5- methyl-2'"-deoxycytidine

N6-Methyladenosine

N6,2'-O-dimethyladenosine

N6-methyl-deoxyadenosine in DNA

N7-methylguanosine

Mitochondrial antiviral-signalling protein

Melanoma Differentiation-Associated Protein 5

Mouse Embryonic Fibroblasts -

Mouse Embryonic Stem Cells

1X



METTL Methyltransferase Like 3, 14 or 16

miRNA Micro RNA

mRNA Messenger RNA

mRNP Messenger Ribonucleoprotein

MS Mass Spectrometry

mTORC1 Mammalian target of rapamycin complex 1
MvhCre Mouse vasa homolog-Cre

NCBP1 Nuclear cap-binding protein 1

NCBP2 Nuclear cap-binding protein 2

ncRNA Non-coding Ribonucleic Acid

NLS Nuclear localisation signal

Nm 2'"-O-methyl nucleotide

NMD Nonsense-mediated mRNA Decay

Nm Seq 2'-O-methylation sequencing method

NPC Nuclear Pore Complex

NSP Non-structural Protein

NSUN NOP2/Sun RNA Methyltransferase Family Member 2 or 6
nt Nucleotide

NUDT2 Nudix Hydrolase 2

OAS Oligoadenylate Synthase-like Proteins



P

PABPNI1

PAMPs

PAN

PARN

PB

PBs

PCIF1

PCR

PD1

PDE

PGCs

piRNA

PKR

PrmliCre

PRRs

PS-G

PUS

RADAR

Postnatal day

Poly(A) Binding Protein Nuclear 1

Pathogen Associated Molecular Patterns

Poly(A) Nuclease 2 or 3

Poly(A)-Specific Ribonuclease

Polymerase Basic protein (Influenza virus protein)

Processing bodies

Phosphorylated CTD Interacting Factor 1

Polymerase Chain Reaction

Programmed cell death protein 1

Phosphodiesterase

Primordial Germ Cells

Piwi-Interacting RNA

Protein Kinase R

Cre recombinase expressed under Prml promoter

Pattern Recognition Receptors

a-Phosphorothioguanosine

Pseudouridine Synthases

Restriction by an adenosine deaminase acting on RNA

RNMT-activating mini-protein

X1



RdrA

RdrB

RdRp

RFM

RIG-I

RISC

RLRs

RNA pol

RNA

RNase L

RNase T2

RNGTT

RNMT

RNu

RRACH

rRNA

RT

RTL-P

S. cerevisiae

s?U

ATPase part of the RADAR system

Adenosine deaminase part of RADAR system

RNA-dependent RNA polymerase

RNA recognition motif

Retinoic Acid-Inducible Gene |

RNA-Induced Silencing Complex

RIG-I-like receptors

RNA polymerase

Ribonucleic acid

Ribonuclease L

Ribonuclease T2

RNA guanylyltransferase and 5'-phosphatase

RNA (guanine-7-)methyltransferase

Small nuclear RNAs Ul1 or U12

purine, purine, adenosine, cytosine, any except guanosine

Ribosomal RNA

Reverse transcriptase

Reverse Transcription at Low dNTP concentrations followed by PCR

Saccharomyces cerevisiae

N2-Thiouridine

Xii



stU

SAH

SAM

siRNA

SMG6

SMG7

Snhgene

snoRNAs

snRNAs

ssRNA

STAT

Stra8Cre

TAP/NXF1

THO

TLC

TLR

TOP

TREX

TRIF

TRMT

N4-Thiouridine

S-adenosylhomocysteine

S-adenosyl methionine

Small interfering RNA

Suppressor with Morphogenetic Effect on Genitalia 6

Suppressor with Morphogenetic effect on Genitalia 7

snoRNA host gene

Small nucleolar RNAs

Small nuclear RNAs

Single-stranded RNA

Signal Transducer and Activator of Transcription

Cre recombinase expressed under Stra8 promoter

Tip-associated Protein/Nuclear Export Factor 1

Hprlp, Tho2p, Mftlp, and Thp2p proteins Complex

Thin Layer Chromatography

Toll-Like Receptor

Terminal Oligopyrimidine

Transcription/export complex

TIR-Domain-Containing Adapter-Inducing Interferon-3

tRNA methyltransferases

xiii



tRNA

TSS

U

U1l snRNP

U2 snoRNA

U2AF(65)

Um

UTR

VasaCre

VP

VSV

WT

WWwW

XIST

XRN1

YSPTSPS

ZIKV

Zp3Cre

Y

Transfer RNA

Transcription Start Site

Uridine

Ul small nuclear ribonucleoprotein

U2 Small Nuclear RNA, a component of the major spliceosome

U2 Small Nuclear RNA Auxiliary Factor 1

2"-O-methyluridine

Untranslated region

Cre recombinase expressed under Vasa promoter

Viral Protein

Vesicular Stomatitis Virus

Wild type

Tryptophan residues domain

X-inactive specific transcript

5" to 3' Exoribonuclease 1

tyrosine, serine, proline, threonine, serine, proline, serine

Zika virus

Cre recombinase expressed under Zp3Cre promoter

Pseudouridine

Xiv



Abstract (EN)

Messenger RNA (mRNA) is transcribed from the coding DNA sequences by the RNA
polymerase II. The nascently synthesised mRNA, called pre-mRNA, undergoes a series of
maturation steps consisting of 5’ capping, removing non-coding sequences in the process of
splicing and finally, 3" end cleavage and polyadenylation. In mammals, 5’ cap structure
includes template-independent terminal N7-methylguanosine (m’G), connected to mRNA via
an unusual 5’ to 5’ triphosphate linkage and followed by the two first transcribed nucleotides,
which are further modified with 2"-O-methyl (Nim) marks and, in the case of the first nucleotide
being A, additionally N6-methyladenosine (m°A). The formation of the m’G cap is mediated
by two enzymes: RNGTT and RNMT-RAM. Ny, marks are added to the first and second
nucleotide by the cap-specific RNA methyltransferases CMTR1 and CMTR2, forming capl
and cap2 structures, respectively. Finally, if the first nucleotide is A, the PCIF1 enzyme
deposits the m®A mark. While virtually all mRNA transcripts have capl modification, only
approximately 50% have cap2. In addition to protecting mRNA from degradation and
enhancing translation, these marks are essential components of the innate immune system, as
uncapped transcripts are detected by the cytoplasmic sensors of foreign RNA, triggering

interferon response and apoptosis.

The aim of my PhD was to further characterise the physiological and molecular
functions of the mRNA capl and cap2 structure. Using a combination of mouse models and
cell culture models, we show that both CMTR1 and CMT?2 are vital for embryogenesis, with
both mutant embryos dying around embryonic day E7.5, before the organogenesis stage.
Sequencing of E6.5 and E7.5 mutant embryos showed that CMTR1 and CMTR2 regulate non-
overlapping subset of genes indicating their separate functions. Interestingly, for both mutants,
Cmtrl and Cmtr2, this occurs without any activation of the innate immune response,
suggesting that the functions of Ny, extend beyond simply marking cellular RNAs as self.
Conditional depletion of CMTRI1 in male germ cells results in complete infertility, while only
some females are infertile. Depletion of CMTR1 in fully developed organs, like the liver, leads
to chronic activation of interferon expression. Interestingly, among commonly dysregulated
genes in CMTRI1 Knocked-out (KO) backgrounds are ribosomal genes overlapping with 5’
TOP transcripts and snoRNA host genes.

This investigation offers a comprehensive examination of the roles of CMTRs in
development and in selected organs and illuminates their complex functions behind protecting

from triggering autoimmune reactions.
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Abstract (FR)
ARN messager (ARNm) est transcrit a partir des séquences d'’ADN codantes par I'ARN

polymérase II. Le nouvellement synthétisé ARNm, appelé pré-ARNm, subit une série d'étapes
de maturation comprenant la coiffe 5’ (5’ capping), 1'élimination des séquences non codantes
lors du processus d'épissage, et enfin la clivage en 3’ et la polyadénylation. Chez les
mammiféres, la structure de la coiffe 5' comprend une N7-méthylguanosine (m’G)
indépendante du mode¢le, reliée a I'ARNm via une liaison triphosphate inhabituelle 5" a 5,
suivie des deux premiers nucléotides transcrits, qui sont ensuite modifiés par des marques 2'-
O-méthyl (Nm) et, dans le cas ou le premier nucléotide est A, par l'ajout de la N6-
méthyladénosine (m®A). La formation de la coiffe m’G est médiée par deux enzymes : RNGTT
et RNMT-RAM. Les marques Nm sont ajoutées au premier et au deuxieme nucléotide par les
ARN méthyltransférases spécifiques de la coiffe, CMTR1 et CMTR2, formant respectivement
les structures capl et cap2. Enfin, si le premier nucléotide est A, I'enzyme PCIF1 dépose la
marque m®A. Alors que pratiquement tous les transcrits d’ ARNm ont la modification capl, seul
environ 50 % ont la cap2. En plus de protéger ' ARNm de la dégradation et d'améliorer la
traduction, ces marques sont des composants essentiels du systéme immunitaire inné, car les
transcrits non coiffés sont détectés par les capteurs cytoplasmiques de I'ARN étranger,

déclenchant la réponse de l'interféron et 1'apoptose.

L'objectif de ma thése de doctorat était de caractériser davantage les fonctions
physiologiques et moléculaires de la structure capl et cap2 de I'ARNm. En utilisant une
combinaison de modéles de souris et de cultures cellulaires, nous montrons que CMTRI et
CMTR2 sont tous deux essentiels pour I'embryogenése, car les embryons mutants meurent tous
deux vers le jour embryonnaire E7.5, avant le stade de 1'organogencse. Le séquencage des
embryons mutants E6.5 et E7.5 a montré que CMTR1 et CMTR2 régulent un sous-ensemble
de génes non chevauchants, indiquant leurs fonctions distinctes. Fait intéressant, pour les deux
mutants Cmtrl et Cmtr2, cela se produit sans aucune activation de la réponse immunitaire
innée, suggérant que les fonctions de Nm vont au-dela de simplement marquer les ARN
cellulaires comme étant du soi. La déplétion conditionnelle de CMTRI1 dans les cellules
germinales males entraine une infertilité totale, tandis que seules certaines femelles sont
infertiles. La déplétion de CMTR1 dans des organes entiérement développés, comme le foie,
entraine une activation chronique de I'expression d'interféron. Fait intéressant, parmi les génes
couramment dysrégulés dans les contextes de déficience de CMTRI se trouvent des genes

ribosomaux chevauchant avec les transcrits 5' TOP et les genes hotes des snoARN.
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Cette étude offre un examen complet des réles des CMTRs dans le développement et dans
certains organes sélectionnés, et éclaire leurs fonctions complexes de protection contre le

déclenchement de réactions auto-immunes.
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Introduction

Regulation of gene expression

One of the fundamental principles of molecular biology is the central dogma theory, first
articulated by Francis Crick in his lecture in 1958 (Cobb, 2017; Crick, 1970). The original
model of the central dogma depicted a straightforward flow of genetic information: a single
gene, encoded in DNA, is transcribed into one messenger RNA (mRNA) molecule, which is
subsequently translated into a single protein (Figure 1). However, the landscape of molecular
biology was dramatically reshaped with the discovery of mRNA splicing in the late 1970s
(Berget et al., 1977; Chow & Broker, 1978). This revelation illustrated that a single gene could
give rise to multiple distinct proteins, thereby adding a layer of complexity to the central
dogma. This phenomenon, known as alternative splicing, enables a single gene to produce a
diverse set of mRNA molecules, each of which can be translated into different proteins (Figure
1).

The regulation of gene expression controls the timing, quantity, and location of
effecting molecule, protein or RNA presence. This complex process involves various
mechanisms operating at the DNA, RNA, and protein levels (Figure 1)

DNA, composed of four canonical nucleotides (Adenine, Thymine, Cytosine, and
Guanine), is not "naked" within cells but instead forms a compacted structure known as
chromatin through interactions with proteins and RNA molecules. Histones, a primary
component of DNA condensation, play a crucial role in this process. Additionally, DNA can
undergo modifications, such as cytosine methylation, resulting in 5-methylcytosine (*mC),
which serves as an epigenetic mark associated with gene silencing.

The regulation of gene expression extends beyond DNA modifications. After their
synthesis, proteins can undergo post-translational modifications, which involve adding or
removing chemical groups to specific amino acid residues. These modifications, such as
phosphorylation, methylation, or acetylation, can profoundly impact protein stability, activity,
and localisation with other molecules. Another type of modification, ubiquitination marks
proteins for degradation. Interestingly, histones themselves can undergo various post-
translational modifications that modulate gene expression. These histone marks include
acetylation, methylation, phosphorylation, and ubiquitination. For instance, histone acetylation
is associated with gene activation, as it relaxes the chromatin structure, allowing easier access

of transcriptional machinery to the DNA. On the other hand, histone methylation can have



diverse effects depending on the specific site and degree of methylation. For example,
trimethylation of histone H3 at lysine 4 (H3K4me3) is generally associated with gene
activation, while trimethylation at lysine 9 (H3K9me3) is linked to gene repression.

By integrating DNA and protein modifications, the field of epigenetics explores how
these intricate molecular mechanisms collectively regulate gene expression at both the
chromatin and protein levels. The dynamic interplay between DNA modifications, histone
marks, and protein post-translational modifications orchestrates a complex gene regulatory
network in cells. Lastly, regulation of gene expression can be modulated by changes in RNA
molecules, encompassing nucleotide editing and RNA modifications. These alterations can

affect alternative splicing, localisation, translation, and stability of RNA molecules or directly

A one gene one mRNA one protein
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Figure 1 - Central dogma of molecular biology. A) One gene encodes for one mMRNA and one protein.
B) Many mRNAs can originate from one gene for example, as a result of alternative splicing, and thus
one gene can result in many proteins. C) DNA, RNA and protein molecules can be modified. AC —

acetylation, P — phosphorylation, Me — methylation, H3K9me3 — tri-methylation of histone three at lysine



9, H3K4me3 — trimethylation of histone 3 at lysine 4, CpG methylation — methylation of cytosine at CpG

islands

influence transcription. The field study relating to RNA modifications is called
epitranscriptomics. Interestingly, while mutations in DNA are typically irreversible,
modifications that lead to alternative gene expressions are reversible. This flexibility allows

for an extensive range of adaptability in response to internal and external stimuli.

mRNA processing

The life of mRNA begins with its transcription and concludes with its degradation. The so

mRNA transcription and transcription termination

The process of mRNA transcription is the first step in gene expression, during which the
genetic information stored in DNA is converted into a single-stranded mRNA molecule. In
case of mRNA, this process is carried out by an enzyme called RNA polymerase II (RNA pol
I1), which binds to a specific DNA sequence known as the promoter region. Upon binding, the
RNA polymerase unwinds the DNA double helix to allow access to other transcriptional
machinery, a process often facilitated by chromatin and nucleosome remodelling. As the RNA
polymerase moves along the DNA, it synthesises a complementary mRNA strand using the
DNA as a template. It adds ribonucleotides that are complementary to the DNA bases, pairing
adenine (A) in DNA with uracil (U) in RNA, thymine (T) in DNA with adenine (A) in RNA,
cytosine (C) in DNA with guanine (G) in RNA, and guanine (G) in DNA with cytosine (C) in
RNA.

One of the RNA pol II regulations is through its carboxy-terminal domain (CTD)
localised at its biggest subunit. CTD consist of repetitions of the heptapeptide of YSPTSPS.
This sequence is repeated multiple times, usually around 52 times in humans, resulting in a
long unstructured tail. The CTD plays a critical role in coordinating various stages of
transcription, including initiation, elongation, and termination. It serves as a platform for
recruiting and assembling various factors involved in RNA processing and transcriptional
regulation. The CTD undergoes dynamic phosphorylation and dephosphorylation events of its
heptapeptide repeats at specific residues, primarily at serine 2 and serine 5, during different
stages of transcription. For example, genome-wide occupancy profiles for all CTD
phosphorylation marks showed that serine 5 and serine 7 are phosphorylated during

transcription initiation, whereas tyrosine 1, serine 2, and threonine 4 phosphorylation signals



increase during the transcription towards the 3" end and polyadenylation site (Heidemann et al.,

2013).

Once the RNA polymerase reaches a cleavage and polyadenylation signal, often
represented by the canonical AAUAAA sequence in humans, the polymerase slows down but
continues the transcription. Cleavage and Polyadenylation Specificity Factor (CPSF)
recognises the transcribed polyadenylation signal on newly-synthesised mRNA, which attracts
other factors necessary for polyadenylation. The nascent transcript is cleaved downstream of
the polyadenylation signal, and poly(A) polymerase adds a series of adenine (A) nucleotides
to the 3’ end of the mRNA at the cleavage site. During this process, a poly(A) tail consisting
of dozens of adenine nucleotides, with a median of 50—100 nt (Chang et al., 2014), is added to
the 3' end of the mRNA molecule, which helps enhance stability, promote nuclear export, and
facilitate translation initiation. The dissociation of RNA pol II from the DNA is facilitated by

the exonuclease Xrn2, which degrades the remaining RNA still attached to the polymerase.

The majority of human genes can also contain alternative polyadenylation signals. The
choice of polyadenylation site determines the length of the mRNA and affects its stability,
localisation, and translational efficiency. Alternative polyadenylation can produce mRNA
isoforms with different 3’ untranslated regions (3'UTRs), which can contain different
regulatory elements, such as microRNA binding sites, leading to the differential expression of
genes. Regulation of alternative polyadenylation can occur in response to changes in
developmental stage, environmental conditions, and disease states and can affect gene
expression and cellular function. Dysregulation of alternative polyadenylation has been linked
to several human diseases, such as cancer and neurodegenerative disorders, highlighting the
importance of this process in maintaining normal cellular function.

Finally, during transcription, the mRNA is processed in a series of molecular events
that occur simultaneously with mRNA transcription (co-transcriptionally), shaping the
maturation and functionality of the nascent mRNA molecule. These processes include mRNA
capping, splicing, and RNA editing, where specific nucleotides within the mRNA are modified
or replaced. Alternative splicing, a co-transcriptional process that generates multiple mRNA
variants from a single gene by splicing together different combinations of exons, enhances

protein diversity and complexity within the cell.



mRNA splicing and alternative splicing

mRNA splicing is a crucial process in gene expression that involves the removal of the non-
coding intronic regions of pre-mRNA and the joining the exonic coding regions together by
the spliceosome. Splicing is a highly dynamic process, which can be regulated to result in
multiple mRNA isoforms in alternative splicing.

The spliceosome is a dynamic macromolecular complex composed of five small nuclear
ribonucleoproteins (snRNPs), protein complexes and small nuclear RNAs (snRNAs). The
snRNAs, including U1, U2, U4, U5, and U6, play pivotal roles in splicing. They recognise the
intron-exon boundaries and catalyse the intron removal and exon ligation reactions, ensuring

the correct splicing of pre-mRNA (Matera & Wang, 2014; Will & Lithrmann, 2011).

The Exon Junction Complex (EJC), another important player in the mRNA splicing
process, is a multi-protein complex that is deposited onto mRNA at the exon-exon junctions
during the splicing process. It participates in multiple facets of mRNA metabolism, including
nuclear export, surveillance, localisation, and translation. The EJC works in concert with the
spliceosome to ensure accurate splicing, thereby maintaining the integrity of the genetic
message (Asthana et al., 2022; H. Martin et al., 2022; Schlautmann & Gehring, 2020).

Alternative splicing widely increases the diversity of the proteome. One example of a
differentially spliced gene is Titin. Titin is a giant protein found in muscle cells that functions
as a molecular spring, contributing to muscle elasticity and passive tension. The TTN gene
encoding Titin undergoes extensive alternative splicing, giving rise to multiple isoforms that
differ in size and have particular mechanical properties. Different Titin isoforms are expressed
in various muscle types and during muscle development, with longer, more compliant isoforms
found in cardiac muscle and shorter, stiffer isoforms in skeletal muscle (Labeit & Kolmerer,
1995).

Another, layer of complexity to our understanding of genes is added by the alternative
splicing by expanding the coding capacity of our genomes. Even though humans have
approximately 20,000 coding genes, we have around 180,000 different mRNAs (Kersey et al.,
2018). It seems that only 80,000 mRNA isoforms can produce sequence-distinct protein
isoforms (Ezkurdia et al., 2015). Nevertheless, it is still unclear how many genes have only one
isoform, called a single major isoform. The estimates vary from 28% (Tress et al., 2017), 30%
(Ezkurdia et al., 2015) to less than 50% (Tapial et al., 2017) of all human genes having a single
major. Interestingly, gene expression patterns between the same organs in different organisms

seem to be conserved, but their alternative splicing differs (Merkin et al., 2012).



mRNA export

Fully processed mRNAs, capped, spliced, and polyadenylated, are exported from the nucleus
to the cytoplasm, where they can be translated. In order to avoid exporting faulty mRNA, this
process is highly regulated and involves various protein factors and complexes. One such
complex is the exon junction complex (EJC), deposited on spliced mRNAs at exon-exon
junctions during splicing. The EJC plays several roles in mRNA metabolism, including mRNA
export, translation, and nonsense-mediated mRNA decay (NMD) (Asthana et al., 2022; H.
Martin et al., 2022; Schlautmann & Gehring, 2020). The EJC recruits the TREX (transcription-
export) complex for mRNA export, which is responsible for coupling transcription with mRNA
export. TREX’s more extensive components, such as the THO complex, Aly/REF, and the
mRNA export receptor TAP/NXF1, help to facilitate mRNA export through the nuclear pore
complex (NPC). The EJC, along with other factors and complexes, ensures that only mature,
properly processed mRNAs are exported to the cytoplasm, thus maintaining the fidelity and
efficiency of gene expression (Asthana et al., 2022; Gromadzka et al., 2016; H. Martin et al.,
2022).

mRNA translation
Once mRNA reaches the cytoplasm, the information encoded in mRNA is converted into a
protein through a process called translation. Translation occurs on ribosomes, large molecular
machines composed of ribosomal RNA (rRNA) and ribosomal proteins. The ribosomes provide
the platform for the synthesis of proteins by facilitating the interaction between mRNA and
transfer RNA (tRNA) (Dever et al., 2018; Moore & Steitz, 2011; Simonovi¢ & Steitz, 2009;
Steitz, 2008).

tRNA molecules play a crucial role in translation by bringing the appropriate amino
acids to the ribosome. Each tRNA molecule has a specific sequence of nucleotides
corresponding to a particular amino acid. The tRNA recognises codon, a three-nucleotide
sequence, on the mRNA through its complementary anticodon sequence. The complementary
base pairing between the tRNA's anticodon and the mRNA's codon ensures the amino acid's
accurate placement in the growing protein chain. The translation is divided into three main

stages: initiation, elongation, and termination (Orellana et al., 2022; Phizicky & Hopper, 2010).

During initiation, the small ribosomal subunit binds to the mRNA, typically at the 5’

cap structure, and scans along the mRNA until it encounters the start codon (usually AUG). In



eukaryotes, this start codon is often part of a larger sequence known as the Kozak consensus
sequence (Kozak, 1981). The sequence aids in accurately identifying the RNA’s 5' cap

structure and positioning the start codon for the small ribosomal subunit.

The pairing of the start codon with the anticodon of the initiator tRNA, which carries
the amino acid methionine, marks the next step in initiation. The large ribosomal subunit then
joins this assembly, completing the formation of the translation initiation complex. With the
ribosome correctly positioned at the start codon - an accuracy significantly aided by the Kozak
sequence - the translation process is primed to transition into the elongation phase, where the
nascent protein chain begins synthesising.

As the elongation phase starts, distinct aminoacyl-tRNAs, each carrying a specific
amino acid, come into play. These tRNAs complement the mRNA codons that the ribosome is
processing. The ribosome acts as a catalyst, forming peptide bonds that connect these amino
acids, thus building up the emerging polypeptide chain (Dever et al., 2018).

Termination occurs when the ribosome encounters a stop codon (UAA, UAG, or UGA)
on the mRNA. These codons do not code for any amino acids and are recognised by release
factors, which facilitate the release of the completed polypeptide chain from the ribosome.

As the nascently synthesised peptide emerges from the ribosome, it begins to fold into
its native structure co-translationally, often with the assistance of molecular chaperones. After
the ribosomal subunits dissociate from the mRNA, the protein might continue to fold post-
translationally, sometimes needing additional chaperone assistance or undergoing specific
modifications to reach its final functional form (Ellgaard et al., 2016). The ribosomal subunits
then dissociate from the mRNA, and the newly synthesised protein can undergo post-
translation-folding and post-translational modifications to become functional (Dobson, 2003;

Keenan et al., 2021).

Overall, mRNA translation is a highly regulated and complex process essential for
producing proteins and properly functioning cells. Dysregulation of translation as well as

protein miss folding can lead to numerous diseases.

Translation initiation
In eukaryotes, there are two main types of translation initiation: cap-dependent and cap-
independent. Cap-dependent initiation, the most prevalent mechanism, begins with the

interaction between the mRNA and specific protein complexes.



Immediately after the mRNA is transcribed in the nucleus, the Cap Binding Complex
(CBC) binds to the 5" cap structure. This binding protects the mRNA from degradation,
facilitates its export from the nucleus to the cytoplasm, and can even aid in the early stages of
translation initiation (Gonatopoulos-Pournatzis & Cowling, 2014).

Once the mRNA is in the cytoplasm, there is a transition during which the eukaryotic
initiation factor 4F (elF4F) complex replaces the CBC at the 5’ cap structure. The elF4F
complex, which includes the proteins eIF4E, elF4G, and elF4A, is responsible for recruiting
the small ribosomal subunit to the mRNA, marking the onset of the translation process
(Gonatopoulos-Pournatzis & Cowling, 2014).

In contrast to cap-dependent initiation, cap-independent initiation does not rely on
mRNA’s 5’ cap structure. Instead, it makes use of specific RNA elements located within the
mRNA.

The most common mRNA element located within the S'UTR is internal ribosome entry
sites (IRES). IRES involves the direct recruitment of ribosomes to an internal region of the
mRNA, bypassing the need for a 5’ cap. The IRES-mediated translation is typical for some
viruses, but also some of cellular mRNAs carry their IRES elements which allows them to
initiate translation in a cap-independent manner (Hoshi et al., 1984; Y. Yang & Wang, 2019).

Notably, there is evidence that N6-methyladenosine modification in the 5 UTR might
also be involved in cap-independent translation. m°®A in the 5’ UTR is recognised by a protein
called elF3 which can further recruit the 43S complex to initiate translation (Meyer et al.,

2015).

mRNA degradation
mRNA degradation is a crucial process that regulates gene expression by controlling the
abundance and stability of mRNAs. The degradation mechanisms differ between the nucleus
and the cytoplasm and between the mRNA molecule’s 5’ and 3’ ends. In the nucleus, mRNA
degradation primarily occurs through the exosome complex in the 3’ to 5" direction, degrading
aberrant mRNAs that fail to process properly, such as capping, splicing, or polyadenylation.
This quality control mechanism ensures that only mature mRNAs are exported to the
cytoplasm.

In the cytoplasm, mRNA degradation typically involves two main pathways:
deadenylation-dependent and endonucleolytic cleavage. Deadenylation-dependent decay starts

with removing the protective poly(A) tail at the 3’ end of the mRNA by deadenylase enzymes.
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This is followed by decapping the 5" end, exposing the mRNA to exonucleases that degrade
the molecule from both ends. Alternatively, endonucleolytic cleavage can occur, in which
specific endonucleases cleave the mRNA internally, generating fragments that are

subsequently degraded by exonucleases (Beelman & Parker, 1995; Garneau et al., 2007).

These mRNA degradation pathways ensure proper gene expression by maintaining the
appropriate levels of mRNAs in the cell and removing any defective or unnecessary transcripts.
This fine-tunes protein synthesis and enables rapid cellular responses to changes in

environmental conditions or cellular signals.

An example of adaptation to changes via mRNA degradation is modulation of iron
uptake in the cells. Under low iron conditions, IRP1 binds to iron-responsive elements (IREs)
in the mRNA of Transferrin encoded by TFRI, stabilising the mRNA and promoting the
production of TFR1 protein, which increases iron uptake into the cell. Conversely, when iron
levels are high, IRP1 loses its ability to bind to IREs due to the incorporation of iron, leading
to the degradation of TFR1 mRNA and a decrease in iron uptake (Casey et al., 1989; Miillner
& Kiihn, 1988; Theil, 1994).

c
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Figure 2 - mRNA modifications in mammals. N7-methylguanosine (m’G), 2'-O-methylation (Nm),
N6,2"-O-dimethyladenosine (mfAm) are specific for the 5'end of the mMRNA, whereas N6-
methyladenosine (mfA), 2'-O-methylation (Nm), inosine (1) and Pseudouridine (W) are deposited in its
body.



RNA modifications and editing

RNA consists of four canonical nucleotides — adenosine (A), cytosine (C), guanosine (G) and
uracil (U) which are incorporated into the RNA molecules during transcription by the RNA
polymerases. Those can be further modified by adding or removing some chemical groups. In
the 50s, some RNA modifications could be identified using thin-layer chromatography (Davis
& Allen, 1957; Dunn, 1959; Littlefield & Dunn, 1958). Up to today, over 170 different
modifications have been identified, mostly on non-coding RNAs like tRNAs or rRNAs
(Boccaletto et al., 2018). In addition to non-coding RNAs, also mRNA can be extensively

chemically modified.

Identification of mRNA modifications was possible only after the establishment of
purification of polyadenylated RNAs (Gros et al., 1959; S Brenner & Meselson, 1957). The
most common modifications are cap-specific N/-methylguanosine (m’G), 2"-O-methylation
(Nm), N6,2'-O-dimethyladenosine (m®A) (Gonatopoulos-Pournatzis & Cowling, 2014) and
internal modifications N6-methyladenosine (m°A), 2'-O-methylation (Nm), inosine (1),
Pseudouridine (¥), 5-hydroxymethylcytosine (hm°C) (Lan et al., 2020), N4-acetylcytidine
(ac*C) (Figure 2) (Thalalla Gamage et al., 2021). The comprehensive study and understanding
of these RNA modifications and their biological implications fall under a rapidly evolving field

known as epitranscriptomics.

Methods to detect RNA modifications

Accurately identifying and mapping RNA modifications has long been a challenge in
epitranscriptomics. This is due to several technical difficulties, such as the low abundance of
some modifications, their presence only in a subset of mRNAs, and their low chemical
reactivity, among other factors. Over the years, several methods have been established to
overcome these challenges, playing a crucial role in expanding the field. These methods can
be broadly classified into multiple categories: either as direct and indirect or global and site-

specific.

Direct and indirect RNA modifications methods
Direct methods involve the identification of modified nucleotides without the use of
intermediate steps or markers. These techniques often involve high-resolution mass

spectrometry or next-generation sequencing methods. Direct methods include techniques like
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high-performance liquid chromatography (HPLC), 2D thin-layer chromatography (TLC) with
radioactive isotopes and Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS).

which can detect modifications directly on the RNA molecule.

On the other hand, indirect methods rely on the use of chemical treatment, antibodies
or enzymes to recognise specific modifications. After the treatment, the modifications can
detected by techniques such as immunoblotting or next-generation sequencing.

Global RNA modifications Identification

For global identification of modifications, techniques like HPLC, LC-MS/MS, and TLC are
used, which give an overview of all modifications in a given RNA sample. In contrast, site-
specific identification techniques, such as third-generation sequencing and reverse
transcription at single nucleotide resolution with the use of antibodies or after chemical
treatment of the sample, can provide information about the exact location of modifications on
the RNA molecule.

Historically, the first method used to identify modified nucleotides was two-
dimensional thin-layer chromatography, which utilised radioactive isotopes. This method
facilitates the separation of nucleotides according to their distinct chemical properties. By
comparing the migration patterns of these nucleotides with established standards, it becomes
possible to identify modified nucleotides through their unique migration patterns.

High-Performance Liquid Chromatography (HPLC) is an analytical technique used to
separate and purify components of a mixture based on their chemical properties. In HPLC, a
mixture is passed through a column packed with a stationary phase. This solid or liquid material
interacts with the sample components differently based on their chemical properties, such as
polarity, size, and charge (Nees et al., 2014).

Mass spectrometry (MS) is a powerful analytical technique for quantifying molecules
based on their mass-to-charge ratio (m/z). The technique involves ionising molecules,
separating the resulting ions based on their m/z, and detecting the ions using a detector.

Interestingly, we can also combine MS with HPLC to increase its performance (Meng, 2006).

Direct global methods, such as HPLC, HPLC-MS, LC-MS/MS, and 2D thin-layer
chromatography, all share a standard limitation: they lack information about the specific
position of modifications. This becomes particularly problematic when dealing with
modifications that are of low abundance or are present only in specific types of RNA, such as
mRNAs. In such cases, the sample being analysed must be meticulously purified to eliminate

any contaminants.
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Take the Nm modification as an example. N has been identified in various types of
RNA, including rRNA, tRNA, mRNA, and small RNAs. Since Ny, is found in high abundance
in rRNA, detecting it in mRNAs—constituting only 1-5% of total RNA—requires a sample
free of rRNA for precise analysis. Additionally, the use of proper controls is essential to
determine the presence of any contaminants.

Given the challenges and limitations of direct global methods, developing site-specific
identification techniques for modified nucleotides has emerged as a strategic approach to

overcome these issues.

Site-specific RNA modifications detection methods

An even more critical aspect of epitranscriptomics is understanding the relationship between
various modifications, their location and their function. This can be achieved only by applying
methods which allow site-specific detection. Such methods depend on antibodies, gene
engineering of modification reader proteins, reverse transcriptase properties, chemical
modifications or direct sequencing (Motorin & Marchand, 2021).

One of the first mapped mRNA modifications was inosine, identified due to their
unique chemical structure. Inosine is a deaminated adenosine, which is recognised as cytosine
by reverse transcriptase. Consequently, the resulting cDNA contains guanosines in place of
thymines. By sequencing this cDNA and comparing it with a reference genome or
transcriptome, the positions of inosine can be inferred from the locations where the cDNA
sequence contains a guanine in place of the expected adenine. This method offers valuable
insight into the transcriptome-wide distribution and abundance of inosine-containing RNA
molecules. It is important to note, however, that this technique does not directly detect inosine,
but rather implies its presence based on the characteristics of reverse transcription (Bazak et

al., 2014).

Antibody-based approaches are one way to identify the modified nucleotide position
and sequence in which it is deposited. Such antibodies have a high affinity to modified
nucleotides, and by pulling down and sequencing such fragments, we can identify their
sequence. Antibodies were developed to m®A/ m®Am, m'A, hm°C, ac*C and m’G (Weichmann
et al., 2020; Y. Zhang et al., 2022). Moreover, antibodies can be used in the determination of
relative quantities by the use of ELISA or dot blot.

Nanopore sequencing is a next-generation sequencing technology that uses a nanopore-

based sensor to read the sequence of DNA or RNA molecules as they pass through a tiny pore.
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This technology has been developed by Oxford Nanopore Technologies, and it offers several
advantages over other sequencing methods.

One of the key advantages of nanopore sequencing is its ability to produce long reads,

which can span thousands of bases (Nobuaki Kono & Kazuharu Arakawa, 2019; Y. Wang et
al., 2021).
In nanopore sequencing, a single-stranded DNA or RNA molecule is passed through a
nanopore, which is a membrane protein to which a motor protein is attached. As the molecule
passes through the nanopore, the k-mer (5 consequent nucleotides) creates a change in
electrical current that can be measured and recorded. This change in current is specific to each
base in the DNA or RNA sequence, allowing the sequence to be determined (Jain et al., 2016;
van Dijk et al., 2018; Y. Wang et al., 2021).

The change of charge and time of going through the pore can serve to detect the
modified bases, which were first applied for DNA and m>dC/°mC or m°dA/*mA (Rand et al.,
2017; Stoiberl et al., 2017; Y. Wang et al., 2019). Recently, nanopore was used to identify
sequence motifs of various mRNA modifications such as m®A (Jenjaroenpun et al., 2021;
Parker et al., 2020; Piechotta et al., 2022; Price et al., 2020), m°C (Acera Mateos et al., 2023),
Nm (Abebe et al., 2022; Begik et al., 2021; Hassan et al., 2022; Stephenson et al., 2022) or
pseudouridine (Stephenson et al., 2022).

Recent studies show how endogenous modifications in ribosomal RNAs from E. coli
and S. cerevisiae can be detected using nanopore sequencing. The modifications were
identified through changes in the electrical signal and dwell times of the RNA passing through
the nanopore, which were caused by interactions between the modified nucleotides and the
helicase motor protein. By analysing these changes, the specific types and locations of the
modifications in the RNA sequences were identified (Begik et al., 2021; Hassan et al., 2022;
Stephenson et al., 2022).

Methods to map 2"-O-methylation

As mentioned earlier, 2"-O-methylation (N,) modification is a common modification of rRNA,
tRNAs, mRNAs, and small RNAs. Interestingly, Nm modification was shown to be impactful
in various cellular mechanisms such as translation. Thus, a handful of methods were developed
for its mapping. Interestingly, N modification can be found in mRNAs at internal sites and at

the 5’ end, where it only occurs at the first one or two mRNA nucleotides.
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Reverse transcriptase, when transcribing at low deoxy-ribonucleoside triphosphate
(dANTP), stops the transcription at the N nucleotide and thus, a method called Reverse
Transcription at Low deoxy-ribonucleoside triphosphate (ANTP) concentrations followed by

polymerase chain reaction (PCR) (RTL-P) was developed (Z.-W. Dong et al., 2012).

Another characteristic of the N, modification is its ability to protect the phosphodiester
bond between the modified nucleotide and the downstream nucleotide during alkaline
cleavage. When combined with deep sequencing, this property allows for identifying sequences
less susceptible to random fragmentation. A method known as RiboMethSeq has been
developed based on this property (Birkedal et al., 2015; Motorin et al., 2021; Pichot et al.,
2020). However, one limitation of this method is its requirement for random cleavage and high-
depth sequencing, making it more suitable for longer RNAs. Conversely, RiboMethSeq has
also been demonstrated to apply to mRNAs (Ringeard et al., 2019).

Other methods are NmSeq (Dai et al., 2017) and RibOxi-seq (Zhu et al., 2017). Both
methods rely on the differential reactivity of 2'-OMe versus 2’-OH nucleotides. Fragmented
RNA undergoes oxidation which renders the non-methylated ends incapable of ligation to
linkers used for high-throughput library construction. The resulting reads are aligned to a
reference genome and analysed to determine methylation sites. However, it is worth noting that
some results from the NmSeq method, such as the identified motif, have been questioned due
to the potential issue of adaptor sequence detection, possibly affecting the validity of the

results.

All the methods described above are suitable only for internal N, sites. To map the N
sites and prevalence of single vs double Ny, sites at the 5" end of mRNA, two methods were
developed: CapTag-seq and CLAM-Cap-seq (Despic & Jaffrey, 2023).

CapTag-seq is a quantitative method used to measure the levels of capl and cap2. To perform
CapTag-seq, polyA purified RNAs undergo enzymatic decapping, followed by ligation of a 5
adapter composed of 2"-O-methylated nucleotides. The RNA is then subjected to RNase T2,
which cleaves all phosphodiester bonds except those with Ny, modification. After the RNase
T2 treatment, the 5’ adaptor is left with either 1, 2, or 3 nucleotides. A single nucleotide
corresponds to RNA with an unmodified 5’ end, while three nucleotides correspond to RNA
with 2 Nn modifications at the 5’ end CapTag-seq provides a highly accurate method for
quantitatively measuring the levels of capl and cap2 (Despic & Jaffrey, 2023).
CLAM-Cap-seq is a method used to identify transcripts with cap0, capl, and cap2

modifications on their 5’ ends. The mRNA is first decapped, and then reverse transcription is
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applied. The resulting complementary strand is circularised using a circular ligase, which
enables it to connect with the mRNA molecule. The RNA-DNA hybrid is then subjected to
RNA degradation using RNase T2 and KOH, leaving only RNA with N, modifications in the
DNA-RNA hybrid. After adaptor ligation, the library is subjected to Illumina sequencing,
enabling transcriptome-wide mapping of 5’ end N modifications. Nevertheless, the biggest
drawback of this method is requirement of 7 pug poly(A)+ RNA as starting material which might
not be feasible for many tissues (Despic & Jaffrey, 2023).

Internal mRNA modifications
The intricate landscape of gene expression is significantly influenced by an array of internal
mRNA modifications. Among the most well-studied internal mRNA modifications are N6-
methyladenosine (m®A), inosine (I), 2"-O-methylation (Nm) and pseudouridine (¥). Each of
these modifications has a distinct role in mRNA processing and regulation, shaping the intricate
landscape of gene expression and thus contributing to the complexity of gene expression.
Meanwhile, other less abundant modifications such as N5-methylcytosine (m°C), NI-
methyladenosine (m'A), 5-hydroxymethylcytosine (hm:C), N7-methyladenosine and N4-
acetylcytidine (ac*C) were also identified in mRNAs. However, these are less abundant, and as
a result, their roles are not as well-established. The significance and potential functions of these
less prevalent modifications remain topics of ongoing discussion and research in the field (S.
Kumar & Mohapatra, 2021; Sun et al., 2023).

This section will focus to briefly elucidate the multifaceted nature of some internal

mRNA modifications.

N6-methyladenosine (m®A)

N6-methyladenosine (m°A), the first discovered modification of mRNA, has been identified in
a wide range of biological systems. These include rats (Desrosiers et al., 1974), human cells
(Wei et al., 1976), mouse cells (Schibler et al., 1977), and even viruses (Krug et al., 1976). The
high prevalence of m®A in mRNA likely enabled its early discovery in mRNAs.

In 2012, two groups developed a method to map m°A sites using mSA-specific
antibodies and subsequent next-generation sequencing (Dominissini et al., 2012; Meyer et al.,
2012). Despite initial evidence of m®A appearing in the 1970s, it was the novel technologies,
such as mapping of m°A, that allowed the significant expansion of the m°A field. This might
be observed by a brief search on PubMed for m®A and RNA. Publications have grown from
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approximately 94 prior to 2012 to 4,996 since then, averaging 27 new publications per week in
the current year. With new approaches for mapping m°A across the whole transcriptome
calculated approximately one m°A site per 2000 nucleotides in RNA HepG2 cells (Dominissini
etal., 2012).

In humans, m°A is deposited on mRNAs co-transcriptionally by two methyl
transferases (METTL), monomeric METTL16 and heterodimeric complex METTL3/14.
METTLI16 recognises a loop of specific TACAGAGAA sequence (Mendel et al., 2018) and
the heterodimeric complex METTL3/14 recognises a single-stranded sequence motif RRACH
(IUPAC sequence standing for puRin, puRin, Adenosine, Cytosine, H - any except Guanosine).
Even though the RRACH motif is uniformly distributed among themRNA transcripts, m®A is
enriched around the STOP codon (Dominissini et al., 2012; Meyer et al., 2012). Recently three
publications showed that the exon-junction complex shapes the m°A distribution by abrogating
the METTL3/14 complex’s binding to mRNA (P. C. He et al., 2023; Uzonyi et al., 2023; X.
Yang et al., 2022).

Studies of those two separate complexes — METTL16 and METT3/14 — showed that
the same modification can lead to different consequences based on it position. When deposited
at 3’ splice site it can inhibit splicing (Mendel et al., 2021), when deposited at different loci it
can affect export (indirectly) (Lesbirel et al., 2018; Zheng et al., 2013), localisation (Flamand
& Meyer 2022), translation (Coots et al., 2017; Mao et al., 2019), polyadenylation (Wu et al.,
2023) and mRNA stability (Lasman et al., 2020).

Furthermore, m®A affects not only molecular functions but also physiological
functions. It plays crucial role in regulation of S-adenosine methionine- the methyl group donor
(Mendel et al., 2018; Pendleton et al., 2017), embryogenesis in mammals (Batista et al., 2014;
Geula et al., 2015) and plants (Zhong et al., 2008), meiosis in yeast (Clancy et al., 2002;
Schwartz et al., 2013), sex determination in fruit flies (Haussmann et al., 2016) and X-
chromosome inactivation via XIST (Patil et al., 2016) or circadian clock control (J. M. Fustin
et al., 2013; J.-M. Fustin et al., 2018).

In summary, m°A modification in mRNA has emerged as a crucial regulatory
mechanism, influencing all aspects of the mRNA life cycle and physiological functions across

diverse biological systems.
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[nosine (I)

Inosine is a modified nucleoside that is created through the deamination of adenosine in RNA.
Deamination of adenosines is performed by enzymes of the ADAR (Adenosine Deaminase
Acting on RNA) family of genes (Melcher et al., 1996). In humans, three ADAR genes have
been identified: ADAR1, ADAR2, and ADAR3. All of them possess the double-stranded RNA
(dsRNA) binding domain, which explains the position of inosines in dSRNA regions.

ADARI has three isoforms that differ in their N-terminal sequences and subcellular
localisation (Galipon et al., 2017; Pestal et al., 2015). ADARI1 is involved in the editing of both
coding and non-coding RNA and plays important roles in innate immunity (Liddicoat et al.,
2015a; Mannion et al., 2014; Niescierowicz et al., 2022) and RNA interference (W. Yang et
al., 2005). ADAR1 marks cellular dsRNA as self-molecules to avoid triggering autoimmunity
(Rice et al., 2012). The involvement of ADAR1 and inosine in innate immunity is discussed in
the next chapter.

ADAR?2 is primarily expressed in the brain. ADAR2 mutant mice have been shown to
experience seizures and die within the first three weeks after birth. Unlike ADARTI, it has been
found that their early death is not due to the activation of the innate immune system. Rather,
the mutant mice exhibit a phenotype that results from a single under-edited position in the
transcript of one subunit, one Glutamate receptor (GluA2). Unedited mRNA is translated with
a single mutation leading to a dysfunctional protein (Brusa et al., 1995). The phenotype of the
ADAR2 mutant is rescued by the knock-in of a single point mutation in GluA2 (Higuchi et al.,
2000; Seeburg et al., 1998).

ADAR3 is an inactive Adenosine deaminase but has retained its ability to bind dsRNA.
ADAR3 mutant mice have increased anxiety levels and deficits in hippocampus-dependent

short- and long-term memory formation (Miles et al., 2018).

The presence of inosine in dsSRNA molecules is a feature conserved across metazoans.
The significance of inosine has been demonstrated in the fruit fly, Drosophila melanogaster.
Genetic knockout of the only ADAR gene in flies leads to several abnormalities, including
defects in motor control, mating, and flight, as seen in ADAR null mutants - flies with no
functional ADAR gene (Palladino et al., 2000). These null mutants also exhibit increased sleep
due to synaptic dysfunction in glutamatergic neurons (J. E. Robinson et al., 2015). Moreover,
both catalytically dead and null ADAR knockouts were found to express immune-induced
molecules, highlighting ADAR's essential role in maintaining a normal immune response

(Deng et al., 2020a).
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N5-methylcytosine (m°>C)

m5C, one of the first RNA modifications identified, initially stirred debate about its existence
in mRNA. This was mainly because it was commonly found in tRNA but seemed rare in
mRNA. However, thanks to recent advancements in mapping technologies, the presence of
m°C in mRNAs was confirmed. (Huang et al., 2019; Selmi et al., 2021). NSUN2 and NSUN6
are known m>C methyltransferases that act on distinct sets of mRNAs and motifs (Huang et
al., 2019; Schumann et al., 2020; Selmi et al., 2021; Trixl & Lusser, 2019). In general, m°C is
found preferentially near the start codon (J. Liu et al., 2022; Schumann et al., 2020; X. Yang
et al., 2017), and m°C-containing transcripts are less efficiently translated (Schumann et al.,
2020). However, NSUNG6 sites are located near the stop codon, and their presence correlates
with higher translation rates (Selmi et al., 2021). Recent studies have shown that m°C is
enriched on maternal mRNAs in various species, including fruit flies, frogs, zebrafish, mice,
and humans, and preferentially near the 3' UTR (J. Liu et al., 2022). Another proposed function
of m°C is its involvement in mRNA export (X. Yang et al., 2017).

Pseudouridine (V)
Pseudouridine () is a type of RNA modification where the uridine (U) base is isomerised to

form a different base structure. ¥ was one of the first identified RNA modifications (Cohn &
Volkin, 1951; Davis & Allen, 1957). ¥ is installed by the family of enzymes called
pseudouridine synthases (PUS) and found in almost all types of RNA, including rRNA, tRNA,
mRNA, and non-coding RNA (Martinez et al., 2022). ¥ enhances stabilises the RNA structure
of tRNA and rRNA (Arez & Steitz, 1994; Davis & Poulter, 1991; Newby & Greenbaum,
2002)by stabilisation of structure in duplexes between ¥ -A, ¥ -G, ¥ -U and ¥ -C pairs
(Kierzek et al., 2014)

¥ in mRNAs is present in pseudouridine/U ratio in about 0.2-0.6% (X. Li et al., 2015). It's
deposited co-transcriptionally as well as post-transcriptionally. Presence of W in the
polypyrimidine tract in introns leading to the splicing failure due to the disability of U2AF(65)
to recognise the pseudouridylated polypyrimidine tract (C. Chen et al., 2010). In contrast,
intronic pseudouridine upstream of the 3’ ss enhances splicing (Martinez et al., 2022).
Moreover, the depletion of pseudouridine synthetases, PUS1, PUS7 and RPUSD4, leads to

widespread effects on alternative splicing (Martinez et al., 2022).
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2'-O-methylation (Nm)

Internal 2"-O-methylation (Nn) refers to methylation occurring on the ribose sugar of any
nucleotide, regardless of the nucleotide's base forming Am, Um, Gm or C. This modification is
common in TRNA and tRNA molecules. In humans, the process of Ny, of RNA is primarily
catalysed by a class of enzymes known as methyltransferases. Specifically, the 2’O-methylation
of rRNA is performed by a complex known as small nucleolar ribonucleoprotein particles
(snoRNPs) consisting of two key components, snoRNA and Fibrillarinn, where snoRNA
guides the site-specificic methylation. At the same time, a different set of enzymes conducts
the Ny, of transfer RNAs (tRNAs) in humans. A family of tRNA methyltransferase (TRMT) is
mainly responsible for these modifications. Within this family, several enzymes, including
TRMT61A and TRMT6/61B, help add a methyl group at different positions in the tRNA
molecule.

Interestingly, Nm also appears as a modification within mRNA molecules. Two
enzymes, FTSJ3, belonging to TRMT and Fibrillarin methylating primarily rRNAs, have been
shown to deposit internal N, sites on mRNA. A method called Reverse Transcription at Low
dNTP concentrations followed by PCR (RTL-P) (Z.-W. Dong et al., 2012) has revealed that
Fibrillarin, along with snoRNAs, modifies the mRNA of a gene called Pxdn with Ny. This
modification increases the stability of Pxdn mRNA but reduces Pxdn protein levels, which
suggests that Ny, may hinder translation. (Elliott et al., 2019). This probably due to the N in
mRNA codons that can significantly impair protein translation by causing a high rejection rate
of the corresponding tRNA (J. Choi et al., 2018).

The role of internal Ny, modification in mRNA has been particularly investigated in the
context of viral infections. The N modification in the mRNA cap structure serve as a mark of
cellular RNAs whereas the internal Ny, modification can stabilise the RNA. Its role in innate

immunity will be further discussed in the next chapter.

NI-methyladenosine (m'A)

Studies have revealed that the deposition of m'A is primarily limited to tRNA-like structures
within a select number of gene coding transcripts, mediated by the TRMT6/TRMT61A
complex (Dominissini et al., 2016; X. Li et al., 2016; Safra et al., 2017). It is believed that this
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Figure 3. Processing of 5'end termini in different cell types. P — terminal phosphate, rRNA —
ribosomal RNA, IncRNA — long non-coding RNA, snRNA — small nuclear RNA, tRNA — transfer RNA

modification disrupts the A-T base pairing, thereby altering the secondary structure of the RNA
(L. Lu et al., 2010). However, the demethylation of m1A by ALKBH3 can reverse this
modification (X. Li et al., 2016). Interestingly, mRNAs that contain m'A are inefficiently
translated (Safra et al., 2017).

Nevertheless, the reanalysis of data proposed that many of the formerly identified m'A
sites were misannotated and proposed that cytosolic mRNAs m'A is a rare internal
modification at very low stoichiometries and at very low number of sites (Schwartz, 2018;

Wiener & Schwartz, 2021)

mRNA cap modifications
RNA polymerases use the nucleotide triphosphates as the building blocks to synthesise RNA
molecules. This results in 5’ end triphosphates on all RNA molecules. Nevertheless, such 5

end termini are unfavoured and are further processed. Most RNA classes possess the 5'
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monophosphate, which is secured by endonucleolytic cleavage or by removal of diphosphate
by the DUSP11 (Burke & Sullivan, 2017). In contrast, the transcripts of RNA polymerase 11
undergo a process called mRNA capping. Moreover, all RNA classes need to be protected from
degradation either by making secondary structures or by 5’ end binding proteins (Chyba!
Nenalezen zdroj odkazii.).

Initially, mRNA transcribed by RNA polymerase II has a triphosphate at its 5’ end.
When the transcript reaches about 25 nt in length, the triphosphate is converted to the 5'-5'
triphosphate bridge-linked N7-methylguanosine (m’G) cap in the process of capping (Chyba!
Nenalezen zdroj odkazi.) (Coppola et al., 1983; Shatkin & Manley, 2000).

In higher eukaryotes, RNA capping is carried by two enzymes performing three
activities: RNGTT (triphosphatase and guanylyltransferase) removes the terminal phosphate
and adds GMP forming Gppp-RNA. At the same time, (RNA guanine-7-methyltransferase)
monomethylates the added guanine base on the seventh position, forming m’Gppp-RNA. This
mRNA cap structure (m’GpppNN) is termed the cap0.

Moreover, in higher organisms, mRNA cap structure can be further modified by 2'-O-
methylation on the first transcribed nucleotide (capl) or the first two transcribed nucleotides
(cap2). The transcription start site (TSS) nucleotide is always modified by the CMTR1 enzyme
forming capl (m’Gppp NmpNp) structure (Bélanger et al., 2010). Another mammalian ribose
methylatransferase, CMTR2, methylates the second transcribed nucleotide creating cap2
(m’Gppp NmpNmp) structure which is present in 50% of transcripts of polyadenylated RNAs
in human HeLa cells (Despic & Jaffrey, 2023; Furuichi et al., 1975; Wei Cha-Mer and
Gershowitz, 1975). Additionally, if the first transcribed nucleotide is adenosine, it can be
further modified at the N position of the adenine base to generate N6,2'-O-dimethyl adenosine
(m®Am) (Akichika et al., 2018; Boulias et al., 2019; Sendinc et al., 2019; Sun et al., 2019; Wei
Cha-Merand Gershowitz, 1975). Interestingly, mRNA capping happens co-transcriptionally
(Akichika et al., 2018; Galloway et al., 2021; Inesta-Vaquera et al., 2018; Pandey et al., 2020)
except 2'-O-methylation at the second transcribed nucleotide which happens only in the

cytoplasm where CMTR2 localises (Figure 4) (Despic & Jaffrey, 2023; Werner et al., 2011).
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Figure 4. Mammalian mRNA cap structure. Mammalian cap structure depends on the activities of 5

enzymes.

Cap0 function

Cap0 was implicated in multiple different functions in mRNA, from protecting from RNA
degradation by blocking XRN1 exonuclease through mRNA export and stimulation mRNA
splicing to being essential for translation initiation (Gonatopoulos-Pournatzis & Cowling,
2014).

Cap0 protect the mRNA from degradation. Triphosphorylated mRNAs are recognised
by the NUDT2, which catalyses only the first step of mRNA degradation. The
monophosphorylated mRNAs are then recognised and cleaved by 5'- 3'- end exoribonucleases
— XRN1 and XRN2 (Laudenbach et al., 2021).

Cap0 is recognised by the cap-binding complex (CBC), which coordinates various
processes involved in mRNA processing, including pre-mRNA splicing, 3'-end processing,
nonsense-mediated decay, nuclear—cytoplasmic transport, recruitment of translation factors in
the cytoplasm as well as the nuclear export of snRNAs (Elisa [zaurralde et al., 1995). The CBC
is composed of a heterodimer consisting of nuclear cap-binding protein 2 (NCBP2 or Cap-
binding protein 20 - CBP20) and NCBP1 (also known as CBP80) (Elisa Izaurralde et al., 1995).
NCBP2 directly binds to the mRNA cap, while NCBP1 acts as a stabilising factor and an
adaptor for other processing factors (Gebhardt et al., 2015; Gonatopoulos-Pournatzis &
Cowling, 2014; Topisirovic et al., 2011).
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In in vitro splicing studies was shown that the mRNA cap is unnecessary for splicing,
but it increases the splicing efficiency in HeLa nuclear extracts. Nevertheless, the addition of
a cap analogue to the reaction inhibits the splicing which pointed out to its essential role in
splicing (Edery & Sonenberg, 1985; Konarska et al., 1984; Patzelt et al., 1987). CBC facilitates
the association of U1 snRNP with the cap proximal 5'splice site during the formation of the E
(early) complex showing its importance in splicing of the first intron. However, in a pre-mRNA
containing two introns, CBC is not required for splicing of the cap distal intron. (Lewis et al.,
1996). CBC remains associated with the pre-mRNA throughout the whole splicing cycle
(Lewis et al., 1996).

Notably, only appropriately processed mRNAs - those that are capped, spliced, and
possess a polyA tail - are exported to the cytoplasm (Carmody & Wente, 2009). This
understanding was reinforced by experimental data showing that uncapped RNAs when
microinjected into a Xenopus nucleus, failed to make this transition to the cytoplasm (Cheng
et al., 2006). An exciting aspect of this process is that some export factors, such as ALYREF,
directly interact with the EJC, ensuring that only spliced mRNAs are transported from the
nucleus to the cytoplasm (Gromadzka et al., 2016). Furthermore, the cap on mRNA is
recognised by CBP80, which in turn interacts with ALYREF. This interaction promotes further
association with the TREX complex, setting the stage for nuclear export (Cheng et al., 2006).
Moreover, inhibition of polyadenylation leads to mRNA retention in the nucleus (Apponi et
al., 2010; Z. Chen et al., 1999; Tudek et al., 2018). Interestingly, the Cap Binding Complex
(CBC) remains consistently associated with the mRNA cap throughout the entirety of the
nuclear export process (Visa et al., 1977).

When mRNA is exported from the nucleus to the cytoplasm, the mRNA cap guides
another process. Cap-dependent mRNA translation initiation. The first few rounds of
translation are called the pioneer round of translation, which is CBP dependent. During this
phase, CBC directly interacts with eI[F4G (McKendrick et al., 2001). Later on, the translation
initiation is dependent on elF4e. The transition from the pioneer round of translation to the
standard mode of translation depends on the exchange of CBC for eIF4E at m’G, which is
regulated by importins (Sato & Maquat, 2009). The importance of e[F4 and cap7 on translation
was shown in various experimental setups. In vitro, Brome mosaic virus RNAs lacking m’G
cap leads to the reduction but not complete abolition of translation (Shih et al., 1976). In vivo
in tobacco protoplasts, Chinese hamsters, ovary cells, and yeast following delivery by

electroporation, only capped mRNAs are translated (Gallie, 1991).
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Interestingly, there was only limited evidence involving cap-independent translation
initiation. First are viral-specific loops in the 5' UTRs called Internal ribosomal entry. Second,
were m°A sites in 5S'UTR (Hoshi et al., 1984; Y. Yang & Wang, 2019). Nevertheless, for the internal
ribosomal entry site, there are still no known endogenous ones, and second, for m®A-dependent

translation initiation, only limited evidence was shown (Meyer et al., 2015).

Capl function

The first transcribed nucleotide of mRNA is always modified with a 2'O-methylation (Furuichi
etal., 1975; Wei Cha-Mer and Gershowitz, 1975) by the enzyme CMTR1 forming m’Gppp N
-RNA (capl) (Bélanger et al., 2010). Capl mRNA structure was shown to be important for
mRNA stability, translation and recognition of self- and non-self- RNA molecules. Probably
none if these is caused by the CBC complex, as capl does not affect the affinity of the cap-
binding protein (CBP) to m’G cap analogues (Worch et al., 2005).

Capl protects the mRNA against recognition by the nuclear decapping enzyme DXO
which recognises mRNA without Ny, modification at the first position (m’GpppRNAs),
hydrolyses it and promotes its degradation (Picard-Jean et al., 2018). Its nuclear localisation
prevents the maturation of unmethylated endogenous RNAs and their export to the cytoplasm.

Interestingly, the capl mRNA structure was never tested for splicing. Nevertheless,
capl, as well as cap2 on U2 snRNA, were tested. Both capl and cap2 were shown to be
essential for splicing in U2 snRNA. Chimeric U2 snRNA lacking Ny, modification at the first
and second transcribed nucleotide showed that N modifications are crucial for efficient
splicing and E-complex formation (D6nmez et al., 2004).

In in vitro conditions, both cap0 and capl are translated in wheat germ and reticulocyte
lysate systems. However, high input concentrations were m’GpppAm enriched up to 2-fold in
the ribosome-bound fraction (Muthukrishnan et al., 1978). In Xenopus oocytes, the maturation
of oocytes by progesterone promotes capl and cap2 methylation and polyadenylation.
Inhibition of methylation doesn't affect mRNA polyadenylation but does impact mRNA
translation. In the oocytes, cap0 mRNAs are not translated (Kuge et al., 1998). In differentiated
cells, cap0 mRNA molecules are translationally inhibited by the cap-binding protein IFIT1
during viral infection. IFIT1 specifically binds the cap0 structure, preventing the initiation of
its translation. Furthermore, the presence of capl is critical to avoid the activation of the innate

immune system, a topic that will be explored in more detail in the next chapter.
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Cap2 function

The structure of Cap2 has been observed to vary across different organisms, tissues and human
cell lines. The presence of cap2 in humans is estimated to be around 50% (Despic & Jaffrey,
2023; Furuichi et al., 1975), with a bit slightly higher occupancy in A starting transcripts
(Despic & Jaffrey, 2023). More than sequence specificity, cap2 is present on longer-living
mRNAs. Nevertheless, cap2 does not affect half-life of mRNAs neither their (Despic & Jaffrey,
2023). Interestingly, cap2 was also shown to play a role in marking cellular mRNAs as self

(Despic & Jaffrey, 2023; Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010).

m®An, cap function

mRNAs always possess a capl structure. When the TSS nucleotide is adenosine, it can be
further modified at the N6 position to form the m’Gppp m®Am-RNA by PCIF1 (Akichika et al.,
2018; Boulias et al., 2019; Sendinc et al., 2019; Sun et al., 2019). m®A,, is present in 92% of A
starting transcripts (Akichika et al., 2018). Investigation of m®An transcripts in PCIF1 KO
background does not support either mRNA stability or mRNA translation effect or rather points
out that it might have different outcomes in different cell types (Akichika et al., 2018; Boulias
et al., 2019; Pandey et al., 2020; Sendinc et al., 2019).

Cap modifying enzymes
mRNA cap structure depends on the enzymatic activity of 5 enzymes, RNGTT, RNMT,
CMTRI1, CMTR2 and PCIF1.

RNMT

RNMT (RNA guanine-7-methyltransferase) monomethylates the Gppp-RNA to m’Gppp-RNA
(cap0). Although RNMT has an active methyltransferase domain, RNMT needs to be activated
by RAM (Liang et al., 2023). RAM increases the recruitment of the methyl donor, AdoMet (S-
adenosyl methionine, SAM), to RNMT (Varshney et al., 2016).

Interestingly, naive CD4 T cells do not express RNMT either RAM; only their
activation drives their expression. To study the effect of RNMT on CD4 cells differentiation,
a conditional knockout mouse (cKO) model mouse was established, which specific deletion of
RNMT in CD4 T cells via Tg(Cd4-cre)ICwi. The cKO T cells were confirmed to possess a
Gppp-RNA cap structure. Induction of T cell activation leads to defects in the cell cycle and

apoptosis. The characterisation of naive T cells by sequencing showed over 1500 dysregulated
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genes. The analysis of the transcriptome of cKO CD4 cells showed that RNMT (cap0) is
essential for the expression of some snoRNAs and terminal polypyrimidine tract (TOP)
mRNAs (Galloway et al., 2021). Moreover, the lack of RNMT leads to decreased ribosome
synthesis, reduced translation rates and proliferation failure (Galloway et al., 2021). The fact
that RNMT is not expressed in naive T cells and the cKO T cells fail to activate indicates that

the presence of cap0 is more crucial in activated cells.

TOP transcripts
TOP transcripts, also known as TOP mRNAs, refer to a specific group of messenger RNAs

that contain a characteristic motif known as the "TOP motif" in their 5" UTR. The term "TOP"
stands for "terminal oligopyrimidine tract." These transcripts play a crucial role in regulating
protein synthesis in response to various cellular conditions, including stress (Avni et al., 1997).

TOP mRNAs are highly sensitive to stress signals and exhibit unique regulatory
properties. They are particularly responsive to stress conditions affecting cellular energy, such
as nutrient deprivation, hypoxia, and amino acid limitation. Under normal conditions, TOP
mRNAs are efficiently translated, contributing to synthesising ribosomal proteins and other
components of the translational machinery (Cockman et al., 2020).

TOP mRNAs are targets of capO binding protein LARP1 which can be regulated by
mTORCI1 (Philippe et al., 2020). In the context of cellular stress, LARP1 plays a unique role
by anchoring 5’ TOP transcripts within stress granules (SGs) and processing bodies (PBs)
(Wilbertz et al., 2019). While this relocation to granules is a stress-induced phenomenon, it
does not appear to affect the translation or decay of these transcripts during recovery (Wilbertz

et al., 2019). This indicates a nuanced, context-dependent regulation of 5TOP mRNAs.

CMTRI1

CMTRI is a multidomain protein with nuclear localisation signal (NLS), G-patch domain,
Rossman-fold methyltransferase (RFM), GTase-like domain and WW domain (Werner et al.,
2011). CMTRI1 localises to the nucleus (Werner et al., 2011) and interacts with RNA pol II via
its WW domain (Inesta-Vaquera et al., 2018). WW domain is well-known for interacting with
RNA pol II C-terminal domain (CTD). CMTRI1 interacts with RNA pol II only when CTD is
phosphorylated at Ser5 (Inesta-Vaquera et al., 2018). This interaction enables the methylation
of pre-mRNAs during the early elongation stages of transcription when the mRNA is m’G

capped (Heidemann et al., 2013).
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Another protein interacting factor of CMTRI1 is DHX15 (Inesta-Vaquera et al., 2018;
Toczydlowska-Socha et al., 2018). DHX15 was shown as splicing factor under the gene name
Prp43 in yeasts. CMTR1 can methylate only ssRNA, and as DHX15 is a helicase, one proposed
function of this interaction is enabling CMTR1 to methylate structured mRNAs by DHX15
unwinding the dsRNA regions. Indeed such a case was confirmed in vitro, where CMTR1
could methylate dsSRNA only when incubated with DHX15 (Toczydlowska-Socha et al., 2018).
Nevertheless, another study showed that methylation activity on ssRNA of CMTRI1 decreases
when in complex with DHX15 (Inesta-Vaquera et al., 2018). Moreover, the interaction of
CMTRI1 with DHX15 and RNA pol II is mutually exclusive with distinct localisations
indicating that DHX15-CMTR1 complex might have distinct, yet unknown fucntion (Inesta-
Vaquera et al., 2018).

The physiological function of CMTRI
Differentiation of Mouse embryonic stem cells (mESC) upon LIF (Leukemia Inhibitory Factor)
withdrawal showed that levels of CMTRI increase during the differentiation. The lack of
CMTRI1 by siRNA knockdown (KD) leads to the failure of mESC cells to differentiate upon
LIF withdrawal as well as during neural differentiation (Y. L. Lee et al., 2020; Liang et al.,
2022). Knockdown of Cmtrl leads to downregulation of histone and ribosomal genes (Liang
et al., 2022). Reduction of histones leads to DNA damage (Hogan & Foltz, 2021), also
confirmed in the Cmtrl KD cells (Liang et al., 2022). Moreover, Cmtrl KO mice are
embryonically lethal (Y. L. Lee et al., 2020).

siRNA-mediated Cm#r! KD in DIV2 (day in vitro neurons) rat neurons impairs
dendritic development. Moreover, Cmtrl/-cKO Emx1 (cKO in EMXI1-expressing neuronal
progenitors) mice show reduced cortical size and abnormal dendritic morphology (Y. L. Lee
et al., 2020).

In addition, CMTR1 was also implicated to have a role in cancer progression.
Upregulation of CMTRI1 is correlated with poor prognosis in colorectal cancer, while CMTR1
downregulation by siRNA-mediated KD led to suppressed cell proliferation and tumorigenicity

(You et al., 2023).
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CMTR2

The second transcribe nucleotide is modified in approximately 50% (Despic & Jaffrey, 2023;
Furuichi et al., 1975) cases by the action of CMTR2 enzyme forming m’GpppNmNm-RNA
(cap2) (Werner et al., 2011). CMTR2 is less studied compared to CMTRI1.

CMTR?2 localises primarily to the cytoplasm (Werner et al., 2011). CMTR2 consists of
two Rossman-fold MTase domains, with only the first domain possessing catalytic activity
(Smietanski et al., 2014). In vitro methylation studies have shown that CMTR2 can methylate
both m’G and m**’G caps in mRNA and snRNA (Werner et al., 2011).

The physiological function of CMTR2

A genetic fly model of CMTr2 exhibited no defects. Immunofluorescence analysis revealed
that CMTr2 localises to the polytene chromosomes in flies (Haussmann et al., 2022), while in
mammals, it predominantly localises to the cytoplasm (Werner et al., 2011). Moreover,
dCMTR?2 in flies shows an affinity for methylating the first transcribed nucleotide to form the
capl structure. This indicates the possibility of redundant functions between Drosophila
melanogaster CMTrl and CMTr2. Fly double mutants lacking both CMTr1 and CMTr2 are

viable but exhibit defects in reward learning (Haussmann et al., 2022).

As well as capl, it has been shown that cap2 plays a role in recognising self and non-

self-RNA molecules (Despic & Jaffrey, 2023; Schuberth-Wagner et al., 2015).

PCIF1

Phosphorylated C-terminal domain-interacting Factor 1 (PCIF1) methylates A starting
transcripts to generate m®An. This enzyme is primarily localised in the nucleus and is known
to interact with RNA polymerase I (RNA pol II) during the early stages of transcription
elongation, facilitated by its WW domain (Akichika et al., 2018). Interestingly, the absence of
PCIF1 does not affect cell viability or growth in human cell lines, highlighting its non-essential
role in basic cell function (Akichika et al., 2018; Boulias et al., 2019; Sendinc et al., 2019).
However, cells lacking PCIF1 exhibit increased sensitivity to oxidative stress, implying a
potential role of PCIF1 in the cellular response to oxidative damage (Akichika et al., 2018).
Studies on animal models revealed that mice that PCIF1 is not crucial for viability or fertility,
but, he PCIF1 KO animals display decreased body weight, hinting to at an important role of
PCIF1 that is not yet understood (Pandey et al., 2020).
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Innate immunity

In the process of evolution, various changes occur in populations of organisms over time,
leading to adaptations that increase their fitness in response to environmental pressures. These
genetic changes are passed down from generation to generation, allowing for the emergence of
new traits and, in some cases, the formation of new species. These changes can occur due to
various mechanisms, including mutation, gene flow, genetic drift, and natural selection. One
of the less obvious but key factor in the evolution of organisms is the pathogen-host interaction,
where there is an ongoing arms race in which pathogens evolve new ways to infect hosts, and
hosts evolve new defences to resist infection. This arms race was a key component in the
evolution of the immune system.

The immune system can be divided into two main branches: innate immunity and
adaptive immunity. Innate immunity is evolutionarily older, fast, and does not need the
individual to meet the pathogen in advance. One possesses it from birth, whereas adaptive
immunity is acquired over time.

Innate immunity uses a variety of specialised cells and molecules to sense the presence
of pathogens and initiate a rapid response. These cells and molecules are collectively known
as pattern recognition receptors (PRRs), and they can recognise conserved structures
commonly found on many different types of pathogens. The conserved pathogens’ structures
are called pathogen-associated molecular patterns (PAMPs) and could be any molecular
structure uncommon for the host. When PRRs recognise PAMPs, they trigger a signalling
pathway that leads to the activation of the innate immune system leading to the production of
molecules such as cytokines and chemokines, which attract other immune cells to the site of
infection and activate their effector functions to clear the pathogen. Examples of PAMPs could
be components of bacterial cell walls like lipopolysaccharide (LPS) and peptidoglycan, fungal
cell wall components like beta-glucans and viral RNA and DNA.

Nucleic acids in recognition of non-self

Innate immunity to sense the non-self PAMPs is present from bacteria to humans. Even though
the innate immune systems are different among different species, they still have some
similarities. Notably, over 60 different innate immune systems were found in bacteria (Duncan-
Lowey et al., 2023; Tesson et al., 2022). Nevertheless, only a minimum of those are similar to

the human innate immune system which cover recognitions of non-self nucleic acids.
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One mechanism is to recognise the viral DNAs in bacteria, where DNA modifications
are essential is the restriction digestion system. In brief, restriction enzymes are endonucleases
that recognise specific DNA sequences not found in their own genome, allowing cleavage of
any non-self DNA sequence, and thus, degradation of the viral genome. Evolutionary, some
bacteria ‘improved” their restriction digestion system and modified their genome with m>dC or
m®dA. Their restriction endonucleases were then targeting only sequences lacking those
modifications. Nevertheless, some viruses overcame this phenomenon, and are able to modify
their nucleic acids as well. In mammals, if DNA or non-methylated CpG motifs are found in
the cytoplasm, it is sensed as non-self DNA (Krieg, 2002).

A newly discovered bacterial system known as RADAR (restriction by an adenosine
deaminase acting on RNA) is comprised of two genes: an adenosine triphosphatase (RdrA) and
an adenosine deaminase (RdrB). When phage infects cells, the RADAR system deaminates the
pool of ATP, effectively inhibiting phage propagation (Duncan-Lowey et al., 2023). Although
it was initially thought that the RADAR system might edit adenosines in RNA, subsequent

studies showed that no increase in inosines in RNA was observed (Duncan-Lowey et al., 2023).

Interestingly, adenosine deamination in mRNA molecules has been found to be a
critical component of the innate immune system in metazoans, where inosines in dsRNA
regions serve as mark of self-RNAS. Recognition of dsSRNA without any inosines is recognised
as non-self (Junqueira et al., 2016). Recognising dsRNA leads to innate immune system
activation in both vertebrates and invertebrates. Nevertheless, with different outcomes.
Whereas in mammals, the recognition of dsRNA leads to Interferon (IFN) expression
(Liddicoat et al., 2015a; Mannion et al., 2014; Niescierowicz et al., 2022), in invertebrates, no
interferon genes are present, and it leads to the expression of immune genes (Deng et al., 2020a;
L. Xu et al., 2013). Some viruses, such as rotavirus (Reoviridae), use dsSRNA as their genome.
Additionally, some ssRNA viruses have dsRNA as an intermediate during replication or
produce replication byproducts such as defective viral genomes or transcription to create
mRNAs. For example, the DNA virus Herpes simplex virus has dsRNA during the

amplification of its transcriptome due to bidirectional transcription.

Sensors of non-self RNA in human

There are four classes of enzymes that recognise non-self RNA molecules: Toll-like receptors
(TLR), oligoadenylate synthase-like proteins (OAS), retinoic acid-inducible gene I (RIG-I)-
like receptors, and protein kinase R (PKR). TLR and RIG-I-like receptors are constitutively
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expressed in cells, while the expression of OASes and PKR is induced by the activation of the
innate immune system via interferon. As a result, TLR and RIG-I-like receptors serve as the
first line of defence against pathogens in the cell, whereas OASes and PKR function as the

second layer (Anderson et al., 2010; U. Y. Choi et al., 2015; Lemaire et al., 2008).

Toll-like receptors

First, in endosomes, viral RNA can be recognised by Toll-like receptors (TLR) — TLR3, TLR7
and TLR&. dsRNA is sensed by TLR3 whereas ssRNA is recognised by TLR7 and TLRS8 (Y.
G. Chen & Hur, 2022).

Toll-like receptors have limited expression patterns, mainly expressed in immune and
epithelial cells (Martinez-Espinoza & Guerrero-Plata, 2022). TLR receptors form dimers
which, upon the recognition of viral RNA, change the conformation leading to the recruitment
of adaptor proteins and the activation of downstream signalling pathways. This results to the

activation of expression of cytokines or interferons or TNF-alpha (Petes et al., 2017).

Protein kinase R

The dsRNA can be sensed by the protein kinase R (PKR). PKR is one of the Interferon
stimulated genes which, upon expression, is inactivated and activated by the binding to dSRNA,
leading to its dimerisation and autophosphorylation. Activated PKR phosphorylates the o-
subunit of the translation initiation factor elF2, leading to global translation inhibition. The
substrate of PKR activation is double-stranded RNA of a minimum length of 30 nucleotides
(Lemaire et al., 2008). Moreover, structured small RN As can activate PKR activity (Nallagatla
et al.,, 2007). Modifications in ssRNA can slightly decrease PKR activity (Nallagatla &
Bevilacqua, 2008), but the effect of different the modifications is more prominent on dsSRNAs.
Moreover, the effect of RNA modification in dsSRNA and ssRNA on PKR activation differs.
For example, modifications such as s*U, s*U, 2'-dU and PS-G (o-Phosphorothioguanosine) in
dsRNA decrease the PKR activity, whereas in ssRNA s?U, I°U and m°A in ssRNA (Nallagatla
& Bevilacqua, 2008).

Oligoadenylate synthase-like proteins
Another class of interferon stimulated genes are oligoadenylate synthase-like proteins (OAS),

which consist of 4 isoforms OAS1, OAS2, OAS3 and OASL. OAS family proteins can
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synthesise the 2'-5'- linked oligoadenylate, which leads to the activation of RNase L. Activated
RNase L then degrades all classes of RNAs in the cytosol (U. Y. Choi et al., 2015).

RIG-I-like receptors (RLRs)

In cytoplasm are cytoplasmatic sensors of viral RNA - retinoic acid-inducible gene I (RIG-I),
melanoma differentiation-associated protein 5 (MDAS) and laboratory of genetics and
physiology 2 (LGP2). All are from a family of RIG-I receptors. Compared to Toll-like
receptors, the cytoplasmatic sensors are ubiquitously expressed among all tissues.

All three RIG-I-like receptor members possess a central helicase and a carboxy-
terminal domain (CTD). The central helical domain is composed of three helicase domains -
Hell, Hel2i, Hel2 and the pincer domain. RIG-I and MDAS also possess N-terminal repeated
caspase recruitment domains (CARDs). Helicase and CTD domains act together to detect
immunostimulatory RNAs. Binding to immunostimulatory RNAs causes activation of the
sensor via conformation change, allowing the CARD domains to associate with MAVS.
Activated MAVS then trigger signalling, leading to cytokine expression such as I[FN. The IFN,
in turn, initiate the production of a large set of interferon-stimulated genes (ISGs) in the infected
cell and those nearby to create an anti-pathogenic environment (Rehwinkel & Gack, n.d.;

Schoggins et al., 2011).

Both RIG-I and MDAS recognise dsSRNA. MDAS preferentially binds long dsRNA,
whereas RIG-I the short dSRNA. Moreover, RIG-I binds the RNAs that are uncapped on their
S’'end. As immunostimulatory RNAs are recognised dsRNAs lacking inosines or having
unprocessed or not enough process 5'end such as 5'triphosphate (Hornung et al., 2006;
Pichlmair et al., 2006), 5'diphosphate (Goubau et al., 2014; P. Kumar et al., 2013; Ren et al.,
2019) or only lack the 2'0O- methylation on the first transcribed nucleotide (Schuberth-Wagner
et al., 2015; Wang Yanli et al., 2010; Ziist et al., 2011).

Double-stranded RNA molecules in recognition of non-self

Most of the RNA inside our cells is single-stranded, meaning it's made up of a single chain.
Nevertheless, parts of mRNAs loop around due to self-complementary sequences, forming
short double-stranded regions. On the other hand, many viruses generate long double-stranded
RNA (dsRNA) during their lifecycle, making dsRNA a potential sign of viral invasion in our

cells. This triggers an activation in our innate immune system.
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For instance, some viruses, like rotavirus, a member of the Reoviridae family, have
dsRNA as their genetic material (Uzri & Greenberg, 2013). Other viruses, even though their
primary RNA is single-stranded, create dsSRNA as an intermediate during the replication of
their genome, as well as during transcription. Or for example, herpes simplex virus type 1
(HSV1), a DNA virus, employs bidirectional transcription, which also produces dsRNA (J.
Zhao et al., 2021).

Our cells must avoid mistakenly recognising their dsSRNA as viral-like, so our cellular
RNAs are marked as 'self’ by an enzyme called ADAR1. ADARI is a nuclear protein that binds
to dsRNA in the nucleus and deaminates adenosine to inosine. This process is called A-to-I
RNA editing, and it is critical to prevent our immune system from mistakenly responding to
our own dsRNA, which could result in autoimmune conditions (Liddicoat et al., 2015b;
Mannion et al., 2014).

Inosine plays a critical role in the self vs non-self distinction within metazoan innate
immune systems, acting as a marker for self-molecules to evade recognition by the immune
system. Consequently, as previously discussed, double-stranded RNA (dsRNA) sensors, such
as RIG-I, MDAS5, and LPG2, are designed to identify only those dSRNA molecules that lack
inosine (Liddicoat et al., 2015b; Mannion et al., 2014; Stok et al., 2022). In this manner, these
sensors maintain a fine-tuned balance in discerning foreign from self-entities within the
organism.

The correct recognition of self-RNA molecules is crucial for maintaining immune
homeostasis. A deficiency in editing by ADARI1 can lead to the misrecognition of self-RNA
as non-self, triggering inappropriate immune responses. This situation is exemplified in
autoimmune disorders such as Aicardi-Gouti¢res syndrome (AGS). Mutations within ADARI
that alter its expression pattern or editing efficiency can result in persistent interferon
signalling, a hallmark of this disease (Rice et al., 2012).

The importance of Adarl’s role in innate immunity was demonstrated in mice null
mutants. Mice Adarl mutants die by embryonic day E12.5 due to the overexpression of
interferon, as detected by the presence of interferon-stimulated genes (Mannion et al., 2014;
Liddicoat et al., 2015). The phenotype can be partially rescued by the lack of MDA5(Liddicoat
et al., 2015a) or Mavs (Mannion et al., 2014) receptor. The role of Adar! in the innate immune

response is also conserved in Zebrafish (Niescierowicz et al., 2022).

As Interferon signalling is known to be part of innate immunity only in vertebrates, it

is interesting that A-to-I editing has a conserved role in being a mark of self-RNA molecules
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in flies as well. Both catalytically dead and null ADAR knockouts were found to express
immune-induced molecules, highlighting the essential role of ADAR in maintaining a normal
immune response(Deng et al., 2020b). It recognises non-self-RNA molecules in flies by Dicer-
2 (Deng et al., 2020b), an enzyme generally involved in processing small RNAs. The role of
Dicer-2 in sensing on-self molecules in flies is further emphasised during viral infections,
where the lack of Dicer-2 leads to heightened production of immune-induced molecules
(Deddouche et al., 2008)

In conclusion, the A-to-I editing represents another critical layer in distinguishing self-
RNA in dsRNAs which are conserved from fly to humans. This distinction prevents an
autoimmune response, illustrating ADAR's vital role in maintaining the immune system's

balance.

RNA modifications in recognition of non-self
Up to today, we know about 160 different RNA modifications (Boccaletto et al., 2018). While
those have many functions, mainly in gene expression, some also function in the recognition
of self and non-self-RNA molecules.

In humans, many RNA modifications contribute to distinguishing self- vs non-self-
RNA molecules. Modifications abolishing the activation of cytoplasmic RIG-I family receptors
are mRNA cap modifications (Hornung et al., 2006; P. Kumar et al., 2013; Ren et al., 2019;
Schuberth-Wagner et al., 2015), inosine in dSRNAs (Hartner et al., 2008; Junqueira et al., 2016;
Liddicoat et al., 2015a; Mannion et al., 2014; Niescierowicz et al., 2022), My, y, s°U, m°U,
m>C, hm°C, m®A (Durbin et al., 2016). On the other hand, m°C, m®A, m°U, s*U, y (Kariko et
al., 2005), Internal N, modifications but Cr, ablates activity of TLR receptors (Cekaite et al.,
2007; Eberle et al., 2008; Robbins et al., 2001).

Internal 2'-O-methylation in innate immunity

The internal Ni, modification in mRNA has been investigated in the context of viral infection.
This modification has been identified in several viruses, including Human immunodeficiency
virus (HIV1) (Ringeard et al., 2019), Sudan ebolavirus (B. Martin et al., 2018), as well as
Flaviviruses West Nile and Dengue virus (H. Dong et al., 2012). In the Ebola virus, the L
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Figure 5. mRNA Cap evolution. The methylation status between various organism differ.

protein is responsible for internal Ny, modifications. Similarly, in Dengue and West Nile
laviviruses, the NS5 protein conducts these modifications. Both enzymes methylate not only
HIV1 virus transcripts are Ny, modified by the cellular enzyme FTSJ3, which helps avoid
detection by MDAS (Ringeard et al., 2019) exonuclease activity of ISG20, thereby enhancing
mRNA stability upon Interferon expression (Kazzi et al., 2023).

mRNA cap modifications in recognition of non-self-RNA molecules

A distinguishing feature of our mRNAs is the inclusion of an mRNA cap structure (Figure 4). Given that this specific cap

structure is found in all our processed mRNAs, evolutionary differs between organisms (

Figure 5), makes it a sophisticated target to identify foreign RNAs.

Immunostimulatory RNAs (Figure 6) are recognised as dsRNAs lacking 2'O-
methylation at the first transcribed nucleotide irrespectively of cap0 (m’GpppN-RNA) or tri-
or diphosphates (pppN-RNA and ppN-RNA) at the 5’ end (Goubau et al., 2014; Hornung et al.,
2006; P. Kumar et al., 2013; Pichlmair et al., 2006; Schuberth-Wagner et al., 2015; Wang Yanli
et al., 2010; Ziist et al., 2011). mRNA cap structure was shown to be recognised by RIG-I
(Schuberth-Wagner et al., 2015) and MDAS (Ziist et al., 2011). 2'O-methylation at the first
transcribed nucleotide is crucial to prevent RIG-I activation as it presents reduced binding and,

as a consequence, interferon pathway activation, as the methyl group clashes with its conserved

35



histidine (H830) (Devarkar et al., 2016; Schuberth-Wagner et al., 2015; Wang Yanli et al.,
2010). Interestingly, transfection of mRNAs having only a second transcribed nucleotide 2'O-
methylated does not completely but significantly block IFN production as m’GpppNNm-RNA
as well as pppNNm-RNA compared to non-self RNA molecules (Schuberth-Wagner et al.,
2015; Wang Yanli et al., 2010). Similarly, KO of CMTR2 in HEK cells showed mild elevation
of Interferon stimulated genes (Despic & Jaffrey, 2023). Capl methyltransferase, CMTRI,
belongs to the ISG genes, which is why its other gene name is ISG95 (Shaw et al., 2017;
Williams et al., 2020). Interestingly, stimulation of human cells with Interferon-f leads to lower

expression of ISGs upon siRNA-mediated KD of CMTR1. Moreover, KD of CMTR] leads to

mRNA cap structures
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Figure 6. Sensing of the mRNA cap structure. mRNA cap structure prevents recognition of RNA
molecule as non-self when 2'0-methylated (methylation mark aiming to the bottom) at first transcribed
nucleotide. Interestingly, m6A (methylation mark aiming to the top) was never studied at the first

transcribed nucleotide in recognition of self- and non-self-RNA molecules
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higher propagation of positive-sense RNA viruses, Zika virus (ZIKV) and dengue virus
(DENV) (Williams et al., 2020). Both ZIKV as well as DENV carry their own capl 2'O-
methyltransferase. This proposes a function of CMTRI to increase the expression of ISGs

which may slow down the replication of viruses.

Conversely, some viruses carry their own viral methyltransferase responsible for capl
mRNA structure. Their mutations lead to decreased growth of Dengue virus (H. Dong et al.,
2010), Yellow fever virus (Schuberth-Wagner et al., 2015), Coronavirus (Ziist et al., 2011),
West Nile virus or vaccinia virus (Daffis et al., 2010).

There are a few interferon-induced cap-binding proteins, such as IFIT1 and IFITS
(Abbas et al., 2017; Habjan et al., 2013; Miedziak et al., 2020; Pichlmair et al., 2011). N at
the first position was shown to increase the translation due to IFIT1, which competitively
inhibits the translation machinery of unmethylated RNA (Abbas et al., 2017; Habjan et al.,
2013). Interestingly, IFIT1 binds with a stronger affinity to A-starting transcripts than G-
starting (Miedziak et al., 2020).

Self-RNA molecules recognised as non-self

RIG-I and MDAS can also bind the self-RNA s with signatures of non-self. RIG-I binds the
vault RNAs under the infection of Kaposi's Sarcoma-associated herpesvirus (Y. Zhao et al.,
2018). Newly transcribed vault RNAs possess the 5'-triphosphate, which is DUSP11 processes.
It's activity results in 5’ monophosphorylated RNAs. Nevertheless, during the Kaposi's
Sarcoma-associated herpesvirus infection, the vault RN As are triphosphorylated, probably due
to the decreased levels of DUSP11 (Burke & Sullivan, 2017). Interestingly, the
triphosphorylated vault RNA blocks the Kaposi's Sarcoma-associated herpesvirus lytic
reactivation (Y. Zhao et al., 2018).

How viruses try to avoid recognition

Viruses utilise various mechanisms within host cells to evade recognition as pathogens
invading the cell. One key factor for recognising non-self'is the mRNA cap structure, and many
viruses have found ways to utilise it. There are four primary mechanisms that viruses use to
avoid recognition, with some viruses using more than one mechanism. Firstly, some viruses
with a nuclear replication cycle utilise cellular transcription machinery, resulting in viral
mRNAs being capped and modified like cellular mRNAs. Secondly, certain cytoplasmic

viruses encode their own RNA-capping machinery. The third mechanism is to acquire the cap
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structure from cellular mRNA via a process called cap snatching. The fourth option involves
encoding proteins that covalently bind to the 5’ ends of mRNA to prevent recognition by RIG-
I-like receptors (Table 7). Moreover, to avoid sensing, some viruses also inhibit the innate
immunity pathway (Bowie & Unterholzner, 2008; H.-C. Lee et al., 2019; Simmons et al.,
2013).

Nuclear transcription using cellular machinery
Many DNA viruses, including both DNA viruses and retroviruses such as Polyomavirus,

Papillomavirus, Parvovirus, Hepatitis B Virus (HBV), and Human Immunodeficiency Virus
(HIV), undergo a nuclear replication cycle. This allows them to utilise the host’s cellular
transcription machinery for their propagation. Specifically, these viruses can employ the host's
DNA-dependent RNA polymerase. This interaction enables the modification of viral RNA in
a manner similar to host RNA (Baltimore, 1971; K. H. Choi, 2012).

Encoding own capping machinery
Numerous viruses, particularly those with a cytoplasmic life cycle, encode their own RNA-

modifying enzymes as part of their replication and transcription machinery. This adaptation is
crucial as RNAs, without any modifications, would be swiftly recognised as foreign by host
cells, leading to an immune response. To circumvent this, such viruses come equipped with
their own machinery for capping RNA. In humans, the placement of capl modification relies
on three enzymes (RNGTT, RNMT, CMTR1), whereas viruses typically utilise one or two

enzymes with the necessary catalytic domains for these activities.

Certain viruses, such as poxvirus and coronaviruses, utilise two enzymes for this
process. Poxvirus carries the genes DIR and D12L (Cobb, 2017; Crick, 1970; Farlow et al.,
2010), while coronaviruses employ NSP14 and NSP16 (Bobrovs et al., 2021; Pan et al., 2022;
Wilamowski et al., 2021) to deposit cap0 and capl modifications. Conversely, some viruses
consolidate both cap0 and capl activities into a single protein. An example is the rotavirus,
which uses the protein VP3 for this purpose (Ogden et al., 2014). This mechanism is considered
less efficient than the cellular capping enzymes (Moreno-Contreras et al., 2022; Uzri &

Greenberg, 2013).
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Table 1. Key replicative characteristics, viral RNA 5’ modifications, and responsible enzymes in
diverse families of mammalian viruses. The table lists selected examples of viral families that infect
mammals, along with the location of their lifecycle, the detected 5' end modifications of viral RNA, and
the enzymes responsible for these modifications. Note the unique ‘cap-snatching’ mechanisms
employed by the Orthomyxoviridae and certain Bunyavirales species. 'RT' stands for reverse

transcriptase, and 'DdRp’ refers to DNA-dependent RNA polymerase.

S RNA 5'END
=] FAMILY EXAMPLES REPLICATION RNA 5’'END PROCESSING
& ENZYME
Polyomaviridae Baliomaiiiue nucleus capl host DdR
" JVvirus P P
Human
Papillomaviridae | papilomavirus nucleus capl host DdRp
z (HPV)
2 Adenovirus
g Adenoviridae serotype 2 nucleus capl host DdRp
Herpes simplex
Herpesviridae virus (HSV-1) nucleus capl host DdRp
Poxviridae Variola virus cytoplasm capl D1R, D12L
<
é Parvoviridae |Canine parvovirus| nucleus capl host DdRp
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Certain viruses, such as Flaviviruses, VSV (Rhabdoviridae), and Ebola virus
(Filoviridae), utilise specific proteins that bear all the catalytic activities required for
replication, transcription, and RNA capping in one single enzyme. Flaviviruses employ the
NS5 (L. Liu et al., 2010). At the same time, VSV (Rhabdoviridae) (Ogino & Green, 2019) or
Ebola virus (Filoviridae) (Martin et al., 2018) rely on the L protein, both proteins bearing all
the catalytic activities for replication/transcription and RNA capping.

In conclusion, despite variations in the number of proteins utilised, viruses’ ultimate
goal is to evade recognition by the host cell. Whether it involves employing multiple enzymes
or consolidating activities into a single protein, viruses adapt their replication and transcription
machinery to ensure escape from host immune responses. This highlights the remarkable ability
of viruses to manipulate host processes and underscores the importance of studying these

mechanisms for developing effective antiviral strategies.

Cap snatching
In the mechanism known as 'cap-snatching,’ certain viruses exploit their viral proteins to cleave

the 5' terminal RNA of the host cell, which bears the cap1 structure, and use it as a primer for
its own transcription. This strategy culminates in generating hybrid molecules, integrating

elements from both the host and viral mRNA.

A subset of viruses, including influenza viruses and viruses from the Bunyavirales
order, such as Lassa virus, hantaviruses, and arenaviruses, employ cap-snatching. However,
notable differences exist between these two categories. Influenza viruses, for instance, localise
to the nucleus, where their RNA-dependent RNA polymerase (RdRp) interacts with RNA
polymerase II, cleaving the 5’ ends of small nuclear RNAs (snRNAs) or pre-mRNAs. In
contrast, bunyaviruses localise to the cytoplasm, where they cap-snatch mRNA (Olschewski et
al., 2020).

Moreover, influenza viruses rely on an RdRp protein complex consisting of three
different proteins—PA, which contains an endonuclease (EN); PB1, serving as the RdRp; and
PB2, featuring a cap-binding domain (CBD) (De Vlugt et al., 2018; Olschewski et al., 2020).
In contrast, Bunyavirales use a single L protein encompassing all three domains (Olschewski
et al., 2020). A fascinating example is the mosquito-transmitted Rift Valley fever virus, a
bunyavirus that preferentially cap-snatches mRNA terminal oligopyrimidine (TOP) transcripts

(Hopkins et al., 2015).
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Interestingly, the Influenza virus, as it is dependent on CMTR1 to make capl RNA
structure, was shown that the KD of CMTR/! inhibits viral replication and up-regulates anti-
viral genes in human fibroblasts infected with the Influenza virus (B. Li et al., 2020). Moreover,
a selective CMTRI1 inhibitor was shown to abrogate the capping of the Influenza virus and,
thus, its replication in cells and mice (Tsukamoto et al., 2023). In summary, the cap-snatching
mechanism employed by various viruses underscores the complex interplay between host and
pathogen, shedding light on potential therapeutic targets such as CMTRI1, whose inhibition

could stifle viral replication and bolster the host's anti-viral response.

Viral cap-binding proteins
The known viruses without m’G cap structure belong to +ssRNA viruses, such as

Picornaviridae, Caliciviridae, and Hepeviridae. Those viruses either possess monophosphate
at their 5’end or covalently attached protein to the 5’end (Nomoto et al., 1976). Such a protein
in Poliovirus is called viral protein genome-linked (VPg). VPg is by its tyrosine linked by
phosphodiester linkage to viral RNA (Ambros & Baltimore, 1978; Crawford & Baltimore,
1983). Protein-bound to the 5’'end of mRNA diminishes recognition of such RNA by
cytoplasmic RIG-I-like sensors (Furuichi, 2015).

Inhibition of the innate immune system
In addition to evading recognition by cellular machinery by modifying their RNA caps, viruses

have developed strategies to inhibit crucial cellular processes, including those involved in viral
nucleic acid detection and interferon response. [FNs play a pivotal role in the innate immune
response by triggering antiviral defences and orchestrating the immune system'’s response to
viral infections. However, viruses have evolved sophisticated mechanisms to subvert these
defence mechanisms, enabling them to establish successful infection and replication within
host cells.

For instance, Influenza, a common respiratory virus, encodes a protein known as non-
structural protein (NS1). NS1 can directly bind to and decrease the activation of RIG-I, a sensor
of non-self-RNA (Pichlmair et al., 2006). This decreases the host cell’s ability to detect and
respond to the virus, thereby promoting viral replication (Jureka et al., 2020).

In a similar fashion, the Rotavirus, a common cause of severe diarrhoea in young
children, uses its Viral Protein 3 (VP3) to inhibit the host’s innate immune response. The VP3
protein is multifunctional; it not only acts as an mRNA capping enzyme but also plays a

significant role in the phosphorylation of MAVS, another sensor of viral infections. The
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phosphorylation leads to the degradation of MAVS, further inhibiting the host’'s immune
response. Moreover, VP3 also possesses a 2'-5'-phosphodiesterase (PDE) domain that can
degrade 2'-5'-oligoadenylate (2-5A), an activator of RNase L, effectively preventing its
activation. This leads to the inhibition of another level of innate immunity (Song et al., 2020;

R. Zhang et al., 2013, Ding et al., 2018)

The Zika virus, particularly a Brazilian isolate, has evolved a different strategy to
counter the host's immune response. Its protein NS5 has been demonstrated to disrupt the
interferon-o/f receptor (IFNAR) signalling, an integral part of the interferon response, by
depleting signal transducer and activator of transcription 2 (STAT) and blocking STATI
phosphorylation. Upon activation, IFNAR dimerises activating downstream JAK/STAT
signalling and thus abrogating induction of ISGs expression (Hertzog et al., 2018).

In addition to the above examples, NS5 of the Dengue virus also demonstrates an
antagonistic effect on the innate immune system. NS5 can associate with and target for
degradation of STAT2, inhibiting STAT2-dependent ISGs expression (Ashour et al., 2010;
Morrison & Garcia-Sastre, 2014).

Similarly, the Hepatitis C virus (HCV) has also evolved strategies to inhibit interferon
signalling and other innate immune responses. One such mechanism involves the HCV NS3/4A
protease, which cleaves Toll-like receptor 3 adaptor protein TRIF and thus reduces signalling
via TLR3 (K. Li et al., 2005). The second target of NS3/4A protease is MAVS. Cleavage of
MAVS leads to its dissociation from the mitochondrial membrane, abrogating the activation
ability of MAVS, thereby suppressing the induction of IFN. Moreover, HCV employs another
strategy to disrupt innate immunity. This interaction by NS5A impedes the PKR'’s activation
process, usually involving its dimerisation (Gale et al., 1998). Both NS3/4A and NS5A play
crucial roles in antagonising the activation and the signalling of the innate immune system,

thus aiding the survival of the virus in the host cell.

The examples provided demonstrate just a fraction of the diverse strategies viruses use
to dodge removal by the host cell, thereby boosting their chances of survival. This diversity
across different viruses underscores the vital role of these mechanisms in the viruses’ success.
Viruses exemplify the continual struggle throughout evolutionary history between pathogens
and their hosts by developing these varied methods to sidestep and impair the innate immune

response.

42



RNA modifications in the development of RNA therapy

Understanding the role of RNA molecules in protecting being recognised as non-self RNA
molecules and their molecular properties showed their importance in developing RNA-based
therapies. As shown in early studies of Katalyn Kariko and later her group, transfection of
unmodified RNA molecules leads to the expression of interferon. In contrast, RNA with RNA
modifications (m°C, m®A, m°U, s*U, or ) leads to decreased to non-detectable expression of
interferon via the TLR receptors (Kariko et al., 2005). Moreover, incorporating ¥ into the
transfected RNA enhances translation yields (Kariko et al., 2008) due to the enhanced stability
of RNA (Davis, 1995; Kariké et al., 2008). Moreover, ¥ diminishes PKR activation. Since
PKR activation leads to the abrogation of protein synthesis, the presence of ¥ in mRNAs
enhances the translation of transfected mRNA (Anderson et al., 2010). Furthermore, the
presence of NI-¥ (m'¥) outperforms the ¥ and provides enhanced protein expression in
translation activity (Andries et al., 2015). This is even more prominent if transfected mRNA
contains m'¥ in combination with m°C (Andries et al., 2015).

Similarly, transfection of siRNAs activates the innate immune response via the TLR
receptors activation. Interestingly, the substitution of uridines by Uy, ablates the activation
(Cekaite et al., 2007). Moreover, further studies showed that any N, modification but Cy,
modification show the same effect (Eberle et al., 2008; Robbins et al., 2001).

In essence, understanding RNA modifications plays a pivotal role in the advancement
of RNA-based therapies. Modified RNA molecules, such as those with m°C, m°A, m’U, s*U,
or ¥ alterations, demonstrate decreased interferon expression and enhanced translational
yields, offering a path to suppress the innate immune response. This knowledge not only
augments our understanding of RNA behaviour but also catalyses the development of more

potent and sophisticated RNA therapeutics and vaccines.

Mouse embryonic development

The intricate landscape of RNA modifications, as explored in the previous chapter, reveals
their pivotal roles in gene expression regulation. Remarkably, perturbations in various RNA-
modifying enzymes have been linked to a striking outcome: embryonic lethality. This chapter
bridges the gap between RNA modifications and mouse embryonic development, delving into

the profound impact of RNA-modifying enzymes on embryonic viability.
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Figure 7. Embryogenesis. Embryogenesis in mice consists of 6 main stages, cleavage, morulation,
blastulation, gastrulation, gastrula and organogenesis. E stands for Embryonic day when the stage is

observed in a mouse. The green cells at organogenesis stages represent primordial germ cells.

Mouse embryonic development begins with the fusion of a sperm and an egg, resulting
in a fertilised egg or zygote. The zygote then undergoes a series of cell divisions, forming a
solid ball of cells called a morula (Kojima et al., 2014; Lei et al., 2020). The morula develops
into a blastocyst, which consists of an outer layer of cells called the trophoblast and an inner
cell mass. After the blastocyst stage, gastrulation is the next crucial step in mouse embryonic
development. Gastrulation involves the rearrangement of cells within the embryo, forming
three distinct germ layers: ectoderm, mesoderm, and endoderm. This process establishes the
foundation for organogenesis, which follows gastrulation. Organogenesis is the period during
which the germ layers differentiate and give rise to specific organs and tissues. Through a
complex series of coordinated cellular interactions and morphogenetic events, organs such as
the brain, heart, liver, and limbs begin to form, leading to the development of a fully functional
mouse organism (Nakatsuji, 1992; Obata et al., 2000) (Figure 7).

Among the mRNA-modifying enzymes crucial for embryonic development are m°A
methyltransferases Mettl16 and Mettl3. Mettl16 mutants die during pre-implantation stages
around E3.5. The underlying cause of lethality in these mutants is believed to be the absence
of m®A modification, specifically on the Mat2a transcript. Mat2a encodes an enzyme involved
in generating the methyl group donor, S-adenosylmethionine (SAM), which is essential for
various methylation reactions in the developing embryo. The loss of m®A modification on the
Mat2a transcript disrupts the production of SAM, leading to the abrogation of all methylations
critical for embryonic development (Mendel et al., 2018). Interestingly, compared to Mett/16,
which has been shown to methylate only hand full of transcripts, Met#/3/14 complex methylates
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most m°A sites. Nevertheless, in comparison to Mettl16 mutants, Mett/3 mutants demonstrate
a distinct pattern of embryonic lethality occurring at a later stage, specifically during
implantation around E5.5 Studies have revealed that the presence of m®A modification on
pluripotency marker mRNAs leads to their decreased stability and reduced translation, thereby
promoting the decay of these markers. In the case of Mettl3 mutants, the absence of proper
m®A modification results in the impaired regulation of pluripotency markers, preventing the
embryo from progressing beyond E5.5 (Geula et al., 2015).

Another mRNA-modifying enzyme crucial for embryonic development is ADARI.
Adarl mouse mutants die during organogenesis stages at E12.5 (Liddicoat et al., 2015a;
Mannion et al., 2014). The embryonic lethality of Adarl mutants is due to the activation of the
innate immune system and Interferon expression, leading to erythropoiesis and liver failure
(Liddicoat et al., 2015a; Mannion et al., 2014).

Other crucial mnRNA-modifying enzymes are cap-specific modifiers, RNGTT, RNMT,
CMTR1, CMTR2 and PCIF1. Notably, Rumt, Cmtri, Cmtr2, and Pcif] mouse mutants have
been established, whereas no phenotype for Rngtt mutant mice was reported. Rnmt (Groza et
al., 2023), Cmtrl (Y. L. Lee et al., 2020) and Cmtr2 (Groza et al., 2023) mutants are reported
to cause embryonic lethality prior to organogenesis, whereas no embryonic phenotype was
observed in Pcif] mutants (Pandey et al., 2020). It is important to note that the database (Groza
etal., 2023) and the study (Y. L. Lee et al., 2020) have not explicitly determined the exact time
point of embryonic lethality and the underlying causes.

To summarise, the interplay between RNA modifications and mouse embryonic
development unveils the essential roles of mRNA-modifying enzymes in ensuring proper
embryogenesis. The loss of specific modifications, such as m°A and cap modifications, due to
mutations in enzymes like METTL16 or METTL3 and some cap-specific modifiers leads to
embryonic lethality at various stages. These findings underscore the intricate regulatory
mechanisms orchestrated by RNA modifications during the crucial developmental stages of

mouse embryos.

Mouse primordial germ cells

Similarly, as for embryonic development, RNA modifications were shown to be crucial for
male and female fertility at different stages of the development of primordial germ cells.

In mice, primordial germ cells (PGCs) relocate from the base of the allantois to the genital

ridges through a series of sequential movements. Initially forming a cluster of approximately
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40 cells at around embryonic day 7.25 (E7.25), the PGCs migrate to the hindgut endoderm at
E7.75, then progress to the mesentery at E9.5 and ultimately colonise the genital ridges by
E10.5 (Figure 7). During the proliferative phase of PGCs in both males and females, an
important event known as epigenetic reprogramming occurs. This process involves genome-
wide DNA demethylation, which includes the erasure of genomic imprinting (Saitou et al.,

2002; Saitou & Yamaji, 2012). The further development of male and female germ cells differs.

In male embryos, XY PGCs enter mitotic arrest upon entry to the genital ridges and
stay in the GO/G1 phase of the cell cycle until birth to then resume proliferation around day
P2-P5 (Saitou & Yamaji, 2012). The first wave of spermatogenesis is synchronised during
testis maturation, with cells entering meiosis around P10. At prophase I of meiosis,
spermatocytes are first detected in the testis at about day 10, Zygotene at P12 and Pachytene at
P14. The spermiogenesis happens after P20 when round spermatids differentiate from
elongated ones. Around 6-8 weeks, males reach sexual maturity ( Figure 8) (Fayomi & Orwig,
2018).

In female XX embryos, primordial germ cells initiate the first phase of meiosis,
prophase I, around the E13.5. By the E15.5, the majority of germ cells in the developing ovaries
have progressed through the initial stages of meiotic prophase I, which include the leptotene,
zygotene, and pachytene stages. By the E17.5, these cells pause their development at the
diplotene stage of prophase I, becoming diplotene oocytes. Diplotene oocytes are located in
primordial follicles. As the follicle matures, it becomes a primary follicle (P5), with the oocyte

growing and the surrounding cells changing shape. The primary follicle then develops into a
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Figure 8. Mouse spermatogenesis. Embryonic germ cells are mitotically arrested till birth. Later the
germ cells go through active proliferation, meiosis, and spermiogenesis, where the spermatids go
through the last developmental changes to become fully developed sperms. 4n, 2n and 1n stand for
DNA content. PO, P8, P14, P20, P60 stand for the animal's age abbreviated from postnatal day.
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secondary follicle, characterised by multiple layers of surrounding cells and a small
fluid-filled space. This space expands as the follicle grows, forming an intermediate called a
pre-antral follicle and, finally, a fully formed antral follicle. Under the influence of hormones,
some antral follicles typically outgrow the others to become preovulatory or Graafian follicles.
The dominant follicle then releases its oocyte during ovulation. The released oocyte is called
the secondary oocyte, which is arrested in the metaphase stage of meiosis II until fertilisation
occurs ( Figure 9) (Elvin, 1998; Saitou & Yamaji, 2012).

Among the mRNA-modifying enzymes crucial for fertility belongs METTL3 and
METTLI16. As both of the enzymes are embryonically lethal, the creation of conditional
knockout (¢cKO) mice was needed. The fertility of METTL16 was studied in the presence of
germline-specific expression of Mvh-Cre, which starts to be expressed around 14.5. cKO males
are infertile as the cKO testes were atrophied, and the arrested germ cell development was
observed. The effect of the lack of METTL16 on female fertility was not studied (Mendel et
al., 2021).

In female mice, the lack of METTL3 during early oocyte development
(Mettl3f/fVasaCre+) led to abnormal ovary morphology and sterility. In contrast, knockout at
a later stage (Mett!3f/f Zp3Cre+) resulted in normal ovary morphology but still caused sterility.
In male mice, early-stage knockout (Mettl3f/fStra8Cre+) significantly reduced testis volume,
while knockout during the spermatid stage (Mett!3f/fPrmlCre+) had no impact on fertility or
seminiferous tubules morphology (Lasman et al., 2020).
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Figure 9. Mouse Folliculogenesis. Folliculogenesis begins with the development of the primordial
follicle, which progresses to the antral follicle stage through primary, secondary, and pre-antral follicle

stages.
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Interestingly, compared to Mett/3 KO mice that are lethal, Zebrafish zMett/3 mutants
are viable. Mutant fish of both sexes show defects in fertility. Males show defects in sperm
maturation, and sperm motility is significantly reduced, whereas in females, oocyte maturation
is affected. Nevertheless, defects in oocyte maturation in mutants can be rescued by sex
hormone (Xia et al.,, 2018). Interestingly, many mSA reader proteins showed fertility
phenotype, such as RRC2A (Tan et al., 2023), YTHDF2 (Lasman et al., 2020) or m°®A eraser
ALKBHS (Zheng et al., 2013)

The disruption of RNA-modifying enzymes, such as Mert/3 and Mettl16, significantly
impacts the development of primordial germ cells and fertility in mice, underscoring the

essential role of RNA modifications in these processes.
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Aims of the study

The study’s primary aim was to investigate the physiological role of mammalian RNA cap-
proximal ribose methylations, specifically capl and cap2, in mice models and human cell
culture and their significance in mouse embryonic development. The study focused on
understanding the importance of cap-specific ribose methylations by examining the
consequences of losing the responsible enzymes CMTR1 and CMTR2.

Additionally, I intended to determine the relationship between the loss of capl and the
activation of the interferon pathway by studying the response of the interferon pathway in the

absence of capl methylation in the liver conditional knockout model.

Finally, my aim was to explore the impact of capl loss on germ cell differentiation and gain

insights into the involvement of capl methylation in the differentiation process of germ cells.

In summary, the study aimed to investigate the physiological functions of CMTR1 and

CMTR?2 and give insights into their roles in the innate immune system and beyond.
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Results

Chapter 1 - Essential roles of RNA cap-proximal ribose methylation in mammalian
embryonic development and fertility

This chapter contains a peer reviewed article published in Cell Reports with a name “Essential
roles of RNA cap-proximal ribose methylation in mammalian embryonic development and
fertility” published in July 2023. In this study we demonstrated the critical roles of RNA
methyltransferases CMTR1 and CMTR2 in mouse embryonic development. Our findings
indicated that both enzymes are crucial, for the switch from gastrulation to organogenesis
stages. Interestingly, this developmental arrest in both Cmtr! and Cmitr2 mutants occurred
without triggering the innate immune response, suggesting that the role of these enzymes
extends beyond merely distinguishing cellular RNAs as self. Furthermore, our study showed
that conditional removal of CMTR1 in the mouse germline results in infertility. In addition, we
found that a conditional deletion of CMTRI leads to chronic activation of the interferon
pathway in the liver, demonstrating the multifaceted roles these enzymes play in mammalian
biology.

I maintained and genotyped all 4 mice colonies, organised all mouse experiments
dissected organs as wells as embryos, perofimed cell lines expesiments and extracted RNA
with the help of Fabienne Fleury-Olela. All bioinformatics analysis was done by Kyrylo Krasnikov
and some preliminary ones by David Homolka. Mateusz Mendel designed Cmirl loxP animals,
Lingyun Li purified DHX15 and CMTRI1 and confirmed their interaction, Olesya Panasenko
performed ribosomal and polysomal profiling, Cathrine Broberg Vagbe conducted RNA MS
analysis, RNA-seq libraries were prepared in Genomics Core Facility at EMBL Heidelberg or iGE3
Genomics Platform. Histology slides were prepared at Histology Facility at UNIGE. Illustrations
of embryos, and graphical abstract were created by Nicolas Roggli.

The manuscript was written by Ramesh Pillai, with my and other authors input. I was
involved in editing the manuscript at every stage of the publication process.

The manuscript was not modified for the purpose of this thesis, and thus, the figure

numeration and bibliography are separate from the rest of the thesis.
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SUMMARY

Eukaryotic RNA pol |l transcripts are capped at the 5’ end by the methylated guanosine (m’G) moiety. In
higher eukaryotes, CMTR1 and CMTR2 catalyze cap-proximal ribose methylations on the first (cap1) and
second (cap2) nucleotides, respectively. These modifications mark RNAs as “self,” blocking the activation
of the innate immune response pathway. Here, we show that loss of mouse Cmtr1 or Cmir2 leads to embry-
onic lethality, with non-overlapping sets of transcripts being misregulated, but without activation of the inter-
feron pathway. In contrast, Cmtr7 mutant adult mouse livers exhibit chronic activation of the interferon
pathway, with multiple interferon-stimulated genes being expressed. Conditional deletion of Cmtr1 in the
germline leads to infertility, while global translation is unaffected in the Cmir7 mutant mouse liver and human
cells. Thus, mammalian cap1 and cap2 modifications have essential roles in gene regulation beyond their role

in helping cellular transcripts to evade the innate immune system.

INTRODUCTION

RNA polymerase Il transcripts receive a 5' methylated guanosine
(m”G) cap that is attached via an inverted 5'-5' triphosphate link-
age tothe transcription start site (TSS) nucleotide.”” Them’G cap
is required for translation” and RNA stability.” This minimal cap
structure termed cap0 (m’GpppN, where N is the TSS
nucleotide) is found in lower eukaryotes like yeast. In higher organ-
isms, the TSS nucleotide is 2'-O-methylated on the ribose
by CMTR1 to create the cap1 structure (m’GpppNm),’” with
most of m’G-capped RNAs having this methylation.'' Another
mammalian ribose methylase CMTR2, modifies the second
cap-proximal nucleotide to create the cap2 structure
(m’GpppNmpNm), ' which is found on approximately 50% of pol-
yadenylated RNAs in human cell cultures.”*'* When the TSS
nucleotide is an adenosine (which is usually an Am due to cap1
methylation), mammalian PCIF1 catalyzes base methylation (N°-
methyladenosine, m®A) to create the m®Am mark '’ (Figure 1A).
Cap-proximal ribose methylations prevent cellular RNAs from
activating the innate immune response pathway.'* Vertebrate
cells have a system of cytosolic sensor proteins'“'® that recog-
nize molecular features on bacterial and viral nucleic acids to
trigger production of secreted cytokines like interferons.'’ The
interferons in turn initiate the production of a large set of inter-

(1
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feron-stimulated genes (ISGs) in the infected cell and those
nearby to create an anti-pathogenic environment.'® Cap0 is
one such “non-self” molecular feature that is recognized by
the host innate immune sensors like RIG-1'® and MDA5.”” The
presence of cap-proximal ribose methylations on RNA sub-
strates reduces binding and, as a consequence, interferon
pathway activation, as the methyl group clashes with a
conserved histidine (H830) in RIG-1.”'** Cap-proximal ribose
methylations also protect cellular mRNAs from the negative
effects of ISGs like IFIT1 (interferon-induced protein with tetratri-
copeptide repeats 1), which is a potent translation repressor that
binds cap0 RNAs.”*“® First- or second-position methylation
alone can individually reduce binding of IFIT1 to the capped
RNA, but cap2? (both first- and second-position methylations)
has the strongest inhibitory effect.”* Consistently, knockdown
of host CMTRT in mammalian cells triggers expression of
ISGs, presumably because of the unmethylated cellular cap0
RNAs being sensed as “non-self.””'*” Similarly, transfected
RNAs with a second-position ribose methylation are identified
as “self.””” In line with this, CMTR2 KO human HEK293T cells
show mild activation of the interferon pathway in an RIG-I-
dependent manner.'” It should be noted that the capacity to
sense “non-self” RNAs is not a universal attribute of all cell
types.”

Cell Reports 42, 112786, July 25, 2023 © 2023 The Author(s). 1
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Cap-proximal methylations also have a role in cellular gene
expression. CMTR1 is nuclear and uses its WW domain to asso-
ciate with the C-terminal domain (CTD) of RNA pol I1.*? In fact,
CMTR1 is found on the TSS of most RNA pol Il genes in mouse
embryonic stem cells (NESCs) and is required for the transcrip-
tion of ribosomal protein and histone genes.”” Knockout of
mouse Cmtr1 leads to embryonic lethality, while conditional
deletion in mouse brain affects dendritic morphogenesis.”' Inter-
estingly, fly Cmtr1 and Cmtr2 act redundantly as the cap1 meth-
ylase but act on a distinct set of transcripts, with the double
mutant flies showing reward-learning defects.”” Here, we sought
to investigate the tissue-specific roles of CMTR1 and the physi-
ological relevance of CMTR2 using mouse mutants.

RESULTS

Loss of mouse Cmtir1 leads to embryonic arrest without
activating the interferon pathway

Toinvestigate the physiological importance of RNA cap1 methyl-
ation (Figure 1A), we examined a Cmtr1 knockout mouse mutant
(STAR Methods and Figure S1A and S1B). Heterozygous
Cmtr1*/~ animals of both sexes are viable and fertile. Crosses
between heterozygous individuals resulted in litters that only
had wild-type and heterozygous animals at weaning age (Fig-
ure 1B), indicating pre-weaning lethality, as previously reported
for a gene-trap allele of Cmtr1.”" We isolated embryos at
different post-implantation stages and identified them by geno-
typing (Figure S1C). Homozygous Cmtr1-/— embryos (hereafter
referred to as the Cmtr1 mutant) were present at Mendelian ra-
tios at embryonic day 6.5 (E6.5) and E7.5 (Figure 1C), but they
were mostly not detected beyond E8.5, with many turning up
dead (Figure S1C). The Cmtr1 mutant embryos are morphologi-
cally indistinguishable from the control wild type at E6.5 but are
dramatically reduced in size at E7.5, indicating arrested develop-
ment (Figure 1D).

We sequenced transcriptomes from wild-type and Cmtr1
mutant embryos at E6.5 and E7.5. Lack of CMTR1 activity is
expected to result in host RNA pol Il transcripts being unmethy-
lated on the ribose of the first transcribed nucleotide, and such
“non-self” cap0 RNAs should normally trigger the interferon
pathway.'? " Strikingly, there was a complete absence of acti-
vation of the interferon pathway genes (Figure 1E and
Table S3). Explaining the absence of the interferon pathway acti-
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vation, a survey of embryonic transcriptomes shows that the
different innate immune sensor genes are not expressed in the
E6.5 and E7.5 embryos (Figures 1F and S1D). The lethality of
Cmtr1 mouse embryos shows that cap1 RNA methylation has
an essential role in early mouse embryonic development, and
this is unrelated to its function in preventing activation of the
innate immune pathway.

snoRNA host genes are downregulated in the Cmtr1
mutant embryos
Mouse gastrulation initiates with the formation of the primitive
streak at E6.5, through which epiblast cells ingress before being
allocated as precursors of the two primary germ layers: the
mesoderm and the definitive endoderm.”™ We used the bulk
sequencing data to project information on possible cell compo-
sition in the embryos (STAR Methods). This reveals a downregu-
lation of gene expression representative of the primitive streak
and the mesoderm in the mutant embryos and upregulation of
endoderm genes (Figure S1E). Of the over 200 genes altered in
the E6.5 mutant embryos, several downregulated genes are
those annotated as small nucleolar RNA (snoRNA) host genes
(Snhg12, Snhg8, Snhg5 and Snhg4) (Figure 1E). Another down-
regulated gene is the long noncoding RNA Zfas1,*" which is a
regulator of epithelial-mesenchymal transition and a snoRNA
host gene (for snord12). Other downregulated genes include ri-
bosomal protein 20 (Rsp20) and the translation factor elF4A2,
both of which contain intron-encoded snoRNAs. Interestingly,
multiple gene copies of the U3 snoRNA (Rnu3b1, Rnu3b3)
show the opposite trend by being upregulated. Unlike the
intron-resident snoRNAs, the U3 snoRNA is encoded from an
snRNA-type poll Il gene that expresses an independent longer
precursor form of the RNA.*

snoRNAs guide modifications of ribosomal RNAs (rRNAs) %7
and spliceosomal small nuclear RNAs (snRNAs).** Mammalian
snoRNAs are mostly hosted within introns of protein-coding or
long noncoding RNAs. Proper splicing and liberation of the in-
trons for further processing of the snoRNA is critical for their
biogenesis.”**” RNA splicing is influenced by the presence of
the m’G cap structure and the proteins that bind it.*' ** Howev-
er, quantification of intronic reads from snoRNA host genes did
not reveal any striking differences in the Cmtr7 mutant transcrip-
tomes (Figure S1F). Analysis of global splicing events also did
not reveal any dramatic changes in the mutant embryos

Figure 1. Embryonic lethality in the Cmtr1 mutant mice and downregulation of snoRNA host genes

(A) Chemical structure of the 5 N’-methylated guanosine (m”G) cap and cap-p I ribose methylations. TSS, transcription start site r ide. Phenotypes of
the mouse knockouts of the enzymes involved are indicated.
B) G ypes of (atthe ing age) bomn from heterozygous Cmtr1 mouse Numbers of (also given as a percentage) are shown. WT,

wild type; HET, heterozygous; KO, homozygous knockout. See also Figure S1C.

(C) Genotypes of mouse embryos (shown as percentage) at indicated embryonic days obtained from heterozygous Cmtr! mouse crosses.

(D) Cartoon showing mouse embryonic development with the stage at which Cmtr7 knockout embryos arrest indicated by a red line. Representative wild-type
and Cmtr1 KO embryos at different stages are shown. Notice the degeneration of KO embryos from E8.0 onward.

(E) Volcano plots of differential gene expression between Cmtr1 KO and wild-type in E6.5 and E7.5 mouse embryos. snoRNA host genes are highlighted in red.

Absolute log2 fold change (log2FC) cutoff = 1, adjusted p value (padj) cutoff = 0.05.
d innate immune sensors from publicly I

(F) Boxplot sh

ing exp ion of

ilabl ip d: from different mouse embryonic stages. See

also Figure S1D.

(G) Comparison of several alternative splicing (AS) events between wild-type and Cmtr7 KO E6.5 and E7.5 embryos. Delta percent spliced-in (dPSI) score was
computed as a difference between Cmtr1 KO and wild-type PSI scores per AS event. AF, alternative first exon; SE, skipped exon; A3, alternative 3’ splice site; A5,
altemative 5’ splice site; R, retained intron; AL, alternative last exon; MX, mutual exclusion. Further details are in the STAR Methods. See also Figure S1F.
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A Cmtr1 conditional KO (cKO) in ovary/testis
using Mvh-Cre. Deletion starts at E14.5. D
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Figure 2. Mouse Cmtr1 is essential for germiine development and fertility

(A) Strategy for generating conditional knockout (cKO) deletion of Cmtr1 in the mouse germline by deleting the coding exon3 using the Mvh-Cre line. See also
Figure S2A.

(B) Atrophied mouse testes in the Cmtr1 cKO (Cmtr1”***;Mvh-Cre"’ ) vs. control (Cmtr1'”***;Mvh-Cre*’ ) mice. Scale bar for 2 mm is indicated.

(C) Histological analysis using hematoxylin and eosin staining of Cmtr cKO and control mouse testes at different indicated postnatal stages. Scale bar for 50 ym
is indicated.

(legend continued on next page)
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(Figure 1G). In conclusion, the limited expression changes in
E6.5 Cmtr1 mutant embryos, including that of several snoRNA
host genes, leads to large-scale changes in the E7.5 embryos
causing the mid-gastrulation arrest.

Mouse CMTR1 is essential for fertility

To study the role of CMTR1 in the mouse germline, we obtained
the conditional KO mice, where deletion in the germline is
achieved by the germline-specific Mvh-Cre line (Vasa-Cre)
(Figures 2A, S2A, and S2B and STAR Methods). Germline-spe-
cific expression of the Mvh-Cre starts from embryonic day
E14.5, ultimately creating the Cmtr1 conditional knockout mice
(Cmtr1"*”"; Mvh-Cre, cKO). When Cmtr1 cKO adult (>60 post-
natal days, P60) males were crossed with wild-type females,
no litters were obtained, indicating male infertility. Examination
of testes from adult (P75) cKO males shows that they are highly
atrophied when compared to those from control (Cmtr1#*;
Mvh-Cre) littermates (Figure 2B). Histological examination
shows that seminiferous tubules in the adult cKO testes are nar-
row and empty of all germ cells (Figure 2C). In contrast, tubules in
the control testes are large and full of germ cells in all stages of
development during spermatogenesis. Mitotic spermatogonia,
meiotic spermatocytes, post-meiotic haploid round spermatids,
elongate spermatids and sperm are all visible within the control
seminiferous tubules (Figures 2C and S2C). To determine when
the spermatogenic arrest manifests in the cKO males, we exam-
ined younger mice. Germ cells in the seminiferous tubules of the
control and mutant neonates (P0) are comparable (Figure 2C). In
P31 animals, the seminiferous tubules in the control testes are
large and full of germ cells that have completed meiosis, while
the tubules in the mutant testes are narrow and depleted of
such germ cells (Figure 2C). We propose that germ cells in the
Cmtr1 cKO testes do not survive and are probably removed by
apoptosis.

Mitotic oogonia in the embryonic female germline enter
meiosis at E13.5, and the oocytes are in pachytene stage of pro-
phase | of meiosis at birth,** which is immediately followed by the
diplotene stage when the oocytes start to assemble a multi-cell
layered follicle around them (Figure 2D). Folliculogenesis pro-
ceeds through multiple stages with primary follicles having a sin-
gle layer of granulosa cells around the oocyte. Histological ex-
amination of adult ovaries from both the control and the cKO
females reveals oocytes in all the different stages, including
the large mature follicles (Figures 2D and S2D). When cKO
females were crossed with wild-type partners, some produced
litters, while others never had any progeny (Figure 2E). The over-
all number of pups tended to be lower with the cKO Cmtr1
females. We note that conditional deletion of Cmtr1 due to
Mvh-driven Cre expression takes place only from E14.5, once
meiosis is already initiated in the female germline at E13.5, ex-
plaining the low penetrance of the female infertility phenotype.
Taken together, we conclude that CMTR1 is required for sustain-
ing normal germline development and fertility in mice.
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Loss of cap1 RNA methylation in mouse liver triggers the
innate immune pathway

The above studies demonstrate that CMTR1 is important for
developmental transitions, with its loss ultimately leading to
death of the embryo or germ cells. CMTR1 is expressed in
most mouse tissues (Figure 3A), and we decided to delete the
Cmtr1 in the adult mouse liver using tamoxifen-activated Cre-
ERT2 that is expressed from the liver-specific albumin promoter
(Alb-CreERT?2) (Figures 3B, S3A, and S3B). Conditional knockout
mice (Cmtr1*";Alb-CreERT2, cKO) and control mice
(Cmtr1°™+; Alb-CreERT2) were both treated with intraperitoneal
tamoxifen injections for a period of 4 days (days 1-4), and deple-
tion of CMTR1 in the liver was monitored using western blot anal-
ysis 2 days later (Figure 3C). A complete absence of CMTR1 in
the cKO mouse liver was observed (Figure 3C).

Histological analysis indicates an unchanged cellularity in the
Cmtr1 cKO liver (Figure 3D). Transcriptome analysis showed
limited changes, with ~100 genes being altered in their expres-
sion (Figure 3E and Table S3). Strikingly, Gene Ontology analysis
identifies an upregulation of transcripts involved in the anti-viral
innate immune response pathway (Figure 3F). A number of
ISGs are upregulated in the Cmtr1 cKO liver (Figures 3E and
3G). Interferon mRNAs themselves are not detected, as they
are usually expressed briefly before being tumed off. We
confirmed the induction of one such ISG by western blot anal-
ysis, which shows the specific expression of IFIT1 (interferon-
induced protein with tetratricopeptide repeats 1) in all the
Cmtr1 cKO liver samples (Figure 3C). Analysis of the Cmtr1
cKO mouse liver transcriptome at later time points of 6 days
and 22 days post tamoxifen injection also revealed upregulation
of ISG expression (Figures 3H and 3l). Thus, loss of Cmtr1 in
adult mouse liver can lead to chronic interferon pathway activa-
tion, which is accompanied by further alterations in metabolic
pathway genes (Figure S3C). We note that the interferon-stimu-
lated gene oligoadenylate synthetase like-1 (OASL1) that is
induced in the mutant livers is reported as a negative regulator
of interferon pathway, perhaps preventing tissue damage from
chronic activation of the pathway.”” RNA mass spectrometry
analysis (STAR Methods) of polyA + RNAs from the Cmtr1 cKO
liver (sampled at day 2) confirms a sharp reduction in ribose
methylation on the first nucleotide as represented by reduced
levels of m®Am (Figure 3J). m®Am is a modification that depends
on CMTR1-dependent TSS Am ribose methylation.''**° We pro-
pose that in the absence of CMTR1, the cellular RNA pol I
ranscripts, which now have the cap0 structure, are sensed as
“non-self,” triggering interferon production'’ and expression of
the ISGs.””

Loss of CMTR1 does not affect human cell viability and
translation

To examine whether complete loss of CMTR1 is detrimental for
cell survival, we examined a CRISPR-generated CMTR1
knockout human HAP1 cell line (STAR Methods). HAP1 is a

(D) Histological analysis using hematoxylin and eosin staining of mouse ovaries from control and Cmtr7 cKO is shown. The cartoon representation of the different
stages of folliculogenesis is shown. Scale bar for 50 um is indicated. Arrow points to a primary follicle.

(E) Fertility analysis of Cmtr1 cKO females. Boxplots compare total number of litters (left) delivered and total number of progeny (right) per female. Mann-Whitney
test was used 1o assess differences between wild-type and cKO animals. See also Figure S2D.
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near-haploid cell line derived from the KBM-7 chronic myeloge-
nous leukemia cell line. Complete loss of CMTR1 in these cells
(Figure S4A) leads to complete loss of cap1 methylation (Fig-
ure S4B and STAR Methods). Although cell growth of the KO
cell line was reduced (Figure S4C), this was not due to any
impact on the cell cycle (Figure S4D). We note that reduced
cell growth phenotype is observed in several unrelated mutant
HAP1 cells that we have examined. We observed thousands of
transcripts to be altered in the CMTR1 KO cells but without acti-
vation of the interferon pathway (Figures S4E and S4H-S4l),
probably because the innate immune sensors are not expressed
in this cell line (Figure S4G).

We also examined translation status in the mutant cell line by
ribosome profiling, but only a very few transcripts showed
altered translation in the KO cell line (Figure S4F and Table S4).
Similarly, sucrose-gradient centrifugation of Cmtr7 cKO livers
lysates did not reveal any changes in global translation as
indicated by the largely identical patterns of the expected mono-
some and polysome peaks (Figures 3K and S3D). Ribosome
profiling analysis showed that translation of only a few tran-
scripts is altered (either increased or decreased) in the Cmtr1
cKO liver (Figure 3L and Table S4). IFIT1 binds the cap0 structure
to impair translation by competitively preventing recruitment of
the translation initiation factor, cap-binding protein elF4E.”*®
However, we did not find any dramatic impact on translation
in vivo. Consistent with a previous report,’® we find that transla-
tion of ISG15 is decreased in the absence of CMTR1 in mouse
livers (Figures 3L-3M). Taken together, we show that loss of
cap1 RNA methylation is not detrimental for translation of most
mRNAs in the mouse liver and human HAP1 cells.

The cap2 methylase CMTR2 is essential for mouse
embryonic development

Next, we obtained a mutant mouse where the entire CMTR2 cod-
ing sequence was deleted (Figures S5A and S5B and STAR
Methods). Heterozygous Cmtr2*/~ mice are viable and fertile. In-
tercrosses between heterozygous partners did not produce any
homozygous Cmtr2~/~ knockout (KO) mice (hereafter referred to
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as Cmtr2 mutant) in the born litter, indicating pre-weaning
lethality (Figures 4A and 4B). We set up crosses between hetero-
zygous partners and genotyped embryos at different post-im-
plantation stages (Figure S5C). This indicated that Cmtr2 mutant
embryos were present at above Mendelian ratios at E6.5 and
E7.5 (Figure 4C). Mutant Cmtr2 embryos recovered beyond
E6.5 were infrequent, reduced in size, and found arrested at a
preceding developmental stage (Figure S5C).

To examine the impact on gene expression in the Cmtr2 KO,
we chose E6.5 embryos that appeared morphologically similar
to the control wild type. We also sequenced embryos isolated
1 day later at E7.5, where the Cmitr2 mutant embryos are smaller
than the control (Figure 4D). Sequence analysis indicates that
CMTR2 regulates levels of hundreds of transcripts, most of
which are upregulated in the mutant (Figure 4E and Table S3).
Gene Ontology analysis revealed that genes active in many
different pathways are impacted (Figures S5D-S5G). Similarly,
hundreds of genes are altered in the Cmtr2 mutant E7.5 embryos
(Figure 4E). Estimation of cell composition changes from the bulk
sequencing data shows that critical cell types required for
normal embryonic development are affected in the Cmtr2 mutant
(Figure S5H and STAR Methods). Finally, comparison of the
changes in the Cmtr1 and Cmtr2 mutant embryos shows that
the two proteins regulate non-overlapping sets of genes (Fig-
ure 4F). In conclusion, we find that loss of the cap2 RNA meth-
ylase Cmtr2 results in post-implantation lethality in mice, with
most embryos arrested during mid-gastrulation at E7.5.

DISCUSSION

Here we showed that both Cmtr1 and Cmtr2 are essential for
mouse embryonic development. While a role for cap1”' ** and
cap2'**® modifications in blocking activation of the innate im-
mune response pathway is established, transcriptome analysis
of the mutant embryos did not reveal signatures of interferon
signaling. We rationalize that this is due to absence of expression
of innate immune sensors at the early developmental time points
(Figure 1F). Indeed, the mid-gastrulation arrest (at E7.5) of Cmtr1

Figure 3. Loss of Cmtr1 in liver acti the innate i

(A) Western analysis of CMTR1 in adult (P60) mouse tissues.

P Pa y

(B) Strategy for generating conditional knockout (cKO) deletion of Cmitr1 in the mouse liver using the tamoxifen activable CreERT2. Mice are given daily injections

for 4 days and analyzed 2, 6, and 22 days later.
©)W 1 analysis with four biological

of liver lysates each from control (Cmtr1*"**; AIbCreERT2* ) and Cmtr1 cKO (Cmtr1 "**; AIbCreERT2*/ ")

adult mice. TUBULIN is used as loading control. Sex of donor animal is indicated: M, male (blue); F, female (red).

(D) Histological lysis using h lin and eosin
(E) Vol plot of diffe ial gene exp
Type | IFN pathway genes are highligt

ining of mouse liver from control and Cmitr1 cKO.
in liver using transcriptome sequencing of three to four biological replicates of Cmtr1 ¢KO and control adult mice.
d in red. Absolute log? fold change (log2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05.

(F) Gene ontology analysis of the genes upregulated in the Cmtr1 cKO adult mouse liver compared to the control.

(G) Heatmap showing expression changes of the 41 genes involved in cellular response to the type | interferon (GO:0071357) in the control and Cmtr1 cKO mouse

liver. Data for the three to four biological replicates are shown. Males (blue) and females (red) are shown in different colors.

(Hand I) Vol plot of differential gene exp ionb Cmir1 cKO and control adult mice from day 6 or day 22 post injection. Type | IFN pathway genes are

ighlighted in red. Absolute log2 fold ge (l0g2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05. See also Figure S3C.

(J) PolyA+ RNA from Cmtr1 control and cKO livers was subj to mass sp y. Bar plots with boxplots show abundance (number of modified
ides/10" ides) of some of the modifications (Am, m’G, m®A, m®Am). Quadr biological were tested.

(K) Sucrose density gradient (linear 20%-60%) analysis of liver lysates from control and the Cmtr1 cKO adult mouse. Positions of 40S and 60S subunits, 80S

and the poly peaks are indicated. See also Figure S3D for second replicate.

(L) The volcano plot of differential translation efficiency of liver transcripts between Cmtr7 cKO and control mice. Isg15 is highlighted in red. Absolute log2 fold

change (log2FC) cutoff = 0.5, and adjusted p value (padj) cutoff = 0.05.

(M) Normalized coverage tracks of Isg15 counts (rpm) from the ged ril P fragr

(RPF) and input samples. See also Figure S3E.
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Figure 4. Cmtr2 is essential for mouse embryonic development

(A) Scheme of embryonic development with lethality in Cmtr2 mutants indicated by a red line.
(B) Genotypes of animals (at weaning age) born out of heterozygous Cmtr2 mouse crosses. WT, wild type; HET, heterozygous; KO, homozygous knockout. See

also Figure S5C.

(C) Genotypes of mouse embryos (shown as percentage) at indicated embryonic days.

(D) Pictures of representative wild-type and Cmtr2 KO embryos at different stages are shown. The mutant embryos start to disintegrate already from E7.5 onward.
(E) Volcano plots showing differentially expressed genes between Cmtr2 KO and wild-type E6.5 and E7.5 mouse embryos. snoRNA host genes are highlighted in
red. Absolute log2 fold change (log2FC) cutoff = 1; adjusted p value (padj) cutoff = 0.05.

(F) Venn diagrams showing lack of overlap in gene expression changes in the Cmtr7 and Cmtr2 KO mouse embryos compared to their wild-type controls.

and Cmtr2 mutant mouse embryos contrasts with the late arrest
seen in the mutant embryos for Adar? (adenosine deaminase
acting on RNA).***” Adar1 mutant embryos die due to activation
of the interferon pathway in an MDAS-dependent manner only at
E12.5 to E13.5, a time window when the innate immune recep-
tors start to be expressed (Figures 1F and S1D). This suggests
that cap1 and cap2 modifications have an essential role in

8 Cell Reports 42, 112786, July 25, 2023

shaping gene expression early during mammalian embryonic
development that is unrelated to their role in marking host
RNAs as “self.”

Transcriptome analysis shows that the two proteins regulate
non-overlapping sets of genes (Figure 4F). This points to
distinct RNA targets, which is consistent with the distinct
sub-cellular compartments where the two enzymes act.
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CMTR1 can co-transcriptionally engage the nascent RNA via
interaction of its WW domain with the CTD of RNA pol
1.7*° Methylation by CMTR2 on the other hand is reported
to be cytosolic.”’ How ribose methylations affect target
gene expression is not clear. Perhaps proteins that bind the
cap structure and sense the proximal nucleotides are influ-
enced by the methylations. However, binding affinity of the re-
combinant human nuclear Cap-binding complex (CBC) for the
m’G cap analog (m’GpppN vs. m’GpppNm) is not influenced
by the cap1 modification.”” Likewise, affinity of the recombi-
nant mouse translation initiation factor elF4E for the cap
structure is not affected by presence of the cap1 or cap2.””
Nevertheless, analysis using fly nuclear extracts shows an
increased association between the fly CBC component
CBC80 and cap2 RNA, when compared to the cap0 RNA con-
trol.”” It is also known that cap-proximal ribose methylations
can influence cap-binding of factors involved in the innate im-
mune response pathway.”’**?® Furthermore, protein factors
that interact with the cap methylases may modulate their ac-
tivity or targeting. CMTR1 is shown to interact with the RNA
helicase DHX15 (Figure S4J), with the interaction reducing
RNA methylation activity of CMTR1°* or promoting its activity
on RNAs with secondary structures.””

In the case of Cmtr1 mutant embryos, we reported downregu-
lation of several snoRNA host genes. We speculate that pres-
ence of cap1 modification might facilitate coordinated process-
ing of the intron-resident snoRNAs and splicing of the intron. It
also remains an exciting possibility that the unavailability of spe-
cific snoRNAs might underlie embryonic arrest phenotype in the
Cmtr1 mutant. However, this impact on snoRNA host genes was
not seen in the Cmtr1 mutant liver (Figure S3G) and human
CMTR1 KO HAP1 cells (Figure S4F). While we refer to genes be-
ing regulated as those that are increased or decreased in levels
in the mutant environment, we are unable to precisely determine
the molecular reason for these changes. There are different pos-
sibilities, as CMTR1 is proposed to promote transcription,”” RNA
splicing,* stability,” or association with cap-binding factors to
promote RNA localization.”* Our examination of translation in
the Cmtr1 mutant liver (Figures 3K and S3F) and human
knockout cell line (Figure S4F) shows that global translation is
unaffected.

Our Cmtr2 mutant embryo analysis shows that the misregu-
lated genes are distinct from those affected in the Cmitr7 mutant
(Figure 4F). Precise mapping of cap2 on transcripts expressed in
human HEK293T cells shows that transcripts tend to accumulate
the modification without any particular sequence. ' The level of
cap? is also variable in different tissue and cell types. The same
study concluded that translation and RNA stability were not influ-
enced by the presence of the cap2 modification, ' while another
study showed that presence of cap2 reduces translation of re-
porter mRNAs in some cell types.” Cap2-modified RNA was
shown to resist recognition by the innate immune sensor RIG-I,
thereby preventing activation of the interferon signaling
pathway'” or by reducing binding of the interferon-stimulated
gene IFIT1, which acts as a translation repressor.”* In conclu-
sion, our study sheds light on a role for cap1 and cap2 methyl-
ation in gene regulation, beyond their role in marking cellular
RNAs as “self.”
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Limitations of the study

While we described the transcriptome changes in the mutant
embryos, we are unable to say if these are direct effects due to
loss of the respective proteins and due to loss of position-spe-
cific ribose methylations on these RNAs. While we documented
reduced transcript levels of some of the snoRNA host genes in
the Cmtr1 mutant embryos, we could not evaluate if this affected
the levels of the intron-encoded snoRNAs. We showed that
CMTR1 is essential for germline development as mutant males
are completely infertile, while females display infertility at low
penetrance. However, we do not know if this is due to a direct
role in germline gene expression or due to activation of the inter-
feron pathway, as observed in the conditional Cmtr1 mutant
livers (Figure 2E). Finally, the molecular role of cap2 methylation
in gene regulation and how CMTR2 selects its target RNAs
remain open questions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CMTR1 Atlas antibodies Cat. No. HPA029980

anti-IFIT1 Cell signaling Cat. No. D2X9Z

anti-TUBULIN Abcam Cat. No. ab6046

anti-PARK7 Abcam Cat. No. ab18257

Rabbit anti-Mouse IgG (H + L) Superclonal™ Invitrogen Cat. No. A27025

Secondary Antibody, HRP conjugate

Amersham ECL Rabbit IgG, HRP-linked GE Healthcare Cat. No. NA934-1ML

whole Ab (from donkey)

Bacterial and virus strains

Top10 N/A N/A

Biological samples

pACEBac2SS-hDHX15 This study 6xHis-Strep-SUMO-TEV- tags on protein

pIDK vector-hCMTR1 This study https://www.snapgene.com/plasmids/
insect_cell_vectors/pIDK

pACEBac2SS-hDHX15-hCMTR1 This study Tagged DHX15 and untagged CMTR1

pACEBac2SS-hCMTR2(15-759 aa) This study 6xHis-Strep-SUMO-TEV- tags on protein

Chemicals, peptides, and recombinant proteins

Sodium deoxycholate Sigma Cat. No. 30968

Complete EDTA-free protease inhibitor Roche Cat. No. 11 873 580 001

TRIzol™ Reagent Invitrogen Cat. No. 15596-026

Trypan blue Sigma Cat. No. 93595-50ML

Propidium lodide Sigma Cat. No. P4170

Ponceau S Sigma P3504

IMDM Medium Gibco Cat. No. 12440046

Dulbecco’s modified Eagle Medium Invitrogen Cat. No. 21969-035

fetal bovine serum ThermoFisher Cat. No. 10270106

Penicilline/Streptomycin ThermoFisher Cat. No. 15140122

Glutamine ThermoFisher Cat. No. 25030024

Trypsin-EDTA 0.05% ThermoFisher Cat. No. 25300-054

Propidium lodide Sigma Cat. No. P4170

30% acrylamide (37.5:1) National Diagnostic Cat. No. EC-890

N,N,N’,N’-Tetramethylethylendiamin Merck Cat. No. 1107320100

Tween 20 SIGMA Cat. No. P7949

A ham Prime W n Blotting GE Healthcare Cat. No. RPN2232

Detection Reagen

SuperSignal West Femto Maximum ThermoFisher Cat. No. 34095

Sensitivity Substrate

Pierce ECL 2 Substrate ThermoFisher Cat. No. 1896433A

Phire Green Hot Start Il PCR Thermo Scientific Cat. No. F126L

Master Mix

RNA Ligase 2 NEB Cat. No.M0242S

RNAlater reagent Invitrogen Cat. No. AM7021

SUPERaseln RNase inhibitor Ambion Cat. No. AM2694

RNase A Sigma R6513

Fetal Bovine serum Gibco Cat. No. 10270
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNAse | RNAse | Cat. No. AM2295
Washing buffer B Thermo Scientific 11900D
Critical commercial assays
MinElute Gel Extraction Kit Qiagen Cat. No. 28604
Dynabeads™ Oligo(dT)25 ThermoFisher Cat. No. 61005
RiboCop rRNA Depletion Kit V2 H/M/R Lexogen Cat. No. 144
RNA Clean and Concentrator kit Zymo Research Cat. No. R1017
AllPrep DNA/RNA/Protein Mini Kit Qiagen ID: 80004
DC Protein Assay (Bio-Rad, Cat. No. 5000112) DC Protein Assay DC Protein Assay (Bio-Rad,
(Bio-Rad, Cat. No. 5000112) Cat. No. 5000112)
Deposited data
Deep sequencing datasets This study GEO: GSE235348
All raw gel data will be deposited at Mendeley Data. This study https://doi.org/10.17632/rvOkgtcjpv. 1
Experimental models: Cell lines
Hap1 cells Horizon Discovery Cat. No. C631
Hap1 CMTR1 KO cells Horizon Discovery Cat. No. HZGHC004217c007
Experimental models: Organisms/strains
Mouse: Cmtr1 knockout The Jackson Laboratory Stock no. 46174-JAX
Mouse: Cmitr2 knockout MMRRC, UC Davis Stock no. 047142-UCD
Mouse: Cmtr1 floxed mouse This study Available from lead contact
Mouse: AIbCreERT2 Gift from David Gatfield lab Schuler et al.”™*
Mouse: Vasa-Cre Jackson Laboratory Stock no. 6954
Oligonucleotides
DNA and RNA oligos See Table S1
Software and algorithms
ENRICHR Chen et al.”’; Kuleshov et al.* http=//amp.pharm.mssm.edwEnrichr/
R R Core Team™ https://www.r-project.org
DESeq2 Love et al.* N/A
Bioconductor Huber et al.*’' https://www.bioconductor.org/
Salmon Patro et al.”” N/A
FastQC Andrews™ N/A
Flexbar Dodt et al.”* N/A
STAR Dobin et al.”* N/A
Python 3.10.6 N/A
seabom (v0.12.1) Waskom™ https://doi.org/10.21105/
joss.03021
matplotlib (v3.6.2) Hunter®” N/A
gseapy (v0.14.0) Fang et al.”® https://doi.org/10.1093/
bioinformatics/btac757
bowtie Langmead et al.”” N/A
CollectRnaSeqMetrics Toolkit™ N/A
RiboCode toolkit Xiao et al.”' N/A
SparK (v2.6.2) python library Kurtenbach and Harbor’” N/A
SUPPA2 Trincado et al.” N/A
SCDC (v0.0.0.9000) R package Dong etal.” N/A
sva (v3.46.0) bioconductor package Leek etal.”” N/A
plastid python package Dunn and Weissman’® N/A
sklearn (v1.1.3) Pedregosa et al.”’ N/A
Kaluza software Beckman RRID:SCR_016182
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Amersham Hyperfilm ECL GE Healthcare Cat. No. 28906837
Amersham Protran 0.45 um nitrocellulose membrane GE Healthcare Cat. No. 10600002

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ramesh S.
Pillai (ramesh.pillai@unige.ch).

Materials availability

All unique reagents generated in this study are available from the lead contact without any restriction. The Cmtr1 knockout mouse
(MMRRC Stock No. 46174-JAX) was obtained from The Jackson Laboratory, while the Cmtr2 knockout mouse (MMRRC Stock No.
047142-UCD) was from the MMRRC, UC Davis. The Ddx4-Cre (Vasa-Cre) transgenic line was obtained from the Jackson Laboratory
(Jackson Laboratory, Stock no. 6954). And the Alb-CreERT2 mouse was a gift from David Gatfield, University of Lausanne,
Switzerland. The HAP1 CMTR1 knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells
(Horizon Discovery, Cat. No. C631) were purchased.

Data and code availability
@ Deep sequencing data generated in this study are deposited with Gene Expression Omnibus (GEO) under accession no. GEO:
GSE235348
@ Code used in the current study is available from the lead contact upon reasonable request.
e Other raw data associated with this study are deposited with Mendeley Data (https://doi.org/10.17632/rv9kgtcjpv.1).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal work

The Cmtr1 floxed mouse was generated at the Transgenic Mouse Facility of University of Geneva, while the Cmtr1 and Cmtr2
knockout models were generated by the Knockout Mouse Project (KOMP). Mice were bred in the Animal Facility of Sciences |lI,
University of Geneva. The use of animals in research at the University of Geneva is regulated by the Animal Welfare Federal Law
(LPA 2005), the Animal Welfare Ordinance (OPAn 2008) and the Animal Experimentation Ordinance (OEXA 2010). The Swiss legis-
lation respects the Directive 2010/63/EU of the European Union. Any project involving animals has to be approved by the Direction
Générale de la Santé and the official ethics committee of the Canton of Geneva, performing a harm-benefit analysis of the project.
Animals are treated with respect based on the 3Rs principle in the animal care facility of the University of Geneva. We use the lowest
number of animals needed to conduct our specific research project. Discomfort, distress, pain and injury is limited to what is indis-
pensable and anesthesia and analgesia is provided when necessary. Daily care and maintenance are ensured by fully trained and
certified staff. Animals were maintained in ventilated cages with unrestricted supply of water and food. All adult experimental animals
were sacrificed by intraperitoneal injection of 150 mg/kg pentobarbital followed by the cervical dislocation, while decapitation was
used for PO animals. This work was approved by the Canton of Geneva (GE/16/219C and GE297).

Mouse mutants

The Cmtr1 (C57BL/6NJ-Cmtr1°™™PCY/Mmijax) knockout mouse was purchased from The Jackson Laboratory (strain # 032957;
MMRRC Stock no. 46174-JAX). The heterozygous mutant animals obtained from the Jackson Laboratory (via Charles River) were
crossed with wildtype C57BL/6J (Janvier; stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

The Cmtr2 mutant mouse (C57BL/6N-Cmtr2"™"- ' OMPViea; spmucd, MMRRC_047142-UCD, Stock no. 047142-UCD) was gener-
ated by the Knockout Mouse Phenotyping Program (KOMP) Repository, and obtained from the Mutant Mouse Resource and
Research Center (MMRRC), University of California at Davis. We crossed the heterozygous mutant animals obtained from the UC
Davis with wildtype C57BL/6J (Janvier; stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

We created Cmtr1 conditional knockout mice by knock-in of loxP sites in the same direction (recombination by the Cre recombi-
nase should result in deletion of the intervening region) flanking the exon 3 of Cmtr1 (Figure S2A). Founder mice were crossed with
wildtype C57BL/6J (Janvier) partners to obtain germline transmission. Homozygous Cmtr1">*”*” animals are viable and fertile.

We prepared the conditional knockouts (cKO) (Cmtr1'®**""; Alb-CreERT2""* mice) and control (Cmtr1*'*; Alb-CreERT2""'*) an-
imals to delete the gene in mouse liver. Animals (n = 4) were intraperitoneally injected with Tamoxifen (75 ng/g of body weight) to
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induce gene deletion in adult animals: 3 months-old (for day 2 experiment), 4 months-old (for day 6 experiment) and 8 months-old (for
day 22 experiment) (Figure 3E, 3H, and 3l). We did these experiments in two batches. The first batch had only one time point (day2:
4 days of injection and analysis at day 2 post-tamoxifen injection) (Figures 3C-3G and 3J-3M) with control and conditional KO liver
samples. To observe the chronic effects of loss of Cmtr1, we performed a second experiment with three time-points (day 2, 6 and 22)
(GO term analysis in Figure S3C and volcano plots in Figures 3H and 3I) with control and conditional KO liver samples for each time
point. At least three biological replicates were used for each time point (Table S2). Ribosome profiling (n = 4) was done with the first
batch of liver samples from the day 2 time point. Sucrose-gradient analysis to obtain the polysome profiling data was conducted in
duplicates only (Figures 3K and S3D).

The Ddx4-Cre (Vasa-Cre) transgenic line (Jackson Laboratory, Stock no. 6954) expresses the Cre recombinase from the Ddx4
(Vasa) promoter.”® We crossed Cmtr1 " animals with Cmtr1*/~;Ddx4""* mice to prepare the conditional knockouts (cKO)
(Cmtr1'; Ddx4""*) and control animals (Cmtr1°*”*; Ddx4""*). The testes (P0, P31 and P75) and ovaries (>P60) from cKO and
control animals of the indicated ages were collected for histological and/or transcriptome analysis.

Mouse embryos (E6.5, E7.5 etc) were microdissected, imaged using stereomicroscope Discovery.V12 (Zeiss), and stored in RNA-
later reagent (Invitrogen, Cat. No. AM7021) until RNA extraction. Samples were washed 3 times in ice-cold 1xPBS prior the RNA and
DNA extraction by the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. No./ID: 80004) and genotyped as described above.

Human HAP1 CMTR1 KO cells

HAP1 is a near-haploid human cell line derived from the chronic myelogenous leukemia (CML) cell line KBM-7. The HAP1 CMTR1
knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells (Horizon Discovery, Cat. No. C631)
were purchased. The CMTR1 KO cell line has a 2 bp deletion in the target locus and was generated using the CRISPR-Cas9 tech-
nology. Western analysis confirms the complete lack of CMTR1 protein (Figure S4A) and RNA mass spectrometry reveals the
complete absence of m°Am (Figure S4B), a modification that depends on CMTR1-dependent cap1 methylation. '’

METHOD DETAILS

Cmtr1 knockout mouse

The Cmtr1 (C57BL/6NJ-Cmtr1°™™PCH/Mmijax) knockout mouse was purchased from The Jackson Laboratory (strain # 032957;
MMRRC Stock no. 46174-JAX). It was generated by the Knockout Mouse Phenotyping Program (KOMP) at the Jackson Laboratory.
The mouse Cmtr1 gene locus on Chromosome 17 (NCBI: NM_028791) has 24 exons. The mutant was prepared by electroporation of
two gRNAs (GCAGGACCCACACTAGACAT and GGTGGGGCACAAGTTAGCAC) targeting intronic regions flanking the exon 3 of the
Cmtr1 gene (Figure S1A). The guide RNAs and Cas9 endonuclease were introduced into single mouse embryos (C57BL/6NJ; The
Jackson Laboratory Stock No. 5304). This makes a 344 bp deletion beginning at Chromosome 17 position 29,674,049 bp and ending
after 29,674,392 bp (GRCm38/mm10). This deletes the entire exon 3 and 192 bp of flanking intronic sequence (Figure S1A). The het-
erozygous mutant animals obtained from the Jackson Laboratory (via Charles River) were crossed with wildtype C57BL/6J (Janvier;
stock no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

Cmtr2 knockout mouse

The Cmtr2 mutant mouse (C57BL/6N-Cmir2™™-1KOMPVeg; ymmucd, MMRRC_047142-UCD, Stock no. 047142-UCD) was gener-
ated by the Knockout Mouse Phenotyping Program (KOMP) Repository, and obtained from the Mutant Mouse Resource and
Research Center (MMRRC), University of California at Davis. The mouse Cmtr2 gene locus on Chromosome 8 has two exons,
with the protein encoded by sequences in the exon 2. The mutant mice were created (Velocigene) by a targeted mutation of the locus
via homologous recombination in mouse embryonic stem (ES) cells (VGB6 derived from C57BL/6NTac). This results in deletion of
2311 bp that includes the whole mouse CMTR2 coding sequence in exon 2 (mm10, chr8: 110,221,063-110,223,373 is deleted),
and insertion of a cassette (LacZ-loxP-Neo-loxP) in its place (http://velocigene.com/komp/detail/15502) (Figure S5A). Such a
Cmtr2 knockout ES cell clone (15502A-C9) was injected into morulae or blastocysts. Resulting chimera founders were mated to
C57BL/6N mice to obtain germline transmission. The obtained heterozygous animals were then bred to a ubiquitous Cre deleter
mouse line for recombination of the LoxP sites to remove the Neo gene from the inserted cassette by Cre recombinase. The end result
is that the Cmtr2 knockout mouse lacks the CMTR2 coding sequence, leaving the LacZ coding sequence under control of the
endogenous Cmtr2 promoter. The Cre transgene was removed during the crosses. The MMRRC used C57BL/6N females for
cryo-recovery. We crossed the heterozygous mutant animals obtained from the UC Davis with wildtype C57BL/6J (Janvier; stock
no. SC-C57J-F; SC-C57J-M) partners to expand the colony.

Creation of Cmtr1 JoxP mice
The Cmtr1 genomic locus is located on mouse chromosome 17 and consist of 23 exons. We created Cmtr1 conditional knockout

mice by knock-in of JoxP sites in the same direction (recombination by the Cre recombinase should result in deletion of the intervening
region) flanking the exon 3 of Cmitr1 (Figure S2A). The ssDNA had a central region with two JoxP sites at positions 85 nt upstream and
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55 nt downstream of exon 3, with 70nt homology arms at each end. We introduced mutations into the ssDNA to prevent repeat cleav-
age of the target sites: the upstream gRNA recognition site is disrupted by insertion of the loxP site, while we mutated the PAM
sequence at the downstream site.

The tracrRNA and crBNAs (crRNA_Cmtr1_1 and crBNA_Cmtr1_2) (IDT) (Table $1) were annealed in thermocycler in two separate
reactions: 2 uL tracrBNA (200 pmol; IDT; Cat. No. 1072533) and 2 uL crRNA (200 pmol; IDT) (Table S1) were mixed with 6 uL IDTE
buffer (pH 7.5; IDT, Cat. No. 356429). Annealed gRNAs were stored at —70°C. The injection mix was prepared freshly on the day of
mouse oocyte injections. The annealed gRNAs (to final concentration 0.6 pmol/uL) were mixed with the pre-diluted Cas9 3xNLS pro-
tein (to final concentration 30 ng/uL; IDT, Cat. No. 1081058) in a volume of 9 uL. The mix was incubated at room temperature for
10 min for complex formation and mixed with the ssDNA repair template (Genewiz; 10 ng/uL final concentration). The volume of
this injection mix was adjusted with the IDTE buffer to a final volume of 100 pL. The injection mix was centrifuged at 13000 rpm
for 5 min at 4°C, and 50 pL of supernatant was transferred to a new microcentrifuge tube and stored on ice. Mouse single-cell
embryos of the B6D2F1/J hybrid line (also called B6D2; The Jackson Laboratory, stock no. 100006) were injected. The
NMRI (Naval Medical Research Institute) mice, which have a white coat color, were used as foster mothers. Founder mice were iden-
tified by genotyping PCR and crossed with wildtype C57BL/6J (Janvier) partners to obtain germline transmission. Homozygous
Cmtr1"x animals are viable and fertile.

ssDNA repair template:

gRNAs are in italics, bold underlined are loxP sites insertions, in bold exon3, “A” in bold upstream of gRNA is a mutation in PAM
sequence to avoid multiple cleavages.

ATACGTACGTATACAGCTGGCAAGAGTAGAGACGTCACTGTGACCTCCATTGAGTGCAGGACCCACACTAATAACTTCGTATAG
CATACATTATACGAAGTTATGACATAGGTGGGACATGTGGACTGTGGGTGCATGAGGCAGTCCTGTCATCCGGACCCACCTAACG
CTTCTCTTCTTCTTCCCCAGCATCTGCTACAAGCCTCAGTGGATCTGACAGTGAGACCGAGGGGAAGCAGCCCTGCTCTGATGA
TTTCAAAGATGCCTTCAAAGCAGATTCCCTTGTGGAGGGAACATCGTCCCGATATTCCATGTATAACAGTGTTTCCCAGAGGCT
TATGGTATGTCTTGGCTTAGAATGGACTTCTAAAGTTGCCCAAAAGAGGGAGAGGAAGAATAACTTCGTATAGCATACATTATACGA
AGTTATGGGCAAGGGTGTACTGGTGTTGGGGAGTGGGGTGGGGCACAAGTTAGCACAGGATATAGGTTCTGAGTAT.

Tamoxifen-inducible conditional Cmtr1 deletion in mouse liver

The Alb-CreERT2 mouse™ specifically expresses using the Albumin (Alb) promoter the tamoxifen-inducible CreERT2 in hepatocytes.
As described by the authors,”® a cassette consisting of an IRES with coding sequence for Cre-ERT2 was inserted (knock-in) down-
stream of the stop codon, in the 3’ UTR of the serum albumin (Alb) gene. The Alb-CreERT2 mouse was a gift from David Gatfield,
University of Lausanne, Switzerland. The Cmtr1®*"*** mice were crossed with Alb-CreERT2"”¥' mice. In another cross, the
Cmtr1*~ mice were crossed with the Alb-CreERT2*"%! mice. Using the these lines we prepared the conditional knockouts (cKO)
(Cmtr1"*”; Alb-CreERT2** mice) and control (Cmtr1®*”*; Alb-CreERT2*"*) animals. Animals (n = 4) were intraperitoneally injected
with Tamoxifen (75 pg/g of body weight) to induce gene deletion in adult animals: 3 months-old (for day 2 experiment), 4 months-old
(for day 6 experiment) and 8 months-old (for day 22 experiment) (Figures 3E, 3H, and 3I).

We did these experiments in two batches. The first batch had only one time point (day2: 4 days of injection and analysis at day 2
post-tamoxifen injection) (Figures 3C-3G and 3J-3M) with control and conditional KO liver samples. To observe the chronic effects of
loss of Cmtr1, we performed a second experiment with three time-points (day 2, 6 and 22) (GO term analysis in Figure S3C and vol-
cano plots in Figures 3H and 3I) with control and conditional KO liver samples for each time point. At least three biological replicates
were used for each time point (Table S2). Ribosome profiling (n = 4) was done with the first batch of liver samples from the day 2 time
point. Sucrose-gradient analysis to obtain the polysome profiling data was conducted in duplicates only (Figures 3K and S3D).

Tamoxifen (Sigma, Cat. No. T5648-1G) was diluted in com oil (Sigma, Cat. No. C8267-500ML) and dissolved overnight at room
temperature, protected from light, and stored at 4°C for up to 2 days. Daily injections of tamoxifen were given for four consecutive
days after which the mice were sacrificed at different time points: 2 days later (6 days after start of the experiment); 6 days later (10
after start of the experiment) or 22 days later (26 after start of the experiment). After injections, the animals were monitored daily for
change in body weight, signs of general discomfort and behavior changes. We observed total loss of the CMTR1 protein already at
2 days-post tamoxifen injections (Figure 3C), but the longer analysis time-points were used to detect long-term gene expression con-
sequences of loss of the protein. By analysis of the transcriptome at the three time-points, chronic activation of the innate immune
pathway was observed in the cKO Cmitr1 liver tissue (Figures 3E, 3H, and 3l). Animals were euthanized by pentobarbital injection
followed by cervical dislocation and livers were collected.

Conditional Cmtr1 germline knockout mice

The Ddx4-Cre (Vasa-Cre) transgenic line (Jackson Laboratory, Stock no. 6954) expresses the Cre recombinase from the Ddx4 (Vasa)
promoter.”® There are multiple copies of this transgene in this line. The obtained animals were first twice backcrossed with wildtype
C57BL/6J prior to other crosses. We crossed Cmtr1" " animals with Cmtr1*/ ;Ddx4""* mice to prepare the conditional knock-
outs (cKO) (Cmtr1™*""; Ddx4""*) and control animals (Cmtr1"***; Ddx4""*). The testes (PO, P31 and P75) and ovaries (>P60) from
cKO and control animals of the indicated ages were collected for histological and/or transcriptome analysis. Expression of the Cre
recombinase starts at embryonic day 14.5 (E14.5) in the male and female germline. Meiosis is initiated at E13.5 in the female germline,
and at P8 in the male germline. The cKO males were found to be infertile, while cKO females displayed low penetrant infertility
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(Figures 2B-2E). We speculate that deletion of Cmtr1 after initiation of meiosis in the female germline may be the reason for the not
dramatically affect progression of cogenesis.

Mouse genotyping

Ear-punches of the weaned animals (21 days-old) were digested in 100 uL of Lysis buffer (10 mM NaOH, 0.1 mM EDTA) for 90 min at
95°C. After centrifugation at 3000 rcf for 10 min, 50 pL of the supernatant was transferred to a new tube containing 50 uL of TE buffer
(20 mM Tris-HCI, pH 8.0 and 0.1 mM EDTA). An aliquot of 2 uL of the digestion mix was used for the genotyping PCR. Reaction mix for
20 pL PCR reactions: 10 uL of Phire Green Hot Start Il PCR Master Mix (Thermo Scientific, Cat. No. F126L), 1.0 uL of each primer
(10 nM), 2.0 uL. DNA from ear punches (100-200 ng), and 5-6.0 uL water to make 20 uL final volume.

Primers to genotype knockout allele of Cmitr1 were RR1185 and RR1186 (Table S1). The expected size of products was 916 bp
(WT) and 661 bp (KO). Reactions were run using the following conditions: 98°C for 30 s, 35 cycles of [98°C for 5 s, 65°C for 5 s
and 72°C for 12 s}, 72°C for 1 min, and finally at 12°C to hold the reaction. Reactions were examined by 1.5% agarose gel electro-
phoresis (Figure S1B).

To identify knockout allele of Cmtr2, PCR reaction with three primers (MD280, MD282, MD283) were used (Table S1). Reactions
were run using the following conditions: 98°C for 30 s, 35 cycles of [98°C for 5 s, 65°C for 5 s and 72°C for 12 s], 72°C for 1 min, and
finally at 12°C to hold the reaction. PCR products of 244 bp (WT) and 339 bp (KO) were resolved by 2% agarose gel electrophoresis
(Figure S5B).

To genotype Cmtr1 LoxP allele, the primers were MM458 and MM448 with the expected PCR product size 408 bp (WT) and 476 (KI)
(Table S1). Reactions were run using the following conditions: 98°C for 30 s, 35 cycles of [98°C for 5 s, 65°C for 5 s and 72°C for 12 5],
72°C for 1 min, and finally at 12°C. Reactions were examined by 2% agarose gel electrophoresis (Figure S2B and S3A).

To genotype DDX4 transgene, the primers were MM113 and MM114 with the expected PCR product size for the transgene frag-
ment being 275 bp (Table S1). Reactions were run using the following conditions: 98°C for 30 s, 35 cycles of [98°C for5s,65°Cfor5 s
and 72°C for 12 s], 72°C for 1 min, and finally at 12°C. Reactions were examined by 2% agarose gel electrophoresis (Figure S2B).

In case of the Alb-CreERT2 animals, the WT allele was screened with ABT290 and ABV93 primers (Table S1), whereas the Kl allele
was detected with ABT290 and ABT294 in two different reactions with the following reaction conditions: 98°C for 30 s, 35 cycles of
[98°C for 5 s, 55°C for 5 s and 72°C for 12 s], 72°C for 1 min, and finally at 12°C. PCR products were mixed together and examined by
2% agarose gel electrophoresis, where 444 bp (KI) and 229 bp (WT) bands were detected (Figure S3A).

Collection of mouse embryos

Adult (8 weeks or older) animals of the heterozygous genotypes for Cmtr1 or Cmtr2 knockout alleles were crossed together. Plugs
were checked the morning after and considered as embryonic day 0.5 (E0.5). Plugged females were separated and sacrificed later at
E6.5 to E10.5. Embryos were microdissected, imaged using stereomicroscope Discovery.V12 (Zeiss), and stored in RNAlater reagent
(Invitrogen, Cat. No. AM7021) until RNA extraction. Samples were washed 3 times in ice-cold 1xPBS prior the RNA and DNA extrac-
tion by the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. No./ID: 80004) and genotyped as described above.

Human HAP1 CMTR1 KO celis

HAP1 is a near-haploid human cell line derived from the chronic myelogenous leukemia (CML) cell line KBM-7. The HAP1 CMTR1
knockout cell line (Horizon Discovery, Cat. No. HZGHC004217c007) and control wildtype cells (Horizon Discovery, Cat. No. C631)
were purchased. The CMTR1 KO cell line has a 2 bp deletion in the target locus and was generated using the CRISPR-Cas9
technology. Western analysis confirms the complete lack of CMTR1 protein (Figure S4A) and RNA mass spectrometry reveals the
complete absence of m®Am (Figure S4B), a modification that depends on CMTR1-dependent cap1 methylation.""

Clones and constructs

The complementary DNA (cDNA) for human CMTR1 (NCBI: NP_055865.1), human DHX15 (NCBI: NP_001349.2) and mouse CMTR2
(NCBI: NP_666327.2) were obtained by reverse transcription-PCR (RT-PCR) amplification from human cell culture or mouse tissue
RNA. To express the protein in insect cell expression system, full-length hCMTR1, hDHX15 or truncated mCMTR2 (15-759 aa) coding
sequence was cloned into the modified pACEBac2SS vector for expression as an N-terminal 6xHis-Strep-SUMO-TEV fusion protein.
For co-expression of hCMTR1 and hDHX15, hCMTR1 coding sequence was cloned into pIDK vector and then recombined with
PACEBac2SS-hDHX15 via Cre-recombination. All constructs were verified by restricted digestion as well as by Sanger sequencing.

Recombinant protein production

Production of full-length hCMTR1, hDHX15 or truncated mCMTR2 was carried out in insect cell lines using the baculovirus expres-
sion system. The ovary-derived cell lines used are: High Five (Hi5) insect cell line originating from the cabbage looper (Trichoplusia ni)
and the Sf9 cells derived from the fall army worm Spodoptera frugiperda. Briefly, pACEBac2SS plasmids carrying target genes were
transformed into DH10EMBacY competent cells for recombination with the baculovirus genomic DNA (bacmid). The bacmid DNA
was extracted and transfected with FUGENE HD (Promega, cat. no. E231A) into the S insect cells for virus production. The super-
natant (V) containing the recombinant baculovirus was collected after 72 to 96 h post-transfection. To expand the virus pool, 3.0 mL
of the V, virus stock was added into 25 mL of S (0.5 x 10%/mL) cells. The resulting cell culture supematant (V,) was collected 24 h
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post-proliferation arrest. For large-scale expression of the protein, Hi5 cells were infected with virus (V4) and cells were harvested 72 h
after infection. For expression of the CMTR1-DHX15 complex, recombined plasmid carrying both CMTR1 and DHX15 gene was
transformed into DH10EMBacY competent cells, followed by bacmid extraction and baculovirus preparation as described above.

Purification of mouse CMTR2 protein

After protein expression, the cells were collected by centrifugation and lysed by sonication in buffer: 50 mM Tris-HCI, pH 8.0, 300 mM
NaCl, 5% Glycerol, 5 mM 2-mercaptoethanol, 40 mM Imidazole and protease inhibitor (Thermo Scientific, EDTA-free). Clear super-
natant was collected by centrifugation at 18,000 rpm for 45 min at 4°C. The supematant was incubated for 2 h with Ni** chelating
Sepharose FF beads at 4°C, then the beads were washed by imidazole gradient washing buffer and finally bound protein was eluted
with 250 mM imidazole in lysis buffer. Subsequently, the N-terminal tag was cleaved by the TEV protease overnight in the dialysis
buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 5 mM 2-mercaptoethanol). The cleaved tag was removed by a second purification
on Nickel beads. The protein was further purified by gel filtration chromatography (GE Healthcare, Superdex 200 increase 10/300)
equilibrated with buffer (25 mM Tris-HCI pH 8.0, 150 mM KClI, 5% glycerol and 1 mM DTT). The pure fractions were verified by
SDS-PAGE electrophoresis and flash-frozen in liquid nitrogen.

Purification of human CMTR1-DHX15 complex

Hi5 cells co-expressing untagged hCMTR1 and 6xHis-Strep-SUMO-TEV-hDXH15 were collected and resuspended in lysis buffer
(50 mM Tris-HCI pH 8.0, 300 mM NacCl, 40 mM Imidazole, 5% glycerol and 5 mM 2-mercaptoethanol) supplemented with protease
inhibitor (Thermo Scientific, EDTA-free). After sonication, the lysate was centrifuged at 18,000 rpm for 45 min at 4°C. The clarified
supernatant was incubated at 4°C for 2h with the Ni** chelating Sepharose FF beads. The beads were washed with an imidazole
gradient in the wash buffer (40 mM, 50 mM or 60 mM imidazole in lysis buffer) and bound protein complex was eluted by 250 mM
Imidazole. The N-terminal His-Strep-SUMO tag was further removed by TEV protease overnight at 4°C in dialysis buffer (50 mM
Tris-HCI pH 8.0, 200 mM NaCl, 5 mM 2-mercaptoethanol). After cleavage, second nickel column purification was performed and
flow-through containing the cleaved protein (complex) was collected. The complex was further purified by gel filtration chromatog-
raphy using Superdex 200 increase 10/300 (GE Healthcare) equilibrated with buffer (25 mM Tris-HCI pH 8.0, 150 mM KCI, 5% glycerol
and 1 mM DTT). The pure fractions were verified by SDS-PAGE electrophoresis (Figure S4J) and flash-frozen in liquid nitrogen.

Antibodies

Commercial antibodies

Primary antibodies: rabbit or mouse anti-CMTR1 (Atlas antibodies, Cat. No. HPA029980), anti-IFIT1 (Cell signaling, Cat. No. D2X92),
rabbit anti-TUBULIN (abcam, Cat. No. ab6046) and rabbit anti-PARK7 (abcam, Cat. No. ab18257).

Secondary antibodies: For Western blot analyses, the following secondary antibodies conjugated to HorseRadish Peroxidase
were used: Amersham ECL Rabbit IgG, HRP-linked whole Ab (from donkey) (Cat. No. GE Healthcare, NA934-1ML) and Rabbit
anti-Mouse IgG (H + L) Superclonal Secondary Antibody, HRP conjugate (Invitrogen, Cat. No. A27025).

Antibodies generated for this study

We generated rabbit polyclonal antibodies to mouse CMTR2 (nCMTR2). Two New Zealand White (NZW) rabbits were immunized
with the soluble antigen (Biotem, France). The antigen used was the purified untagged mouse CMTR2 (15-759 aa) produced in insect
cells. For each injection, 1 mg/mL protein was used. After six injections (at day 0, 14, 28, 56, 70 and 89) crude immune serum was
collected (at day 96) and frozen. The anti-mCMTR2 crude sera detected the recombinant mouse protein by Western analysis, but
failed to detect the protein in mouse tissue lysates. This could be due to low abundance of CMTR2 in mouse tissues or due to the
low titer of the antibodies generated. Affinity purification of the antibodies with the antigen did not help to improve the situation.

Collection of RNA from HAP1 cells

Wildtype and CMTR1 knockout human HAP1 cells were cultured in (High glucose) IMDM Medium (Gibco, Cat. No. 12440046) supple-
mented with 10% fetal bovine serum (FBS) and Penicillin-Streptomycin (10,000 U/mL) 1:100 (Gibco, Cat. No. 15140122) at 37°Cinthe
presence of 5% CO2. At 70% confluency, the media was removed and TRIzol Reagent (Invitrogen, Cat. No. 15596-026) was added to
monolayer of cells. Mixture was collected to a micro centrifuge tube, flash frozen and stored at —70°C until the RNA extraction.

RNA extraction from cell lines

After harvesting, pellets of human HAP1 cells were directly mixed with the TRIzol reagent (Invitrogen, Cat. No. 15596026), flash frozen
and kept at —70°C. They were then processed according to the manufacture’s protocol. To remove genomic DNA, approximately
10 g of the extracted RNA was treated with TurboDNase (Invitrogen, Cat. No. AM2238) for 30 min and then cleaned by RNA Clean
and Concentrator kit (Zymo Research, Cat. No. R1017).

Growth curve
We seeded 0.5 million wildtype or CMTR1 knockout human HAP1 cells into wells of a 12-well plate and for the next 4 days cells were

collected daily by trypsinization and counted in duplicate by Countess 3 Automated cell (Invitrogen) counter in trypan blue (Sigma,
Cat. No. 93595-50ML) mixture 1:1. This experiment was repeated six times to obtain the data presented (Figure S4C).

Cell Reports 42, 112786, July 25, 2023 19

70



@ CelPress Cell Reports

OPEN ACCESS

Analysis of cell cycle by FACS

Wildtype and CMTR1 knockout human HAP1 cells were grown to 60-70% confluency and then collected by trypsinization. Cell
suspension was centrifuged at 500xg for 5 min, followed by removal of the trypsin/media. Cells were washed once in 1xPBS and
centrifuged again. The PBS was removed and cells were completely resuspended in 100 pL of ice-cold 1xPBS. Afterward, cells
were fixed by addition of ice-cold 100% Methanol, mixed and stored at - 20°C until staining and further analysis. Later, fixed cells
were centrifuged at 500xg at 4°C for 10 min. Supernatant was removed and cells were permeabilized with 150 uL. PBS with 0.2%
Triton X- and incubated for 30 min at room temperature. Cells were centrifuged, supernatant removed, and cells were resuspended
in 500 pL of staining solution [15 pg/mL Propidium lodide (Sigma, Cat. N P4170) and 6 pg/mL RNase A (Sigma Cat. no. R6513)]. Stain-
ing was performed for at least 1H in dark at 4°C. FACS analysis was performed in the staining solution using Gallios Flow Cytometer
(Beckman) and analyzed by Kaluza software (Figure S4D).

Collecting mouse tissues for western blot

Muiltiple tissues were isolated from an adult (>P60) mouse. After flash-freezing in liquid nitrogen, a piece of different tissues were
omogenized in 1 mL lysis buffer [50 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1 mM DTT,
Complete Protease Inhibitor Cocktail Tablet (Roche, Cat. No. 5056489001)]. The lysate was transferred to a 1.5 mL Eppendorf
tube, centrifuged at 14000xg for 30 min, and the supernatant collected. An aliquot was taken to measure the concentration by
DC Protein Assay (Bio-Rad, Cat. No. 5000112). Lysate concentrations were normalized to 1 mg/uL. Protein extracts were stored
at —70°C. The SDS loading buffer was added to the protein lysates and boiled at 95°C for 5 min, and 30 pg of protein per lane
was loaded and resolved by SDS-PAGE (Figure 3A).

Western Blot
Whole cell lysates or tissues were separated via SDS-PAGE in order to detect proteins of interest in 10% or 12% polyacrylamide gels.
Gel electrophoresis was performed at 120 V for 110 min. After separation, proteins were blotted on the Amersham Protran 0.45 pm
nitrocellulose membrane (GE Healthcare, Cat. No. 10600002) overnight at 5 V at room temperature using Trans-Blot SD Semi-Dry
Transfer Cell system (Bio-Rad, Cat. No. 1703940). After transfer, membranes were washed with PBS and blocked for 1 h at room
temperature with 5% dry milk in PBS with 0.05% Tween 20 (PBST) (Sigma, Cat. No. P7949). After this, membranes were incubated
with primary antibody overnight at 4°C 1:10000 rabbit anti-TUBULIN (Abcam, Cat. No. ab6046), 1:100 anti-CMTR1 (Atlas antibodies,
Cat. No. HPA029980), 1:200 anti-IFIT1 (Cell signaling, Cat. No. D2X92), 1:100 anti-PARK7 (abcam, Cat. No. ab18257). Then, mem-
branes were washed 3 times for 10 min with PBST and incubated with HRP-conjugated secondary antibody at 1:10 000 dilution,
either with anti-rabbit IgG HRP-linked (GE Healthcare, Cat. No. NA934) or anti-mouse IgG HRP-linked (Invitrogen, Cat. No.
a27025) for 1 h at room temperature in 5% milk in PBST. After 1 h, membranes were washed 3 times for 10 min with PBST and
incubated with one of detection reagents: Amersham Prime Western Blotting Detection Reagent (GE Healthcare, Cat. No.
RPN2232), SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher, Cat. No. 34095) or Pierce ECL 2 Substrate
(ThermoFisher, Cat. No. 1896433A) for 5 min at room temperature. Signal was detected using Amersham Hyperfilm ECL (GE Health-
care, Cat. No. 28906837). The processed films were scanned using Perfection 3200 Photo scanner (Epson) with XSane image
scanning software (ver. 0999).
Histological lysis of ti
To prepare the paraffin sections, the mouse tissues were washed in 1xPBS, and fixed in 4% paraformaldehyde overnight at 4°C. After
washing in 1xPBS, samples were transferred into the embedding cassettes (Simport; cat. no. M508-3) and sent to the histology plat-
form of University of Geneva. The samples were dehydrated in 70% ethanol (2 x 3h), 90% (1h), 95% (1h) and 100% ethanol (3 x
30 min) followed by incubation (3 x 30 min) in xylene. Xylene was removed and replaced with paraffin, and incubated at 56-58°C.
Tissues were then transferred into plastic molds (Polysciences mold S-22; NC0397999) filled with paraffin, and paraffin was allowed
to solidify at room temperature. The tissue sections (~5 uM thickness) were prepared using a microtome. The sections were allowed
to stretch at 42°C and then stored at room temperature.

For histological analysis, the slides containing the paraffin sections were placed in a glass slide holder filled with xylene (3 x
5 min) to remove the paraffin. For rehydration, the slides were incubated in 100% ethanol, 96% ethanol, 70% ethanol, 50%
ethanol (2 x 10 min for each step) and miliQ water (2 X 2 min for each step). Sections were stained with Hematoxylin solution
(Merck) for 3 min and rinsed in running tap water. Then, sections were stained with Eosin Y solution (Sigma Aldrich; cat. no.
E4382) for 3 to 5 min and washed with water. For dehydration, the sections were incubated in 50% (30 s), 70% (30 s), 96%
(30 s), 100% ethanol (2 min) and HistoSAV (3 x 3 min). Neo-Mount (Merck) was put on the sections and immediately covered
with coverslips. The sections were examined and pictures were taken using widefield (Zeiss Axio Imager Z1 or Axio M2)
microscopy.

Total RNA purification from mouse liver samples

For total RNA extraction, we used multiple biological replicates (n = 4) of mouse liver from control (Cmtr1°**; Alb-Cre-ERT2) and
Cmtr1 cKO (Cmtr1°*"-; Alb-Cre-ERT2) animals after tamoxifen injections. Approximately 0.5 g tissue was taken and placed in a
50 mL conical tube (Sarstedt, Cat. No. 62.547.254) with 5 mL of extraction buffer. [Preparation of the extraction buffer: 250 g
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guanidium thiocyanate (ITW Reagents, Cat. No. A1107), 17.6 mL sodium citrate, 0.75 M, pH 7.0 (Sigma-Aldrich, Cat. No. C8532) and
320 mL water were mixed at 60°C. Add 1/10 volume of sodium acetate, 2 M, pH 4.0 (Merck, Cat. No. 1.06268); 1/100 volume B-mer-
captoethanol (Sigma, M3148), before use.]

Homogenize using a douncer (Kinematica AG, Cat. No. PT 2500E) in the 50 mL conical tube for 20 s until no fragments are left, and
then add 5 mL phenol-H20, mix well and stand on ice. Add 2 mL chloroform (VWR, Cat. No. 8.22265.2500): isoamyl alcohol (Merck,
Cat. No. W205702) (49:1), mix well, stand on ice for 15 min, and transfer all the solution to a 15 mL TPP centrifuge tube (Thermo Fisher,
Cat. No. 91016). Spin down for 20 min at 4000 rpm at 4°C, transfer the upper phase (approximately 5 mL) to a new 15 mL TPP tube.
Then add 1 volume (~5mL) of phenol-chloroform: isoamyl alcohol (48:2) mix. Shake well to mix. Spin down for 15 min at 4000 rpm at
4°C, transfer upper phase (approximately 4 mL) to anew 15 mL TPP tube. Add 4 mL isopropanol to precipitate the nucleic acids, and
leave it at —20°C for 25 min. After this, spin down at 5000rpm, 15 min at 4°C, remove all the solution, and completely dry the tube by
keeping it up-side down on a tissue to remove all the liquid. Add 6 mL 4M lithium chloride (Merck, Cat. No. 1.05679) to resuspend the
precipitate. The volume used depends on the size of the pellet. Shake until the pellet completely dissolves. Note that the pellet con-
tains DNA along with the RNA. Leave on ice for 5 min, and spin down at 4500 rpm for 15 min at 4°C, remove all the solution and dry the
tube completely. Add 7 mL 75% ethanol to resuspend the precipitate and leave it at room temperature for 10 min. Spin down at
4500 rpm for 15 min, remove all the solution and dry the tube completely with a tissue. A pellet will be visible if the amount of
RNA is abundant. Add 75% ethanol and keep sample on ice or at - 20°C for longer time. Repeat the 75% ethanol step once again.
And dry the tubes at room temperature for 45min by keeping them open. Dissolve the RNA precipitation with ~700 ul DEPC treated
water to a proper concentration. Dissolve RNA by gently pipetting. After a short spin, measure concentration and tRNA into a new
1.5mL tube. Store it under —80°C.

PolyA+ RNA purification

PolyA+ RNA was purified using magnetic Dynabeads Oligo(dT)25 (ThermoFisher, Cat. No. 61005). In brief, total RNA (75 pug) was
adjusted to 100 pL with nuclease free water. The RNA was heated to 65°C for 2 min, and placed on ice, to disrupt secondary
structures. 200 uL (1 mg) of Dynabeads were transferred to a microcentrifuge tube and washed twice with 100 uL Binding Buffer
(1 M LiCI2, 2 mM EDTA, pH 8.0, 20 mM Tris-HCI, pH 7.5). Beads in 100 uL Binding Buffer were mixed with 100 uL of previously
heated RNA. Beads were mixed thoroughly and rotated on a roller or mixer for 10 min at room temperature to allow the mRNAs to
anneal to the oligo (dT)25 on the beads. Unbound fraction was discarded and beads were twice washed with 200 uL. Washing
buffer B. Washing buffer was removed and the elution was perform in the 20 uL of nuclease free water by heating at 80°C for
2 min, immediately placed on the magnet and the eluted PolyA+ RNA was transferred to a new RNase-free tube. For RNA
mass spectrometry experiments, we repeated polyA + purification for a total of three times. The eluted RNA from the previous
round was diluted to 100 pL in binding buffer for subsequent second or third round of purification. Used beads were washed twice
in Wash buffer. After their resuspension in 100 uL of Binding Buffer, the purification was repeated as in the first round of

Quantification of RNA modifications using LC-MS/MS

RNA was hydrolyzed to ribonucleosides by 20 U benzonase (Santa Cruz Biotech) and 0.2 U nuclease P1 (Sigma) in 10 mM ammonium
acetate pH 6.0 and 1 mM magnesium chloride at 40°C for 1 h. After that, ammonium bicarbonate to 50 mM, 0.05 U phosphodies-
terase | and 0.1 U alkaline phosphatase (Sigma) were added, and incubated further at 37°C for 1 h. Digested samples were precip-
itated with 3 volumes of acetonitrile, centrifuged (16,000xg, 30 min, 4°C), and supernatants were lyophilized and dissolved in a so-
lution of stable isotope labeled internal standards for LC-MS/MS analysis. Chromatographic separation was performed using an
Agilent 1290 Infinity Il UHPLC system with an ZORBAX RRHD Eclipse Plus C18 150 x 2.1 mm ID (1.8 pm) column protected with
an ZORBAX RRHD Eclipse Plus C18 5 x 2.1 mm ID (1.8 pum) guard column (Agilent). The mobile phase consisted of A: water and
B: methanol (both added 0.1% formic acid) at 0.22 mL/min, for modifications starting with 5% B for 0.5 min followed by 2.5 min
of 5-15% B, 3.5 min of 15-95% B, and 4 min re-equilibration with 5% B. Unmodified nucleosides were chromatographed with a
4 min gradient of 5-95% B and 4 min re-equilibration with 5% B. Mass spectrometric detection was performed using an Agilent
6495 Triple Quadrupole system operating in positive electrospray ionization mode, monitoring the mass transitions 269.1-150.1
(m®Am), 282.1-150.1 (m°A), 282.1-136.1 (Am), 268.1 (A), 284.1-152.1 (G), 244.1-112.1 (C), 245.1-113.1 (U), 296.1-164.1 (m®,A),
and 298.1-166.1 (m’G), 285.1-153.1 (d3-m6A), 301.1-152.1 (d5-Gm), 273.1-136.1 ('*C5-A), and 246.1-114.1 (d,-C). The m®Am modi-
fication is catalyzed by PCIF1."" It carries out the N° methylation (m®A) of the transcription start site adenosine that is already meth-
ylated on the ribose (Am; cap1) by CMTR1. Therefore, we used m®Am levels as a readout for reduction in cap1 levels in the conditions
lacking CMTR1 activity (Figures 3J and S4B).

RNA library preparation and sequencing
Library preparation for embryos form the heterozygous (HET) Cmtr1*/ crosses (n = 4) was performed at the Genomics Core Facility
(GeneCore, EMBL Heidelberg) using 50 ng (for E6.5 embryos) and 200 ng (for E7.5 embryos) of total RNA with stranded rRNAminus
RNAseq protocol and sequenced on NextSeq 500, HI, 75SE (85SE).

Library preparation and sequencing of a second batch of embryos from the heterozygous (HET) Cmtr1*/~ crosses or Cmtr2*/
crosses was performed at iGE3 facility at the University of Geneva. We used 50 ng (for E6.5 embryos) and 200 ng (for E7.5 embryos)
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of total RNA for the Smarter Ribodepletion kit. The prepared libraries were sequenced on the lllumina HiSeq 4000 sequencer (iGE3
Genomics Platform, University of Geneva).

Libraries were prepared with total RNA (500 ng) from human HAP1 WT and CMTR1 KO (n = 4) cells at the Genomics Core Facility
(GeneCore, EMBL Heidelberg) sequencing facility using the stranded rRNAminus RNAseq protocol and sequenced on the
HiSeq2000.

All sequencing libraries prepared are listed in Table S2.

Poly and ribc profiling
Mouse liver was isolated from biological duplicates of control and Cmtr7 cKO animals described previously. The tissue was rapidly
cut up into small pieces and snap frozen in liquid nitrogen.

For one sample of human HAP1 cells, three 10 cm plates of ~70% confluency were used. Cells were treated with 100 pg/mL cyclo-
heximide (CHX) at 37°C, media was removed and the plate was placed on ice. Cells were washed with ice-cold PBS containing
100 pg/mL CHX and the PBS was completely removed. Cells were collected by scraping in 1mL of ice-cold PBS supplemented
with 100 pg/mL CHX. Cells were collected in Eppendorf tubes on ice and spun down for 5 min at 1000 rpm (200xg), 4°C. Supernatant
was discarded and cell pellet was flash-frozen and stored at —80°C. Human HAP1 cell pellets were flash-frozen until further use. The
ribosome profiling”** and polysome fractionation was performed at the “BioCode: RNA to Proteins” Core Facility, Faculty of
Medicine, UNIGE.

Polysome gradient centrifugation

Mouse liver tissues or HAP1 cell pellets were mechanically disrupted in liquid nitrogen and homogenized in a lysis buffer (50 mM Tris,
pH 7.4, 100 mM KCI, 1.5 mM MgCI2, 1.0% Triton X-100, 0.5% Na-Deoxycholate, 25 U/mL Turbo DNase I, TmM DTT, 100 pg/mL
cycioheximide, and Protease inhibitors (Roche). 10 pi of SUPERasein RiNase inhibitor (Ambion, #Aii2694) was added to iysis buifer
upon homogenization. Cell debris were pelleted (20000xg, 20 min, 4°C). Approximately 500 uL of tissue lysates containing 2 pg/mL of
total RNA (1000 ug of total RNA) were loaded on the linear 20-60% sucrose gradients prepared on the gradient buffer (50 mM Tris, pH
7.4, 100 mM KCI, 1.5 mM MgCI2, 1mM DTT, 100 ug/mL cycloheximide). Ribosomes were fractionated at 247'600xg (38000 rpm,
rotor SW41 Ti (Beckman Coulter, #331362) for 3 h 30 min at 4°C. Fractionated ribosomes were monitored and collected using Density
Gradient Fractionation System (ISCO) (Figures 3K and S3D).

Ribosome profiling

Mouse liver tissues or HAP1 cell pellets were mechanically disrupted in liquid nitrogen and homogenized in a lysis buffer (50 mM
Tris, pH 7.4, 100 mM KCI, 1.5 mM MgCI2, 1.0% Triton X-100, 0.5% Na-Deoxycholate, 25 U/mL Turbo DNase |, imM DTT,
100 pg/mL cycloheximide, and Protease inhibitors (Roche, Cat. No. 04693132001). For determination of the optimal concentration
of nuclease for RNA digestion, the extracts were treated with the different amounts of RNAse | (Ambion, #AM2295). This was fol-
lowed by sucrose gradient centrifugation to determine shift of polysomes to monosomes, but without further degradation of
monosomes.

To obtain ribosome footprints, 0.12 mL of total extracts containing 300 pg of total RNA were treated with RNAse | (Ambion,
#AM2295) (250U/1 mg of total RNA), for 45 min at 20°C with slow agitation. 10 L. SUPERaseln RNase inhibitor (Ambion,
#AM2694) was added to stop nuclease digestion. Monosomes were isolated using MicroSpin S-400 HR spin columns (Amersham,
#27514001). For isolation of ribosome protected mRNA fragments (RPF), 3x volumes of QIAzol (Qiagen, Cat. No. 79306) were added
to the S-400 eluate, mixed thoroughly, and RNA extracted with Direct-Zol RNA Mini Prep Plus kit (Zymo Research, #R2070).

Ribosome protected fragment (RPF) library preparation

Libraries were prepared as described.””*’ Briefly, ribosome protected fragments (RPFs) were size-selected (25-34 nt) by electro-
phoresis using a 15% TBE-Urea polyacrylamide gel electrophoresis (PAGE) and two RNA markers, 25-mer (OP-RNA25) and
34-mer (OP-RNA34) (Table S1). After dephosphorylation with T4 Polynucleotide Kinase (NEB, #M0201S) the adapter Linker-1
(OP-RNA45) was ligated to the 3’ end of the RPF using T4 RNA Ligase 2 (NEB, #M0242S). The ligated products were purified using
10% TBE-Urea PAGE. Ribosomal RNA was removed using RiboCop rRNA Depletion Kit V2 H/M/R (Lexogen #144) for mouse liver
samples or using the Ribo-Zero Plus rRNA Depletion kit (lllumina, #20040892) for HAP1 cell samples. The adapter Linker-1 was used
for priming reverse transcription (RT) with the RT primer Ni-Ni-9 (OP27) using ProtoScript Il Reverse Transcriptase (NEB, #M0368S).
RT products were purified using 10% TBE-Urea PAGE. The cDNA was circularized with CircLigase Il ssDNA Ligase (Epicentre,
#CL9021K). The final libraries were generated by PCR using forward index primer NI-N-2 (OP28) and reverse index primers. Amplified
libraries were purified using 8% TBE-PAGE and analyzed with TapeStation. Libraries were sequenced on an lllumina HiSeq 4000,
single-reads, 1 x 50 bp, 8 libraries in a pool.

Isolation of total RNA, library preparation and sequencing
Total RNA was isolated from the same nuclease-treated extracts, that were used to obtain RPFs, using Direct-Zol RNA Mini Prep Plus

kit (Zymo Research, #R2070). RNA was sent to iGE3 Genomic Platform, University of Geneva for stranded mRNA library preparation.
Libraries were sequenced on an lllumina HiSeq 4000, single-end reads, 1 x 50 bp, 12 libraries in pool.
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All sequencing libraries prepared are listed in Table S2.
QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of RNA-seq data

Quality control of the demultiplexed libraries was performed with FastQC.*” Sequencing adapters were removed by Flexbar soft-
ware.”" All the sequenced mouse libraries were aligned to the mouse transcriptome (GRCm38 assembly) with STAR® (v2.7.10a)
and reads were further quantified transcript-wise from STAR-generated BAM files by salmon quant (v1.8.0)*” with the following
options: -seqBias —gcBias —posBias —writeUnmappedNames. Transcript counts were collapsed into gene counts and DESeq
function of the DESeq2 bioconductor package®®' was used to obtain log2 fold changes of gene expression between control
and mutant samples and the adjusted p values. Hidden noise was inferred by the sva bioconductor package’ and 2 surrogate
variables (SV1 and SV2) were included into DESeq function model (design = ~ SV1 + SV2 + condition). Adjusted p value 0.05, as
well as the absolute value of log2 fold change 1 were defined as thresholds of statistical significance. All the visualizations were
done in Python 3.10.6. Volcano plots of differential gene expression was plotted using scatterplot function of the seaborn (v0.12.1)
package® with additional matplotlib (v3.6.2) customizations®” (Table S3). Boxplots of the expression of immune sensors (Fig-
ure 1F), comparison of the alternative splicing events (Figure 1G), z-scores of the log2-transformed counts of the snoRNA-con-
taining introns (Figure S1F), log2 fold changes of selected gene classes expression and translational efficiency (Figure S1G,
S3F-S3G, and S4F), as well as follicle proportions (Figure S2D) were plotted with the boxplot function of the seaborn package.
Stacked bar charts of embryo genotypes (Figures 1C and 4C), and bulk-to-single-cell projections (Figure S1E and S5H) were
created with the plot function (kind = 'bar’, stacked = True) from the pandas (v1.5.1) package. Heat maps of the type | IFN pathway
genes (Figure 3G) and selected innate immune sensors across early embryonic stages (Figure S1D) were plotted with clustermap
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data used for analysis in Figure 1F was from published sources (GEO: GSE45719 and GSE119945; Arrayexpress: E-MTAB-
6967). Venn diagrams comparing Cmitr1 and Cmtr2 dysregulated gene sets in E6.5 and E7.5 embryos (Figure 4F) were plotted
with venn2 function of the matplotlib_venn (v0.11.7) package. Genes found to be significantly up- or down-regulated in the
mutants were searched for enriched Gene Ontology terms in the Biological Process and Molecular Function ontologies using
ENRICHR™ and plotted with barplot function of the gseapy (v0.14.0) package.”® Violin plot comparing expression levels of
RIG-I between HAP1 cells and control Cmtr1 mice (Figure S4G) was plotted by violinplot function of the seaborn (v0.12.1)
package.
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Analysis of ribosome profiling data

Quality control of the demultiplexed libraries was performed with FastQC.®* Sequencing adapters were trimmed with Flexbar.”*
Ribosomal RNA filtering was done by aligning reads to the rRNA index with bowtie®® with the following options: -S -v 1 -a -best
—strata. After rRNA filtering step remaining pool of reads was aligned to a relevant genome: GRCm38 assembly for the mouse
liver data and the GRCh38 assembly for human HAP1 cells, respectively. Genome alignment was performed by STAR® without
any further read clipping by adding -alignEndsType EndToEnd option. Read coverage biases were checked from the BAM files
by the CollectRnaSeqMetrics program from “Picard Toolkit”.”” Metagene profile analysis of the read phasing of the mouse liver
data (Figure S3E) was performed by metagene program from the plastid python package.’® RiboCode toolkit’' was used to
detect longest translated ORFs (-| yes). Count tables of the longest translated ORFs for further differential translation efficiency
analysis were made by ORFcount program from the RiboCode toolkit. First and last 10 translated codons were masked from
counting (-f 10 -L 10). Hidden noise was inferred by sva bioconductor package’ and 2 surrogate variables (SV1 and SV2) were
included into model. Differential translational efficiency analysis was done by DESeq function from DESeq2 bioconductor pack-
age with the following parameters specified: test = "LRT”, reduced = ~SV1 + SV2 + assay + condition. Model design was as
follows: ~SV1 + SV2 + assay + condition + assay:condition. Volcano plots showing differential translational efficiency (Table S4)
between mouse Cmtr1 cKO (Cmitr17°*”; Alb-CreERT*'") and control (Cmtr1*/°*”; AbCreERT*'") (Figure 3L), as well as between
human HAP1 CMTR1 KO and WT cells (Figure S4F) were plotted using scatterplot function of the seaborn (v0.12.1) package
with additional matplotlib (v3.6.2) customizations. Coverage tracks comparing ribosome protected fragments (RPFs) and input
read distributions across gene model (Figure 3M) were plotted by SparK (v2.6.2) python library.””

Analysis of alternative splicing events

The annotation file of the alternative splicing (AS) events (SE - skipped exon, MX — mutually exclusive exons, A5/3 - alternative
5'/3' site, RI - retained intron, AF - alternative first exon, AL - alternative last exon) was generated by generateEvents script from
the SUPPA2 toolkit.”* All the AS events were filtered based on the total gene expression counts (total TPM counts per gene per
all conditions >10). The PSI (Percent Spliced-In) scores (Figure 1G) representing proportions of reads supporting the event over
total amount of reads per gene were computed by psiPerEvent script from the SUPPA2 toolkit both per all the retained AS
events and per transcripts (percentage of reads supporting a specific AS event over total number of events per gene, and per-
centage of reads supporting a specific transcript over total amount of reads per gene, respectively). Cryptic and/or rare AS
events with PSI scores <0.05 or >0.95 as well as events with <25% of missing values per event were filtered out from further

Cell Reports 42, 112786, July 25, 2023 23

74



@ CelPress Cell Reports

OPEN ACCESS Report

analysis. The remaining missing values were imputed from the 2 neighbors by the KNN algorithm (KNNImputer function) from
the sklearn library package (v1.1.3).””
Bulk-to-single-cell deconvolution (RNA-seq debulking)

All the bulk-to-single-cell deconvolutions of the E6.5 and E7.5 Cmtr1 and Cmtr2 knock-out samples were performed with SCDC
(v0.0.0.9000) R package’” on the published single-cell embryonic atlases.”'
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Figure S1. Characterization of the Cmtrl knockout mouse

A) The domain architecture of the CMTRI1 protein is shown to indicate the nuclear localization signal (NLS),
the G-patch, the methyltransferase (RFM), the GTPase-like and the WW domains. Genome engineering of
the mouse Cmtrl locus with CRISPR using two guide RNAs. Exon3 is deleted, resulting in a disrupted
translation frame. (B) Agarose gel showing typical genotyping PCR strategy using ear punches to identify
wildtype (WT) and heterozygous (HET) animals at weaning age (P21, post-natal day 21). (C) Mouse
embryos at indicated embryonic days were collected from heterozygous Cmtrl females crossed with
heterozygous males. The number of embryos of the different genotypes, including homozygous Cmtrl
knockout (KO) are shown. These are aggregated numbers from several offsprings (numbers shown in the last
column). We identified several embryos that were clearly dead or were clearly 2 days delayed in the
development that are degenerated (absorbed) and not genotyped (NG) or identified as KO. (D) Heatmap
showing expression of selected innate immune sensors in mouse embryos at different developmental stages
(using published sequencing data, see STAR Methods). (E) Deconvolution of cell type compositions from
the bulk transcriptomics datasets of wildtype and Cmtrl KO E6.5 and E7.5 embryos. The numbers on the
charts correspond to a percentage of a specific cell group from total. (F) Z scores of the log2-transformed
read counts for snoRNA-containing introns in different snoRNA host genes. Comparison is made for mouse
Cmtrl KO vs WT embryos at E6.5 and E7.5 stages. (G) Log2 fold changes of gene expression levels for
indicated gene classes in mouse Cmtrl KO mouse embryos compared to wildtype controls at E6.5 and E7.5.
Ribo genes, ribosomal protein genes; SNHG, snoRNA host genes; 5'TOP, 5’ terminal oligopyrimidine
mRNAs. The numbers in brackets show how many genes from the list per each category were expressed in

the mouse embryos.
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Figure S2. Generation of the conditional Cm#r! knockout mouse

A) The domain architecture of the CMTRI1 protein 1s shown to indicate the nuclear localization signal (NLS),
the G-patch, the methyltransferase (RFM), the GTPase-like and the WW domains. Genome engineering of
the mouse Cmtrl locus with CRISPR using two guide RNAs to insert two loxP sites in the same direction,
flanking the coding exon3. Deletion of the exon results in disrupted translation frame. (B) Agarose gel
showing typical genotyping PCR strategy using ear punches to identify wildtype (WT), floxed (loxP) and
deleted knockout (KO) alleles of Cmtrl, and the Mvh- (Ddx4)-Cre transgene at weaning age (P21, post-natal
day 21). C) Histological analysis using haematoxylin and eosin staining of mouse testes (P31, postnatal day
31) from control and Cmtrl cKO. (D) Box plot comparing the number of follicles in different developmental
stages observed in histological sections of ovaries from adult (P60-90) control and Cmizr] cKO females.
Empty: no nucleus in follicle identified, might indicate pre-ovulatory as well as ovulatory follicle. Mann-

Whitney test was used to assess differences.
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Figure S3. Analysis of translation in the Cmi#rl conditional knockout mouse liver

(A) Agarose gel showing typical genotyping PCR strategy using ear punches to identify wildtype (WT),
floxed (loxP) and conditional knockout (cKO) alleles of Cmtrl, and the Alb-CreERT?2 transgene at weaning
age (P21, post-natal day 21). (B) Conditional deletion of mouse Cmtrl using a floxed allele with loxP sites
flanking the coding exon3. (C) GO term analyses of the second batch of mouse control and Cmtrl cKO liver
RNA-seq. (D) Polysome analysis with sucrose density gradient (linear 20-60%) centrifugation of liver
lysates from control and the Cmtrl cKO adult mouse. Positions of 40S and 60S subunits, 80S monosomes
and the polysome peaks are indicated. (E) Metaplot of the normalized (rpm) 5’ ends of ribosome footprints
(RFP) within a correspondent ORF around start and stop codons with indicated up- and downstream
distances. Notice the preference for one (red, ORFO0) of the three reading frames. (F) Log2 fold changes of
translation efficiency of genes belonging to the indicated classes in the Cmtrl cKO mouse liver compared to
the control. SNHGs, snoRNA host genes; 5TOP RNAs, genes encoding 5’ terminal oligopyrimidine
mRNAs. (G) Log2 fold changes of the expression changes between Cmtrl cKO mouse liver and control in
indicated gene classes. (H) Ribosome profiling quality control plots. Stacked bar charts showing percentage
of rRNAs per library (upper) or percentage of reads mapped to mRNAs and several other gene classes

(lower).
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Figure S4. CMTR1 is not essential in human HAP] cells and does not regulate translation

A) Western analysis in wildtype (WT) and CMTRI1 knockout (KO) human HAPI1 cells. (B) PolyA+ RNA
from CMTR1 WT and KO HAPI cells was subjected to mass spectrometry. Bar plots combined with box
plots show abundance (number of modified nucleotides/104 nucleotides) of some of the modifications (Am,
m7G, m6A, m6Am). Quintuplicate biological replicates were tested. (C) Cell growth curve analysis for the
WT and CMTR1 KO HAPI cells. Curves of average cell counts of 5 WT and 5 CMTRI1 KO replicates with
95% confidence interval are shown. (D) Cell cycle analysis of the CMTR1 WT and KO HAPI1 cells.
Whiskers show the minimum and maximum values. Mann-Whitney statistical test was used to assess
differences. (E) Volcano plot of differentially expressed genes between KO and WT HAP1 cells. Type I IFN
response genes are highlighted in red. Absolute log2 fold change (log2FC) cutoff = 1, adjusted p-value (padj)
cutoff = 0.05. (F) Volcano plot of the differential translational efficiency between WT and KO HAPI1 cells.
Adjusted p-value (padj) cutoff = 0.1. (G) Violin plot of RIG-I expression levels from transcriptome
sequencing data of wildtype (WT) HAP1 cells and control mouse livers. (H) Log2 fold expression changes
for indicated gene classes in CMTR1 KO HAP1 cells compared to the control HAP1 cells. 5’TOP RNAs, 5’
terminal oligopyrimidine; SNHGs, snoRNA host genes. (I) Gene ontology analysis of genes dysregulated in
the CMTR1 KO HAPI1 cells compared to the control HAP1 cells. (J) Purification of a recombinant complex
of human CMTR1 and DHX15. Two fractions obtained after size-exclusion chromatography were resolved

by SDS-PAGE and stained with Coomassie blue stain. Protein markers in kilo Daltons (kDa) are indicated.
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Figure S5. Characterization of the Cmtr2 knockout mouse

A) The domain architecture of the CMTR2 protein is shown to indicate the methyltransferase (RFM) and the
methyltransferase-like (MTase-like) domains. Genome editing strategy removes the entire coding sequence
of mouse Cmtr2 and replaces it with the lacZ reporter. (B) Agarose gel showing typical genotyping PCR
strategy using ear punches to identify wildtype (WT), heterozygous (HET) and knockout (KO) alleles of
Cmtr2 at weaning age (P21, post-natal day 21). (C) Genotypes of mouse embryos (shown as percentage) at
indicated embryonic (E) days. The number of embryos of the different genotypes are shown. These are
aggregated numbers from several offsprings (numbers shown in the last column). We identified several
embryos that were clearly dead/degenerated and not genotyped (NG) or identified as KO. (D-G) Gene
ontology analysis of gene expression changes in the Cmtr2 knockout mouse embryos compared to the
wildtype controls. (H) Deconvolution of cell type compositions from the bulk transcriptomics datasets of
wildtype and Cmtr2 KO E6.5 and E7.5 embryos. The numbers on the charts correspond to a percentage of a
specific cell group from total.
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Table $1: List of all oligonucleotides used in this study.
Lab name | S | C
Catrl conditional KD mouse
M4-RNAL12 |[/ALTR1/xGxUxCxCrCrAxCrCrUrArUxGxUzCxUrAzGrUzGrU/ALTR2/ Alt-R® CRISPR-CasS cxRNA orxdered from IDT
MM-RNAL3 |[/A1TR1/xUxCrCxrCrCrArAxCrArCrCrAxGrUrArCraxCrCrC/ALTR2/ Alt-R® CRISPR-CasS cxrRNA orxdered from IDT
ATACGTACGTATACAGCTIGGCAAGAGTAGAGACGTCACTGTGACCTCCATIGAGTGCAG
GACCCACACTAATAACTICGTATAGCATACATTATACGAAGTI TATGACATAGGTGGGAC
ATGTGGACTGTGGGTGCATGAGGCAGTCCTGTCATCCGGACCCACCTAACGCTTCTCTIT
hatsss m;mmmmc 33DMA repair template for introducing two loxP sites
ATCGTCCCGATATTCCATGTATAACAGTGTTTCCCAGAGGCTTATGGTATGTCTTGRCT |£1anking exon 3 of Cmoxl
TAGAATGGACTTCTAAAGTTGCCCAAAAGAGGGAGAGGAAGAATAACTICGTATAGCAT
ACATTATACGAAGTTATGGGCAAGGGTIGTACTGGTGTIGGGGACTGGGETGGGGCACAA
GTTAGCACAGGATATAGGTICTIGAGTAT
. Cmerl KO i G: d: th
X genotyp: £ d ives diff sigzes wi
IRRS.].BS CGTTCCIGITCTGIGGCITG WT and HO allele;”
Cmerl KO g . Gives diff sizes with
IRR.U.BG CATGTICTGAGGAGGCTIGCT WT and KO alleles
Cmtrl £floxed allele g £ d. Gives diff
i ATGTCTECOTICETPEICTE sizes with WT and KI allele:
Cmtrl £floxed allele g g . Gives diff
104448 CCTATATCCTGTGCTAACTIGIGE sizes with WT and XI alleles
D220 CCTCCCACACCTCOCCCTGARCCTGARAC Cmtr2 KO genotyping-KI forward for the LacZ insert in
the KO locus
MD282 CTACAGAATGTTCATGACCTCTTGAGCAAGC Cmtr2 KO genotyping-WI forward for the WT Cmtr2 sequence
D282 GTCACAARACGGCTGCACGTCATCAATGCCG (Cet=2| X0 genotyping: Common. primer.d L
Cmtx2 locus
CATTTCTTT CAGG A1b-Cre-ERTZ g gives di
ABT230 ax eTrTy sizes with WT and ld allele:
ABT254 TTAAACAAGCAAAACCAAAT Alb-Cre-ERT2 genotyping-KI allele reverse
ABVS3 GGAACCCAAACTGATGACCA Alb-Cre-ERT2 genotyping-WT allele reverse
etz CACGIGCAGCCGTTTAAGCCGCGT Mvh-Cre genotyping-£ d to detect g
hoi114 TTCCCATTCTAAACAACACCCIGAA Muh-Cre genotyping to d 3
OP-RNAZS |AUGUACACGGAGUCGAGCACCCGCA 25-nt RNA X
OP-RNA24 |AUGUACACGGAGUCGAGCACCCGCAACGCGAAUG 34-nt RNA marker
OP-RNA4S |S°* xAppC‘!GTAGGCACCLTCMT/3ddCI 3 Adapter Linker-1
o0p27 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCSCACTCASTT RT primer Ni-Ni-o
CAGACGIGIGCTCTTCCGATCTATTGATGGIGCCTACAG P
oP28 AATGATACGGCGACCACCGAGATCTACAC |£ozvaxd index primer NI-N-2
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Table S2: All deep sequencing data generated for this study.

experiment sample genotype reads Comments
RNA-seq of E6.5 embryos (PE) MD_KO1 Cmtr1-/- 64165347

RNA-seq of E6.5 embryos (PE) MD_KO2 Cmftr1-/- 73633676

RNA-seq of E6.5 embryos (PE) MD_KO3 Cmir1-/- 47339774

RNA-seq of E6.5 embryos (PE) MD_KO4 Cmtr1-/- 62758462

RNA-seq of E6.5 embryos (PE) MD WT1 Cmir1+/+ 95967391

RNA-seq of E6.5 embryos (PE) MD WT2 Cmir1+/+ 6634052

RNA-seq of E6.5 embryos (PE) MD WT3 Cmir1+/+ 6570423

RNA-seq of E6.5 embryos (PE) MD_WT4 Cmir1+/+ 4673742

RNA-seq of E7.5 embryos (PE) MD_KO1 Cmitr1-/- 117885403

RNA-seq of E7.5 embryos (PE) MD_KO2 Cmitr1-/- 60211089

RNA-seq of E7.5 embryos (PE) MD_KO3 Cmir1-/- 108585136

RNA-seq of E7.5 embryos (PE) MD_KO4 Cmitr1-/- 57474519

RNA-seq of E7.5 embryos (PE) MD_WT1 Cmir1+/+ 84283512

RNA-seq of E7.5 embryos (PE) MD_WT2 Cmir1+/+ 180370

RNA-seq of E7.5 embryos (PE) MD_WT3 Cmir1+/+ 71984647

RNA-seq of E7.5 embryos (PE) MD_WT4 Cmir1+/+ 83710007

RNA-seq of mouse livers (PE) MD_ctri1_D2 b1 Cmir1+/loxP; AbCreERT2+/- | 101020009 1stbatch
RNA-seq of mouse livers (PE) MD _ctri2 D2 b1 Cmir1+/1oxP; AbCreERT2+/- 72616359|D

RNA-seq of mouse livers (PE) MD_ctri3 D2 b1 Cmir1+/1oxP; AbCreERT2+/- 81799463 |D -1stbatch
RNA-seq of mouse livers (PE) MD_cKO1_D2_b1 Cmir1-/loxP; AIbCreERT2+/- 85041035/D 1stbatch

RNA-seq of mouse livers (PE)

MD_cKO2_D2_b1

Cmir1-/loxP; AlbCreERT2+/-

102687055|D:

RNA-seq of mouse livers (PE)

MD_cKO3_D2_b1

Cmitr1-/loxP; AIbCreERT2+/-

74711285|Da:

RNA-seq of mouse livers (PE)

MD_cKO4_D2_b1

Cmir1-/loxP; AlbCreERT2+/-

65837771|D:

RNA-seq of mouse livers (PE)

MiDo21_ctrl_D2_b2

Cmir1+/loxP; AbCreERT2+/-

79064254 | Day2 expt-2ndbalch

RNA-seq of mouse livers (PE)

MiDo22_ctrl_D2_b2

Cmir1+/1oxP; AbCreERT2+/-

72578235|Day2 expt-2ndbatch

RNA-seq of mouse livers (PE)

MiDo25_ctrl_D2_b2

Cmir1+/loxP; AbCreERT2+/-

101321669|Day2 expt-2ndbatch

RNA-seq of mouse livers (PE)

MiD026_ctrl_D2_b2

Cmir1+/1oxP; AbCreERT2+/-

126006371|Day2 expt-2ndbatch

RNA-seq of mouse livers (PE)

MiDo17_cKO_D2_b2

Cmir1-/loxP; AIbCreERT2+/-

94450730|Day2 expt-2ndbatch

RNA-seq of mouse livers (PE)

MiDo18_cKO_D2_b2

Cmir1-/loxP; AIbCreERT2+/-

117914647 |Day2 expt-2ndbatch

RNA-seq of mouse livers (PE)

MiD0o29_cKO_D2_b2

Cmtr1-/loxP; AlbCreERT2+/-

RNA-seq of ivers (PE) MiDo5_ctrl_D6 b2 Cmir1+/1oxP; AbCreERT2+/- 7330461|D:

RNA-seq of ivers (PE) MiDo6_ctrl_D6 b2 Cmir1+/1oxP; AbCreERT2+/- 34329985/ D

RNA-seq of vers (PE) MiDo7_ctrl_D6_b2 Cmir1+/1oxP; AbCreERT2+/- 3683694 |D.

RNA-seq of mouse livers (PE) MiDo8_ctrl_D6_b2 Cmir1+/1oxP; AbCreERT2+/- 86025348 |D:

RNA-seq of mouse livers (PE) MiDo12_cKO_D6_b2 |Cmir1-loxP; AIbCreERT2+/- 71044210|D:

RNA-seq of mouse livers (PE) MiDo13_cKO_D6_b2 |Cmtr1-loxP; AIbCreERT2+/- 74273102|D:

RNA-seq of mouse livers (PE) MiDo1_cKO_D6_b2 Cmitr1-/loxP; AlbCreERT2+/- 92403609

RNA-seq of mouse livers (PE) MiD027_cKO_D6_b2 |Cmtri-lloxP; AbCreERT2+/- | 102243306

RNA-seq of mouse livers (PE) MiD028_cKO_D6_b2 |Cmtr1-loxP; AIbCreERT2+/- 83858065

RNA-seq of mouse livers (PE) MiDo2_cKO_D6_b2 Cmir1-/loxP; AlbCreERT2+/- 90041160|D %Maleh |
RNA-seq of mouse livers (PE) MiDo3 _cKO_D6 b2 Cmir1-/loxP; AlbCreERT2+/- 95788724@ expt-2ndbatch
RNA-seq of mouse livers (PE) MiDo4 cKO_D6 b2 Cmir1-/loxP; AlbCreERT2+/- 81888780|Day6 expt-2ndbaich |
RNA-seq of mouse livers (PE) MiD030_ctrl_ D22 b2 |Cmir1+/loxP; AlbCreERT2+/- 86726077 |Day22 expt-2ndbatch |
RNA-seq of mouse livers (PE) MiDo14 _ctrl_ D22 b2 |Cmtri+/loxP; AbCreERT2+/- | 81706754|Day22 expt-2ndbatch
RNA-seq of mouse livers (PE) MiDo15_ctrl_D22 b2 |Cmtr1+/loxP; AlbCreERT2+/- 94614595|Day22 expt-2ndbatch
RNA-seq of mouse livers (PE) MiDi16_ctrl_D22_b2  |Cmir1+/loxP; AlbCreERT2+/- 69806471|Day22 expt-2ndbatch
RNA-seq of mouse livers (PE) MiDo10_cKO_D22_b2 |Cmir1-loxP; AIbCreERT2+/- 82233224|Day22 expt-2ndbatch
RNA-seq of mouse livers (PE) MiDo11_cKO_D22_b2 |Cmir1-loxP; AlbCreERT2+/- 84065377|Day22 expt-2ndbatch
RNA-seq of mouse livers (PE) MiDo9_cKO_D22_b2 |Cmtr1-loxP; AIbCreERT2+/- 99328927|Day22 expt-2ndbatch

Ribosome profiling of mouse livers RPF (SE)

RP121

Cmir1+/1oxP; AbCreERT2+/-

31183139|Footprints

Ribosome profiling of mouse livers RPF (SE) |RP122 Cmtr1+/1oxP; AlbCreERT2+/- 36647766 |Footprints
Ribosome profiling of mouse livers RPF (SE) |RP123 Cmir1+/1oxP; AbCreERT2+/- 44268414 |Footprints
Rib profiling of m: livers RPF (SE) |RP124 Cmir1+/1oxP; AbCreERT2+/- 78800229 |Footprints
Ribosome profiling of mouse livers RPF (SE) |RP117 Cmir1-/loxP; AlbCreERT2+/- 36283250 Footprints
Ribosome profiling of mouse livers RPF (SE} 1RP118 Cmirt-fioxP; AbCreERT2+/- 455927 18} Footpri!
Ribosome profiling of mouse livers RPF (SE) |RP119 Cmtr1-/loxP; AIbCreERT2+/- 48374502

Ribosome profiling of mouse livers RPF (SE) |RP120 Cmir1-/loxP; AlbCreERT2+/- 24978277 |Footprints
Ribosome profiling of mouse livers INP (SE) RP321 Cmir1+/1oxP; AbCreERT2+/- 33441118|Input
Ribosome profiling of mouse livers INP (SE) RP322 Cmir1+/oxP; AbCreERT2+/- 30591131|Input
Ribosome profiling of mouse livers INP (SE) RP323 Cmir1+/1oxP; AbCreERT2+/- 26997713/Input
Ribosome profiling of mouse livers INP (SE) RP324 Cmir1+/oxP; AbCreERT2+/- 32901242|Input
Ribosome profiling of mouse livers INP (SE) RP317 Cmir1-/loxP; AIbCreERT2+/- 40793141|Input
Ribosome profiling of mouse livers INP (SE)  [RP318 Cmir1-/loxP; AIbCreERT2+/- 34249233 (Input
Ribosome profiling of mouse livers INP (SE)  [RP319 Cmir1-/loxP; AIbCreERT2+/- 24811221|Input
Ribosome profiling of mouse livers INP (SE)  [RP320 Cmitr1-/loxP; AIbCreERT2+/- 30547251|Input
RNA-seq of HAP1 cells (PE) MD_KO1 Cmitr1-/- 73056539

88



RNA-seq of HAP1 cells (PE) |MD_KO2 Cmtr1-/- 83455006

RNA-seq of HAP1 cells (PE) |MD_KO3 Cmitr1-/- 14798507

RNA-seq of HAP1 cells (PE) |MD_KO4 Cmitr1-/- 82972876

RNA-seq of HAP1 cells (PE) [MD_WT1 Cmir1+/+ 88417077

RNA-seq of HAP1 cells (PE) |MD_WT2 Cmir1+/+ 101184569

RNA-seq of HAP1 cells (PE) |MD_WT3 Cmiri+/+ 96551644

RNA-seq of HAP1 cells (PE) MD_WT4 Cmitri+/+ 77639067

Ribosome profiling of HAP1 cells RPF (SE) RPF229 Cmtr1-/- 17797304 |Footprints

Ribosome profiling of HAP1 cells RPF (SE) RPF230 Cmitr1-/- 27438285|Footprints

Ribosome profiling of HAP1 cells RPF (SE) RPF231 Cmtri-/- 26966840 |Footprints

Ribosome profiling of HAP1 cells RPF (SE) RPF232 Cmtr1-/- 46163108 |Footprints

Ribosome profiling of HAP1 cells RPF (SE) RPF225 Cmir1+/+ 1520195|Footprints

Ribosome profiling of HAP1 cells RPF (SE) 226 Cmir1+/+ 9938583 |Footprints
ib profiling of HAP1 cells RPF (SE) 227 Cmir1+/+ 829580 ootprints
ib profiling of HAP1 cells RPF (SE) 228 Cmiri+/+ 9565670|Footprints

Ribosome profiling of HAP1 cells INP (SE) RP529 Cmitr1-/- 28747106]Input

Ribosome profiling of HAP1 cells INP (SE) RP530 Cmir1-/- 40287010|Input

Ribosome profiling of HAP1 cells INP (SE) RP531 Cmitr1-/- 32108785/Input

Ribosome profiling of HAP1 cells INP (SE) RP532 Cmitr1-/- 36902310|Input

Ribosome profiling of HAP1 cells INP (SE) RP525 Cmir1+/+ 32951952|Input

Ribosome profiling of HAP1 cells INP (SE) RP526 Cmir1+/+ 35383220(Input

Ribosome profiling of HAP1 cells INP (SE) RP527 Cmir1+/+ 43924304 |Input

Rib profiling of HAP1 cells INP (SE) RP528 Cmir1+/+ 36788561|Input

RNA-seq of E6.5 mouse embryos (SE) MD_WT1 Cmir2+/+ 33137245

RNA-seq of E6.5 mouse embryos (SE) |MD_WT2 Cmtr2+/+ 21949267

RNA-seq of E6.5 mouse embryos (SE) |MD_WT3 Cmir2+/+ 19711771

RNA-seq of E6.5 mouse embryos (SE) |MD_WT4 Cmir2+/+ 19821136

RNA-seq of E6.5 mouse embryos (SE) IMD_WTS Cmir2+/+ 24606562

RNA-seq of E6.5 mouse embryos (SE) |MD_KO1 Cmir2-/- 16879565

RNA-seq of E6.5 mouse embryos (SE) |MD_KO2 Cmitr2-/- 23156767

RNA-seq of E6.5 mouse embryos (SE) |MD_KO3 Cmitr2-/- 24150328

RNA-seq of E6.5 mouse embryos (SE) |MD_KO4 Cmir2-/- 24656858

RNA-seq of E6.5 mouse embryos (SE) |MD_KO5 Cmir2-/- 22455342

RNA-seq of E7.5 mouse embryos (SE) |[MD_WT1 Cmir2+/+ 22071322

RNA-seq of E7.5 embryos (SE) |MD_WT2 Cmitr2+/+ 22713400

RNA-seq of E7.5 embryos (SE) |MD_WT3 Cmtr2+/+ 18232086

RNA-seq of E7.5 mouse embryos (SE) |MD_WT4 Cmir2+/+ 2674494

RNA-seq of E7.5 mouse embryos (SE) |MD_WTS Cmir2+/+ 2537968

RNA-seq of E7.5 mouse embryos (SE) |MD_KO1 Cmtr2-/- 2658538

RNA-seq of E7.5 mouse embryos (SE) |MD_KO2 Cmir2-/- 22964312

RNA-seq of E7.5 mouse embryos (SE) |MD_KO3 Cmir2-/- 31950020

RNA-seq of E7.5 mouse embryos (SE) |MD_KO4 Cmitr2-/- 21348089

RNA-seq of E7.5 mouse embryos (SE) |MD_KO5 Cmtr2-/- 21435906
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Discussion

My thesis aimed to understand the physiological function of extended mRNA cap structure by
studying Cap-specific mRNA (nucleoside-2"-O-)-methyltransferases, Cmtrl and Cmitr2, in
mammals.

Particularly, I investigated the role of the enzymes Cmtrl and Cmtr2 in mouse
embryonic development. Lack of Cmtrl (Chapter I, Figure 1) and Cmtr2 (Chapter I, Figure 4)
leads to developmental defects during gastrulation stages and embryonic lethality. Notably, the
lack of capl and cap2 does not lead to any activation of the innate immune system in mutant
embryos at the time of their embryonic arrest (Chapter I, Figure 1E, 4E), as could be expected
due to their established roles in innate immunity. Interestingly, Cm#r! and Cmtr2 seem to
regulate different subsets of genes (Chapter I, Figure 4F). Lack of Cmtrl leads to the
downregulation of snoRNA host genes (SNHG) (Chapter I, Figure 1E), whereas the most
dysregulated class of genes in Cmtr2 mutants seems to be 5s rRNA (Chapter I, Figure 4E).

To understand the role of cap-specific methyltransferases beyond the embryonic
development, I first focussed on Cmtri, generating conditional knockout (cKO) animals to
analyse the role of Cmtrl in the germ line and liver (Chapter I, Figure 3). Investigation of
Cmitrl liver cKO (Cmtr1"™?": AlbCreERT2"/*) mutants uncover chronic interferon pathway
activation in the livers of mice with Cmtrl mutations. Cmtrl germ cells cKO (Cmtr1*~; Mvh-
Cre!”*) males are infertile, whereas females show low penetrance infertility (Chapter I, Figure
2).

Interestingly, despite the essential role of Cmtrl in embryonic development, the human
HAP1 CMTRI KO cell line is viable, albeit showing reduced cell growth not caused by cell
cycle defects (Chapter I, Figure S3C, D). The analysis of the influence of capl on translation
shows that global translation remains unchanged in Cm¢r1 mutant livers (Chapter I, Figure 3K,

L) and human cells (Chapter I, Figure S4F).

This investigation comprehensively examines CMTRs' roles in development and

selected organs and sheds new light on their complex functions and implications.

Embryonic lethality
As previously described, lack of any of the cap-specific mRNA (nucleoside-2-O-)-
methyltransferases leads to embryonic lethality in mice (Groza et al., 2023; Y. L. Lee et al.,
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2020) (Chapter I, Figure 1B, 4B). However, the cause of embryonic arrest is not known. To
understand the role of CMTR1 and CMTR2 on mouse embryonic development, we obtained
Cmtrl™ (Chapter I, Figure S1A) and Cmitr2™" (Chapter I, Figure S5A) animals. Crosses
between heterozygous animals for each of the two genes Cmitrl and Cmtr2 confirmed that
indeed both Cmtr1 KO (Cmtr1™”") (Chapter I, Figure 1B) and Cmir2 KO (Cmtr2™") (Chapter 1,
Figure 4B) are lethal. To understand the importance of both genes, we crossed Cmitrl and
Cmtr2 heterozygous animals and isolated embryos at post-implantation stages. Dissection of
embryos showed that both Cmtrl (Chapter I, 1C, 1D and S1C) and Cmt#r2 (Chapter I, Figure
4C, 4D and S4C) mutant embryos show developmental defects during the gastrulation stages,
although the phenotype slightly diftfers. Cmtr1 mutant embryos start to exhibit size differences
at E7.5 (Chapter I, Figure 1D) and do not reach E8.5, whereas Cmtr2 mutants proceed
gastrulation and some reach E8.5 with some escapers reaching organogenesis with size defects
(Chapter I, Figure 4D). This indicates that the embryonic arrest of Cm#r/ mutants occurs one

day before Cmtr2 mutants.

Embryonic lethality of both mutants in the mid-stage of their development points to the
importance of the correct mRNA cap structure for proper entry into organogenesis but not for
early embryonic developmentInterestingly, this is in contrast to the early studies of mRNA cap
structure, which postulated an essential role of mRNA cap in the oocyte-to-the-embryo and
maternal-to-zygotic transition. In moth, tobacco hornworm was shown that the mRNA cap
structure differs between oocyte (non-methylated G cap) and developing embryo (m’G cap;
cap0), and the switch from cap0 to capl is crucial for the oocyte-to-the-embryo transition
(Kastern et al., 1982; Kastern & Berry, 1976). In vertebrates, mos/MAPK pathways play a
critical role in modulating oocyte meiotic cell-cycle progression. Full-grown oocytes have no
Mos protein but contain translationally dormant ¢ -mos mRNA, which is being translated soon
after the oocytes are exposed to progesterone, the primary stimulus of maturation (Cooper,
1994). In Xenopus, capl methylation on c-mos mRNA was shown to be crucial for oocyte
maturation via translational activation of c-mos mRNA (Kuge et al., 1998). On the other hand,
dormant embryos and developed embryos of brine shrimp possess the mRNA capl structure,
and the addition of methylation inhibitor, a SAM product, SAH, does not alter the translation
(Muthukrishnan et al., 1975).

In contrast, mammalian capl and cap2 are not crucial for the oocyte-to-the-embryo or

maternal-to-zygotic transition, as the Cmtrl and Cmtr2 mutant embryos are viable till the
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gastrulation stages. Both capl and cap2 rather play an essential role in gastrulation stages and
ensuring entering the organogenesis.

One proposed argument why CMTR1 and CMTR2 mutants survive up to gastrulation
stages could be the maternal contributions as oocyte contains proteins and mRNAs from the
mother, which could contain CMTR1 and CMTR?2 proteins and their mRNAs. Nevertheless,
the maternal mRNAs start to be actively depleted around the 2-cell stage. Around the same
time, zygotic gene expression occurs (Aoki, 2022). Moreover, the embryo has thousands of
cells up to gastrulation, making maternal contribution improbable beyond day E3.5.

Further examination of the mutant embryos points towards some mechanisms that

could contribute to embryonic lethality, which will be described in the following subsections.

Innate immunity during embryogenesis

As both capl and cap2 were earlier shown to be necessary for the distinguishing of self and
non-self molecules (Despic & Jaffrey, 2023; Pichlmair et al., 2006; Schuberth-Wagner et al.,
2015; Wang Yanli et al., 2010), one expected cause of the embryonic arrest and following
lethality is the activation of the innate immune system, which could be detected in RNA
sequencing datasets as elevated expression of the Interferon stimulated genes — ISGs
(Schoggins & Rice, 2011). However, sequencing of both Cmtrl (Chapter I; Figure 1E) and
Cmtr2 (Chapter I; Figure 4E) mutant embryos at E6.5 and E7.5 did not show any ISGs being
expressed.

Several studies showed that innate immunity, recognition of non-self RNA molecules,
is inhibited in the early stages of embryonic development in human and mouse embryonic stem
cells (ESC) (L. L. Chenetal., 2010; R. Wang et al., 2013, 2014). The expression of cytoplasmic
sensors of viral-like mRNAs was shown to be inhibited by microRNAs (Witteveldt et al.,
2019). Moreover, the lack of ADARI, a protein critical for modyfing endogenous dsRNA
molecules in order to avoid innate immune system activation, leads to embryonic lethality only
around E11.5 due to the defects caused by the activation of the innate immune system.
Knockout of downstream factors in the interferon signalling pathway like Statl, Ifnarl
(Mannion et al., 2014) or MDAS results in prolonged survival of Adar! KO animals for two
more days.

Taken together, studies on mESC show that innate immunity is initially inhibited during
the embryonic development, but its overactivation leading to embryonic lethality in Adar! KO

mice at E11.5, indicates that in mouse the innate immunity should be activated between E3.5
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(mESC) and E11.5 (lethality of ADARI KO mice). Since both Cmtrl and Cmtr2 mutant
embryos show lethality in this window, we analysed the expression of cytoplasmic innate
immunity sensors and their downstream signalling pathway partners in publicly available
RNAseq datasets and showed that the expression of those starts only during organogenesis
stages around E10.5 (Chapter I; Figure 1F, S1D). This explains the lack of ISG expression in
Cmtrl and Cmtr2 mutants and points out to other regulatory roles of both mRNA cap

structures.

CMTRI1 and CMTR2 do not have a redundant role in mouse embryogenesis

Two recent studies from Mathias Soller’s group propose that in Drosophila melanogaster
CMTrl and CMTr2 could have overlapping roles, where both CMTr1 and CMTr2 could form
capl structure. Moreover, only double mutants of CM7r] and CMTr2 show reward learning
defect phenotype (Dix et al., 2022; Haussmann et al., 2022). Finally, in vitro, methylation assay
shows that hCMTR2 can methylate both the first and second transcribed nucleotide (Dix et al.,
2022).

Compared to flies, the situation in mice differs. Both CMTR1 and CMTR?2 are essential
for embryonic development in mice. Analysis of gene expression changes between Cmtrl and
Cmtr2 mutant embryos at E6.5 showed that out of hundreds of dysregulated genes in mutant
embryos, only 8 dysregulated genes are shared between those two (Chapter I; Figure 4F),

indicating that both regulate different subsets of genes.

Gastrulation in mice is a crucial developmental stage marked by the emergence of the
primitive streak around E6.5. Epiblast cells, destined to give rise to the embryo, migrate
through this primitive streak and differentiate into precursors of the two primary germ layers:
the mesoderm and the definitive endoderm (Tam & Loebel, 2007). Examining Cmt#r] and
Cmtr2 mutant embryo’s bulk RNA sequencing data deconvoluted to a single-cell level suggests

distinct roles for both cap-specific methyltransferases.

At E6.5, both mutants already display a significant downregulation of primitive streak
markers, demonstrating the immediate effects of these mutations. By E7.5, the developmental
trajectory of these mutants begins to diverge further. Cmir1 mutants show a decreased presence
of mixed mesoderm markers, retaining a high proportion of parietal endoderm and
extraembryonic ectoderm cells (Chapter I; Figure S1E). In contrast, Cm#r2 mutants exhibit an
increased presence of pharyngeal mesoderm but fewer haematoendothelial progenitors and

blood progenitors (Chapter I; Figure S4H). Interestingly, The International Mouse Phenotyping
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Consortium (IMPC) reports that Cmtr2 heterozygotic animals have increased heart weight
supporting that CMTR?2 is crucial for proper cardiovascular system development (Groza et al.,
2023). These divergent phenotypes underscore the unique developmental consequences of each

mutation.

Given the fact that h\(CMTR1 and hCMTR2 could both methylate the first transcribed
nucleotide in in vitro methylation experiment (Dix et al., 2022; Haussmann et al., 2022), we
examined polyA+ RNA from CMTRI1 KO cells by mass spectrometry. Double-purified
polyA+ RNA showed a decrease in Ny, modification but not its complete lack (Chapter I; Figure
S4B). The cause can be rRNA contamination, as the presence of m®®A (rRNA-specific
modification) in the polyA+ samples was detected (data not shown). Nevertheless, the
complete lack of m°®Am in CMTRI KO cells was observed. m®An is cap specific modification
that depends on both CMTR1 and PCIF1. The complete lack of m®A, indicates that CMTR2
could not methylate capl. The discrepancy between in vitro and in vivo methylation results
might be explained by cellular localisation of both proteins. CMTRI1 localises to the nucleus,
whereas CMTR2 predominately to the cytoplasm (Inesta-Vaquera et al., 2018; Liddicoat et
al., 2015; Smietanski et al., 2014; Toczydlowska-Socha et al., 2018; Werner et al., 2011).

Taken together, their overlapping functions in mice in vivo are unlike but cannot be excluded.

Embryonic lethality of Cmitrl mutants

Cmtrl KO embryos cannot progress from the gastrulation stage to the organogenesis stage.
The first noticeable differences between WT and Cmtr! KO embryos emerge around the mid-
to-late gastrulation stage (E7.5), characterised by a reduced size. This highlights the crucial
role of CMTRI in gastrulation for the proper initiation of organogenesis.

Gastrulation initiates with the formation of the primitive streak on the surface of the
epiblast, which consists of cells that will contribute to both the embryo and the placenta. During
this process, cells within the primitive streak undergo invagination, moving inward to establish
the three primary germ layers: ectoderm, mesoderm, and endoderm. This coordinated cell
migration not only shapes the basic body plan but also establishes the embryo's anterior-
posterior and dorsal-ventral axes. Another important event during gastrulation is the formation
of the notochord. Additionally, the embryo undergoes a metabolic switch from anaerobic
glycolysis to mitochondria-dependent aerobic oxidative phosphorylation during gastrulation
and organogenesis. This metabolic shift is essential for supporting the rapid growth and

development of both the embryo and the placenta.
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To investigate the causes of embryonic arrest in Cmtrl KO embryos, we conducted
RNA sequencing on embryos at gastrulation stages E6.5 and E7.5, aiming to capture early
transcriptome changes. The RNAseq analysis of E6.5 Cm#r] mutants identified approximately
200 genes exhibiting altered expression, which increased to about 1600 genes one day later at
E7.5. While the RNAseq analysis did not directly answer the question of what causes the
embryonic arrest or the failure of proper cell differentiation, it provided some preliminary
clues, such as dysregulations in few signalling pathways, snoRNA host genes or 5'TOP

transcripts that will be discussed in the upcoming subchapters.

Dysregulation of signalling pathways
One of the critical factors that plays a role in the coordination of processes during gastrula
development are signalling pathways such as signalling of bone morphogenetic proteins
(BMPs), fibroblast growth factors (FGFs), Hedgehog, Nodal and Wnt (Heisenberg & Solnica-
Krezel, 2008). It is not surprising that imbalances in signalling pathways, such as the distortion
of NF-xB or WNT, can lead to embryonic arrest (Nguyen et al., 2018; Sidrat et al., 2021a,
2021b; Sokol, 2015; C. Xu et al., 2018). The WNT signalling pathway is crucial for
establishing the anterior-posterior axes of embryos (Zou, 2006). Gradual inhibition of the WNT
signalling in the posterior "tail" region is necessary for proper development (Nguyen et al.,
2018; Sidrat, Rehman, Joo, Lee, Kong, et al., 2021). Disruptions in the WNT signalling
pathway can lead to gastrulation defects due to its fundamental roles in cell fate determination
and cell polarity (Sokol, 2015).

In our analysis of Cmtrl mutant E7.5 embryos, we observed the downregulation of
genes associated with the WNT and hedgehog signalling pathways as observed by GOterms
and KEGG pathways. Since the dysregulation of these pathways occurred at E7.5 but not at
E6.5, it suggests that the dysregulation of signalling pathways might be rather a secondary
effect than the primary cause of the lack of CMTRI1.

snoRNA host genes (SNHGs)

The analysis of gene expression changes between WT and Cmir] mutant embryos revealed
dysregulation of snoRNA host genes (SNHGs) (Chapter I; Figure 1E, S1G). SNHGs are
protein-coding or long non-coding genes that carry snoRNAs in their introns, and proper
splicing is needed for snoRNA processing. We analysed the level of intron-containing

snoRNAs and found no differences between the KO and WT embryos regarding snoRNA
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levels (Chapter I; Figure S1F). It is important to note that the coverage of introns in RNA-seq
data is generally low due to the degradation and technical limitations. Since neither the
snoRNAs nor the introns containing snoRNAs appear to be dysregulated, it is more likely that
if SNHGs contribute to any embryonic defects, it is due to the genes themselves rather than the
snoRNAs they carry.

SNHGs with the most significant changes among the downregulated include Snhgi2,
Snhg8, Snhg5, Snhg4 and elF4a2 (Chapter I; Figure 1E). Snhgi2 is a long non-coding RNA
(IncRNA) that encodes four small nucleolar RNAs (SNORA66, SNORA61, SNORA16A, and
SNORD99). Its downregulation leads to decreased cell proliferation. Additionally, Snhgl2 is
a marker gene in many cancers.

Snhg8 is chromatin-localized IncRNA encoding for SNORA24. Snhgé8 plays a role in
the differentiation of epithelial cells. Its downregulation contributes to the differentiation of
epithelial cells through binding to DNA at histone H1 sites. Hls-mediated chromatin
compaction and transcriptional repression have been proposed to play a critical role in human
stem cell differentiation (P. He et al., 2022). Moreover, its knockdown inhibits cell proliferation
and colony formation while promoting cell apoptosis in diffuse large B-cell lymphoma tissue
(D.-H. Yang et al., 2021), and it is upregulated in various tumour types, increasing the

proliferation, migration, invasion, and metastasis of cancer cells (Yuan et al., 2021).

Snhg5 carries SNORDSO0, and its knockdown decreased breast cancer cell proliferation
(Chi et al., 2019; J. Li & Sun, 2018). Snhg4 is known to play an oncogenic role in tumours.
The overexpression of Snhg4 positively impacted cell growth in MHCC-97H. Moreover, high
expression of Snhg4 in acute myeloid cancer patients correlated with shorter survival (J. Li &
Sun, 2018; Qiu et al., 2023).

elF4a2 is eukaryotic initiation factor 4A belonging to the extensive DEAD-box RNA
helicase family (W. T. Lu et al., 2014). Interestingly, EIF4A2 interacts with Ccr4-Not to
promote miRNA-mediated translational repression of 5’ purine-rich mRNAs (Wilczynska et
al., 2019). Similarly to other SNHGs, the knockdown of EIF4A42 decreases growth and
metastasis in colorectal cancer (Z.-H. Chen et al., 2018).

Overall, the expression of many SNHGs needs to be finely tuned, as their
overexpression is observed in various cancers, many being marker genes, and their knockdown
leads to decreased cell growth. Similarly, snoRNAs were shown to be regulated during
differentiation (McCann et al., 2020). However, whether the observed phenotypes are caused

by the genes themselves or the snoRNAs they carry remains to be elucidated.

96



5'TOP transcripts

Numerous SNHGs belong to the ribosomal gene family, many of which feature a 5" terminal
oligopyrimidine tract (5'TOP). 5'TOP is distinguished by a unique feature known as the 5’
terminal oligopyrimidine tract (5" TOP). This characteristic element consists of a cytidine
residue at the transcription start site nucleotide, followed by a continuous sequence of up to 13
pyrimidines. This feature plays a crucial role in coordinated translation control and it has been
observed that the translation of mRNAs of ribosomal proteins is inhibited when cell growth is
arrested. This phenomenon occurs in all cell lines studied, both in laboratory conditions and in
living organisms (Avni et al., 1997).

Upon investigating these ribosomal genes and 5'TOP transcripts in Cmtrl KO
embryos, we observed a slight decrease in the overall representation of both categories
(Chapter I; Figure S1). Interestingly, lack of CMTRI1 has already been linked to downregulated
gene expression of ribosomal protein and histone genes in mouse embryonic stem cells (mESC)
(Galloway et al., 2021). 5'TOP mRNAs are targets of cap0 binding protein LARP1 (Galloway
etal., 2021; Philippe et al., 2020). Interestingly, LARP1 anchors 5’ TOP transcripts within SGs
and PBs upon cellular stress. Granule localisation in stress does not affect translation or decay
during recovery (Wilbertz et al., 2019).Notably, the dysregulation of balance between LARP1

and 5" TOP transcripts leads to p53 stabilisation and cell cycle arrest.

It is not clear what causes the downregulation of 5" TOP transcripts and whether the
slight downregulation of 5" TOP transcripts observed in mutant embryos is sufficient to trigger

embryonic arrest.

Capl1 regulation molecular functions.
Cap0 affects all aspects of mRNA life, from its stability, splicing, and mRNA export to
translation, with most functions being affected via the cap-binding complex (CBC). CBC has
a higher affinity to bind capped RNAs with purines at TSS than pyrimidines. Nevertheless, any
effect of CBC binding to capl vs cap0 was not observed. Interestingly, the only increase in
CBC binding was to the m®A starting cap analogue (Worch et al., 2005); nevertheless, the
involvement of capl in molecular processes, such as stability, splicing, and mRNA export to
translation, needs to be better studied.

Since we observed no defects in early Cm#r1 mutant embryos (up to E6.5) as well as

Hap1 KO line and liver conditional mutant cells are viable, capl seems to be not essential for
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global transcription, mRNA splicing, mRNA export, translation or mRNA stability. However,
failure of embryos to reach gastrulation suggest that it is still possible that capl regulates a

subset of transcripts or affects all transcripts at low levels.

Regulation of translation

Capl’s role in the regulation of translation has been demonstrated in vivo within Xenopus
oocytes (Kuge et al., 1998) and in some cell lines (Drazkowska et al., 2022). Furthermore,
capl’s involvement has been established in antiviral environments where the expression of
interferon and subsequent interferon-stimulated genes (ISGs) lead to the inhibition of cap0
mRNAS' translation (Abbas et al., 2017; Fleith et al., 2018; Habjan et al., 2013; Pichlmair et
al., 2011).

Our study sought to investigate capl’s role in protein synthesis, specifically focusing
on Cmtrl conditional mutant (cKO) livers. Remarkably, these mutant livers showed an
upregulation of ISGs (Chapter I; Figure 3E), including IFIT1 (Chapter I; Figure 3C), a cap-
binding protein that selectively recognises cap0 but not cap1. This selectivity allows it to inhibit
cap0 mRNAs' translation by preventing the recruitment of cap-binding eukaryotic translation
initiation factors (Abbas et al., 2017; Fleith et al., 2018; Habjan et al., 2013; Pichlmair et al.,
2011).

To assess the overall translation state, we performed sucrose-gradient centrifugation on
liver lysates, generating polysome profiles from both control and Cmt#r! cKO livers (Chapter
I; Figure 3K, S3D). Although both profiles showed expected monosome and polysome peaks,
the mutant livers display slight downregulation across all peaks in both duplicates. Notably,
this suggests that the overall translation in cKO livers is not significantly affected, only
showing a slight negative impact. Importantly, we normalised the input material to the total
protein amount rather than the same number of cells. The normalisation of the input to the
number of cells rather than protein concentration might have yielded different results,
particularly considering the observed downregulation of ribosomal protein genes in RNA
expression. In summary, the expression of IFIT1 in cKO livers does not affect global

translation.

We conducted ribosome profiling to examine the translation status of individual
mRNAs in mouse livers, which determines ribosome occupancy on mRNAs through deep
sequencing (Ingolia et al., 2009). We normalised the ribosome footprint reads mapped to the
coding sequence to transcript expression levels derived from the input lysate. Evaluating

translation efficiency, we observed low coverage of mRNAs due to inefficient rRNA depletion
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. Notably, the low coverage of mRNA reads in the ribosome profiling library due to rRNA
depletion from fragmented RNA (Chapter I; Figure S3H) is a common method limitation.
Nevertheless, the analysis of coding sequences revealed significant alterations in the translation
of several transcripts in the Cm#rl cKO liver (Chapter I; Figure 3L, M), as well as slight
downregulation of the whole class of genes belonging to histone genes, snoRNA host genes,
ribosomal genes and 5’ TOP (Chapter I; Figure S3F). As previously reported, a lack of Cmtr!
in mESCs leads to replication stress which might explain the downregulation of histone genes
(Liang et al., 2022).

Previous research on interferon-treated cell cultures has demonstrated that the
translation of three ISGs, ISG15, MX1, and IFITM1, depends on CMTRI1, as these genes
require capl methylation to avoid IFIT1-mediated inhibition (Williams et al., 2020). Our
dataset echoes these published findings, showing that while ISG15’s expression is upregulated
at the RNA level, its translation is paradoxically downregulated in the absence of CMTRI
(Chapter I; Figure 3H, L, M). These findings give rise to the hypothesis that IFIT1-mediated
translational inhibition may affect mRNAs that share specific primary or secondary structures,
potentially leading to their comparative translational inhibition. Furthermore, it raises the
question of whether these structures are shared with other cellular genes, particularly among

the 161 translationally downregulated genes we identified.

Conversely, CMTRI KO HAPI cells exhibited over a thousand genes dysregulated
relative to WT on the transcriptome level (Chapter I; Figure S4E, F). However, ribosome
profiling showed only 20 genes as significantly dysregulated. Analysis of gene classes revealed
mild downregulation of ribosomal genes and 5 TOP mRNAs. Comparison of translational
efficiency between liver and Hap1 cells showed no overlapping genes.

Additionally, no significant differences were found in the translation of mRNAs based
on their Transcription Start Sites (TSS). We generally see slightly fewer translated C starting
transcripts, which agrees with previously published data (Tamarkin-Ben-Harush et al., 2017).
However, it is worth noting that we used database annotations to classify the mRNAs’ TSS,
which might differ in livers or after the conditional deletion of Cmitr1.

In conclusion, our study does not show a strong effect of capl on global
translation and points out only to downregulation of histone, snoRNA host genes, and
ribosomal genes. It is important to note that histones and ribosomal genes are sensitive to

cellular stress. Therefore, we cannot conclusively determine if their decreased translation is a

99



primary effect of capl absence or a secondary effect due to the activation of the innate immune

system or another form of cellular stress.

Regulation of splicing

Cap0 cap structure is crucial for mRNA splicing. Nevertheless, the involvement of capl in
splicing still needs to be determined. Capl was shown to be important for splicing in chimeric
U2 snRNA (Doénmez et al., 2004). We performed an alternative splicing events analysis to

assess the changes in splicing between Cmtrl KO and WT embryos.

We identified 195 significantly dysregulated events in mutant E6.5 embryos,
corresponding to ~1% of all events (we identified 20763 events in our dataset), with the most
dysregulated events being intron retention. The number of intron retention events further
increases at E7.5 (Chapter I, Figure 1G). A more detailed analysis of intron retention events
revealed that at the E6.5 stage the second intron is the most retained one, while at E7.5, it is
intron 2, 3, and 4 (data not shown).

Similarly, we performed the same analysis for Cm#r/ cKO livers at all three time points
(D2, D6, D22). Interestingly, our preliminary search at time point D6 showed the most changes
of all three time points with splicing events of alternative first exons, alternative 5' splice sites,
alternative 3’ splice sites, alternative last exon, skipped exon, as well as retained introns being

between 2-4%.

Although the observed differences at alternative splicing are worth further examination,
this goes beyond the scope of this study. Nevertheless, there are a few possibilities that cause
the differences in alternative splicing. The causes might be the primary effect, lack of capl
methylation at mRNAs, snRNAs, or secondary cause such as interferon expression. A few
studies have already pointed out that splicing is altered upon viral infection or interferon (Liao
& Garcia-Blanco, 2021; E. K. Robinson et al., 2021; Sertznig et al., 2022), and thus we cannot
point out whether the differences observed in cKO livers are due to the lack of cap1, as primary
effect or due to the activation innate immune system. Additionally, it is worth noting that the
strongest interacting partner of CMTR1 is DHX15 (Chapter I, Figure S4J) (Inesta-Vaquera et
al., 2018; Toczydlowska-Socha et al., 2018), a splicing factor that was found to repress
suboptimal introns with weak splice sites, multiple branch points, and cryptic introns (J. Zhang
et al., 2022).

Nevertheless, further studies are needed to confirm or disprove any primary eftect of

capl on alternative splicing.
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Recognition of non-self

According to initial studies, the presence of capl is of utmost importance for distinguishing
self and non-self RNA molecules. Remarkably, my work shows that developing embryos that
lack Cmtrl show embryonic lethality before initiating the innate immune system. Our research
focus shifted towards conditional mutants to investigate the role of CMTRI1 outside of
developing systems and facilitate the study of innate immunity. Western blot analysis revealed
the expression of CMTRI1 protein in all tested tissues except muscle and white fat tissues,
displaying one to three bands (Chapter, Figure 3A). The liver is one organ known for possible
interferon expression activation (Liddicoat et al., 2015a; Mannion et al., 2014). Additionally,
the liver offers the advantage of being a large organ, enabling the execution of numerous
diverse analyses. These characteristics make the liver an ideal organ for investigating innate
immunity, particularly in CMTRI1 conditional depletion background. We specifically
generated conditional Cm#r] mutants in the liver using the tamoxifen-activated A/bCreERT2
recombinase. The A/bCreERT?2 recombinase is expressed exclusively in the liver under the
control of the A/b promoter. CreERT2 recombinase localises to the cytoplasm, and only upon

the tamoxifen injection it translocases to the nucleus.

To investigate the role of the lack of Cmitrl, we examined cKO model animals
(Cmtr1'?"; AIbCreERT2""). The experimental setup involved tamoxifen injections for four
consequent days and collecting liver tissues at three different time points: 2, 6, and 22 days
later (Chapter, Figure 3B). As lack of CMTRI is expected to lead to activation of the innate
immune system (Williams et al., 2020), and previous studies on Adarl cKO mutants (Alb-
ADARI1 cKO) with the deletion from E10.5 resulted in phenotypes such as growth retardation,
smaller livers, and high mortality at early ages (G. Wang et al., 2015), we were monitoring the
experimental animals daily for loss of weight or any discomfort phenotypes such as pain. In
contrast to Adarl cKO, our Cmtrl cKO animals did not exhibit any growth retardation, as the
deletion occurred only when the animals were adults. Still, no weight loss or discomfort was
observed in the animals, even 22 days after the last injection. Additionally, we examined the
size of the liver and performed histological examinations, but no significant changes in liver

cellularity were observed (Chapter I, Figure 3C).

Evaluation of conditional mutants of Cmt#r1 in livers showed that already two days after
the last injection, CMTR1 was depleted from livers (Chapter I, Figure 3C). We observed the

upregulation of interferon-stimulated genes at all three-time points (Chapter I, Figure 3E-I).
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Since the lack of cap1 leads to continuing interferon expression even after 22 days, this suggests

that the absence of capl leads to chronic activation of the innate immune response.

Interestingly, Adarl liver cKO with constitutively expressed Cre recombinase under
Alb promoter show more severe issues which might be caused by the activation of innate
immune system during development of liver tissue (Hartner et al., 2008). The question is what
would lead to more severe phenotype, lack of capl or lack of inosine, using cre recombinase
under same promotor and conditions.

In summary, lack of capl in adult mouse liver leads to the chronic stimulation of the
innate immune system. This offers a possibility to study Cmtr! liver cKO animals as a model
to study autoimmune hepatitis as a long-term chronic liver disease that causes inflammation

and liver damage.

Mouse germ cells conditional mutants

The conditional deletion of Cmtr/ in mouse germ cells leads to varying phenotypes
between genders. We accomplished this conditional deletion in the mouse germline using the
germline-specific Mvh-Cre line (also known as Vasa-Cre). This line expresses the Cre
recombinase transgene, regulated by the mouse vasa homolog (Mvh) promoter. Expression of
Mvh-Cre starts at embryonic day E14.5 creating deletion id germ cells around this day. No
offspring were observed when conditional knockout (CmtrlloxP/-; Mvh-Cre+/-) males were
bred with wild-type females. A dissection of the testes at postnatal day 31 (P31) revealed
significant atrophy compared to the control group (Cmtr1'**; Mvh-Cre") (Chapter I, Figure
2B).

A histological examination of the knockout testes shows a pattern of progressive
degeneration with ageing. At birth, PO, the cKO testes appeared normal compared to the control
group. However, by P31, when the first germ cells should have differentiated, notable defects
in differentiation were observed. The cells remained in one to three layers but failed to
differentiate properly. This effect was even more pronounced in adults (P75). The seminiferous
tubules in adult knockout testes were narrow and devoid of germ cells (Figure 2C). In stark
contrast, tubules in the control testes were full of germ cells at all stages of development during
spermatogenesis, including mitotic spermatogonia, meiotic spermatocytes, post-meiotic
haploid round spermatids, elongate spermatids, and sperm (Chapter I, Figures 2C and S2C).

On the other hand, Cmtrl cKO females, when crossed with WT partners, showed

decreased fertility as some females showed infertility and in general cKO females had slightly

102



lower number of progeny compared to WT females (Chapter I, Figures 2E). Notably, during
the experimental setup, if no pregnancy was observed during the first month, the female was
paired with a different partner to avoid potential issues related to individual mate preferences
or compatibility, ensuring that the observed results were due to the genetic modification and
not a mismatch between partners. Nevertheless, the histological examination of ovaries did
not show any significant differences between follicles between cKO and control females.
(Chapter I, Figures 2E).

As males are completely infertile and females display low penetrance infertility, few
possibilities could explain the differences between male and female phenotypes. The most
straightforward is that CMTRI1 might be crucial for spermatogenesis but not oogenesis.
Another possibility lies in the timing of Mvh-Cre expression, which starts at E14.5. This is a
significant point in female development as meiosis has already begun, whereas male germ cells
are in mitotic arrest before meiosis. Consequently, a hypothesis that CMTR1 may be essential
for entering meiosis cannot be confirmed with the current Mvi-Cre cKO model. To ascertain
whether CMTRI1 plays a role in oocytes entering meiosis, other Cre lines would need to be

established and tested.

Furthermore, another potential explanation for male infertility could be the expression
of interferons, as activation of the innate immune system has been associated with infertility.
This aspect should be considered in future investigations of the underlying mechanisms

contributing to male infertility in the absence of CMTRI.

Embryonic lethality of Cmtr2 mutants

This subchapter will discuss the possible causes of Cmtr2 mouse embryonic lethality. As
previously discussed, Cmitr2 mutant mice fail to survive beyond the gastrulation stages,
underscoring the critical role of this gene in early embryonic development. RNA sequencing
of embryos at E6.5 and E7.5 gastrulation stages reveals dysregulation of hundreds of genes.
Gene ontology analysis of these genes points to numerous diverse pathways, implying a

significant impact on organogenesis.

Ribosome biogenesis in Cm#r2 mutant embryos

Despite the ribodepletion of the RNAseq libraries of Cmtr2 embryos (E6.5 and E7.5), we could
still detect 5s rRNA reads in our sequencing data. Interestingly, the 5s rRNA gene is notably
downregulated among the most dysregulated genes (Chapter I, Figure 4E). At the E6.5 stage,
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24 out of 39 detected 5s TRNA genes are downregulated. One day later, 8 out of 21 are

downregulated and 3 upregulated.

The 5s rRNA is the only rRNA not transcribed by RNA pol I but rather by RNA pol III
from a single cluster located on chromosome 8 (Kampen et al., 2021; Zhou et al., 2015).
Dysregulation of ribosomal components can lead to the activation of p53, causing cell death
(Kampen et al., 2021). The complex of 5s rRNA, RPLS5, and RPL11, known as free 5s rRNP,
is a vital player in the regulation of p53 by ribosomal proteins (Donati et al., 2013; Sloan et al.,
2013). KEGG pathway enrichment showed 7 different P53 pathway components to be
upregulated, such as p21, DRS, Noxa, PUMA, Sestrins, Cyclin G, and Np73. Collectively, the
dysregulations in 5s rRNA and subsequent p5S3-mediated apoptosis might explain embryonic
lethality. However, considering that the libraries were ribodepleted, the dysregulation of 5s
rRNA might simply be an artefact. Therefore, techniques like northern blot or quantitative real-
time PCR should be utilised to confirm this. If the downregulation of 5s rRNA is indeed

confirmed, the regulatory mechanism underlying it would need further examination.

Splicing in Cmtr2

As an earlier study showed, cap2 on U2 snRNA is crucial for efficient splicing (Dénmez et al.,
2004). Our study did not focus on splicing of CMTR?2 as to dissect the primary and secondary
causes in developing/dyeing embryos seems to be tricky; nevertheless, the focus on CMTR2
and its involvement in the splicing might be interesting in future research as the RNA
sequencing revealed two snRNAs being downregulated - RNull and RNul2. Both RNull
and RNul2 are snRNAs of the minor spliceosome. Minor spliceosome, is a spliceosome
consisting of Ul1, Ul2, Udatac Ubatac, and U5 snRNAs being crutial for recognition of
specific subset of introns being call U12 dependent (Juan-Mateu & Valcarcel, 2023; Tarn &
Steitz, 1996; Verma et al., 2018). Constitutive deletion of RNul1 in mice leads to embryonic
lethality, whereas conditional deletion in the neocortex leads to microcephaly display cell cycle
defects and p53-mediated cell death (Baumgartner et al., 2018). Mutations in RNU12 lead to
congenital cerebellar ataxia characterised by delayed motor milestones in development, mild
learning difficulties and hypotonia in infancy (Elsaid et al., 2017). Taken together, both Ul1
and U12 snRNA have vital roles in development. Nevertheless, it is unknown whether cap2
could stabilise the U1l and Ul2 or if their downregulation is a secondary effect. A non-
developing model would be advantageous to investigate splicing in the genetic background of

Cmtr2.
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Remaining questions in the field
While this study provided several answers, it also paved the way for even more questions to be
answered in next research studies. With the questions concerning CMTR1 and CMTR?2 as well

as more in the field touching innate immunity.

Could m®A at the first transcribed nucleotide (m’Gpppm®A cap) contribute to the recognition
of self and non-self-RNA molecules?
The presence of m°A at the first transcribed nucleotide (m’GpppmC®A cap) raises

intriguing questions about its potential role in distinguishing self from non-self-RNA
molecules. It seems that the majority of cellular mRNAs start with adenosine (Akichika et al.,
2018; Galloway et al., 2020), which only in 8% represent Am, whereas 92% of them form
mSAn (Akichika et al., 2018).

It has been observed that many viruses possess m®An, at their cap structures, such as
VSV (Tartell et al., 2021), dengue virus (FURUICHI, 2015), coronavirus (L. Wang et al.,
2023), and vaccinia virus (Boone & Moss, 1977). While no viral methyltransferases have been
identified, it is possible that PCIF1, known for its nuclear localisation (Pandey et al., 2020),
translocated during viral infection to the cytoplasm and methylates viral RNA. PCIF1 has been
shown to methylate viral cytoplasmic RNA in the case of VSV (Tartell et al., 2021) and
coronavirus (L. Wang et al., 2023). Notably, removal of PCIF1 has been found to increase
interferon B production in coronavirus-infected cells (L. Wang et al., 2023). The fact that vital
infection promotes translocalisation of PCIF1 from the nucleus to cytoplasm supports the

hypothesis that m®Am cap might have a vital role in sensing self- and non-self RNA molecules.

In summary, the presence of m®A,, at the TSS nucleotide in both cellular and viral
transcripts highlights the complex interplay between RNA modifications and viral replication
strategies. The involvement of PCIF1, its subcellular localisation, and its role in the
cytoplasmic replication cycles of certain viruses provide avenues for further investigation to

unravel the intricate mechanisms underlying these phenomena.

How mRNA cap structure looks like in muscles and white fat?
Our current understanding postulates that all mRNAs carry the capl structure since its absence
triggers the activation of interferon expression. A noteworthy observation from the protein

expression analysis (conducted via western blotting) reveals the absence of CMTR1 in muscle
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and white fat tissues (Chapter I, Figure 3A). Given that CMTR1 is the only known nuclear 2'-
O-methyltransferase, this implies that capl may not be present in these specific tissues. As
cap0 has been shown to activate the innate immune system (Goubau et al., 2014; Hornung et
al., 2006; P. Kumar et al., 2013; Pichlmair et al., 2006; Schuberth-Wagner et al., 2015; Wang
Yanli et al., 2010; Ziist et al., 2011), this, in turn, triggers a new question: Could cytoplasmic
viral RNA sensors be present in these tissues?

Noteworthy is the fact, that the protein levels of CMTRI1 levels in tissues were tested
only by the western blot analysis, to confirm their lack further experiments should conducted
such as real-time PCR, protein MS or western blot with different protein concentrations to see
if the levels of CMTRI1 are lower or CMTRI1 is completely missing. Nevertheless, if CMTR1
is indeed not present in muscles and white fat tissues, it raises few alternative possibilities. Our
first observation indicates that the protein expression of PCIF1 is noticeable in both muscle
and white fat tissues (Pandey et al., 2020). Even though, our current understand of PCIF1
indicates that it preferentially methylates A, modified transcripts, it is possible that it modifies
A transcripts as well. Importantly m6A at the TSS nucleotide was already identified (J. Wang
et al., 2019). This suggests that tissues with lower CMTR1 protein levels might contain m
m’Gpppm6A-RNA, as there is an assumption that m®A at the transcription start site (TSS)

nucleotide could have a role in sensing.

A second proposition is that CMTR2 might compensate for CMTR1's absence, thus
tagging cellular mRNAs as self. This idea aligns with Mathias Soller's lab proposal that
CMTR2 could potentially methylate the first transcribed nucleotide (Dix et al., 2022;
Haussmann et al., 2022). Noteworthy is the fact the mammalian CMTR2 predominantly
localises to the cytoplasm (Despic & Jaffrey, 2023; Werner et al., 2011).

Thirdly, it is conceivable that CMTR2 might achieve this by methylating the second
transcribed nucleotide. The existence of Nm modification solely on the second transcribed
nucleotide could shield the mRNA from being detected, albeit less efficiently than capl
(Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010). Given that roughly 50% of
transcripts are believed to contain cap2 (Despic & Jaffrey, 2023; Furuichi et al., 1975; Wei
Cha-Mer and Gershowitz, 1975), it is possible that CMTR2 has higher occupancy or just

methylates mRNAs more effectively in these tissues.
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Could CMTR2 contribute to the elimination of viral infection?
Lack of cap2 leads to mild expression of ISGs in Hek cells (Despic & Jaffrey, 2023).

Additionally, cells transfected with in vitro synthesised RNA having N modification only on
the second transcribed nucleotide show lower interferon expression compared to
nonmethylated RNAs transfection (Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010).
As interferon production has a negative effect on viral growth, it raises the question if CMTR2
could be a potential target for viral therapies. To answer this question, I generated mutant
Cmtr2 lung cKO (Cmtr2'*P~;SftpcCre ™) animals expressing human COVID-19 receptor under
constitutive promoter K18 (K18-hACE2) in order to study the role of Cmtr2 in coronavirus

infection.

Can CMTR1 and CMTR2 act redundantly?

Even though this study shows that CMTR1 and CMTR2 have different phenotypes and no
mSAm modification was observed in CMTR1 KO cells indicating that CMTR2 is cannot
methylate the pre-mRNAs co-transcriptionally, we cannot exclude that both CMTR1 and

CMTR2 could act redundantly in some specific cases.

For example, can CMTR2, upon the lack of CMTR1, translocate to the nucleus? Or on
the other hand, could CMTR1 localise to cytoplasm? For ADARI, it was shown that upon IFN
expression, it expresses a s shorter variant that localises to the cytoplasm (Galipon et al., 2017;
Pestal et al., 2015). Similarly, PCIF1 is known to localise to the nucleus. Nevertheless, it was
shown that during viral infection PCIF1 can translocate to cytoplasm to methylate viral RNA.
(Tartell et al., 2021). This opens a question of how many mRNA modifying enzymes could

change their localisation upon viral infection.

When do RNAs get cap2 methylated?

Analysis of RNAs showed that cap2 is present in mRNA, and snRNAs (Despic & Jaffrey,
2023; Werner et al., 2011), with mRNAs being cap2-modified in 50% of cases, whereas
snRNAs in nearly 100% in various cell types (Krogh et al., 2017). Unlike nuclear CMTRI1,
CMTR2 localises to the cytoplasm (Werner et al., 2011).As CMTR2 recognizes and binds to
m’G-capped RNAs (Smietanski et al., 2014), it opens the question of when CMTR2 could
methylate the RNAs. Both mRNAs and snRNAs are exported to the cytoplasm by the CBC
complex, which binds to the m’G-cap structure (Carmody & Wente, 2009; Cheng et al., 2006;
Elisa Izaurralde et al., 1995). CBC stays attached to the mRNAs till it is exchanged by elF4e

107



during translation (Sato & Magquat, 2009). This proposes a question of when CMTR2 can
methylate the mRNAs. One possibility is that CMTR2 outcompetes CBC binding to methylate
mRNA. The second would be that CMTR2 methylates the mRNA when the CBC is exchanged

to elF4e during translation.

On the other hand, the snRNAs cap2 methylation by CMTR2 is probably simpler. In
the cytoplasm, snRNAs are capped when their m7G cap is further methylated forming trimethyl
cap. It is probable that the cap2 methylations happened during this process as well. Taken

together, cytoplasmic capping remains an interesting question for further research.

When do cytoplasmic sensors sense cap) mRNAs?

Cellular mRNAs carrying cap0 when reach cytoplasm are recognised as non-self by
cytoplasmic RIG-I like sensors to trigger interferon expression mRNAs (Chapter I, Figure 3)
(Despic & Jaffrey, 2023; Williams et al., 2020) and subsequent establishment of antiviral
environment by ISGs expression the question is at which moment the RNAs possessing cap0
are recognised by such sensors. Given the fact that cap-binding proteins bind and protect
mammalian cellular mRNAs throughout the whole mRNAs lifespan which raises a similar
question to the previous one, when cytoplasmic sensors sense cellular RNAs and at which

moment the mRNA cap is naked.

Why is the innate immune system inhibited in early embryos?

In general, embryos are unable to produce interferon as showed in mouse and human
embryonic stem cells (ESC) (L. L. Chen et al., 2010; R. Wang et al., 2013, 2014). On the
contrary, even though the ESC cells cannot produce Interferon, they are able to respond to
interferon stimulation by expression of low levels of ISGs (R. Wang et al., 2014) indicating
some possibility of maternal interferon expression in embryo protection. Nevertheless, mESC
retained the ability to sense viral dSRNA via Protein kinase R (PKR) leading to translation
inhibition and subsequent inhibition of cell proliferation (R. Wang et al., 2013). Interferon
expression upon viral infection starts to be detected only from E7.5, but remains limited to
trophoblast (Barlow et al., 1984) Nevertheless the response to pathogens in trophoblast is
limited. It is able to respond to viral-like dsSRNA, poly I:C. the poly I:C treatment induces the
expression of interferon in trophoblast through the Toll-like 3 receptor (TLR3), endosomal
sensor of dsRNAs, activation and not the cytoplasmic RNA sensors. On the other hand the

trophoblast is unable to respond to gram-negative bacteria as lipopolysaccharides treated
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trophoblast cells did not show any interferon expression (Abrahams et al., 2006). Interestingly,
trophoblast is believed to protect the cells from viral infection as when human trophoblast cells
are infected with a virus, they produce protective molecules. If the media from these treated
trophoblast cells is then transferred to unrelated cells before they are infected, it results in a
reduced rate of viral infection compared to cells in untreated media (Delorme-Axford et al.,
2013). On the other hand the cytoplasmic sensors of RIG-I family seems to be inactive till
E10.5 (Chapter I, Figure 1F, S1D) The mechanism of inhibition of cytoplasmic RIG-I like
sensors in mMESC was shown to be due to the expression of miRNA miR-673-5p (Witteveldt et
al., 2019).

This raises a question whether miR-673-5p is expressed throughout the whole early-
and mid-embryonic development or is there different mechanism? What would happen is the
interferon expression pathway could be activated in ESC cells and early embryos? Would it

help embryos to overcome some viral infections?

Among the viruses known to trigger severe abnormalities when infection happens
during embryonic development is Zika virus (ZIKV). ZIKV infection contracted during
pregnancy manifests many congenital anomalies and postnatal developmental complications.
These encompass not only foetal loss and intrauterine growth restriction (IUGR) but extend to
grievous conditions like microcephaly. Furthermore, ZIKV can induce a variety of motor and
neurodevelopmental disorders, underscoring its substantial impact on the developmental health
of affected neonates. Interestingly, when the infection in murine uterus happens during
gastrulation stages, E6.5 - E8.5, it is fatal, whereas infection at later stages at E13.5 leads to
viable offspring with some pups with mild encephalitis (Nakayama et al., 2021). Another study
using different viral and mouse strains showed, that ZIKV infection at E.4.5 has fatal outcomes
whereas E8.5 leads to viable litter. Nevertheless, when the same experiments were performed
with IFN receptor 1 deficient mice, ZIKV infection was much more severe and led to the
demise of the embryo (Yockey et al., 2016). Taken together, activation of interferon expression
in developing embryo might have beneficial roles in overcoming viral infections.

Another pathogen transmitted disease that is especially dangerous during pregnancy is
toxoplasmosis. Treatment of toxoplasmosis-infected mouse embryonic fibroblast (MEF) cells
with IFN-B or IFN-y, to induce innate immune reaction, inhibited T. gondii growth (Mahmoud
et al., 2015). Moreover, study on two different mouse lines showed that expression IFN-y has

a protective function on maternal-fetal transmission (Shiono et al., 2007). These findings
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confirm the importance of innate immune system in viral infection and opens a potential for

innate immune stimulators during pregnancy with known infection to some diseases.

Is capl presence conserved as a mark of self-molecules?

As interferon expression is common only for vertebrates, it raises a question whether same time
of molecules could be sensed in invertebrates but different innate immune mechanism.
Interestingly, studies on fruit flies (Drosophila) suggest that enzymes responsible for cap
methylation — CMTrl and CMTr2 — might also be involved in the immune response. When
both enzymes were mutated in fruit flies, we observed an upregulation in specific immune
response genes (Figure 10) (Haussmann et al., 2022). This suggests that cap methylation could
potentially be a conserved mechanism for differentiating 'self' and 'non-self' molecules in
invertebrates. Interestingly, a similar pattern has been noted for another RNA modification
enzyme, ADAR, which edits RNA by converting adenosine to inosine. Initially, fruit fly
mutants for ADAR were not studied for innate immunity as the mutant display quite low innate
immune responce, but later studies focusing on innate immunity confirmed that the presence
of inosine is a conserved indicator of 'self RNA molecules. This reinforces the potential role
of RNA modifications in shaping the immune response (Deng et al., 2020; Palladino et al.,

2000b; Robinson et al., 2015).
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Figure 10. Functional classification of upregulated (bottom) and downregulated (top) genes in
CMTr1'3A; CMTr2"32 double mutant flies compared to control flies reported by Haussmann et al., 2022.
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Do SNHGs have any role in embryonic development?

This study showed significant dysregulation of numerous SNHGs in the Cm#r/ KO embryo. Is
their dysregulation in Cm¢r] mutants contributing to the lethal phenotype? While many SNHGs
function as prognostic markers in cancer, their physiological role in mice has yet to be explored.
The studies on SNHGs are limited, focusing only on single cancer cell lines and lacking
developmental models such as mice or screenings in mouse embryonic stem cells (mESCs)
(Zimta et al., 2020) . A broader and more detailed investigation could provide important
insights into the function of SNHGs in embryonic development. Moreover, an insight into the

function of the SNHG versus its encoded snoRNA would also be insightful.
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Conclusion

In conclusion, my PhD research advanced our understanding of CMTR 1 and CMTR2 functions
in mammals. Utilising mouse mutants and cell culture models, I demonstrated that both
proteins are crucial for mouse embryonic development—a role that is distinct from their
previously described function in the innate immune system. The absence of capl in livers
confirmed its vital role in distinguishing self- and non-self- RNA molecules in differentiated
cells, leading to chronic activation of the innate immune system. Furthermore, conditional
mouse models indicated that CMTR1 is pivotal in post-embryonic development, as its absence
in germ cells results in male infertility and decreased female fertility. Notably, the comparison
of dysregulated genes between Cmitr! and Cmitr2 mutants revealed that capl and cap2
structures each modulate a unique subset of genes. Among the dysregulated genes in Cmtrl/
mutants are snoRNA host genes, 5'TOP transcripts, and ribosomal protein genes. Overall, this
research illuminated the roles of capl and cap2 methylation in gene regulation, extending
beyond their role in designating cellular RNAs as 'self.'" While this study provided several

answers, it also paved the way for new questions in the field
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